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In the agricultural environment, honey bees may be exposed to combinations of pesticides. Until now,
the effects of these combinations on honey bee health have been poorly investigated. In this study, we
assessed the impacts of biological and chemical insecticides, combining low dietary concentrations of
Bacillus thuringiensis (Bt) spores (100 and 1000 mg/L) with the chemical insecticide fipronil (1 mg/L). In
order to assess the possible effects of Cry toxins, the Bt kurstaki strain (Btk) was compared with a Bt
strain devoid of toxin-encoding plasmids (Bt Cry�). The oral exposure to fipronil and Bt spores from both
strains for 10 days did not elicit significant effects on the feeding behavior and survival after 25 days.
Local and systemic physiological effects were investigated by measuring the activities of enzymes in-
volved in the intermediary and detoxication metabolisms at two sampling dates (day 10 and day 20).
Attention was focused on head and midgut glutathione-S-transferase (GST), midgut alkaline phosphatase
(ALP), abdomen glyceraldehyde-3-phosphate dehydrogenase (GAPD) and glucose-6-phosphate dehy-
drogenase (G6PD). We found that Bt Cry� and Btk spores induced physiological modifications by dif-
ferentially modulating enzyme activities. Fipronil influenced the enzyme activities differently at days 10
and 20 and, when combined with Bt spores, elicited modulations of some spore-induced physiological
responses. These results show that an apparent absence of toxicity may hide physiological disruptions
that could be potentially damaging for the bees, especially in the case of combined exposures to other
environmental stressors.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

The populations of domestic honey bees (Apis mellifera L.) have
been shown to be declining (vanEngelsdorp et al., 2008; Potts
et al., 2010; Van Der Zee et al., 2012). Among the various risk
factors responsible for this decline, contamination by plant pro-
tection products has been considered to play a significant role
(Maini et al., 2010; Krupke et al., 2012). In field conditions, honey
bees are likely to be exposed to multiple substances, either se-
quentially or concomitantly, and several studies have highlighted
the necessity to better investigate the effects of pesticide asso-
ciations, especially at low concentrations (Mullin et al., 2010;
Krupke et al., 2012). As an example, significant synergistic effects
ent citer ce document :
, Tchamitchian, S., Brunet
spondance) (2016). Chron
 exposure to fipronil and B
tal Safety, 127, 205-213. 

. Belzunces).
have been extensively demonstrated between pyrethroids, or
neonicotinoids, and EBI fungicides (Colin and Belzunces, 1992,
Iwasa et al., 2004). However, the impact of pesticide combinations
at lethal and sublethal levels are still poorly investigated for other
substances. In this study, we considered the possible combined
exposure of honey bees to a biological insecticide, Bacillus thur-
ingiensis (Bt) and a chemical insecticide, fipronil, at low con-
centrations, consistent with the application rate of Bt-based pro-
ducts and with possible environmental contaminations of pollen
and nectar by fipronil (Chauzat et al., 2006; Mullin et al., 2010;
Bonmatin et al., 2015).

B. thuringiensis is a gram-positive soil bacterium known since
the early 1900s for its insecticidal properties, mainly against le-
pidopterans. Once ingested and activated in the intestinal tract of
the target insect, the crystal toxins (Cry toxins) produced by the
bacterium cause cell lysis and ultimately lead to insect death (Gill
et al., 1992; Bravo et al., 2007; Vachon et al., 2012). Formulations
, J.-L., Kretzschmar, A., Maini,
ic toxicity and physiological
acillus thuringiensis spores alone
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with Bt spores are widely used in crop protection where Bt serovar
kurstaki (Btk) is the most used strain. Adult honey bees could
therefore be exposed to Bt by foraging in an area treated with Bt-
based products, while the exposure by ingestion of pollen from
genetically modified plants expressing Cry toxins may occur in
both adult bees and brood. When the effects of Bt spores on bees
were analyzed, Btk was not found to induce mortality in honey
bees or bumblebees (Malone et al., 1999; Mommaerts et al., 2010).
However, several studies have demonstrated that Cry toxins may
induce adverse effects such as impairment of memory and learn-
ing capacities, or anti-feedant and repellent effects (Ramirez-Ro-
mero et al., 2005,, 2008; Han et al., 2010).

In the agricultural environment, honey bees may come in
contact with different phytopharmaceutical substances along with
Bt-derived pesticides and combined exposures may occur. Indeed,
it has been shown that the efficacy of Bt-based products on target
insects can be synergized by an associated or a surrounding
treatment with a chemical insecticide (Wu et al., 2001; Morales-
Rodriguez and Peck, 2009). However, no study has been conducted
to assess the effects of combinations of Bt-based products and
chemical insecticides on non-target insects (Duan et al., 2008).
Here, attention was focused on a widely used phenylpyrazole
systemic insecticide, fipronil, to which honey bees can be chroni-
cally exposed due to the frequent contamination of pollen sources
(Chauzat et al., 2006; Mullin et al., 2010; Bernal et al., 2010). The
exposure to these low concentrations of fipronil can cause relevant
perturbations of the olfactive learning capacity and orientation of
honey bees (El Hassani et al., 2005; Decourtye et al., 2009). Fur-
thermore, fipronil has been considered because, besides its neural
action on the insect GABA and GluCl receptors (Ikeda et al., 2003;
Narahashi et al., 2010), it can also act in the intestinal tract as Bt
toxins do (Vidau et al., 2009; da Silva Cruz et al., 2010) and can
enhance the impact of a honey bee gut pathogen, Nosema ceranae
(Vidau et al., 2011; Aufauvre et al., 2012).

The importance of evaluating the responses of enzymes in-
volved in detoxication of xenobiotics along with other toxicity
endpoints has been evidenced for beneficial insects and honey
bees (Desneux et al., 2007). In particular, the study of enzymatic
modulation induced by pesticides in honey bees is increasingly
investigated, revealing specific patterns of response (Badiou-Bén-
étau et al., 2012; Carvalho et al., 2013). However, this approach has
not been applied to combinations of pesticides yet.

The objectives of the present study were therefore (i) to eval-
uate the effects of combined exposures to Bt spores and fipronil on
honey bee survival and feeding behavior and (ii) to study phy-
siological changes induced by the various treatments. In order to
distinguish the effects of Bt spore components and Cry toxins, we
used two different strains, Btk which expresses 6 Cry toxins and
the Bt Cry- strain, which does not express any Cry toxin.

The mortality and the feeding behavior of the exposed bees
were used as primary toxicity endpoints while at sublethal level,
the modulation of the metabolism was assessed by investigating
the activity of four enzymes: glutathione-S-transferase (GST), al-
kaline phosphatase (ALP), glucose-6-phosphate dehydrogenase
(G6PD) and glyceraldehyde-3-phosphate dehydrogenase (GAPD).
GST plays major roles in detoxication and in antioxidant defenses
through the conjugation of glutathione to xenobiotics or end-
products of lipid peroxidation (Leaver and George, 1998; Sheehan
et al., 2001). ALPs are involved in the hydrolysis of phosphomo-
noesters in digestive processes, cell signaling, adsorption and
transport of molecules through the intestinal epithelium, and
immune response in vertebrates and insects (Chen et al., 2011;
Coleman, 1992; Vlahovic et al., 2009; Aufauvre et al., 2012). In
honey bees, GST and ALP are important bioindicators to evaluate
metabolic modulations induced by heavy metals (Bounias et al.,
1996), pesticides (Badiou-Bénéteau et al., 2012, 2013, Carvalho
Comment citer ce document 
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et al., 2013) and pathogens (Dussaubat et al., 2012). GAPD and
G6PD are involved in the glycolysis pathway and in the pentose
phosphate pathway, respectively. Several studies highlighted that
GAPD can be subjected to variations in concentration that are in-
volved in transcriptional gene regulation, induction of apoptosis
(Sirover, 2005; Ortiz-Ortiz et al., 2010) and response to oxidative
stress (Nicholls et al., 2012). Therefore, GAPD can be considered a
metabolic sensor of oxidative conditions. The inhibition of GAPD
results in increase of G6PD activity, which is directly involved in
oxidative stress remediation (Grant, 2008). Consequently, GAPD
and G6PD can be used as complementary indicators of oxidative
stress eventually caused by exposure to pesticides.
2. Materials and methods

2.1. Tested products and reagents

The 4Q7 Bt Cry� (Bt Cry–) and 4D1 Bt kurstaki (Btk) strains
were obtained from the Bacillus Genetic Stock Center at Ohio State
University. Bt Cry� is a modified strain that has been cured of the
plasmid harboring the Cry genes (Gonzàlez et al., 1982), and Btk is
the kurstaki strain that expresses the Cry1Aa, Cry1Ab, Cry1Ac,
Cry2Aa, Cry2Ab and Cry2Ac toxins (Dulmage, 1970). Fipronil pure
active ingredient was obtained from Cluzeau Info Labo (France).
Beeboosts was obtained from Apimiel 81 (Willer-sur-Thur,
France). Glucose-6-phosphate, 3-phosphoglyceraldehyde, NADPþ ,
NADH, glutathione, 1-chloro-2,4-dinitrobenzene, L-cystein,
3-phosphoglycerate kinase, triethanolamine, trishydrox-
ymethylaminomethane (Tris), Triton X-100, antipain, leupeptin,
pepstatin A, aprotinin, soybean trypsin inhibitor, MgCl2, NaCl,
ethylenediaminetetraacetic acid (EDTA), NaKHPO4, NaH2PO4 and
p-nitrophenol were purchased from Sigma-Aldrich (Saint Quentin-
Fallavier, France).

2.2. Honey bees

Apis mellifera mellifera honey bees were taken from 4 queen-
right colonies carefully monitored to check their health status.
Emerging bees were obtained by placing brood frames in an in-
cubator at controlled conditions (34 °C72 °C; 60%710% relative
humidity; darkness) for one day. Newly emerged bees from the
4 colonies were mixed and randomly placed into plastic cages
(6�8.5�10 cm), without anesthesia, in groups of 40 individuals
per cage, with a source of queen pheromone blend (one third of
commercial Beeboost stick). The cages were then placed in an
incubator at controlled conditions (34 °C72 °C; 60%710% relative
humidity; darkness) until the end of the experiment (Williams
et al., 2013). After one day of adaptation to experimental condi-
tions, dead honey bees were removed and replaced with other
bees of the same age kept aside for this purpose, and the cages
were randomly assigned to the different treatment groups. Fresh
multi-floral pollen, checked for its toxicological quality by multi-
residue analysis (86 of the most used pesticides) (Wiest et al.,
2011) was provided for the first 3 days and then replaced with a
commercial protein preparation (Provita'bees) added to the
feeding syrup at the concentration of 1% (v/v).

2.3. Modalities of treatment

Honey bees were exposed to the treatments 10 h per day, by
feeding with 50% (w/v) sucrose syrup containing the pesticides at
the appropriate concentrations. During the remaining 14 h, bees
were provided with candy and water ad libitum. Bees were ex-
posed to the contaminated solutions for 10 days, which is con-
sistent with the period during which nurse bees consume both
:
et, J.-L., Kretzschmar, A., Maini,
onic toxicity and physiological
 Bacillus thuringiensis spores alone
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Table 1
Statistical significances of physiological modulations. Results of two-way ANOVA
performed on enzymatic activities considering the treatments with Fipronil (trea-
ted, untreated) and Bt (Bt Cry� , Btk, untreated) as factors. The analysis was sepa-
rately carried out for bees sampled on day 10 and day 20. Differences were con-
sidered significant for po0.05.

Enzyme Sampling day Factor D.f. F p

GST (head) 10 Fipronil 1, 114 5.402 0.022
Bt 2, 114 94.428 o0.001
Fip�Bt 2, 114 3.704 0.028

20 Fipronil 1, 114 15.141 o0.001
Bt 2, 114 55.628 o 0.001
Fip�Bt 2, 114 1.072 0.345

GST (midgut) 10 Fipronil 1, 114 1.312 0.254
Bt 2, 114 5.542 0.005
Fip�Bt 2, 114 2.591 0.08

20 Fipronil 1, 114 0.495 0.483
Bt 2, 114 131.656 o0.001
Fip�Bt 2, 114 3.713 0.027

ALP (midgut) 10 Fipronil 1, 110 27.591 o0.001
Bt 2, 110 12.421 o0.001
Fip�Bt 2, 110 0.393 0.676

20 Fipronil 1, 109 1.884 0.173
Bt 2, 109 30.453 o0.001
Fip�Bt 2, 109 0.56 0.573

GAPD (abdomen) 10 Fipronil 1, 113 4.110 0.045
Bt 2, 113 13.076 o0.001
Fip�Bt 2, 113 0.971 0.382

20 Fipronil 1, 114 25.853 o0.001
Bt 2, 114 2.112 0.126
Fip�Bt 2, 114 0.404 0.668

G6PD (abdomen) 10 Fipronil 1, 107 0.407 0.525
Bt 2, 107 3.443 0.035
Fip�Bt 2, 107 0.427 0.653

20 Fipronil 1, 114 8.605 0.004
Bt 2, 114 1.831 0.165
Fip�Bt 2, 107 6.199 0.003

M.T. Renzi et al. / Ecotoxicology and Environmental Safety 127 (2016) 205–213 207
nectar and pollen (Rortais et al., 2005). Syrup consumption was
recorded daily for the 10 days of exposure to pesticides and related
to the daily number of surviving bees. Mortality was recorded
every day until the end of the trial (25 days). The spore solutions of
Bt strains (Bt Cry� and Btk) were tested at two concentrations, 100
and 1000 mg/L, corresponding to 1.4�103 and 1.4�104 CFU/mL,
respectively. These concentrations are 8357 and 836-fold lower
than the common application rate for Bt kurstaki commercial
formulations (1.17�1010 CFU/g; 33.2 g/L), respectively (European
Food Safety Authority (EFSA), 2012). Fipronil was tested at the
concentration of 1 mg/L (d¼1.149; 0.87 mg/kg fipronil), which is
consistent with the residual contamination of fresh and stored
pollen (Chauzat et al., 2006; Bernal et al., 2010; Mullin et al., 2010;
Pareja et al., 2011). Stock solutions of Bt and fipronil were prepared
in water and DMSO respectively and stored at �20 °C. All feeding
sucrose solutions contained a final concentration of 0.1% DMSO
(v/v) and were freshly prepared daily. To investigate the effects of
fipronil-Bt combinations, 10 treatment groups were set up, cor-
responding to control bees that received only uncontaminated
sucrose solution containing 0.1% DMSO, bees exposed to fipronil
alone, Bt Cry� or Btk strain alone (two concentrations for each
strain) and bees exposed to the combinations of Bt spores and
fipronil. For each treatment group, 6 replicates were done (40
honey bees per replicate). Fipronil concentration was checked by
GC-MS/MS (Wiest et al., 2011) and the relative standard deviation
was less than 5.9%.

2.4. Enzyme assays

To prevent any animal suffering, all tissues used for enzyme
assays were removed from anaesthetized then decapitated bees. In
surviving bees, head, midgut and abdomen devoid of the intestine
were sampled, weighed and stored at a �80 °C until analysis.
Tissues were homogenized at 4 °C in an extraction medium with a
Qiagens Tissue Lyser II (30 Hz, three periods of 30 s, at 30-s in-
tervals) to make a 10% (w/v) extract. The extraction medium
consisted of 10 mM NaCl, 1% (w/v) Triton X-100 and 40 mM so-
dium phosphate pH 7.4, and contained 2 mg/ml antipain, leupeptin
and pepstatin A, 25 units/ml aprotinin and 0.1 mg/ml soybean
trypsin inhibitor as protease inhibitors (Belzunces et al., 1990).
Tissue extracts were centrifuged at 4 °C for 20 min at 1,5000 g and
the resulting supernatants were subjected to analysis. For each
treatment group, 4 extracts of 5 tissues each were achieved and
assayed in triplicate.

Glutathione-S-Transferase (GST) was spectrophotometrically
assayed at 340 nm, in a reaction medium containing 2.5 mM re-
duced glutathione, 1 mM 1-chloro-2,4-dinitrobenzene, 1 mM
EDTA and 100 mM Na/K-phosphate at pH 7.4, using a method
adapted from Habig et al. (1974). Alkaline phosphatase (ALP) ac-
tivity was assayed at 410 nm in a reaction medium containing
20 mM MgCl2, 2 mM p-nitrophenyl phosphate and 100 mM Tris–
HCl pH 8.5 (Bounias et al., 1996). Glucose-6-phosphate dehy-
drogenase (G6PD) activity was assayed at 340 nm in a reaction
medium containing 1 mM disodium D-Glucose 6-phosphate,
0.5 mM NADPþ , 10 mM MgCl2 and 100 mM Tris–HCl pH 7.4. Gly-
ceraldeyde-3-phosphate dehydrogenase (GAPD) activity was as-
sessed at 340 nm in a reaction medium containing 7 mM
3-phosphoglyceraldehyde, 4 mM L-cysteine, 2 mM MgSO4, 120 mM
NADH, 1.2 mM ATP, 1 mM EDTA, 5 units/ml 3-phosphoglycerate
kinase and 80 mM triethanolamine at pH 7.6.

2.5. Statistical analysis

Daily mortality data were organized in a survival table and
analyzed through a Cox proportional hazard regression model.
Syrup consumption data were processed through a repeated-
Comment citer ce document :
Renzi, M. T., Amichot, M., Pauron, D., Tchamitchian, S., Brunet

S., Belzunces, L. (Auteur de correspondance) (2016). Chron
changes induced in the honey bee by the exposure to fipronil and B
combined. Ecotoxicology and Environmental Safety, 127, 205-213. 
measures ANOVA followed by Bonferroni post-hoc analysis, in or-
der to perform comparisons between groups. The effects of the
treatments with Bt and fipronil on GST, ALP, GAPD and G6PD ac-
tivities were evaluated with a two-way ANOVA. Tukey HSD post-
hoc test was then performed for comparisons between the differ-
ent treatment groups. For the enzymatic activities, post-hoc results
are shown in the box plots, while ANOVA results are integrated in
Table 1. All analyses were performed with R software (version
3.0.2).
3. Results

3.1. Chronic toxicity of Bt spores and fipronil, alone or in
combination

Bees were exposed for 10 days to Bt spores at 100 and 1000 mg/
L and fipronil at 1 mg/L, alone or in combination, and mortality was
recorded for a total period of 25 days. The survival rate was higher
than 95% until the end of the treatment period (day 10) and re-
mained above 85% until the 25th day of observation, for all the
treatment groups (Fig. 1A and B). Overall, bees treated with Bt
Cry� had a slightly lower survival rate as compared with control
bees and Btk-treated bees (Cox model, po0.05). The combination
with fipronil did not elicit any significant effect on bee survival
(Cox model, p40.05).

3.2. Effects of Bt spores and fipronil on the feeding behavior

The influence of the different treatments on the feeding be-
havior of honey bees was investigated by measuring the daily in-
take of feeding syrup during the 10-h exposure period. The
, J.-L., Kretzschmar, A., Maini,
ic toxicity and physiological
acillus thuringiensis spores alone
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Fig. 1. Effect of Bt spores and fipronil on survival of newly emerged bees. After
emergence, bees were orally exposed for 10 days to spores from Bt Cry� and Btk
strains at 0 (control), 100 and 1000 mg/L in the sucrose feeding solution, alone (A) or
in combination with fipronil at 1 mg/L (B). The mortality was recorded over 25 days.
Data represent the proportions of surviving individuals over time; each curve re-
presents 6 repetitions. Asterisk represents po0.05.

M.T. Renzi et al. / Ecotoxicology and Environmental Safety 127 (2016) 205–213208
analysis of overall data showed that the syrup consumption sig-
nificantly increased with time (ANOVA, F(9,450)¼56.167,
p¼1.10�16), but was influenced neither by the Bt treatment (AN-
OVA, F(2,57)¼1.641, p¼0.203) nor by fipronil (ANOVA,
F(1,58)¼3.675, p¼0.060).

3.3. Physiological modulations induced by Bt spores and fipronil

Since no apparent toxicity was observed after the exposure of
emerging bees to Bt spores and fipronil, alone or in combination,
we wanted to see whether physiological changes could occur in
the absence of mortality. Physiological changes were studied by
investigating the activity of enzymes involved in the intermediary
and detoxication metabolisms. Activities of glutathione-S-trans-
ferase (GST), alkaline phosphatase (ALP), glucose-6-phosphate
Comment citer ce document 
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dehydrogenase (G6PD) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPD) were measured at the end of the chronic ex-
posure (day 10) and 10 days after (day 20).

3.4. GST modulation

GST tissue activity was measured in heads and midguts. In the
heads, GST activity was significantly modulated by the exposure to
Bt spores (Table 1 and Fig. 2). In particular, Btk-treated bees ex-
hibited a significantly lower GST activity compared with control
and Bt Cry� at both sampling dates (Tukey HSD, po0.001 for all
comparisons). A GST activity similar to that of controls was gen-
erally observed in bees exposed to Bt Cry� (Tukey HSD, po0.05),
except at 100 mg/L at day 10 and at 1000 mg/L at day 20, for which
the activities were respectively higher and lower than those of
controls (Tukey HSD, po0.05 for both comparisons). Fipronil
alone did not induce significant changes in GST at day 10 and 20
(Tukey HSD, p40.05 for both comparisons). However, ANOVA
performed on all data showed that fipronil significantly modulated
the overall response, at both sampling dates (Table 1). In parti-
cular, at day 10, the interaction between fipronil and Bt was sig-
nificant (Table 1) and fipronil abolished the increase of GST activity
induced by Bt Cry� spores at 100 mg/L (Tukey HSD, po0.001)
(Fig. 2). At day 20, fipronil had an opposite effect by abolishing the
decrease of GST activity induced by Bt Cry� spores at 1000 mg/L
(Tukey HSD, po0.001) (Fig. 2).

In the midgut, GST overall activity was significantly modified by
Bt spores (Table 1 and Fig. 2) and post-hoc analyses evidenced
different trends between sampling dates. Comparing the overall
response to Bt strains at day 10, bees treated with Bt Cry� ex-
hibited a GST activity similar to that of controls (Tukey HSD,
p40.05), while bees treated with Btk exhibited an activity higher
than those of controls and bees treated with Bt Cry� (Tukey HSD,
po0.05 for both comparisons). More specifically, the comparison
between all treatment groups showed that the bees exposed to Btk
at 1000 mg/L, combined or not with fipronil, exhibited the highest
activity (Fig. 2). Conversely, at day 20, Bt spores induced a decrease
of midgut GST, which was more pronounced for Btk spores than
for Bt Cry� spores (Tukey HSD, po0.05 for all comparisons)
(Fig. 2). Fipronil alone did not induce a significant variation of GST
at either sampling date (Tukey HSD, p40.05, for both compar-
isons). The analysis of the overall data with ANOVA did not high-
light an influence of fipronil on midgut GST activity at day 10, even
though a significant interaction between fipronil and Bt was evi-
denced at day 20 (Table 1 and Fig. 2).

In summary, GST activity was significantly modulated by Btk
that induced a specific decrease of enzymatic activity, particularly
in the head. Fipronil modulated GST activity and interacted with Bt
in head and midgut, even though at different times.

3.5. ALP modulation

The ALP activity measured in the midguts (Fig. 3) was sig-
nificantly modulated by Bt spores at days 10 and 20 (Table 1). At
day 10, Bt spores induced an increase of ALP activity (Table 1),
which was more pronounced for Btk spores than for Bt Cry�

spores (Tukey HSD, po0.05) (Fig. 3). Conversely, at day 20, Bt
spores elicited a decrease of ALP activity (Table 1), with no sig-
nificant differences between Bt Cry� and Btk strains (Tukey HSD,
p40.05) (Fig. 3). Fipronil alone did not elicit a significant variation
of ALP activity at either sampling date (Tukey HSD, p40.05)
(Fig. 3). However, at day 10, ANOVA evidenced that fipronil elicited
a significant increase of ALP activity (Table 1, Fig. 3). In particular,
the post-hoc analysis highlighted a significant positive modulation
for Bt Cry� at 100 mg/L (Tukey HSD, po0.001) and Btk at 100 mg/L
(Tukey HSD, po0.05) (Fig. 3). Conversely, fipronil did not have a
:
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Fig. 2. Effects of Bt spores from Bt Cry� and Btk strains and fipronil on GST activity. Modulations of head and midgut GST were assessed after 10 days of exposure (day 10)
and 10 days after the exposure ended (day 20). Data are the results of the analysis of 4 repetitions performed in triplicate. Data are represented as boxes that show 50% of the
measured values in which the lines represent the median values. Whiskers include 90% of the data, and outliers are represented by circles. Differences between treatment
groups were estimated through Tukey HSD post-hoc comparisons. Data with different letters are significantly different (po0.05).
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significant effect on overall ALP activity at day 20 (Table 1), except
for the combination with Btk at 1000 mg/L for which a significant
decrease of ALP activity could be observed (Tukey HSD, po0.05)
(Fig. 3).

In summary, ALP activity increased in response to Bt at day 10,
with a specific effect due to Btk, but decreased at day 20. Fipronil
induced a higher activity at day 10, which was not observed ten
days later.

3.6. GAPD modulation

GAPD activity was measured in the abdomens devoid of gut
and honey sac (Fig. 4). At day 10, Bt treatment had a significant
effect (Table 1). The post-hoc analysis showed that Bt Cry� and Btk
spores significantly increased GAPD activity (Tukey HSD, po0.001
for both comparisons). Overall, Bt Cry� and Btk strains induced
similar responses (Tukey HSD, p40.05), even though bees treated
with Bt Cry- 100 mg/L and Bt Cry� 1000 mg/L displayed a different
Comment citer ce document :
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GAPD activity compared with bees treated with Btk 100 mg/L and
Btk 1000 mg/L, respectively (Tukey HSD, po0.05) (Fig. 4). At day
20, Bt spores did not induce a significant effect on GAPD activity
(Table 1) (Fig. 4). Fipronil alone induced an increase of GAPD ac-
tivity at both sampling dates, even though this effect was sig-
nificant only at day 20 (Tukey HSD, po0.05) (Fig. 4). However,
considering the overall data, fipronil was able to modulate the
activity of GAPD, with a general increase observed both at day 10
and 20 (Table 1). This effect was particularly significant for Btk
100 mg/L at day 10 (Tukey HSD, po0.01) and for Btk 1000 mg/L at
day 20 (Tukey HSD, po0.001) (Fig. 4).

In summary, GAPD was modulated by Bt at day 10 but not at
day 20, without a specific effect of Btk. Fipronil induced a sig-
nificant increase in enzymatic activity at both days.

3.7. G6PD modulation

G6PD activity was measured in the abdomens devoid of gut
, J.-L., Kretzschmar, A., Maini,
ic toxicity and physiological
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Fig. 3. Effects of Bt spores from Bt Cry� and Btk strains and fipronil on ALP activity.
Modulations of ALP were assessed in midguts after 10 days of exposure (day 10)
and 10 days after the exposure ended (day 20). Data are the results of the analysis
of 4 repetitions performed in triplicate. Data are represented as boxes including
50% of the measured values in which the lines represent the median values.
Whiskers include 90% of the data, and outliers are represented by circles. Differ-
ences between treatment groups were estimated through Tukey HSD post-hoc
comparisons. Data with different letters are significantly different (po0.05).

Fig. 4. Effects of Bt spores from Bt Cry� and Btk strains and fipronil on GAPD ac-
tivity. Modulations of GAPD were assessed in abdomens after 10 days of exposure
(day 10) and 10 days after the exposure ended (day 20). Data are the results of the
analysis of 4 repetitions performed in triplicate. Data are represented as boxes
including 50% of the measured values in which the lines represent the median
values. Whiskers include 90% of the data, and outliers are represented by circles.
Differences between treatment groups were estimated through Tukey HSD post-hoc
comparisons. Data with different letters are significantly different (po0.05).
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and honey sac (Fig. 5). Overall, Bt spores induced significant
changes in G6PD activity at day 10 (Table 1), particularly for Bt
Cry� 100 mg/L that induced a significant higher activity compared
with controls (Tukey HSD, po0.05) (Fig. 5). Conversely, at day 20
Bt induced no significant modifications of G6PD activity (Table 1).
Bees treated with Bt Cry� exhibited a different response when
compared with bees treated with Btk at day 10 (Tukey HSD,
po0.05), while they exhibited similar levels of G6PD activity at
day 20 (Tukey HSD, p40.05) (Fig. 5). Fipronil alone induced a
significant increase in G6PD activity only at day 20 (Tukey HSD,
po0.05) (Fig. 5). Overall, fipronil elicited a modulation of G6PD
activity at day 20, with a significant interaction with Bt (Table 1
and Fig. 5). This effect was not observed at day 10 (Table 1 and
Fig. 5) even though it counteracted the effect of Btk spores at
Comment citer ce document 
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100 mg/L and induced a decrease of G6PD activity when combined
with Btk spores at 1000 mg/L (Tukey HSD, po0.05 for both
comparisons).

In summary, the activity of G6PD was significantly modulated
by Bt only at day 10 and by fipronil, alone or combined with Bt, at
day 20.
4. Discussion

4.1. Toxicity of Bt spores alone or in combination with fipronil

The toxicity of Bt spores has been investigated with a widely
used Bt strain, Bt ser. kurstaki (Btk). The ingestion of non-patho-
genic bacteria, which include bacterial coat components, may
:
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Fig. 5. Effects of Bt spores from Bt Cry� and Btk strains and fipronil on G6PD ac-
tivity. Modulations of G6PD were assessed in abdomens after 10 days of exposure
(day 10) and 10 days after the exposure ended (day 20). Data are the results of the
analysis of 4 repetitions performed in triplicate. Data are represented as boxes
including 50% of the measured values in which the lines represent the median
values. Whiskers include 90% of the data, and outliers are represented by circles.
Differences between treatment groups were estimated through Tukey HSD post-hoc
comparisons. Data with different letters are significantly different (po0.05).
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modulate honey bee physiology and particularly immunity (Evans
and Lopez, 2004). Thus, a Bt strain without the Cry toxin-encoding
genes (Bt Cry�) has been used as a reference to distinguish the
effects elicited by the bacterial spore components from those eli-
cited by Cry toxins. The statistical analysis of survival rates in-
dicated a significant slightly higher mortality in bees treated with
Bt Cry� spores alone. However, no treatment elicited mortality
higher than 12% at day 25, a value that could be considered phy-
siological. Thus, our results show that Bt spores of the kurstaki
strain have no detrimental effect on the survival of bees exposed
chronically and do not present a significant toxicity due to the
encoded Cry toxins. The lack of toxicity of Bt products to young
bees is in agreement with the results obtained by Malone et al.
(1999) and Ramirez-Romero et al. (2008) for young adult bees.

Several studies have reported the enhanced toxicity of B.
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thuringiensis in combination with chemical insecticides in lepi-
dopterans and coleopterans (Sudhakar and Dhingra, 2002; Singh
et al., 2007; Morales-Rodriguez and Peck, 2009). Because Bt toxins
primarily act in the digestive tract, the hypothesis of a combined
toxicity has been tested with fipronil, a neurotoxic insecticide that
can affect intestinal cells in honey bees and mammals (Vidau et al.,
2009; da Silva Cruz et al., 2010). The results demonstrated that the
combined exposure to Bt spores and fipronil does not induce
mortality higher than those elicited by the two stressors alone,
regardless of the expression of Cry toxins.

4.2. Physiological effects of Bt strains and fipronil

In this study, Bt spores did not elicit any significant lethal effect
in emerging bees exposed for 10 days. Thus, physiological changes
were investigated in 3 compartments (head, midgut and abdo-
men) to reveal any potential systemic action of Bt spores. The
present results show that the honey bee may exhibit physiological
responses either specific to Bt Cry� or Btk spores, or common to Bt
Cry� and Btk spores, thus showing an action of spore components
only. In all cases, such responses reveal that Bt spores may exhibit
systemic physiological actions despite the absence of a significant
lethal effect. Furthermore, in some instances, the modulations of
the studied enzymes corresponded to long-lasting physiological
changes induced by Bt spores because physiological variations are
still observed 10 days after the exposure ended (at day 20).

In this experiment, GST activity was specifically reduced by Btk,
which suggests that Cry toxins have elicited this response. How-
ever, this effect was markedly observed in the head, whereas in
midgut, where Cry toxins should express their toxic activity, GST
activity is increased by Bt treatment. Therefore, despite its role in
oxidative stress, the complex profile of GST modulation evidenced
in this study does not support the triggering of a physiological
response to protect bees against an oxidative action of Bt spores.
The modulation rather appears as a direct effect of Bt spores on
GST activity, regardless of physiological protection. Fipronil
showed a relevant effect on head GST and was involved in balan-
cing the variations induced by Bt spores, particularly for Bt Cry� in
the head. Conversely, fipronil did not produce a significant effect in
the midgut, which has also been observed by Carvalho et al.
(2013). This suggests the interest of measuring GST in both com-
partments in order to reveal the possible effects induced by a
pesticide. The difference between the effects observed in the two
compartments is not surprising considering the fact that in situ
pesticide metabolism can occur in non-detoxifying tissues (Suchail
et al., 2004). Thus, depending on the role of the enzyme and the
forms expressed in different tissues, the modulation by stressors
may be different.

ALP activity was enhanced following 10 days of exposure to Bt
spores, which was particularly relevant for Btk spores. ALP has
been recently reported to be involved in the toxicity of B. thur-
ingiensis by acting as a secondary intestinal receptor for some Cry
toxins (Upadhyay and Singh, 2011). Thus, the increase in ALP levels
could be related to the presence of Cry toxins in the bee midgut at
day 10. Ten days after the exposure to Bt spores ended, no en-
hancing effect of Bt spores was detected. By contrast, a decrease in
ALP activity was observed. Interestingly, other studies demon-
strated a lower ALP activity in honey bees treated with the gut
pathogen Nosema ceranae (Dussaubat et al., 2012; Di Pasquale
et al., 2013). Fipronil induced a significant increase of ALP after 10
days of exposure. This effect contrasts with the results obtained by
Carvalho et al. (2013) that show a decrease in ALP activity induced
by fipronil after an acute exposure. The discrepancy between these
results can be partially explained by differences in exposure levels
and modes, and in the physiology of young bees and foragers.
However, the increase of ALP activity following the treatment with
, J.-L., Kretzschmar, A., Maini,
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chemical pesticides, such as thiamethoxam, has already been ob-
served in other studies (Badiou-Bénétau et al., 2012). In our ex-
periment, this effect was no longer observed at day 20, suggesting
that ALP exhibited a time-dependent response to fipronil. The
combination of Bt with fipronil was not associated to a specific
response. This suggests that the combined effect of the two
stressors in midgut we have hypothesized does not apply to ALP.

The effects of Bt spores on GAPD and G6PD, two key enzymes in
carbohydrate metabolism, appear more dependent on the in-
tensity of exposure and the nature of the stressor than for the
other metabolic enzymes. In this study, GAPD was influenced by Bt
treatment at the end of the 10-day exposure period. In particular,
Btk at the highest concentration induced an increase of the GAPD
activity, which might be linked to Cry toxins expression. Fipronil
significantly enhanced GAPD activity at days 10 and 20, thus
showing a persistent effect. GAPD is mainly involved in the gly-
colysis pathway and GAPD variations can occur in response to
oxidative stress (Nicholls et al., 2012). In the presence of reactive
oxygen species (ROS), GAPD can be inhibited (Chuang et al., 2005).
This inhibition results in the deviation of the glucose flux towards
the pentose phosphate pathway for the production of the anti-
oxidant/reducer NADPH. The enhancement of the pentose phos-
phate pathway can be revealed by the increase of G6PD activity.
Thus, the increase of G6PD might be a sign of the cellular response
to oxidative conditions (Kletzien et al., 1994; Verma et al., 2007).
However, here Bt spores caused an increased activity of GAPD that
contrasts with the decrease of G6PD, which is not consistent with
the induction of oxidative stress. The effect of fipronil at low
concentrations is confirmed by the significant increase of GAPD
and G6PD. However, the increase of both enzymes does not enable
explaining the modulation as a response to oxidative stress.
5. Conclusions

This study confirms the weak lethal effect of Bt-derived plant
protection products on honey bee survival in laboratory condi-
tions. Furthermore, Bt spores modulate the activity of important
enzymes, which may induce physiological impairments that could
only be revealed by infra-clinic investigations. It is noteworthy
that some of these modulations are specifically related to the
presence of Cry toxins. The co-exposure to a chemical stressor like
fipronil does not trigger any additive response on survival, which
might indicate that the use of Bt has low impact in the case of a
combined exposure with at least fipronil. However, fipronil is able
to modulate the physiological effects elicited by Bt spores, even
when it does not have an apparent effect by itself. Such a result
confirms that this pesticide could interact at low concentrations
with other environmental stressors. Consistently, our data stress
the importance of assessing the impacts of physiological changes
induced by the exposure to a pesticide on the functional integrity
of honey bees.
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