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a b s t r a c t

Populations of pollinators are in decline worldwide. These declines are best documented in honey bees
and are due to a combination of stressors. In particular, pesticides have been linked to decreased longev-
ity and performance in honey bees; however, the molecular and physiological pathways mediating sen-
sitivity and resistance to pesticides are not well characterized.

We explored the impact of coumaphos and fluvalinate, the two most abundant and frequently detected
pesticides in the hive, on genome-wide gene expression patterns of honey bee workers. We found signif-
icant changes in 1118 transcripts, including genes involved in detoxification, behavioral maturation,
immunity, and nutrition. Since behavioral maturation is regulated by juvenile hormone III (JH), we
examined effects of these miticides on hormone titers; while JH titers were unaffected, titers of methyl
farnesoate (MF), the precursor to JH, were decreased. We further explored the association between nutri-
tion- and pesticide-regulated gene expression patterns and demonstrated that bees fed a pollen-based
diet exhibit reduced sensitivity to a third pesticide, chlorpyrifos. Finally, we demonstrated that expres-
sion levels of several of the putative pesticide detoxification genes identified in our study and previous
studies are also upregulated in response to pollen feeding, suggesting that these pesticides and compo-
nents in pollen modulate similar molecular response pathways.

Our results demonstrate that pesticide exposure can substantially impact expression of genes involved
in several core physiological pathways in honey bee workers. Additionally, there is substantial overlap in
responses to pesticides and pollen-containing diets at the transcriptional level, and subsequent analyses
demonstrated that pollen-based diets reduce workers’ pesticide sensitivity. Thus, providing honey bees
and other pollinators with high quality nutrition may improve resistance to pesticides.

! 2014 Published by Elsevier Ltd.

1. Introduction

Pollinators are critical to production of approximately 70% of
our agricultural crops, particularly nutrient-rich fruits, vegetables

and nuts (Eilers et al., 2011; Klein et al., 2007). However, popula-
tions of honey bees and other pollinators are in decline globally
(González-Varo et al., 2013; Potts et al., 2010), with US beekeepers
losing approximately 30% of their colonies each winter
(vanEngelsdorp et al., 2012). These declines have been attributed
to multiple factors, including pathogens, parasites, habitat loss
and fragmentation, and intensive mono-cropping systems which
lead to reduced floral resources and nutrition (Potts et al., 2010).
In addition to these factors, there have been mounting concerns
about the effects of pesticides (Council, 2007; Godfray et al.,
2014; Sanchez-Bayo and Goka, 2014). Indeed, residues from over
120 different pesticides have been found in honey bee colonies
in the US, with an average of six pesticides found in the stored pol-
len of these colonies (Mullin et al., 2010). Two pesticides in partic-
ular, fluvalinate and coumaphos, are the most prevalent (found in
!98% of the 749 colonies surveyed) and are found at the highest
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concentrations in hives, with maximum detection levels of 204 and
94 ppm in the wax, respectively (Mullin et al., 2010). More
recently, (Berry et al., 2013) found coumaphos concentrations of
514 ppm following colony treatments of coumaphos (Check-
mite+™) at the recommended label dose. These pesticides are com-
monly applied by beekeepers to control Varroa mites, a widespread
and devastating parasite of honey bees (Anderson and Trueman,
2000; Rosenkranz et al., 2010). Since the half-life of fluvalinate
and coumaphos is !5 years in wax (Bogdanov, 2004), these pesti-
cides can accumulate to unsafe levels in colonies (Haarmann
et al., 2002) (the LD50 of coumaphos is 46.3 ppm, while that of flu-
valinate is 15.86 ppm (Mullin et al., 2010)). Coumaphos, an organo-
phosphate, inhibits acetylcholinesterase, while fluvalinate, a
pyrethroid, targets the sodium channels of mites and insects (Eiri
and Nieh, 2012). While there have been many studies examining
the impacts of pesticides on the behavior and longevity of individ-
ual honey bees (Aliouane et al., 2009; Burley et al., 2008; Ciarlo
et al., 2012; Collins et al., 2004; Decourtye et al., 2004, 2005,
2011; Eiri and Nieh, 2012; Frost et al., 2013; Haarmann et al.,
2002; Henry et al., 2012; Pettis et al., 2004; Rinderer et al., 1999;
Teeters et al., 2012; Williamson and Wright, 2013; Wu et al.,
2011; Zhu et al., 2014), our understanding of the molecular and
physiological mechanisms mediating these impacts, and the
related pathways that convey resistance to these chemicals,
remains limited.

While acute doses of pesticides can kill individual honey bees
and colonies outright (reviewed in Atkins, 1992; Johnson et al.,
2010), chronic exposure to low doses leads to sub-lethal effects
in individual bees, which, in turn, may result in colony-level effects
(reviewed in Johnson et al., 2010; Thompson and Maus, 2007).
Honey bee colonies consist of a single reproductive female queen
that lays all of the female eggs and the majority of unfertilized
male eggs, tens of thousands of facultatively sterile female workers
that perform all colony tasks (including feeding the developing lar-
vae, building honeycomb, and foraging for food) and males
(drones) (Graham, 1992). Sub-lethal effects of coumaphos and flu-
valinate have been demonstrated in all three castes (queens, work-
ers, and drones). Coumaphos and/or fluvalinate exposure can
reduce learning, memory, and orientation in adult worker bees
(Frost et al., 2013; Williamson and Wright, 2013), alter adult
worker locomotion and feeding behavior (Teeters et al., 2012),
and reduce larval longevity (Wu et al., 2011; Zhu et al., 2014). In
drones, coumaphos and/or fluvalinate exposure reduce body
weight and longevity (Rinderer et al., 1999), as well as sperm via-
bility (Burley et al., 2008) which likely contributes to poor queen
mating quality. In queens, coumaphos and/or fluvalinate exposure
during development reduces adult queen weight (Haarmann et al.,
2002; Pettis et al., 2004), the amount of stored sperm (Haarmann
et al., 2002), and egg laying (Collins et al., 2004; Haarmann et al.,
2002), and also disrupts ovary activation (Haarmann et al., 2002).
At very high levels of coumaphos exposure, queen rearing is
greatly inhibited (Collins et al., 2004; Pettis et al., 2004). Other pes-
ticides (such as neonicotinoids) have similar effects (Aliouane
et al., 2009; Ciarlo et al., 2012; Decourtye et al., 2004, 2005,
2011; Eiri and Nieh, 2012; Henry et al., 2012; Teeters et al.,
2012; Williamson and Wright, 2013; Wu et al., 2011).

At the molecular level, exposure to pesticides can activate
detoxification pathways (Boncristiani et al., 2012; Johnson et al.,
2006, 2009b, 2012; Mao et al., 2011) and modulate expression of
genes involved in immunity and behavioral maturation (Gregorc
et al., 2012). However, the impacts of individual pesticides on
expression of specific genes vary greatly among studies. Cyto-
chrome P450 monooxygenases (P450s) are involved in xenobiotic
detoxification (Claudianos et al., 2006; Johnson et al., 2006,
2009b), as well as hormone synthesis and metabolism
(Claudianos et al., 2006; Helvig et al., 2004). Coumaphos and fluva-

linate are known to activate P450 pathways both individually
(Johnson et al., 2006; Mao et al., 2011) and synergistically in com-
bination (Johnson et al., 2009b). However, in a recent study
(Boncristiani et al., 2012) examining five different pesticides
(including coumaphos and two other pesticides commonly applied
to manage Varroa mites, thymol and formic acid) the only P450 to
be upregulated was CYP6A514 by thymol; however, several other
detoxification, immune, and developmental genes were either up
or downregulated by thymol, coumaphos, and formic acid. Another
study examining the effects of pesticides (including coumaphos
and fluvalinate) on larval development (Gregorc et al., 2012), found
no changes in P450 gene expression, but expression of several
genes involved in immune function and behavioral maturation
were significantly impacted. Finally, exposure to neonicotinoids
results in reduced activity of the NF-jB immune signaling pathway
and increased titers of Deformed Wing Virus (Nazzi et al., 2012),
suggesting that honey bees compromised by pesticide exposure
may be more susceptible to pathogen infection. While these stud-
ies quantified expression of specific candidate genes, the genome-
wide expression responses to coumaphos and fluvalinate have not
been examined.

At the physiological level, exposure to pesticides may impact
endocrine pathways. The primary hormonal regulator of adult
worker behavior is juvenile hormone III (JH), which is synthesized
from methyl farnesoate (MF) (Huang et al., 1991; Robinson, 1987;
Sullivan et al., 2000). Rising titers of JH drive behavioral matura-
tion, the transition from nursing (brood care) to foraging in honey
bee workers (Huang et al., 1991; Robinson, 1987; Sullivan et al.,
2000). Bees exhibiting stress from Nosema infection, Varroa mites,
viruses, anesthesia, injury, wax deprivation, and nutritional depri-
vation have all been observed to accelerate the transition to forag-
ing (DeGrandi-Hoffman et al., 2010; Janmaat and Winston, 2000;
reviewed in Tofilski, 2005, 2009; Toth and Robinson, 2005). This
may, in turn, alter the social dynamics and organization of the col-
ony, resulting in colony collapse through initiation of precocious
foraging and reduced longevity of these foragers (Khoury et al.,
2011; Thompson et al., 2007). However, a direct effect of pesticide
exposure on physiological factors affecting behavioral maturation
has not yet been demonstrated.

Finally, there is mounting evidence that diet can modulate
expression of similar genes as pesticides and impact responses of
honey bees to pesticides. Honey bees fed a diet of honey, pollen
and propolis have elevated expression levels of the CYP6AS and
CYP9Q P450 subfamilies (Johnson et al., 2012). Honey-fed bees
demonstrated an increase in survival when fed aflatoxin B1
(Johnson et al., 2012), suggesting that diet reduces pesticide sensi-
tivity. Additionally, feeding with p-coumaric acid (found in honey
and pollen) induces expression of CYP9Q3 and significantly
reduced coumaphos toxicity (Mao et al., 2013). Finally, nutritional
deprivation increases honey bee susceptibility to pesticides (Wahl
and Ulm, 1983).

Here, we examined the global gene expression responses of
honey bee workers to chronic, sub-lethal exposure to coumaphos
and fluvalinate, and used the resulting information to explore the
molecular and physiological pathways that respond to and mediate
sensitivity and resistance to pesticides. Unlike previous studies of
the molecular effects of coumaphos and fluvalinate, we applied a
genome-wide approach to investigate comprehensively the effects
of these pesticides. Comparing our results to previous studies of
global gene expression patterns in honey bee workers associated
with immunity (Evans et al., 2006; Richard et al., 2012), behavioral
maturation (Ament et al., 2011) and responses to different diet
regimes (Ament et al., 2011) revealed that pesticide exposure sig-
nificantly impacted all of these pathways. Subsequent experiments
verified a strong link at the molecular level among nutrition- and
pesticide-responsive pathways, as well as impacts of diet,
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specifically pollen-based diets, on modulating worker bees’ sensi-
tivity to pesticide exposure.

2. Results

2.1. Effects of pesticide exposure on genome-wide gene expression
patterns

One day old worker honey bees were caged (30 bees/cage,
12 cages per treatment) and fed 1:1 sucrose solution ad libitum.
On the second day, they were fed untreated sucrose solution (con-
trol) or a sucrose solution mixed with 3% methanol (the solvent
used to dissolve the pesticides), coumaphos (100 ppm) in metha-
nol, or fluvalinate (100 ppm) in methanol ad libitum. Bees were col-
lected after 7 days of treatment. Rates of food consumption (data
not shown) and mortality (Kruskal–Wallis, chi-squared = 2.36;
degrees of freedom = 3; p = 0.5003) were not significantly different
between treatment groups.

We used honey bee whole genome microarrays to monitor gen-
ome-wide gene expression patterns in the abdomens from honey
bees (5 pooled bees/cage, 6 cages/treatment) from the four treat-
ment groups (sucrose, methanol, coumaphos, and fluvalinate). A
total of 1118 unique transcripts (of the 12,483 transcripts printed
on the microarrays) were significantly differentially expressed at a
false discovery rate (FDR) of p < 0.01 across the four groups (see
Supplementary Table S1 for the list of differentially expressed tran-
scripts). A hierarchical clustering analysis of the 1118 significantly
differentially expressed transcripts demonstrated that the two pes-
ticide-treated groups have distinct expression patterns relative to
the sucrose and methanol groups (Fig. 1).

Of these 1118 transcripts, 814 transcripts are significantly dif-
ferentially expressed among the coumaphos and/or fluvalinate
and the sucrose groups, while only 26 are significantly differen-
tially expressed between the methanol and sucrose treatments
(Fig. 2; see Supplementary Table S2 for lists of the differentially
expressed transcripts). 566 and 131 transcripts are significantly
regulated by only coumaphos and only fluvalinate, respectively,
while 117 transcripts are significantly regulated by both pesticides
relative to the sucrose control (Fig. 2). The observed overlap of sig-
nificantly regulated genes between pesticide treatments was sig-
nificantly greater than chance (Fisher’s exact test; p < 0.001).

Gene ontology analysis identified several functional groups of
genes whose expressions were significantly altered by pesticide
exposure. Of the 814 transcripts significantly affected by exposure
to either or both pesticides relative to the sucrose control, 576 had
unique Drosophila orthologs with Flybase annotations and were
used in this analysis. Sixteen functional categories were overrepre-
sented (p < 0.05), including several involved in metabolism
(including drug metabolism), cellular transport, cellular respira-
tion, and development (Fig. 2, see Supplementary Table S3 for a
complete listing of functional categories). Of these processes, only
Citrate Cycle (modulated by coumaphos) and Lysine Degradation
(modulated by both coumaphos and fluvalinate) survived the Ben-
jamini correction (p < 0.05).

Expression of several genes involved in detoxification was sig-
nificantly altered in response to pesticide exposure. Indeed, the
gene with the largest change in expression in our study was
CYP305D1, with expression 3.40-fold higher in coumaphos-treated
samples relative to methanol controls. Its expression was not sig-
nificantly regulated by fluvalinate treatment (0.95-fold).
CYP305D1 is a member of the CYP2 clade of cytochrome P450s
(P450s) and is traditionally associated with hormone function
(Claudianos et al., 2006). Other P450s that were significantly
upregulated by both coumaphos and fluvalinate treatment were

Fig. 1. Hierarchical clustering analysis of significantly regulated transcripts. Based
on the expression levels of significantly regulated transcripts, coumaphos and
fluvalinate treated bees clearly clustered separately from methanol and sucrose.
This grouping is supported by an ‘‘approximately-unbiased’’ p-value of 100 and a
bootstrap value of 100.

D.R. Schmehl et al. / Journal of Insect Physiology xxx (2014) xxx–xxx 3

Please cite this article in press as: Schmehl, D.R., et al. Genomic analysis of the interaction between pesticide exposure and nutrition in honey bees (Apis
mellifera). Journal of Insect Physiology (2014), http://dx.doi.org/10.1016/j.jinsphys.2014.10.002

http://dx.doi.org/10.1016/j.jinsphys.2014.10.002


CYP6AS3, CYP6AS4, and CYP9S1, all of which are members of the
CYP3 clade, which has known functions including insecticide
metabolism and resistance (Berenbaum, 2002; Feyereisen, 2005).
In addition to these P450s, GB10854, a carboxyl/cholinesterase
(CCE), and GSTD1, a glutathione-S-transferase (GST), were upregu-
lated in response to coumaphos exposure. GB10854 may function
in organophosphate detoxification (Claudianos et al., 2006;
Johnson et al., 2009a), while GSTD1 is a Delta class GST
(Claudianos et al., 2006). In other insect systems, delta class GSTs
have the capability to metabolize organochlorine pesticides, such
as DDT (dichlorodiphenyltrichloroethane), and organophosphate
insecticides (reviewed in Claudianos et al., 2006). Interestingly,
GSTD1 is the only Delta class GST identified in honey bees. Since
coumaphos is an organophosphate, these enzymes may be directly
involved in detoxifying this chemical.

Quantitative real-time PCR (qRT-PCR) was used to examine
expression of 10 candidate genes identified as differentially regu-
lated in the microarray analysis: GSTD1, CYP9S1, GNBP3, GLD,
SODH2, CG4398, NPC2, PTEN, SLS, and CYP305D1 (Supplementary
Fig. 1). Four of the ten genes showed significant expression differ-
ences across the methanol, coumaphos and fluvalinate treatments,
and all genes showed comparable trends in expression patterns as
observed in the microarray study.

2.2. Comparative analyses of genes associated with pesticide exposure,
behavioral, and physiological processes in honey bees

We examined the overlap between the 1118 significantly differ-
entially expressed transcripts and the suites of genes associated

with behavioral and physiological processes in honey bees identi-
fied in previous studies (Table 1; (Ament et al., 2011; Evans et al.,
2006; Richard et al., 2012)). While there were large differences in
the experimental designs among studies used in our comparative
analyses, we compared these data sets to identify general trends
within the data. A set of ‘‘canonical’’ immune genes was identified
during annotation of the honey bee genome (Evans et al., 2006); 22
of these were also present in our significantly differentially
expressed transcript list, and this overlap is not greater than
expected by chance (Fisher’s exact Test, p = 0.070). However a
recent study examining acute, short-term (within 6 h) genome-
wide transcriptional responses to immunostimulation (Richard
et al., 2012) identified 302 significantly regulated transcripts; 44
of these were also significantly differentially expressed in our
study, an overlap that is significantly greater than expected by
chance (p < 0.001). Of the genes differentially expressed in the fat
bodies of nurses and foragers (Ament et al., 2011), 429 transcripts
overlapped with those from our study, which was significantly
greater than expected by chance (p < 0.001). Of the genes differen-
tially expressed in the fat bodies of bees fed a rich (pollen/honey)
or poor (50% sucrose syrup) diet (Ament et al., 2011), 527 tran-
scripts overlapped with those from our study, which was signifi-
cantly greater than expected by chance (p < 0.001).

We next examined the directionality of overlap among these
sets of genes (Table 2; (Ament et al., 2011; Evans et al., 2006;
Richard et al., 2012)). Of the 814 transcripts that were significantly
regulated in coumaphos and/or fluvalinate treated bees relative to
sucrose, 500 transcripts were up-regulated by coumaphos and/or
fluvalinate and 314 transcripts were down-regulated by

Fig. 2. Pairwise comparisons of the effect of treatment on transcript levels. Venn diagram of significantly regulated transcripts in the three treatment groups (methanol,
coumaphos, and fluvalinate) relative to the sucrose control. Gene ontology analysis of the different sets of transcripts identified several over-represented (p < 0.05) functional
categories (listed in black).

Table 1
The 1118 significantly regulated transcripts associated with pesticide exposure were compared to sets of transcripts associated with behavior and physiology in honey bee
workers.

Transcript list #sig. transcripts All regulated transcripts (1118) p-value (Fisher exact test) Reference

Immune function ‘‘canonical’’ 192 22 0.070 Evans et al. (2006)
Immune function ‘‘acute’’ 302 44 <0.001 Richard et al. (2012)
Nurse/forager-associated 2641 429 <0.001 Ament et al. (2011)
Rich/poor diet-associated 3372 527 <0.001 Ament et al. (2011)

Significant p values are highlighted in bold.
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coumaphos and/or fluvalinate. We compared these directional
transcript lists with lists of transcripts that were upregulated in
nurses relative to foragers (‘‘nursing associated’’), upregulated in
foragers relative to nurses (‘‘foraging associated’’), upregulated in
rich diet relative to poor diet (‘‘rich diet associated’’), upregulated
in poor diet relative to rich diet (‘‘poor diet associated’’) and up-
or down- regulated in bacteria-injected bees relative to controls
(‘‘immune function’’).

Transcripts upregulated by pesticide exposure overlapped sig-
nificantly with both nursing and foraging associated transcripts,
while transcripts downregulated by pesticides only significantly
overlapped with foraging associated transcripts (Fisher’s exact test,
p < 0.05). Thus, there was no clear directionality in the expression
patterns (e.g., expression patterns of pesticide-exposed bees did
not resemble expression patterns in foragers), suggesting that
exposure to these pesticides does not strongly accelerate or inhibit
behavioral maturation. Transcripts upregulated by pesticide expo-
sure overlapped significantly with upregulated immune transcripts
(p < 0.001), suggesting that pesticide exposure upregulates
immune function and/or triggers an immune response.

There was significant overlap in pesticide upregulated and rich
diet associated transcripts, as well as in pesticide downregulated
and poor diet associated transcripts (p < 0.001, see Supplementary
Tables S4 and S5 for a list of these genes). A GO analysis of the 181
rich diet associated/pesticide upregulated transcripts (165 of
which had unique Drosophila orthologs with Flybase annotations
and were used in the analysis) revealed a significant overrepresen-
tation of 10 categories, including transport and metabolism
(p < 0.05, see Supplementary Table S6 for a complete list of these
GO categories). A GO analysis of the 165 poor diet associated/pes-
ticide downregulated transcripts (47 of which had unique Droso-
phila orthologs with Flybase annotations and were used in the
analysis) revealed a significant overrepresentation of four catego-
ries, including respiratory system development, regulation of
developmental process, anatomical structure morphogenesis, and
metamorphosis (p < 0.05, Supplementary Table S7).

2.3. Effect of pesticide exposure on hormone levels

Our gene expression analyses revealed an effect of pesticide
exposure on expression of sets of genes that are associated with
nursing- and foraging-behavior. To further investigate the effects
of pesticide exposure on physiological processes associated with
behavioral maturation, we examined hemolymph titers of juvenile
hormone III (JH) and its precursor methyl farnesoate (MF) in our
treatment groups. As noted above, increasing titers of JH are asso-
ciated with accelerated maturation. Levels were analyzed in
sucrose, methanol, coumaphos and fluvalinate treated workers

after 7 days of exposure. The total amount of JH did not differ
between treatments (ANOVA, F3 = 0.4759, p = 0.7018; data not
shown). There was also no significant difference in MF levels
between methanol (14.14 pg/lL ± 2.70) and sucrose (13.05 pg/
lL ± 3.89) treatment groups (ANOVA, F1 = 0.2801, p = 0.6049).
However, the quantity of MF (Fig. 3) was significantly lower in both
coumaphos (3.11 pg/lL ± 1.07) and fluvalinate (5.02 pg/lL ± 0.70)
treated groups relative to methanol (ANOVA-Tukey HSD;
F2 = 9.96, p = 0.0010).

2.4. Impact of diet on sensitivity to pesticides

Given the strong correlation between gene expression changes
induced by pesticide exposure and diet, we examined the effects
of diet on survival of honey bees exposed to a third pesticide, chlor-
pyrifos. Chlorpyrifos (an organophosphate) is the third most preva-
lent and abundant pesticide detected in the hive, found at
maximum levels of 890 ppb (Mullin et al., 2010). Chlorpyrifos is
considerably more toxic to bees than coumaphos or fluvalinate
(Mullin et al., 2010), with an LD50 of 3 ppm after a test duration
of 72 h using our caged assays (data not shown). This high level
of toxicity and rapid mortality allowed us to rapidly assess the
impact of diet on pesticide sensitivity.

Table 2
Analysis of directional expression overlap among pesticide, physiology, and behavior associated transcripts.

Transcript list #sig.
transcripts

Coumaphos and/or
fluvalinate
upregulated (500
transcripts)

p-value
(Fisher
exact test

Coumaphos and/or fluvalinate
downregulated (314
transcripts)

p-value
(Fisher
exact test)

Reference

Nursing-associated 1205 63 0.003 35 0.105 Ament et al. (2011)
Foraging-associated 1436 165 <0.001 44 0.037 Ament et al. (2011)
Up-regulated immune function 168 17 <0.001 5 0.366 Richard et al.

(2012)
Down-regulated immune

function
38 3 0.177 0 1.00 Richard et al.

(2012)
Rich diet-associated 1486 181 <0.001 3 1.00 Ament et al. (2011)
Poor diet-associated 1860 26 1.00 167 <0.001 Ament et al. (2011)

Significant p values are highlighted in bold.

Fig. 3. Pesticide exposure reduces levels of methyl farnesoate in worker honey
bees. Methyl farnesoate (MF) titers were measured in pooled samples of
hemolymph collected from 3 to 5 bees treated with methanol (n = 8 samples),
fluvalinate (n = 8 samples), and coumaphos (n = 7 samples). The total amount of MF
was significantly lower in coumaphos- and fluvalinate-treated than methanol-
treated bees (ANOVA-Tukey HSD; F2 = 9.96, p = 0.0010, different letters denote
significant differences in post hoc pairwise comparisons, p < 0.05).
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Honey bees were reared in cages (30 bees/cage, 6 cages/treat-
ment) with four different diet regimes (sucrose, long-term soy pro-
tein, long-term pollen, short-term pollen). All cages were provided
with 1:1 sucrose solution, and treatment cages received either a
sucrose/soy protein paste or a sucrose/pollen paste throughout
the experiment (long-term treatment) or a sucrose/pollen paste
for 24 h prior to pesticide exposure, after which it was removed
(short-term treatment). During a 16 day time period, half of the
cages honey bees were not challenged with pesticides and had a
mean survival time of greater than 15.5 days (Table 3 and Fig. 4).
Interestingly, the intake of pollen or protein led to a reduction in
honey bee longevity when the bees were assayed in the absence
of pesticide exposure. The other half of the cages were challenged
with chlorpyrifos (3 ppm) mixed into the sucrose solutions starting
on day 5. In these groups, diet significantly impacted mean survival
time (Table 3 and Fig. 5). Bees fed a long-term pollen diet (n = 150,
mean survival time of 10.71 ± 0.25 days) lived significantly longer
compared to those fed long-term protein (8.81 ± 0.22 days, v2

(DF = 3, n = 180) = 42.15, p < 0.01), short-term pollen
(8.28 ± 0.16 days, v2 (DF = 3, n = 180) = 73.25, p < 0.01), or sucrose
only (7.63 ± 0.14 days, v2 (DF = 3, n = 150) = 115.25, p < 0.01) diets.
Therefore diet impacts survival during pesticide exposure as fol-
lows: long-term pollen >long-term protein = short-term pollen
>sucrose only.

2.5. Examining the impact of diet on expression of pesticide-regulated
candidate genes

The results of the microarray study revealed a significant over-
lap between genes whose expression was impacted by pesticide
treatment (our study) and those impacted by diet (Ament et al.,
2011). To examine further the relationship between diet and pes-
ticide exposure on gene expression, we used qRT-PCR to measure
expression of five pesticide-regulated candidate genes (CYP9S1,
CYP9Q3, CYP305D1, GSTD1, and SODH2) in response to diets con-
sisting of sucrose, sucrose/pollen, sucrose/soy protein, and honey,
honey/pollen, honey/soy protein (Fig. 6). The pollen and honey
used to create these diets were analyzed for chemical residues
using GC–MS and LC–MS (which is capable of identifying !170
chemical residues (Mullin et al., 2010)), and only trace levels of
carbaryl (4.7 ppb) and pendimethalin (2.0 ppb) were found in the
pollen and only coumaphos (1.0 ppb) was found in honey. These
diets were therefore considered to be pesticide-free. With the
exception of CYP9Q3, these genes were upregulated in response
to coumaphos and/or fluvalinate in our microarray study. Addi-
tionally, previous studies demonstrated that expression of both
CYP9S1 and CYP9Q3 were upregulated by honey feeding (Mao
et al., 2011), while expression of SODH2 was upregulated in
honey/pollen vs. sucrose fed bees (Ament et al., 2011).

Expression of CYP9S1 (v2 = 34.10, p < 0.0001) and CYP9Q3
(v2 = 45.42; DF = 5; p < 0.0001) were upregulated while expression
of CYP305D1 (v2 = 33.1556; DF = 5; p < 0.0001) was downregu-
lated in bees fed a pollen diet (regardless of whether the carbohy-
drate source was sucrose or honey) relative to all other treatment
groups (Fig. 6). Expression of SODH2 (v2 = 44.91; DF = 5;
p < 0.0001) was significantly upregulated in bees fed both pollen
and soy protein diets, regardless of the carbohydrate source
(Fig. 6). Expression of GST was not significantly affected by diet
(Fig. 6).

3. Discussion

Our results demonstrate that chronic, sub-lethal exposure to
two pesticides commonly applied to honey bee colonies causes
large-scale changes in gene expression in abdominal tissues. In
addition to modulating expression of several putative detoxifica-Ta
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tion genes, pesticide exposure alters expression of genes involved
in core physiological pathways, including behavioral maturation,
immunity, nutrition, and metabolism. Interestingly, the effects of
the two pesticides were largely overlapping, although the pesti-
cides have different modes of action. Analysis of the impacts of
pesticide exposure on endocrine profiles revealed that exposure
did not alter levels of JH, a major regulator of behavioral matura-

tion, but did significantly decrease levels of circulating MF, the pre-
cursor of JH. We validated the somewhat surprising association
between genes whose expression is affected by diet and pesticide
exposure by confirming the effect of diet (specifically, pollen and
protein) on expression levels of a set of detoxification genes iden-
tified in our study. Finally, we demonstrated that resistance to a
third pesticide, chlorpyrifos, increased with chemical and nutri-

Fig. 4. Effect of diet on survival of honey bee workers in the absence of pesticide exposure. Cages were established with one of four diets for a period of 16 days. Mean survival
time for bees treated with each of the diets was found to be greater than 15.5 days. There was a significant decrease in mean survival time of bees fed a long-term protein diet
relative to bees fed a sucrose (Chi-squared (v2) = 5.52, p = 0.02) or short-term pollen (v2 = 3.87, p = 0.05) diet (see Table 3 for statistics).

Fig. 5. Diet impacts survival time of bees exposed to pesticides. Cages were established with one of four diets for a period of 16 days. Honey bees were challenged with a daily
chronic feeding of 3 ppm chlorpyrifos beginning on day five of the experiment. There were significant differences in mean survival time of bees exposed to the four diets, as
follows: long-term pollen >long-term protein = short-term pollen >sucrose only (see Table 3 for statistics).
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tional complexity of the diet, with pollen-fed bees surviving signif-
icantly longer than bees fed soy protein or sucrose alone.

The field relevant doses of coumaphos and fluvalinate are diffi-
cult to determine. Here, we fed bees a dose of 100 ppm, which is
equivalent to concentrations found in wax (Berry et al., 2013;
Mullin et al., 2010). The concentrations found in pollen and nectar
are much lower (Mullin et al., 2010). However bees are primarily
exposed to coumaphos and fluvalinate when beekeepers treat col-
onies with these chemicals to control Varroa mites, and during
these treatments bees may be receiving 0.3–3.0 lg of either chem-
ical per day (Haarmann et al., 2002; Johnson et al., 2009b), which is
equivalent to the maximum possible daily dose our bees received
(3 lg/bee/day). Notably, Berry et al. (2013) found lethal and suble-
thal effects of fluvalinate and coumaphos treatments on worker
bees from colonies treated according to standard beekeeping prac-
tices, including reductions in survival and increases in the con-
struction of queen supercedure cells. Thus, while our study
clearly illustrates a strong transcriptional response of the bee to
xenobiotics in their environment, additional studies are needed
to examine correlated transcriptional, physiological and behavioral
responses to a standard beekeeping dose in the field.

Chronic sub-lethal exposure to pesticides caused significant
global changes in gene expression, with 8.96% of the 12,483 genes
on the microarray differentially expressed. Although the two pesti-
cides have different modes of action, there was significantly more
overlap than expected by chance in the molecular responses they
elicited, with 117 genes commonly regulated by both coumaphos
and fluvalinate. Several detoxification genes were present in this
group, including three P450s (CYP9S1, CYP6AS3, and CYP6AS4)
from the CYP3 clade: this clade is commonly involved in insecti-
cide detoxification (Claudianos et al., 2006). Interestingly, in a pre-
vious study, expression of these three P450s were not found to be
significantly impacted by coumaphos and fluvalinate exposure
(Mao et al., 2011) in the midgut. Despite the fact that the midgut
is assumed to be the likely site of detoxification, our whole abdo-
men analysis may have increased the probability of detecting other
detoxification pathways and suggests the involvement of addi-
tional abdominal tissues in pesticide metabolism.

Though there was significant overlap in gene expression
responses to coumaphos and fluvalinate, it is clear that transcrip-
tional responses to different pesticides can differ quite substan-
tially. In our study, nearly 700 transcripts were regulated only by
coumaphos or only by fluvalinate. When compared to another
study which examined the transcriptomic effects of imidacloprid
exposure (Derecka et al., 2013), expression of only 31 transcripts
were significantly regulated by all three pesticides, though this
overlap was significantly greater than expected by chance (Fisher’s
exact test; p < 0.001, see Supplementary Table S10 for a list of these
transcripts). However, expression of three of these transcripts
(which are associated with detoxification) were unaffected by
exposure to imidacloprid or fipronil in a subsequent study
(Aufauvre et al. (2014). Furthermore, neither CYP9Q3 nor
CYP306A1, which were each found to be upregulated by pesticide
exposure in previous studies (Boncristiani et al., 2012; Mao et al.,
2011), were upregulated in our study. Thus, while there is evidence
that pesticides can elicit substantial transcriptional responses and
there can be significant overlap in the transcriptional responses to
different pesticides, these responses are undoubtedly modified by
genetics, environmental conditions, nutrition, and tissue sampled.
With such complexity in the transcriptional response, it may be
challenging to identify specific genes to serve as biomarkers of pes-
ticide exposure in the field.

We found a significant overlap in the number of transcripts reg-
ulated by immunostimulation (Richard et al., 2012) and couma-
phos and fluvalinate exposure. Note that the genes identified in
Richard et al. significantly changed expression six hours after
wounding, saline-injection, bead-injection, and/or bacterial-injec-
tion, and thus represent relatively general, short-term immune
response genes. Thus, the significant overlap with pesticide expo-
sure is surprising, but it suggests that pesticide-treated bees may
be immunocompromised. Other studies have also demonstrated
a downregulation of immune genes in bees exposed to the pesti-
cide fipronil (Aufauvre et al., 2014). We did not find increased titers
of several common pathogens (i.e., Deformed Wing Virus) in our
treated samples. However, several other studies have demon-
strated an increase of pathogen infection in bees exposed to

Fig. 6. Relative expression levels of selected candidate genes in response to diet. Cages of 30 one day old bees were fed one of six diets (sucrose, sucrose/pollen (wildflower),
sucrose/protein (soy), honey, honey/pollen, honey/protein) for a seven day period. Abdomens were homogenized and RNA extracted. Samples were analyzed using qRT-PCR
and relative amounts were calculated using the DDCt method. Kruskal Wallis analyses revealed significant effects of treatment in CYP9S1 (chi-squared (v2) = 34.10; degrees
of freedom (DF) = 5; p < 0.0001), CYP9Q3 (v2 = 45.42; DF = 5; p < 0.0001), CYP305D1 (v2 = 33.1556; DF = 5; p < 0.0001), and SODH2 (v2 = 44.91; DF = 5; p < 0.0001).
Subsequent posthoc pairwise comparisons were conducted to identify differentially regulated treatment groups and statistical differences (p < 0.05) are denoted by different
letters.
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pesticides. For example, the NF-jB immune signaling pathway is
modulated in response to clothianidin and imidacloprid (neonicot-
inoid) exposure, which in turn is correlated with increased
Deformed Wing Virus replication (Nazzi et al., 2012). Additionally,
exposure to fungicides and chlorpyrifos increased titers of
Deformed Wing Virus and Blackened Queen Cell Virus
(DeGrandi-Hoffman et al., 2013). Furthermore, bees exposed to
imidacloprid were also found to be more susceptible to Nosema
infection (Alaux et al., 2010a; Pettis et al., 2012). Adult bees reared
on combs treated with a mixture of pesticide residues, including
the two miticides coumaphos and fluvalinate, also were found to
have a significantly greater Nosema infection than the control
(Wu et al., 2012).

Our molecular and physiological data suggest that chronic
exposure to coumaphos and fluvalinate may alter genes and phys-
iological processes associated with behavioral maturation, but it is
unclear if exposure accelerates or decelerates maturation. Pesticide
exposure significantly impacted expression of a subset of genes
involved in behavioral maturation, but there was no clear direc-
tional effect – for example, genes associated with nursing and for-
aging behavior were equally likely to be upregulated. Expression of
vitellogenin, which is negatively correlated with behavioral matu-
ration and serves as an excellent indicator of the bees’ maturation
state (Amdam and Omholt, 2003) was unaffected by our treat-
ments. Similarly, hemolymph titers of JH, the major endocrine dri-
ver of behavioral maturation, were not affected. However, titers of
MF, a precursor of juvenile hormone, were significantly reduced in
pesticide-exposed bees. The role that MF plays in behavioral mat-
uration is not known. MF has been found circulating in the hemo-
lymph of insects from several different orders including honey
bees (Teal et al., 2014) and can induce developmental and physio-
logical effects in Drosophila (Harshman et al., 2010; Jones et al.,
2010; Jones et al., 2013); thus, MF may function similarly to JH
as a circulating hormone. We did not identify any increase in tran-
script abundance of common JH biosynthetic pathway genes
(including usp and hmgr) in our microarray analysis, however
one of the genes up-regulated by pesticide exposure in our study
was CYP305D1, a P450 which may be involved in hormone biosyn-
thesis (Claudianos et al., 2006; Helvig et al., 2004).

One of the most unexpected findings from our study was the
significant overlap between pesticide-responsive and diet-respon-
sive genes (Ament et al., 2011). Over a third of the genes up-regu-
lated in response to pesticide exposure were also up-regulated in
bees fed a rich diet (honey/pollen) versus a poor diet (sucrose).
Subsequent analysis of the effects of different diets on expression
of five pesticide-regulated candidate genes demonstrated complex
effects of diet on these genes, with three genes significantly up-
regulated in bees fed diets containing pollen diet (but not soy pro-
tein or honey), and one gene significantly up-regulated by diets
containing protein, derived from either soy or pollen. Notably,
while we found a slight but not significant up-regulation of three
P450s (CYP9S1, CYP9Q3, and CYP305D1) in bees fed honey, previ-
ous studies found diets containing honey resulted in up-regulation
of several P450s in the CYP6AS clade (Johnson, 2009; Johnson et al.,
2012). Our results suggest there are suites of genes that are specif-
ically activated in response to one or more of the myriad of chem-
icals found in pollen, including lipids, vitamins and minerals, and
secondary plant compounds (Haydak, 1970), while expression of
others are activated by proteins and/or amino acids. Indeed, p-cou-
maric acid, a structural component of the outer wall of pollen
grains (Wehling et al., 1989), can upregulate CYP9Q3 expression
(Mao et al., 2013). Some of these upregulated genes may be
involved in detoxifying secondary plant compounds; for example,
quercetin, a common secondary plant compound in honey and pol-
len, can be metabolized by CYP6AS1, CYP6AS3, CYP6AS4, and
CYP6AS10 in in vitro enzymatic assays (Mao et al., 2009). However,

it is also possible that these diet-activated genes are playing a lar-
ger role in metabolism. Ontology analysis of the set of genes upreg-
ulated by both rich diet and pesticide exposure revealed a number
of metabolic processes that may be impacted, including ribonucle-
otide metabolic process, transport, organic acid metabolic process,
acetyl-CoA catabolic process, organic acid biosynthetic process,
monocarboxylic acid metabolic process, cellular respiration, ribo-
nucleotide monophosphate metabolism, and mitochondrial trans-
port. We did not, however, observe the downregulation of
gluconeogenesis and glycolysis pathways as demonstrated in bees
exposed to imidacloprid (Derecka et al., 2013), further suggesting
that different pesticides are differentially affecting honey bee
physiology.

The association between nutrition and pesticide regulated
molecular pathways suggests that nutrition may modulate the
impacts of pesticides on adult honey bees. Interestingly, while
the inclusion of protein (from pollen or soy) in their diet slightly
reduces the mean survival time of bees in the absence of pesticide
exposure, protein-fed bees have significantly greater survival when
exposed to pesticides than bees fed sucrose alone. Similar results
have been observed in other studies: with one exception (Wang
et al., 2014), protein consumption in honey bees and other social
insects has been shown previously to reduce adult longevity
(Altaye et al., 2010; Dussutour and Simpson, 2009, 2012; Pirk
et al., 2010). However, when bees were challenged with the pesti-
cide chlorpyrifos, protein/pollen consumption significantly length-
ened honey bee longevity. The benefits of a protein diet in
pesticide-exposed bees were highest for bees fed pollen through-
out the course of the study, although bees fed pollen for only
24 h prior to pesticide exposure or bees fed soy protein also exhib-
ited significantly greater survival times than bees fed only sucrose.
Consumption of pollen from a diverse array of sources ensures
proper nutrition, as pollen from different species of plants differs
in nutritional content (Roulston and Cane, 2000). Pollen consump-
tion is known to improve immune responses (Alaux et al., 2010b)
and reduce pesticide sensitivity in honey bees (Archer et al.,
2014; Wahl and Ulm, 1983). In other herbivores, induction of
P450s through the consumption of small amounts of plant material
can render the allelochemicals of the plant relatively harmless
(reviewed in Glendinning, 2002). Pollen may have a similar prim-
ing response in the honey bee by triggering upregulation of
P450s (as shown in our results) and thereby improved resistance
to pesticide exposure. However, the fact that a soy protein based
diet also improved resistance to pesticides, and a long-term pollen
diet was more beneficial than a short-term pollen diet, suggests
that the nutritional value of these diets also contributes to pesti-
cide resistance.

Our study demonstrates that chronic exposure to sub-lethal,
field-relevant doses of two commonly used pesticides significantly
impacts global gene expression patterns in adult honey bee work-
ers. Several core pathways are affected, including those involved in
immunity, behavioral maturation, nutrition and metabolism. How-
ever it is important to note that different life stages (larvae, pupae,
nurses, foragers) likely have very different responses to pesticides
(Schmehl et al., unpublished data). Pesticides are typically applied
as formulations (which can be more toxic than the active ingredi-
ents alone (Johnson et al., 2010), and bees are typically exposed to
mixtures of pesticides (Mullin et al., 2010), which may act addi-
tively, synergistically, or antagonistically (Biddinger et al., 2013;
Johnson et al., 2009b; Zhu et al., 2014). Thus, the effects of field-
applied pesticides on individual honey bees and colonies are com-
plex. Future studies will be needed to determine if other pesticides
(including chlorpyrifos) impact honey bee physiology similar to
that of coumaphos and fluvalinate. Importantly, our study reveals
a robust and significant overlap between transcriptional responses
to diet and pesticides, and demonstrates that diet, specifically
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pollen-based diets, can significantly reduce the sensitivity of bees
to pesticide exposure. Thus, improving the complexity and nutri-
tional value of the diet available to honey bees through optimized
supplementary feeding or encouraging flowering plant diversity in
agricultural fields may help buffer bee populations from the
impacts of pesticide exposure and other stressors.

4. Materials and methods

4.1. Collections for microarray and hormonal assays

Worker bees were derived from one colony headed by a single-
drone inseminated (SDI) Carniolan queen (Glenn Apiaries, Fall-
brook, CA) and maintained using standard commercial apicultural
practices at a Penn State University apiary located in State College,
PA. Honeycomb frames containing emerging workers were
removed from the colony and placed in an incubator overnight.
Individual cages were constructed using two paired
100 mm " 20 mm Petri dish tops or bottoms (VWR, Radnor, PA)
with a 15 cm " 30 cm piece of mesh metal screen formed into a
cylinder. Holes for the pesticide feeders were punched into the
plastic tops using a hot metal cork borer. Each cage was established
using 30 newly emerged workers (<24 h old), along with one nat-
urally mated Italian queen (BeeWeaver Apiaries, Austin, TX) and
1 mL 1:1 sucrose:water (w/v), and was placed in a dark environ-
mental chamber at 35 "C and 50% relative humidity.

The following day (when the bees were <2 days old) cages were
fed sub-lethal doses of pesticides or controls. 100 ppm fluvalinate
(Chemservice-PS-1071, 95% purity) and 100 ppm coumaphos
(Chemservice-PS-656, 99.5% purity) were dissolved in a 3% metha-
nol/50% sucrose/water solution. Each cage received 1 mL of the fol-
lowing four treatments daily, to simulate a chronic, sub-lethal
dose: fluvalinate, coumaphos, methanol (3% methanol/50%
sucrose/water solution), and sucrose (50% sucrose/water solution).
Pilot studies were performed to ensure these doses did not cause
significant mortality, thereby confirming that these were indeed
sublethal doses. Mortality was less than 5% in each cage and there
were no significant differences (ANOVA F3 = 1.5707, p = 0.2277)
between treatments (data not shown). The selected concentration
is consistent with levels found in the wax (coumaphos – up to
514 ppm, fluvalinate – up to 204 ppm) of US honey bee colonies
(Berry et al., 2013; Mullin et al., 2010). Bees are primarily exposed
during miticide treatments, and may receive 0.3–3.0 lg of either
chemical per day (Haarmann et al., 2002; Johnson et al., 2009b),
which is equivalent to the maximum daily dose our bees received
(3 lg/bee). Each treatment group had 12 replicates, for a total of 48
cages. There was no significant difference in the volume of diet
consumed between treatments (data not shown). The diet was
replaced daily and mortality recorded daily during a course of
7 days.

After 7 days, five workers were removed from each cage and
placed on ice to immobilize them for hemolymph extraction. The
remaining workers were placed directly on dry ice and stored at
#80 "C for further molecular analysis (see below).

4.2. Examining the impact of diet on expression of pesticide-regulated
candidate genes

Here, we examined the impact of diet on expression of candi-
date genes identified in the microarray study. Cages were estab-
lished as for the study examining the impact of pesticide
exposure, but were modified to include an opening to introduce
the pollen or soy protein diet. Cages received one of six treatment
diets: sucrose only, honey only, sucrose/pollen, honey/pollen,
sucrose/protein, and honey/protein. The sucrose (1:1 sucrose/

water w/v) and honey (wildflower, YS Bee Farms, Illinois) treat-
ments received no protein source during the course of the experi-
ment. The pollen diet consisted of bee-collected wildflower pollen
(collected at the hive entrance using pollen traps) from an organic
farm near the eastern entrance to Cascades National Park, Oregon,
mixed with sucrose solution (1:1) at an 1:1 w/v pollen/sucrose
ratio to create a smooth, creamy texture. The protein diet consisted
of soy protein isolate (NOW Sports, 90% soy protein) (Roulston and
Cane, 2002) mixed at a 4:1 w/v protein/sucrose ratio to produce a
consistency comparable to that of the pollen mixture. Since pollen
and honey are known to contain large numbers of pesticides
(Mullin et al., 2010), the honey and pollen were analyzed using
LC/MS–MS and GC/MS–MS to confirm they were not contaminated
(see results). Sucrose and honey (!1.7 mL at each feeding) were
replaced every 3 days, whereas the pollen and protein (!0.5 g at
each feeding) were replaced every 2 days. The food (sugar and pro-
tein) were provided ad libitum and not completely consumed
before being replaced. Each treatment had six replicates, for a total
of 36 cages. After 7 days, the workers were placed directly on dry
ice and stored at #80 "C until qRT-PCR analysis. There was no mor-
tality during the course of the experiment. See below for further
information on the quantitative real-time PCR analysis.

4.3. Impact of diet on sensitivity to pesticides

We examined the impact of diet on the longevity of pesticide-
exposed honey bees over a 16-day period. Cages were established
as in the studies examining the impact of diet on pesticide-regu-
lated genes. Cages were fed 1:1 sucrose solution daily in addition
to one of four diets: pollen long-term, pollen short-term, protein
long-term, or sucrose only (diets described above). The ‘‘long-
term’’ diets were fed throughout the experiment and replaced
every 2 days. The ‘‘short-term’’ diet was fed 24 h prior to initial
pesticide exposure and then removed at the introduction of the
pesticide. Half of the cages in each treatment group were fed pes-
ticides while the other half received sucrose beginning on day five.
We chose to begin pesticide feedings on day five to allow time for
the nutritional value of the diets to have their impact on bee phys-
iology. Five day old bees fed pollen have more lipid stores than
bees which are pollen deprived (Toth et al., 2005), demonstrating
that by this time point diet will have affected the physiology of
the bees. Cages receiving the pesticide treatment were chronically
fed chlorpyrifos in 1:1 sucrose solution at 3 ppm. Mortality was
recorded daily for 16 days. Chlorpyrifos is an organophosphate
(like coumaphos) and is the third most prevalent and abundant
pesticide detected in the hive, with maximum levels of 890 ppb
(Mullin et al., 2010). Chlorpyrifos is considerably more toxic to
bees than coumaphos or fluvalinate (Mullin et al., 2010), with an
LD50 of 3 ppm after a test duration of 72 h using our caged assays
(data not shown). This high level of toxicity and mortality allows
us to rapidly assess the impact of diet on pesticide sensitivity.

To determine differences in survival among our treatment
groups, we conducted a Kaplan–Meier survival log-rank test
(Kleinbaum and Klein, 2012) using diet and pesticide treatment
as variables. Before performing our Kaplan–Meier analysis, we con-
ducted a Cox regression proportional hazards model to confirm
that the assumption of a linear hazard ratio between diets was
met. Statistical analysis was performed using SPSS (v.21, IBM,
Armonk, NY).

4.4. Microarray analysis

Six cages per treatment group were selected for microarray
analysis to characterize pesticide-induced changes in gene expres-
sion. Sample preparation and microarray analysis were performed
as in Niño et al. (2011) with slight modifications. After a period of
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7 days, a pooled sample of five workers/cage were removed and
whole abdomens were dissected from the bee. Whole abdomens
were used for our analyses rather than the whole bee because
the site of xenobiotic detoxification is located in the midgut
(Mao et al., 2011), while abdominal fat bodies play a significant
role in metabolism and immune response. We limited our analysis
to the abdomens because additional tissues could have increased
the signal to noise ratio of the expression patterns. Abdomens were
extracted using QIAshredder (Qiagen, Valencia, CA) and an RNeasy
RNA extraction kit (Qiagen). RNA was quantified using a Nanodrop
1000 (Thermo Scientific). 750 ng of RNA/sample were amplified
using the Ambion MessageAMP II aRNA kit (Life Technologies,
Grand Island, NY). Four micrograms of amplified RNA from each
sample were labeled independently with Cy3 and Cy5 dyes (Krea-
tech, Amsterdam, Netherlands). Samples were hybridized to 24
microarrays (two samples/array) in a loop design with dye swaps
incorporated. Whole genome microarrays containing 28,800 spot-
ted oligos (including 12,483 paired oligos corresponding to honey
bee transcripts) were purchased from the W.M. Keck Center for
Functional Genomics at the University of Illinois, Urbana-Cham-
paign. Samples were hybridized using the Maui mixer (BioMicro
Systems, Salt Lake City, Utah) and scanned on an Axon Genepix
4000B scanner (Molecular Devices, Sunnyvale, CA) using GENEPIX
software (Agilent Technologies, Santa Clara, CA).

Analysis of the array data followed the protocol described in
Richard et al. (2012). Spots with an intensity of less than 100
(the average array background for both dyes) were removed from
the analysis. Transcripts present on less than 7 of the 24 arrays
were excluded from further analysis. Expression data was log-
transformed and normalized using a mixed-model ANOVA (proc
MIXED, SAS, Cary, NC) with the following model:

Y ¼ lþ dyeþ blockþ arrayþ array & dyeþ array & blockþ !

where Y is expression, dye, and block are fixed effects, and array,
array * dye and array ⁄ block are random effects. Transcripts with
significant expression differences between groups were detected
by using a mixed-model ANOVA with the model:

Y ¼ lþ treatmentþ spotþ dyeþ arrayþ !

where Y represents the residual from the previous model; treat-
ment, spot, and dye are fixed effects; and array is a random effect.
p-values were corrected for multiple testing using a false discovery
rate of <0.01 (proc MULTTEST, SAS).

The expression levels of all significantly regulated genes were
normalized by calculating the average value across the treatment
groups and subtracting this average from the normalized residual.
Two-way hierarchical clustering analysis was performed using JMP
9 (SAS, Cary, NC). Approximately unbiased p values, bootstrap val-
ues, and Euclidean distances were calculated using R version 2.14.2
with 100,000 bootstrap replicates (http://www.r-project.org). All
significantly regulated transcripts were annotated according to
their Drosophila orthologs in Flybase (<http://flybase.org/>) when
available. Gene ontology (GO) analysis was performed using DAVID
version 6.7 (Dennis et al., 2003; Huang et al., 2008). The array data
are available on the ArrayExpress website (http://www.ebi.ac.uk/
arrayexpress/) according to MIAME standards under accession
number E-MTAB-3025.

4.5. Validation of microarray results

To validate the microarray results using qRT-PCR for methanol,
coumaphos, and fluvalinate, 200 ng of RNA from samples used in
the microarray study was synthesized into cDNA using Super-
Script# II Reverse Transcriptase (Life Technologies). Ten signifi-
cantly regulated candidate genes were selected (see
Supplementary Table S8 for a list of genes and primers). Expression

levels of the selected candidate genes were determined using an
ABI Prism# 7900 sequence detector with the SYBR Green detection
method (Life Technologies). Triplicate reactions were performed
for each of the samples and averaged together. The expression of
each candidate gene was normalized to the geometric mean
(Vandesompele et al., 2002) of the two housekeeping genes actin
and eIF-S8 (Grozinger et al., 2003; Huising and Flik, 2005), using
the DCt method for relative quantification. Water and a no-enzyme
control were included for each primer to ensure no contamination
from DNA or primer dimers, and a dissociation curve was mea-
sured at the end of the qRT-PCR to confirm the presence of a single
product.

A nonparametric Kruskal–Wallis one-way ANOVA was per-
formed for all multiple comparison statistics using JMP 9 (SAS,
Cary, NC). Ordered letter differences were determined using a
paired-difference Wilcoxon t-test.

4.6. Comparative genomic analyses

To determine the biological functions of the regulated genes, we
compared our significantly regulated lists of genes with genes
whose expression levels were significantly associated with behav-
ioral maturation (Ament et al., 2011), immune function (Evans
et al., 2006; Richard et al., 2012), and nutrition (Ament et al.,
2011) in previous genome wide expression analyses. Additionally,
we performed directional analyses with gene lists from (Ament
et al., 2011), to determine if genes were similarly up- or down-reg-
ulated by diet and pesticide exposure. Comparisons between gene
lists were performed using Venny (Oliveros, 2007;<http://bioin-
fogp.cnb.csic.es/tools/venny/index.html>). Significant overlaps in
the gene lists was determined using a Fisher’s exact test, using
all the genes present on the microarray as a background list (Jim
Lund, University of Kentucky, <http://nemates.org/MA/progs/
overlap_stats.html>).

4.7. Characterization of the juvenile hormone and methyl farnesoate
hemolymph titers

Hemolymph was collected from under the 4th abdominal seg-
ment of individual bees using a 10 lL pulled glass capillary tube.
Hemolymph was pooled from 3 to 5 bees to yield a 10 lL sample
for each cage and placed in a 1.7 mL Eppendorf tube and combined
with 90 lL of methanol (HPLC grade). The tube and cap were
wrapped with Teflon tape to prevent leaking. Samples were
shipped to the USDA-ARS lab in Gainesville, FL for processing
according to the protocols described in (Jones et al., 2010; Niño
et al., 2012; Teal et al., 2000, 2014; Teal and Proveaux, 2006).

Across the four treatment groups collected for the microarray
studies, eight samples were collected from sucrose, eight from
methanol, seven from coumaphos, and eight from fluvalinate. Data
were log2 transformed and analyzed using an ANOVA-Tukey HSD
with treatment as a variable (JMP 9, SAS, Cary, NC).

4.8. Examining the impact of diet on expression of pesticide-regulated
candidate genes

Whole abdomens from 3 bees/cage were homogenized using a
FastPrep# FP120 (Thermo Scientific, Rockford, IL) for two-30 s
cycles at a speed of 6.5 m/s. Samples were cooled on ice between
cycles for 12 min. Each sample was transferred to a QIAshredder
column (Qiagen) and centrifuged at 13,200g for 1.5 min. Lysate
was removed and RNA was extracted with RNeasy# RNA extraction
kit (Qiagen). DNA was removed from the product using a Turbo
DNA-free kit (Life Technologies). RNA was quantified and cDNA
synthesized as above. Expression levels of the selected candidate
genes were determined as described above.
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A total of 12 pooled samples (2 samples/cage) from each of the
six nutrition treatments were analyzed to determine the relative
expression of five candidate genes. We monitored expression lev-
els of CYP305D1, CYP9S1, GSTD1, and notably CYP9Q3, which
was previously shown to be upregulated by honey (Mao et al.,
2011). We also examined expression levels of superoxide dismu-
tase (SODH2); this gene was significantly upregulated by pesticide
exposure in our microarray study, and in response to a rich diet
(Ament et al., 2011), and may function in immunity (Luque et al.,
1998; Richard et al., 2012) (see Supplementary Table S9 for a list-
ing of the genes and associated primers).

A nonparametric Kruskal–Wallis one-way ANOVA was per-
formed for all multiple comparison statistics using JMP 9 (SAS,
Cary, NC). Ordered letter differences were determined using a
paired-difference Wilcoxon t-test.
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