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1. INTRODUCTION

1.1 The honey bee

The domestic honey bedgis melliferal.) is an eusocial insect, belonging to the order
Hymenopteraand the superfamilpoidea At present, honey bees are considered to corsting
of the most complex society among invertebratet) wistrict caste division and a highly developed
communication capacities. Caste and sexual dimemplare well pronounced, so that within the
colony we can easily distinguish the queen beedtbees and the worker bees. The queen bee,
characterized by a well-developed abdomen, is tinefertile female of the colony, mating once in
life with different drones. The female progeny wdlligin from fecundated eggs, whereas non
fecundated eggs will give origin to males.

All the other females in the colony are worker belsey accomplish different tasks through
their life, depending on age and colony necessitparticular, newly emerged bees spend the first
3 days cleaning the cellules; afterwards they e of brood by producing the nourishment for
larvae (nurse bees). Later in life, worker beesobex nesters and guardians. Foraging is the last
task in honey bee poliethic development, that isoawplished generally after 14 days from the
emergence (Michener, 1969); however, this indicatimy be variable in function of the colony’s
need in food storage (Schudzal, 1998).

Drones are present in the hive only for a few mergtyear, beginning to emerge at the end of
the winter in order to accomplish mating. There iacapable to feed for the first period of their
life, when worker bees take care of their nourishime

Bee colonies can be constituted of 20.000 to mioaa 70.000 individuals that communicate
each other with a complex network of chemical digma As far as we know, pheromones have a
major role in communication between castes and gtrandividuals of the same caste. The queen
bee produces a complex blend of odorous stimulusvibeker bees transmit through the whole
colony via trophallaxis. The queen mandibular phepe has the major role to indicate the
presence of an active queen and to maintain thesoai of the colony, mainly preventing any other
female to develop the reproductive system (Slessoral, 2005). Other pheromone based
communications have been discovered among worles, laad between larvae and nurse bees.

The chemical signalling are also used for colonfenee purposes and recruitment of worker
bees for foraging (Breect al, 2004). The information about food source to feragre
communicated to other bees through a specific cbadrovements, called “waggle dance”, whose
interpretation by Karl von Frisch (1946), gave thest amazing example of the honey bee social

complexity.



Several theories refer to the honey bee colonysagarorganism (Moritz and Southwick, 1992),
considering that the strict labour division amondividuals provides the well functioning of the
colony, at the same way the various component d@ody collaborate to the survive of the
organism. Furthermore, communications among indal&lu mainly accomplished through
pheromones, permit the coordination of the wholerog so that a highly adaptation capacity to

environmental conditions is attained.

1.2 The honey bees and the environment: a doubledsid relationship

Honey bees have a key role in agriculture and wmrenmental preservation. Beekeeping is a
fundamental agricultural activity, not only for prding hive products as honey, pollen, wax, royal
jelly etc., but also for assuring the pollinatioh a large number of crops. The major part of
cultivated plants, in fact, needs insect pollinatio order to be fecundated. It has been calculated
that 35% of the world food sources derive from atsgollinated crops Moreover, honey bees
together with other pollinators provide the poltioa of the spontaneous and wild vegetation, thus
playing a major role in landscape and natural resoyreservation and domestic honey bees
strongly contributed to that (Klein et al., 2007).

Counterparty, the intense foraging activity of hprmees, that assure pollination, is the most
relevant behavioural trait that exposes them tacaljural pesticides and contaminants in general.
A honey bee can perform numerous foraging fligleisgay, with a distance from the hive that may
vary between 1,5 and 6 km, even though long-rahgiets of more that 10 km have been recorded
also (Beekman and Ratnieks, 2000). During themdorg activity, honey bees collect considerable
guantities of pollen and nectar that they bringki@cthe hive to constitute food storage for adults
and larvae. Therefore, the contamination with pfaotection products might not only occur in the
field, but also within the hive, so affecting adbites and brood. In this framework, the massive
pesticide presence in the environment, especiallg thu intensive agricultural practices is

considered a relevant threat to bee and colonytheal

Even though honey bee intoxication accidents dmptesent a recent issue, the risks posed by
pesticides to bees have become patrticularly retamahe last decade. Two phenomena have in fact
raised the attention on this problem. In Europgyartant spring bee losses have been registered
since 2000 and attributed to the extensive usesohicotinoid insecticides in maize and sunflower
seed dressing (Comité Scientifique et Technique32QG0eattiet al, 2003). Moreover, in 2006 the

fist case of a “mysterious” colony collapse hasrbesported in the United States (Fraztral,



2008), rapidly becoming the beginning of a worldevitee decline, whose causes are still largely

unknown (vanEngelsdorgt al, 2008; vanEngelsdorgt al, 2009; Neumann and Carreck, 2010).
Researchers agree on the fact that there is pipl@ablone causing agent of this phenomenon

and the origin of colony collapse should be reablynaonsidered as multifactorial, including

pathogens, climate changes and pesticides.

Further than being the object of this recent redeasue, the domestic honey bee represents the
reference organism for pollinators and beneficidhrapods in pesticide risk assessment. The
evaluation of side-effects on honey bees is in égsential to estimate the environmental danger of
pesticides. At present, the standard toxicity t€@EPP/EPPO, 2010), take into consideration only
a few toxicological endpoints that seem no longgfigent to adequately estimate the risk. In the
last decade, in particular, new chemical classgmesficides that have been released on the market,
have raised awareness about the complexity of d@tiall and sub lethal effects that may threat
honey bees. To the aim of risk assessment, two foedtl issues are to be considered: the risk of
exposure of honey bees to pesticides and the assetsf the toxic or detrimental effects of these
products on honey bee health. Here, a brief overvaé the different routes of exposure to

pesticides and of the principal toxic effect on hohees, is provided.

1.3 Routes of exposure of honey bees to pesticides

A fundamental issue of pesticides risk assessrmdmbriey bees is the evaluation of the exposure
scenarios. Different routes of exposure can bertest; reviewing the existent literature on this
matter. In general, it could be said that the fmktsi for a honey bee to be exposed to a deterthine
pesticide depends both on the product formulatiwh @n its intrinsic characteristic. In fact, these
two features contribute to determine the envirormadepersistence, the spatial dispersal and the

eventual contamination of food sources for honegsbe

1.3.1 Exposurevia direct contact

Aerial spray contamination is one of the most commeays of exposure of bees to plant
protection products. Honey bees can be directlyactnimated while flying in a field during a spray
treatment; even though mostly all regulations fdnbesticide use during crops flowering and with
unfavourable weather conditions, this way of expestannot be excluded. Moreover, the grass-
covering in the field and the spontaneous vegetdtiotlose proximity may result attractive for
foragers, so that contamination can occur even wherspray treatment is performed out of the

flowering period of the main crop. Considering teptay treatments are influenced by wind drift,



the vegetation surrounding the treated field magdigaminated as well, representing ad additional
source of residual contamination for bees. Whengusystemic products, they may also penetrate
through the plant foliar tissue and reach the phlogo that the residual contamination would be

spread into the whole plant.

1.3.2 Exposurevia indirect contact

The indirect contact exposure to pesticides camiypaiccur when bees go foraging a previously
treated area. Residues of pesticides may in fasigbeon the aerial portion of the plant and can
completely maintain their toxic characteristiceafthe treatment. The product persistence depends
on the physical characteristics of the pesticide tiedine the time of degradation (for example,
photosensitive active ingredient have rapid breakgoand on meteorological conditions, as
precipitations, that could determine a wash offtted product. However, the persistence on the
foliage, measured as the half-life, may vary froome hours to several days after the treatment
(Edwards, 1975).

Another way of indirect contact exposure was higteéd in regards to insecticide seed
treatments formulations and the risk of a relevhrst dispersal during maize sowing was proposed
(Comité Scientifique et Technique, 2003; Greattial, 2003). The use of a pneumatic machine
determines, in fact, the abrasion of seed dresamgtherefore causes the dispersal of contaminated
dusts in the air. The dust deposit on the spontagegetation surrounding the sowed field, can
contribute to expose honey bees to a further hadarithg their foraging activity. Seed treatment
formulations generally contain a fungicide and ameotinoid insecticide, as imidacloprid,
clothianidin or thiamethoxam. Fipronil formulatedesls have been released, as well. Given that
these insecticides are systemic, the solubilisatiocontaminated dusts fallen down on vegetation
may result in additional exposure likelihood fomky bees. Pesticide residues may in fact reach
pollen and nectar, and eventually be present itatah droplets (Girolamet al, 2009).

Even though seed treatment is employed in a vawétgrops, researches on honeys bees
contaminations during sowing operations have bedwent into account mainly for maize and

sunflower.

1.3.3 Exposurevia ingestion

The systemic characteristic of several plant ptaiegroducts provides the translocation of the
active ingredient through the phloem towards al phant tissues; as a consequence, pollinators and
among them, honey bees, are likely to be expos#tese products by feeding nectar and pollen. In

particular, the pesticide presence in pollen hanhlgoven to be a consequence of field treatments



both for aerial spray and seed treatments. Inidtecése, for example, a field case study reported
the presence of insecticides diazinon and thiamognd fungicide difenoconazole in pollen loads
10 days after the treatment in an apple orchardr(®kal, 2009).

Similarly, pesticides used for seed dressing cantramesported through the plant after the
emergence and contaminate the pollen, as well. preeence of small amounts (3 pg/Kg) of
imidacloprid in pollen, coming from Gauchseed dressed sunflower, has been first provend8 20
(Bonmatinet al, 2003); similar results have been achieved witizejavhere pollen contamination
with imidacloprid was about 2.[1g/Kg (Bonmatinet al, 2005). Most systemic pesticides used in
seed dressing can also be persistent in soil amtharbed by successive crop, via root uptake. The
presence of imidacloprid has been documented ieatetld sunflower plants one year after the seed
treatments; in the floral parts, the concentratibactive ingredient was about 1u§/Kg (Bonmatin
et al, 2003).

Several monitoring campaigns have evaluated théicmks presence in pollen at the hive,
proving a multiple product contamination. Pollenllected in traps has been analyzed in a
monitoring campaign in France, showing the presasicenidacloprid (49% of the 81 analyzed
samples) and his metabolite nicotinic acid, fipko(li2% of 81 analyzed samples) and his
metabolites fipronil sulfone and fipronil disulfiaiand several fungicides (Chauztal, 2006).
Freshly stored pollen and bee bread are considerelde the principal sources of in hive
contamination for adults and larvae (Krupdteal, 2012). Miticides are the most well represented
class in stored pollen chemical residues, follolwgdungicides, mostly azoles, and insecticides as
pyrethroids and neonicotinoids. (Berralal, 2010; Genersclet al, 2010; Mullin et al, 2010).
These evidences demonstrate that forager bees lazigto the hive contaminated pollen that can
exhibit a high contamination, even after being pssed and stored as bee bread.

Bacillus thuringiensigoxins represent another important source of potlentamination. The
extensive use dBt in genetically modified crops, causes in fact ¢batamination of food sources
for honey bees and other non-target insects (MadmaeBurgess, 2009). The presenc8iatoxins
residues in pollen has been demonstrated (Featngl, 1997; Wraightet al, 2000) and the
founded concentrations resulted extremely variatbggending mainly on the type of genetically
modified event and on the type of toxin.

The in-hive exposure to pesticides has to be eteduaith reference to the feeding behaviour of
the different honey bee castes. Worker bees tlainaolved in the most energy-consuming tasks
needs higher quantities of sucrose. As a consegqudorager bees and winter bees are mostly
exposed to contaminants in nectar and honey, regelgc Nurse bees feed large amounts of
pollen, consuming up to 65 mg of pollen in thetfik® days of their adult life. In fact, a diet high



protein supply is required to produce royal jelyfeed larvae. For that reason, nurse bees and
larvae are the most exposed to residues in pohenbae bread (Rortaet al, 2005; Halmet al,

2006). Since pollen was demonstrated to be onkeofost contaminated substances in the hive, it
can be hypothesized that queen bees, both landhadaiit, are also intensively exposed to repeated

and low pesticide quantities.

1.3.4 Combined exposure to multiple pesticides

Honey bees can be exposed in the field to comlminaif pesticides both whenever an area is
involved in consecutive treatments with differembquicts, and when a mixture of products is used
for a single treatment. Depending on the type efttkatment, the ways of exposure could also be
different. The in-hive contamination occws pollen, wax and nectar and, as highlighted by
several researches (Chauetatl, 2006; Mullinet al, 2010), honey bees can come in contact with a
large number of active ingredients, among whichgsgies are possible.

Nevertheless, few researches focussed their atteati the effects of combination of pesticides.
One of the most studied synergies is between aZolegicides and pyrethroids, particularly
deltamethrin and cypermethrin. Azoles fungicides @pable to inhibit the biosynthesis of fungal
cell wall by blocking P450 monoxigenases activitiyus also reducing the main detoxification
pathway against pyrethroids, in insects (VandanteBeizunces, 1998). This synergistic action has
been demonstrated both on mortality (Chalvet-Monka al., 1995) and sublethal physiological
effects, like thermoregulation (Vandame and Belesncl998). A similar synergy with azoles
fungicides is expressed by neonicotinoids insed#igi in particular cyano-substituted compounds.
The contact exposure with propiconazole strongign@ented thiacloprid and acetamiprid toxicity
towards adult honey bees (lwastaal, 2004).

The risk posed by these associations must be coadides realistic, since numerous registered
products for plant protection do include combinatioin pyrethroids and azoles fungicides in
different spray formulations. Moreover, seed treatta are usually proposed as a mixture of

fungicide active ingredients and neonicotinoid atsédes.

1.4 Pesticides effects and evaluation of toxicity

Together with the possible routes of exposure,stidy of pesticides effects permits a correct
evaluation of the risk posed by a certain produtthoney bees. The effects provoked by a
substance represent the result of the intrinsiecctoRaracteristic of the active ingredient and the
administered dose or concentration. Furthermore, dination of the exposure represents an

important parameter to take into account.



The intrinsic toxicity is a well know feature ofl @ctive molecules used as pesticides. Through
time, chemical pesticides have been expressingn@easing acute toxicity, thus requiring lower
guantities to be effective. Physic characteristios also relevant as they allow, for example, the
systemic translocation of several molecules throtigh plant phloem, thus presenting a more
complex risk assessment. Systemic insecticidegsept at the same time the most effective type of
plant protection products and one of the most ingmarthreat to honey bees as they contaminate
essential food sources for pollinating insects. &dwer, the duration of the exposure plays a central
role in determining the effect of a product. A refsel (i.e. chronic) intoxication may in fact cause
delayed effects, that could be difficult to prediod quantify.

Here, we briefly review the principal pesticide$eefs to honey bees, dividing them into lethal

effects, sublethal effects and subcellular phygjiaial modifications.

1.4.1 Lethal effects

According to the European regulation on risk assess$ of pesticides to honey bees (OECD,
1998b, a; OEPP/EPPO, 2010), the toxicity is evallidity calculation of acute Lp(lethal dose)
and Clso (lethal concentration). These two parameters ainmesbmate a product toxicity by
considering the number of individuals that diee@ft8 hours from an acute exposure. Concerning
insecticides, the acute toxicity of active ingrediée has been augmenting together with the
introduction of new molecules; the most recentlieased products, neonicotinoids and phenyl
pyrazoles, in fact, exhibit a significantly hightexicity compared to all the other chemical classes
(Casida, 2011). This fact contributes to give en@eto the hazard posed by neonicoitoids to honey
bees, since very small doses may involve a coraitereffect on mortality. Moreover, a main
characteristic of neonicotinoids, is the high Vaitity of the acute toxicity. For instance, the tact
LDso for imidacloprid may vary between 18 and 104 ng/ljevasaet al, 2004; Nauen and
Denholm, 2005) and between 4 and 60 ng/bee whennedenedvia ingestion (Suchaikt al,
2001; Decourtyet al, 2003).

Sublethal doses or concentrations are definedasjuantities of substance that do not entail a
significant mortality effect. Nevertheless, the studf chronic effects of sublethal doses on
mortality has well demonstrated that the duratioexgosure may strongly influence the mortality
effect. For example, the ingestion of imidaclopublethal concentrations for 10 days or 40 days,
might lead to a high mortality, ranging from 50 100 % (Suchailet al, 2001; Dechaume
Moncharmontt al, 2003).



1.4.2 Sublethal effects

Customarily, a dose lower than 1/10 of thesp@or a certain substance, is considered as
sublethal, thus not involving mortality events. Sibal effects may include a large number of
physiological perturbations that are usually coesed for all non target insects, whereas other
sublethal endpoints have been specifically develapiéh regard to honey bees.

With respect to neural effects, that are the masely investigated sublethal impairments, a
distinction can be done between cognitive effelsehavioural effects and physiological function
related effects (Belzuncest al, 2012). The impact of pesticide on cognition hagrb mainly
evaluated, testing the effects on olfactory andialidearning performances. Some pyrethroids, as
deltamethrin, have been shown to have an effectifantory learning (Decourtyet al, 2005), but
the most important effects have been related to inetimoids exposure. Sublethal doses of
imidacloprid have caused a reduction of honey lagacity in reacting to an odorous stimulus both
in laboratory and semi field conditions (Gueizal, 2001; Decourtyest al, 2004b; El Hassaret
al., 2008). The impairment of learning performancesbeen evidenced botia direct contact and
via ingestion. Recently a similar effect on olfactéegrning has been demonstrated following the
indirect contact with clothianidin contaminated u@peNet, 2010).

The effects on foraging activity and orientatiormpaeities represent other relevant behavioural
endpoints. It has been proposed, in fact, thatemam cases an important mortality in the field
could be attributed to a disorienting effect oftugdes on forager bees. This hypothesis has been
verified in particular for neonicotinoids and fipibnimidacloprid has been the first active
ingredient to be proven to affect honey bee honiligit in open field (Bortolottiet al, 2003).
Lately, the RFID (Radio-Frequency Identificatioerhnology has allowed to perform this kind of
experience with a larger number of individuals @aodensure a reliable recording of data. Thus,
fipronil and thiamethoxam (Decourtys al, 2011; Henryet al, 2012) have been demonstrated to
be detrimental for spatial orientation capacitieforager bees.

Some of the most relevant effects on physiologitiaiction, are then represented by
termoregulation and muscle activity modificatioBglgunceset al, 2012).

Furthermore, sublethal effects might also be etatuat a colony level. Since the colony has to
be considered as a superorganism, the toxic eff@ctsndividuals can have a crucial role in
influencing the hive development. This phenomenaghibe particularly important if pesticide
exposure impairs, for example, queen bee or braaltth The opposite situation can also be
expected: behavioural effects that can be obsemetiboratory conditions are likely to be

mitigated at a colony level, where a more pronodrasaptability is present.



1.4.3 Effects on biochemical physiological changes

Sublethal effect of pesticides may be studied #¢rdint levels of biological organisation, from
troubles at colony level to sub cellular modificas. Biochemical assays that, so far, have been
mainly employed for environmental biomonitoring poses, represent a valuable tool to investigate
pesticide exposure and effects. Bioindicator orgiasi have the characteristic to be particularly
exposed and sensitive to pollutants. Thereforeattaysis of different ecotoxicological biomarkers
in these species gives important information abth& contamination of the environment.
Biomarkers are thus defined as measurable modditatin bioindicator organisms that can be
related to the exposure to contaminants (Lagadial, 1994); to this extent, a biochemical
biomarker approach in ecotoxicological studies,stsis in investigating the response of a battery
of enzymes that gives relevant information on thadthestatus of the organism.

Until now, honey bees have been employed for biotaong mainly through chemical analysis
of residues of pesticides or other pollutants presa their body or in honey and pollen. Those
materials are collected up to 12 km from the hiheis representing a good survey of pollutants
present in a wide territory surrounding the hiveorbbver, the morphological conformation of the
honey bee body, in particular the hairs coveringrtthorax and abdomen, contributes to collect
granules of pollen and other particles that we @dudd back in the hive or on the body of dead
bees (Porriniet al, 2002). The use of biochemical markers in bionwmg have been well
developed especially in aquatic ecosystems, angl reakently the honey bee has been considered
for a similar approach in terrestrial environments.

However, some authors highlighted the opportunityingproving the study of biochemical
changes in indicator organisms with a different eapph than biomonitoring. The correct
evaluation of the environmental risk of pesticidesfact, requires as much information as possible
on the toxicity at different levels of biologicatganization (Van der Oostt al, 2003). Therefore,
the study of biochemical changes might be usefidraadditional sublethal toxicity endpoint, at a
subcellular level. Moreover, it could be used twead the impact of very low doses or
concentrations of pesticides, helping to ranking firoducts according to their hazardous potential
(Jemecet al, 2009).



1.5 Aims of the research

The present research aimed to examine two diffeaspiects of honey bees and pesticide
relationship. First, the investigation of the wayfsexposure: in this study, we examined more in
depth the different aspects of the exposure toaroimated dusts, with a focus on indirect contact
exposure.

Second, we addressed the topic of toxicity endpaletvelopment: in this framework, the study
of some effects at a physiological level, through tise of biochemical indicators, was evaluated.

The first part of the experimentations has beedepliby the hypothesis of a relevant exposure
of honey bees to pesticides employed in seed tegdtformulations. In particular, as it has been
proposed before by Greatt al. (2003), the sowing operations in maize fields @spnt a critical
situation in which honey bees could be exposedcetmitotinoids and fipronil contaminated dusts.
In order to investigate this specific phenomenam,ltalian national project (Apenet) has been
developed and funded by the Italian Ministry of igtture, from 2009 to the end of 2010. In the
framework of that project, we focussed our attentmn evaluating the hazard posed by the
exposure to neonicotinoids and fipronil contamidatasts to forager bees.

More in particular, we addressed the following essu

- developing an effective methodology to assesetteets of contaminated dusts on honey bees;

- evaluating the acute toxicitywia indirect contact, of clothianidin contaminated tdyusn
comparison with the correspondent liquid formulafim laboratory conditions;

- evaluating the acute toxicityja indirect contact, of dusts contaminated with neotinoids
imidacloprid, thiamethoxam and clothianidin and mylepyrazole fipronil to honey bees, in
laboratory conditions;

- evaluating the short-term and long-term effectclothianidin contaminated dusts, in semi-
field conditions;

- evaluating the effect of clothianidin contamirthigusts,via indirect contact, on honey bees

orientation capacities in open field.

The second part of this study aimed to improve acli®mical based tool in order to better
estimate the sublethal toxicity of certain substasnvestigating the effects of pesticides atud-s
individual” level. To this extent, we chose to tedifferent products and different treatment
modalities, dividing the experimental study asdols:

- In the first experimentation, we tested the dffat different enzymes of the combination of a

chemical insecticide, fipronil and a biological eaticide, Bacillus thuringiensis Considering the

10



possible exposure to pesticide residu@sngestion, we administered both products chrohjidar
10 days, then evaluating the honey bee survival 2hdays;

- In the second experimentation, we considered agegn the combination between a chemical
insecticide, deltamethrin and a biological prod&agcillus thuringiensistesting the hypothesis of a
not simultaneous exposition. In particular, a deredion effect ofBt towards deltamethrin was
evaluated, with respect to the enzymatic response;

- In the third experimentation, we evaluated theyematic variations caused by a combined

treatment with the fungicide difenoconazole anditisecticide deltamethrin.
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2 STUDY OF THE HONEY BEE EXPOSURE TO NEONICOTINOIDS AND FIPRONIL
CONTAMINATED DUSTS

Preface

The hypothesis of a bee exposure to pesticidesaicaat in seed treatment, and mainly caused
by the relevant dust dispersal phenomenon obselwedg the sowing operations, was proposed by
several authors (Greatt al, 2003; Halmet al, 2006; Alix et al, 2009; Pistoriugt al, 2009). As
previously explained, the possible hazard to fardgges lays in direct contact while flying, in
indirect contact and in ingestion of residues dftjpeles present in the dusts drifted and fallen in
the proximity of the sowed field. This occurrencashbeen evidenced mainly in sunflower and
maize crops, even though the seed treatment idyitifused in other crops as oil seed rape and
cereals. However, the extent of the dust dispensalcontamination has never been assessed before
and a more accurate risk assessment related tovdlyi®f exposure has scarcely been investigated.

A high number of mortality cases was recorded i@ Morth of Italy, through the regional
monitoring networks, in 2008 (Bortolotit al, 2009). The possible causes of colonies weaken and
mortality with particular reference to the hypotisesf intoxications during the maize sowing was
investigated within the nation project Apenet (2@@8-0). In the framework of this project, we
carried out different experimentations focussinglus hazard posed to forager bees by the indirect
contact with contaminated dusts, while foraging spontaneous vegetation or cultivated crops
surrounding a treated maize sowed field.

In order to do that, we particularly collaborateihwhe Agricultural Engineering Research Unit
(CRA-ING) and the Plant Pathology Research Cer@RA-PAV) of the Agricultural Research
Council, to acquire a reference value of pesticidatamination that would permit a correct
evaluation of the risk. Different experimental sogs were then performed, employing different
seed drill machines, with the application of a éetibr device in order to reduce dust dispersalt Dus
amounts were measured by means of Petri dishesna¢térs form the field edge, and active
ingredients concentration was evaluated (Pethi, 2012) (ApeNet, 2009, 2010).

The so obtained data were then used to performe tkesgerimentations with the aim of
developing a useful methodology to test the dusttarnination and toxicity: (i) we evaluate
clothianidin contaminated dusts toxicity in senaldi conditions, with respect to short-term and
long-term effects. (ii) We conducted, in laboratognditions, an assessment of the acute toxicity of
four active ingredients widely employed in seedsdimeg formulations (imidacloprid, clothianidin,
thiamethoxam and fipronil). (iii) Finally, the capty of orientation in open field conditions was

assessed in clothianidin treated bees.
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Abstract

In the last years bee and colony losses have lepamted in numerous countries worldwide and
many factors were taken into account to explainseh@henomena. However, time-space
differentiation of bee mortality factors needs todmnsidered. In Northern Italy from 2000 to 2008,
many spring bee mortalities were clearly linkedoaving of maize seeds dressed with insecticides.
In fact, pesticides used in maize seed coating Ineaglispersed as dust from the pneumatic drilling
machine and drift to surrounding areas. Subsequedrges may enter in contact with these
contaminated dusts in several ways: by direct abrft@hen bees fly through the toxic cloud in the
sown field), by indirect contact (when bees walk contaminated leaves of the vegetation
surrounding the sown field) or by ingestion (whese$ collect nectar or dew from the vegetation
contaminated with the dispersed dusts). The pdsscused for maize seed dressing are extremely
toxic for bees with lethal and sublethal effectpataling on the level of exposure. In Italy, thehhig
bee mortality during the sowing of coated seedslted in the suspension of use of the active
ingredients: imidacloprid, clothianidin, thiametl@ow and fipronil for seed coating (Ministerial
Decree 17/09/2008). At the same time a researchegrdfpenet monitoring and research in
apiculture” was financed in order to establish theses of bee mortality (external and internal to
the hive) and the possible ways of mitigation. he present study, within the framework of the
Apenet project, we investigated the effects on lxdyees of clothianidin derived from maize seed
dressing (Poncho®) in laboratory (test by indiremttact) and in semi-field conditions. Despite the
reduction of dust dispersion due to the applicatainthe best available sowing techniques
(pneumatic seeder equipped with deflector, impraanof seed dressing quality) our results
showed negative effects on honey bees at indivitlagdl. In semi-field study, no effect was
observed at the colony level despite the high beratity rate for 2-3 days after dust application.
However, we can expect a colony decline if thishiigrager mortality rate lasts for longer than 10
days. Such a situation is possible if the sowingogelasts several days as in the Po Valley, where
the landscape is characterized by extended maltieation.

Despite the recent implication of contaminated dusbee mortality phenomena in several
countries around the world, specific methodolod@®sssess the effects of dust have never been
included in the official guidelines for the evalieat of side-effects of plant protection products on
honeybees. For this reason, the aim of this study also to develop suitable and standardized
methods for testing in laboratory and in semi-figdnditions the effects on honey bees of

contaminated dust dispersed during sowing.
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2.1.1 Introduction

In the last years, bee and colony losses have fegpented in numerous countries worldwide and
many factors, acting singularly or simultaneoushgre taken into account to explain these
phenomena (Neumann and Carreck, 2010). Factorsitmatimig to the bee decline include: viruses
(Berthoud et al., 2010; Matrtin et al., 2010; Neumand Carreck, 2010)Nosema ceranag@igeset
al., 2007; Paxton, 2010; Santratal, 2010) ;Varroa destructor(Dahle, 2010; Martin et al., 2010;
Neumann and Carreck, 2010); agrochemicals (Metiral, 2010; Medrzyckiet al, 2010; Chauzat
et al, 2011); acaricides (Haret al, 2010); loss of genetic diversity (Meixnet d., 2010) and
habitat loss and fragmentation (Pottsakt 2010). Many scientists agree that bee declina is
multifactorial process in which a particular medsan seems to be more important in a given
period of the year than in another, and differeethanism may predominate in another period or
in other environmental conditions. For these reasarisne-space differentiation of bee mortality
factors needs to be considered (Masnial, 2010). In Italy, the bee mortality follows a a&te
seasonal pattern: a) during spring and summer mddaoose many foragers due to agrochemicals
(bee losses); b) from late summer to winter, thpaoh of pests and pathogens becomes more
important (colony losses). In Northern Italy frofd0® to 2008, many spring bee mortalities were
clearly linked to sowing of maize seeds dressetl ms$ecticides (Bortolottet al, 2009). In 2008,
over 700 beekeepers with around 12,000 hives inRihiee Valley, Germany, were affected by
contaminated dust during sowing of maize and similaidents were observed also in France,
Slovenia and US (Aliet al, 2009; Pistoriugt al, 2009; Krupkeet al, 2012). Greattet al. (2003;
2006) showed that pesticides used in maize seetingomay be dispersed as dust from the
pneumatic drilling machine and drift to surroundergas. Subsequently bees may enter in contact
with these contaminated dusts in several ways. fifeeway of exposure occurs during sowing
when the bees are flying over the maize field &chea foraging site. In this case, bees enter in
direct contact with the dusts dispersed into thiefram the pneumatic machine (Girolamii al,
2011; Marzaroet al, 2011). Another way of exposure occurs within feays after sowing
operation when forager bees collect pollen, nemtalew from the vegetation surrounding the sown
field (Greattiet al, 2003; Greattiet al, 2006). In this case, bees are exposed both lsimmm
(pollen, nectar and dew) and by indirect contaclikimg on contaminated vegetation). In Italy, the
high bee mortality during the sowing of coated seaedslted in the suspension of use of the active
ingredients: imidacloprid, clothianidin, thiametl@ow and fipronil for seed coating (Ministerial
Decree 17/09/2008). At the same time a researchegrdApenet monitoring and research in
apiculture” was financed in order to establish theses of bee mortality (external and internal to

the hive) and the possible ways of mitigation. Intipalar, a specific objective within Apenet
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project was to investigate whether the applicatminthe best available sowing techniques
(pneumatic seeder equipped with deflector, imprey@nof seed dressing quality) can reduce the
dust dispersion below a negligible effect to bees.

The pesticides used for maize seed dressing (aldthin, imidacloprid, thiametoxam and
fipronil) are extremely toxic for bees with lethahd sublehtal effects even at very low doses.
Effects on orientation and foraging activity weresetved in foraging bees fed libitumwith 50-

100 pg/L of imidacloprid (Bortolottet al, 2003; Yang et al., 2008), 1.34 ng/bee of thiamxamn
(Henryet al, 2012) and 0.3 ng/bee of fipronil (Decourtgeal, 2011). In laboratory conditions,
bees fed with low concentrations (100-500 pg/Linutlacloprid showed a reduction in the activity
(Medrzyckiet al, 2003) and in olfactory learning performancesi{wli2 ng/bee) (Decourtye et al.,
2004a). Similar effects on learning performanceenarserved in honeybees exposed by contact at
low doses (0.5 ng/bee) of fipronil (Bernadeual, 2009). In the Apenet project, the amount of
active ingredients deposited on the ground durimgirsg at 5, 10, 20m distances from the field
edge was measured. It was shown that during theensmiwing operation bees can be exposed to
variable pesticide contamination levels. This expesiepends on many factors, as: way of contact
with the active ingredient, time from the sowingeogtion, size of the sown area, quality and
guantity of vegetation in the margin of the fieldeteorological conditions, and of course seed
dressing quality and the application of deflectothe pneumatic seeder.

In the present study, within the framework of thegeAet project, we investigated the effects on
honey bees of clothianidin derived from maize sd#x@s$sing (Poncho®). The study was carried out
in laboratory (test by indirect contact) and in séeld conditions. We decided to consider not the
active ingredient but the commercial compound, ihusur trials we applied the contaminated dust
extracted by abrasion from dressed maize seeds.

We address the following questions: 1) Is the arhoficontaminated dust dispersed at 5 meters
from a maize field harmful for forager bees? 2jhis dust containing Poncho® more toxic than the
liquid formulation of the same active substancenidp®)? 3) Can the contaminated dust affect the
colony at medium and long terms, including its epbiysiological parameters?

Despite the recent implication of contaminated dusbee mortality phenomena in several
countries around the world, no particular indicatan how to assess the effects of dust to bees is
taken into account in the official guidelines (OECI®98b, a; OEPP/EPPO, 2010). For this reason,
the aim of this study was also to develop suitalolé standardized methods for testing in laboratory
and in semi-field conditions the effects on honeed of contaminated dust dispersed during

sowing.
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2.1.2 Materials and Methods

Contaminated dust was extracted from maize seedselewith Poncho® using Heubach
cylinder, the dust was sieved and the fraction «d5was used. The choice of the particle
dimension was made in order to reflect field candg where the major part of the dispersed
particles during sowing operation was smaller thapm (Apenet, 2011). The dust was analyzed to
assess the percentage of clothianidin and thedtekise (5.12 pg/fiy was chosen basing on the
results of field studies. In fact, this quantityfleets the amount deposited on the ground at 5m
distance from the edge of the field during maiz@isg using a Gaspardo Magica Ssix row-precision
pneumatic seeder (75,000 seeds/ha) with dual pgfeeator. The seeds (Hybrid employed
PR32G44; Pioneer Hi-Bred) were supplied in 2010tayan Seed Association and the quantity of
dust abrasion resulted under 2g/g. Contaminatetl wWlas mixed with an appropriate quantity of
talc (used as a dispersing agent) in order to rélaehdesired concentration. We chose talc as
dispersing agent because it is a common mineramagtnot toxic to bees and it is usually added
to seed boxes to reduce friction and stickinessearsdire smooth flow of seeds during planting. In a
recent study it was shown that waste talc expellathg and after sowing represents another route

of pesticide exposure for bees (Krupkeal, 2012).

Laboratory study

The indirect contact toxicity of dust contaminateg the clothianidin-based product Poncho®
was compared, in laboratory conditions, to thasmfay formulation of the same active substance
(Dantop ®) and at the same dose. In both treatmtoreger bees (10 bees per cage) were exposed
to clothianidin by walking for 3 h on treated appéaves, placed on the bottom of plexiglass
hoarding cage (13 x 6 x 11 cm). Bees were kept tkngss at 25 °C during the test. For the liquid
formulation, the leaves were sprayed with 200 pikest solution (water only in the control) and for
the dust treatment, 0.01 g of Poncho® dust mixeti wlc was applied (talc only in the control).
During the trial, bees were fed with 50% (w/w) sugalution. Five groups of 10 bees were used for
each treatment. Mortality data was corrected fortrmd mortality with Schneider-Orelli’s formula
and the effects of dust and liquid formulation wex@mpared using Student t-test for each
assessment hour. Before processing the mortaliey was arcsine transformed to normalize the
data.
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Semi-field study

In June 2010, a semi-field cage test was conduiciéalving the EPPO 1/170 (4) guidelines
(OEPP/EPPO, 2010) adapted to seed treatment. Tidy stas carried out in an oilseed rape
(Brassica napusfield of 2000 nf in the Experimental Farm of the University of Bgha. Six cages
(three for each treatment) of 40° reach covered with white anti-aphid net were sebefore
oilseed rape blooming. On May, 31with 50% blooming, in each cage, one nuke coirigim
healthy queen dated 2009 and bees arranged in fita@es (about 5000 adult bees, two frames
containing all brood stages and one with 20-25%aadtar and pollen stores) was introduced. All
nukes were prepared at the same time with sistegrguto guarantee uniform bee colonies. A trap
for dead bee collection (type “underbasket”) wascet in front each nuke.

The treatment was applied on Juri® a7 noon, when the crop was in full flowering ahd bees
were actively foraging. In each cage, 200 g of (plae in the control cages and containing 204.77
png of clothianidin in the treated cages) was disted uniformly with a mechanic pulverizer
(Cifarelli® M3; Dusts-out: 0-6 Kg/min; Speed air28 m/sec; Volume air: 20 #min). The dose of
clothianidin was calculated in order to assurestime concentration (per mq of soil) as that applied
in the laboratory study. Later, four samples of thle-Poncho® mixture used for the treatments,
were analysed to asses the real concentratiortigeangredient.

During the semi-field test, the following paramsterere assessed.:

1. Daily mortality: the daily number of dead bees imferbasket” traps;

2. Strength of the colony: the number of adult beas the brood extension assessed with the
Liebefeld method (Imdorét al, 1987);

3. Flight activity: the number of bees exiting the keign 30”;

4. Foraging activity: the instant number of bees ir¢hiixed plots of 0.25 freach.

5. Foraging behaviour: the abnormal behaviour of thesbe each plot was recorded using a
standardised approach by Giffard and Mamet (20089¢. abnormal foraging behaviour was
classified in three groups related to increasingle of intoxication: a) motionless bees on
plants, b) bees in cleaning activity, ¢) hangingd¢ied out bees;

6. Bee behaviour in front of the nuke;

7. Socio-physiological status of the colony: a) thereguilation capacity - temperature inside the
nuke (between the two brood frames) was recordeddis logger iButton DS1923; b) Comb

construction capacity — an empty frame was intreduim the nuke the day of treatment and the
percentage of frame surface covered by built comds wubsequently measured. Both the
thermoregulation and the comb construction capecere considered two important physiological

parameters to assess the vitality of a colony @,&008).
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Mortality and behavioural assessments were conduogfore and at several moments after
treatment: on days -3, -1, 0, 1, 2, 3, 5 and 7a§iog and flight activities were assessed every two
hours in the middle part of the daytime (10.00-021¢.00-16.00) except for day -3 when the data
was collected only in the afternoon. The strendttihe colonies was assessed once before (on day -
4) and 7 and 15 days after the treatment.

The comb construction capacity was recorded 7 @mdldys after treatment. The internal
temperature was recorded constantly from the dayl tBe day 5.

After 8 days from the treatment, the screening w&s removed in order to allow the free
foraging activity of bees. On 30 June, the colomese moved to another site, about 6 Km away
from the experimental field. On 15 July, other tivames were added in each nuke and in mid
summer (August) and before wintering, anti-varrosatiments were applied, respectively with
ApiVar® (a.i. Amitraz) stripes and with oxalic aci@ihe colony strength was assessed every two
months until wintering and once after winteringl{feeary 2011) in order to assess potential delayed
effects.

We used repeated-measures ANOVA to analyse diffesem daily bee mortality and colony
strength between treatments and among the differdesgrvation days. To address normality and
homoscedasticity, the daily mortality values werg(x+1)-transformed. The percentage (arcsine-
transformed) of built comb in the two treatmentsswampared usingrtest. The differences
between treatments and days of the mean dailyvie-témperature were analysed with repeated-
measures ANOVA. The flight activity and foragingtiaity were compared between the two
treatments, separately before and after applicatuath Wilcoxon test. Since the current guideline
(OEPP/EPPO, 2010) gives no particular indicatioroudbthe method of elaboration and
interpretation of semi-field and field data, in erdo evaluate the level of bee mortality, we used
the index proposed by Schmeltal (2003). This index is based on the ratio of daig mortality
between and after treatment calculated for thetdde@olonies and divided by the same ratio
calculated for the control colonies. Thus we obthi@ deviation of the mortality in the treated-

tunnels from the control-tunnels.

2.1.3 Results
Laboratory study

The analysis of the four samples of talc mixed withtaminated dust showed a.i. concentrations
10.0+4.7 % lower than the estimated values.

Despite the real active ingredient concentratiodust was slightly lower then the expected one,

no significant differences were found in the indiréoxicity test between the liquid and the dust
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formulation. Our laboratory results showed that, t(]p24h hour, mortality induced by the two
products was comparable and below 15%. During tisexjuent hours, the number of dead bees
increased similarly in both treatments (fig. 2.1.1)
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Figure 2.1.1 Corrected bee mortality (+ SE) in dust (Poncha@d liquid (Dantop®) formulation
treatments (No statistical differences (p=0.05)ernalvserved between treatments ).

Semi-field study

We found no significant differences in bee moryabetween treated- and control-cages (F =
0.95; df = 1, 4; p = 0.38) and among the days otrilaé(F = 1.99; df = 4, 24; p = 0.11). However,
we found a significant interaction between the tactors (F = 4.10; df = 4, 24; p = 0.006). In the
treated-cages, the daily bee mortality increasethénfirst 2-3 days after the dust application,
whereas it was stable in the controls. The beeatiyrin the treated-cages was significantly higher
than control in the first two days after treatmértie trend remained similar also during the third
day but this difference wasn't confirmed statislycéiig. 2.1.2). The index proposed by Schmidt et
al. (2003) was calculated basing on mortality datéected between day -3 and day 5. The relative
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bee mortality was then ~10 times higher in treatedn in control cages (tab. 2.1.1).
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Figure 2.1.2 Mean + SE daily bee mortality in control and teshcages.
* Statistically significant differences between tohand treated within the same day (p=0.05)

The colony strength (number of adult bees and Brephificantly changed during the trial but
with similar trend in both treatments (tab. 2.1.Zhe number of adult bees and brood cells
decreased after 7 days from treatment due to thénea condition, but then rapidly increased
during summer. Later, at the beginning of wintering brood decreased as the mean environmental
temperatures dropped to 10 °C. In February 20Ehted and control colonies showed adequate
number of adult bees and brood to assure good yaimwth during spring (fig. 2.1.3). In April, all
the colonies were transferred from the nukes td@i&éames hives.

The comb constructions started in all coloniesraftdays from the treatment and after 15 days the
percentage of comb constructed was similar betwieestments (control: 20.6+2.4%; treated:
22.2+14.7%) (t = 0.29; p = 0.78).

The in-hive temperature was in mean 35.3£0.1 an0+861 °C in control and treated-cages
respectively, thus we conclude that the thermoedgul capacity was not affected by treatment (F
= 0.69; df = 1, 4; p = 0.45). In both treatments temperature decreased and showed large
fluctuations during the confinement period wherédabecame stable after the removing of the
screening net (F = 6.20; df = 17, 68; p < 0.00he Treatment-days interaction was not significant
(F=0.85;df =17, 68; p = 0.63).
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Figure 2.1.3.Mean = SE of number of sixths of adult bees (AJ Brood (B) in control and treated cages.

We found no significant differences in flight adtyv between treatments before application
(control: 8.1 bees; treated: 9.5 bees; p = 0.26}). dter application, the flight activity in trealte
cages was significantly higher than in control o(&% bees and 7.3 bees respectively; p < 0.01).
The foraging activity (the total number of beedhe three plots) was similar between treatments,
both before (control: 23.0 bees; treated: 22.6 jbpes 0.57) and after application (control: 16.9
bees; treated: 16.2 bees; p = 0.50). In additlmnfdraging behaviour observed on the plots showed

no obvious symptoms of poisoning. This was dematexdr by the low frequency of abnormal

22



behaviours observed in both groups (tab. 2.1.3)véder, in the treated cages, the day after the dust
application, we noted many agitated bees and soms bel0 per cage), showing abnormal
behaviours (cleaning behaviour and uncoordinatetl bnovements) in the entrance of the hive

and.

Table 2.1.1.Index proposed by Schmiet al. (2003) for the comparison of daily bee mortalitytrieated and
control colonies.

# Mean daily bee mortality Mean daily bee mortality after .
Treatment before treatment treatment Ratio post-treatment/pre-
Colony (3 days) (5 days) treatment
1 Control 9.00 4.80
3 Control 3.33 1.80 0.93
5 Control 2.67 4.60
2 Treated 0.33 7.80
4 Treated 6.67 6.40 9.67
6 Treated 3.67 17.00
Index treated/control 10.67

Table 2.1.2.Repeated measures ANOVA test for colony strength.
*Statistically significant differences (p < 0.05).

Adult bees Brood
Effect
F df p F df P
Treatment 0.23 1,4 0.66 0.09 1,4 0.78
Days 7.85 6, 24 <0.01* 107.26 6, 24 <0.01*
Interactions 0.76 6,24 0.61 1.12 6,24 0.35

Table 2.1.3.Total number of bees observed on oilseed rape jgbohibiting abnormal behaviour. Values
between parentheses refer to pre-treatment.
N - absolute number of bees observed in the plots.

Bees immobile on Bees engaging in  Hanging-knocked out bees
leavers or flowers cleaning activity
Control (N = 1669) 3(0) 0(0) 0(0)
Treated (N = 1614) 10 (0) 2 (4) 0(0)

2.1.4. Discussion and conclusions

The laboratory indirect toxicity test showed thatelmortality caused by the dust contaminated
with clothianidin-based product Poncho® was nonhicantly different from that caused by liquid
formulation (Dantop®), even if in our study thettesncentration of the former was slightly lower
than in the latter. Both application ways causgaificant mortality rates, even if delayed in time.
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This demonstrates that bees can get intoxicatent akposure to quantities of active ingredient
dispersed during sowing of treated maize seedsdapdbsited on wild vegetation. In previous
studies (ApeNet, 2010) sub-lethal effects were alsgerved in several bees exposed to the dust at
the concentration found at 5 meters from edge @fstwing field.

Various studies have reported the sub-lethal atidlleeffects of neonicotinoids on individual
bees (Bortolottiet al, 2003; Medrzyckiet al, 2003; Decourtyeet al, 2004a; Yanget al, 2008),
however, information on the potential effects o$tp@des on colony level are scarce (but see Henry
et al, 2012). Semi-field and field studies are suitaiolestudy the effects on colonies, including
assessment of behaviour, bee mortality and theaictien among bees, exposed to the compound
under realistic conditions. Compared to field stsdisemi-field studies are easier to control and
allow higher numbers of replicates which facilietatistical evaluations. However, until now the
available standardized test methods (EPPO 170/4)t donsider the possibility to study bee
exposure to dust and don’t give any particularaation in order to study long period effects and
specific behaviours.

In this study we propose a new method to testboraory and in semi-field (cage) the effects of
the dust dispersed during sowing operations on yhdoees, knowing the exact exposure

concentration of the active ingredient.

Only few methods have been proposed to assessndastlized way the impact of dust from
coated seeds on bees. In a laboratory study, Gilad Dupont (2009) test mortality of bees on
Tibouchinafoliage following the methodology based on EPAdgline relative to residues on
foliage (EPA, 1996). The foliage @ibouchinaplanted in the edge of the field, was exposedusi d
dispersed during sowing of treated seeds. Assessmeme conducted under controlled conditions
and bees were introduced in containers with foliagected 2 and 24 hours after sowing.
Similarly, (Georgiadiset al, 2011) proposed to assess the impact of duseés in semi-field
studies simulating the sowing process carried outimaize field surrounded by areas with
flowering oilseed rape. In both studies, bees apoged to the dust, simulating the field scenario
but it is not possible to know the pesticide expestoncentratiom priori. In our laboratory and
semi-field method it is possible to apply the degiconcentration estimated with specific sowing
studies. In the present study we used the mearcancentration deposited on the ground at 5
meters distance from the field's edge, during sowity a drilling machine equipped with dual
pipe deflector. Our results showed that this cotreéinn is toxic to bees despite the deflector pipe
modification reduced the quantity of dispersedvactngredients by an average of 50% compared
with the unmodified seed drill (ApeNet, 2010).
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After dust application, the mortality level obseshia the semi-field study increased about 10-11
times compared to the control. The mortality wamsicantly higher than in control during the first
2 days and was still ecologically relevant during 8rd day. Similar results were observed in a
field study with thiametoxam. In this study, theebmortality increased on the day of sowing and
the number of foraging bees decreased on the taysafwing (Tremoladat al, 2010).

In our semi-field test, sub-lethal effects (cleanrehaviours and agitation) were observed only in
few bees in front of the treated hives and no éffexs evident during foraging activity. Despite the
peak of mortality observed after dust applicatiom, significant differences emerged with regard to
colony strength. Colony development decreased duamfined period but increased from day 7 to
day 15, i.e. after removal of the net that covdhedcage. In fact, confined conditions resulted in
natural reduction of egg laying in control andrieated cages.

Comparing the treated cages with the control oties]ethal effects on individual bees didn’t
affect the colony development, the socio-physiaabiparameters (thermoregulation and comb
construction capacity) and didn't show long-terfie@t. Probably the homeostatic capacity of the
colony avoided the colony decline despite the high mmortality rate for 2-3 days.

It was estimated from the Khoury’'s model (Khowetyal, 2011) that the colonies are able to
survive with a mortality rate 3 times higher thamtol for few days but we can expect a colony
decline if this large forager mortality rate lakis longer than 10 days (Khoust al, 2011; Henry
et al, 2012). Such a situation is possible if the sowpegod lasts several days as in the Po Valley,
where the landscape is characterized by extendé&kroaltivation. However, even if the mortality
peak didn’'t affect the colony development and sualvithe forager loss may result in a decline of
pollination service. This is particularly importamt spring, in coincidence with maize sowing
operations, when many crops and wild plants aréaarb.

In conclusion, the low active ingredient concembradispersed at the edge of the field from the
pneumatic seeder equipped with deflector, used #@mjaton action, cannot be considered
sufficiently safe for bees.
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2.2 Effects of indirect contact with neonicotinoidsand fipronil contaminated dusts —
laboratory study

In this study, the toxicity of the seed dressingrfolations Poncho® (clothianidin), Gaucho®
(imidacloprid), Cruiser® (thiamethoxam) and Regerttipronil) was assessed on forager bees. In
order to do that, we considered the concentratidhase active ingredients measured by CRA-ING
and CRA-PAV in the experimentations carried out2@10 (ApeNet, 2010, 2011). The a.i.
concentrations found at a distance of 5 meters flmenedge of the experimental field sowed with
treated maize seeds, was chosen for our trialgtirgfdrom this concentrations, we considered also
treatments with 10, 100 and 1000 fold concentrated a

2.2.1 Materials and methods

Adult forager bees were collected from a queentrgghony in the farm of the University of
Bologna and, after a slight anaesthesia with celmiperatures; bees were grouped by 10 in
laboratory hoarding cages (13 x 6 x 11 cm). Beesewwovided with sugar syrup (50% wi/v
sucrose) through the insertion of a no-needle ggron the top of the cage. The experimental cages
were divided into 4 treatment groups for each actingredient, in order to test the toxicity of the
pesticide concentration founded at 5 meters anthdurtreatments 10, 100, and 1000 times more
concentrated (tab. 2.2.1); an untreated control alss planned. Each treatment group consisted in
three repetitions.

The contaminated dusts were obtained by a Heubglaider through the abrasion of treated
seeds similar to those sold on the market. Thereaatigredient concentration was quantified by
chemical analysis performed by CRA-API chemicablabory. Afterwards, geometric dilutions in
talc were performed in order to prepare differeaatment concentrations that were conserved at
4°C and in darkness.

With respect to tested concentrations, clothianvdas employed at 6.25 pg/m2 instead of 5.12
pg/m2 as it has been done in the previous expatatien (chapter 2.1.2), as a consequence of
further trials performed by CRA-ING to assess thardity and the concentration of a.i. during the
experimental maize sowing (ApeNet, 2010).

Following the same treatment protocol as explainethapter 2.1.2, a paper covered with apple
leaves coming from an organic apple orchard. Treatsnwere administered by spreading the
leaves with 0.01g of previously prepared contanedatusts. After 3 hours from the beginning of
the experience, the treatments were removed argvibee left at controlled temperature conditions

of 25°C+ 2°C and darkness until the end of the arpantation.
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The number of dead bees was registered at 3,12, 24, 48 and 72 hours from the beginning of
the treatment. Mortality data were statisticallylymed through ANOVA test.

Table 2.2.1. Utilised products and concentrationgConcentrations of active ingredients found at am
the edge of an experimental field sowed with seedt¢d maize and concentrations used for the
experimental trials.

Commercial product Active ingredient (insecticide) ug/m2 (5m) ug/cage
Gaucho © Imidacloprid 3.66 0.0209
Cruiser © Thiamethoxam 2.77 0.0158
Poncho © Clothianidin 6.25 0.036
Regent ® Fipronil 0.28 0.0016

2.2.2 Results and discussion

The lowest tested concentration (tab. 2.2.1) reduftot significantly different from control for
all products, even though, for clothianidin, th@%ug/m’ concentration determined a higher
mortality at the beginning of the experience. Caosgly, 100 and 1000 fold concentrated treatments
were significantly different from control for thedted products (fig. 2.2.1 a, b, ¢, d). The lowest
mortality percentages were attained with fipromppesure.

The tested protocol demonstrated the toxic effedbigh concentration of contaminated dust,
thus confirming the suitability of such an expentta procedure to assess the effects of indirect
contact with dusts. These results show that thesared field concentrations of all tested products
are capable to entail a toxic effect on adult hohegs, when they are eventually walking on a
contaminated surface. Even though the lowest cdraten is not significantly different from
control for all tested product, we can observeaghstoxic tendency at 72 hours from the beginning
of the treatment.

The different experimental trials conducted by CREG with the aim to establish reliable data
on dust dispersal, highlighted an interesting tregldted to the surface of the sowed field. In
particular, the sowing experimentations conducte®009 was performed on a field surface of
1600 nf, whereas in 2010 the used surface was of 3 hasi§ently, the concentrations of active
ingredients found were higher for all the testeadpicts (ApeNet, 2009, 2010). For those reasons, it
could be hypothesized that the contemporary sowirige widely extended maize area in the north
of Italy, could result in a more relevant contantima than estimated. Consequently, the toxicity
expressed by higher tested concentrations in tieigwygnary trial, could be considered as eventually

possible.

27



Imidacloprid Thiamethoxam

120 7—— control 120 7—— control
—o— x1 —o— x1
—— x10 —— x10
x100 x100
—— x1000 x1000

80

60

40

[ae]
o
1

Corrected cumulative mortality (%)
B [o2] [o.] 8
o o (=] (=]
| | | |
o o o
Corrected cumulative mortality (%)
3
| | |
] o o

20

—
o

3 8 9 12 24 48 72 3 8 9 24 48 72
a Hours from treatment b Hours from treatment
Clothianidin Fipronil
120 120

—<&— control
—— x1
—— x10
100 71—~ x100 b

x1000

iy

o

o
|

80

60

40

[ae]
o
1

Corrected cumulative mortality (%)
& 3 3
| | |
o o o
Corrected cumulative mortality (%)
| | |
[+1] o

20

3 8 9 12 24 48 72 9 12 24 48 72
c Hours from treatment d Hours from treatment

w
2]

Figure 2.2.1. Effect of dusts contaminated with fouactive ingredients on honey bee mortality.The
adult honey bee mortality was assessed for dugteriementally contaminated with imidacloprid (a),
thiamethoxam (b), clothianidin (c) and fipronil (d)ines represent corrected cumulative mortality tfee
concentrations found at 5 m from the edge of a sdetd (tab. 2.2.1) and 10, 100 and 1000 fold
concentrated quantities.



2.3 Effect of indirect contact with clothianidin cantaminated dusts on orientation —field study

The sublethal effects of neonicotinoids and fipkdrave been largely investigated in the last
years. Since these active molecules express thea action at a neuronal level, the most important
effects are evidenced in cerebral functions. lotatory conditions, a detrimental action in leagnin
and memorization capacities has been evidenceticydarly for imidacloprid (Decourtyet al,
2004a) and fipronil (Aliouane Yet al, 2009). In semi-field and field conditions, seVestudies
have examined the effect of fipronil (Decourtgeal, 2011) and clothianidin (Schneidet al,
2012) in reducing honey bee foraging activity. ®ifects on orientation are mainly investigated
with the evaluation of foragers homing ability, tiethe capacity to find the way back to the hive.
To this extent, the fist product to be assessedbar imidacloprid. Three sublethal concentrations
(100, 500 and 1000 ug/L), administengd ingestion, have caused a delay in the honey el
between the experimental hive and an artificiadéze(Bortolotti et al, 2003), demonstrating a
neonicotinoid detrimental effect on the orientatedsility. More recently, the RFID technique has
allowed to perform more extended studies, in whiheffect of small doses of thiamethoxam on
the homing flight ability has been demonstratedyeals (Henryet al, 2012).

Here, the effect of clothianidin contaminated duatiministeredria indirect contact to forager

bees, was assessed.

2.3.1 Materials and methods

After choosing an area with no flowering crops &end attractive vegetations spots within a 2
km range, a 10-frames healthy colony was placedawificial feeder was then located at 330 m
from the hive, on the other side of a maize fidlde feeder was provided with a high concentrated
sucrose solution and a plastic device to make hbeeg nourish.

After a one-day habituation period, honey bees wegularly foraging at the feeder. Foragers
were then captured, marked with a coloured spdherthorax and divided in two treatment groups
(n=30). Honey bees were then placed in experimeags, whose bottom was covered with leaves
and treated with clothianidin contaminated talc gare talc for the control group), as described in
the previous trials (see chapter 2.1.2). The caggs modified in order to reduce the height of the
cage to 3 cm, this forcing honey bees to walk onbibitom of the cage. Clothianidin tested dose
corresponded to the concentration found in maizargpexperimentations, as explained in chapter
2.1. The concentration measured in the field (g57) was therefore adjusted to the cage bottom
surface, so the final employed concentration w&dDug/cage. Contaminated talc was kept in
darkness and at 4°C until the utilisation. Honegsheere kept in the cages for 1 hour and 30

minutes (in darkness) and then released.
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In 5 hours following the release, the honey beagmee at the feeder and at the entrance of the
hive was visually assessed, in order to assedsie(percentage of bees that returned to the Imge a
to the feeder, (ii) the interval between two visitshe feeder and at the hive.

Collected data were converted into percentages thad were normalized by arcsine-root
transformation. One way ANOVA was performed in ortteassess differences in presences at the
feeder and at the hive between treatments, whaegasated measures ANOVA was used to

compare flights duration.

2.3.2 Results and discussion

More than 80% of the bees came back to the hitkedrobservation period after the release. No
significant difference was found between treated @mtrol in the number of honey bees that came
back to the hive in the 5 hours following the rekedp=0.69). Similarly, a comparable number of
bees visited the artificial feeder after havingureed to the hive (p= 0.53) (Fig. 2.3.1). For both
treated and control bees the number of individibisg between the hive and the feeder

diminished through time.
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Figure 2.3.1.Percentage of honey bees presences at the hiandaat the artificial feeder (b) after the
release and in following foraging flights. Errorbaepresent SE.

The duration of foraging flights was evaluated d¢desng the time passed between two
subsequent arrivals of the same bee at the hive. ddia was similar between treated and control
bees (p=0.55). Moreover, no differences was fougtdvéen the duration of the first three foraging
flights (p=0.30). On the other hand, the time sperthe hive was evaluated considering the time
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interval between two visits at the artificial feed@ this case, also, the observed behaviour wéas n
different between treatment groups (p=0.69) (fi§.2).
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Figure 2.3.2.Time passed between two subsequent bee recomlinige hive (a) and at the feeder (b). Error
bars show the 95% confidence interval.

The homing flight ability is one of the importanttdethal endpoint to assess pesticide influence
on behaviour and cognitive processes. The ingesifocontaminated solutions of imidacloprid,
clothianidin and fipronil provoked a detrimentafest on honey bee capacity to flight back to the
hive, when foraging (Bortolotet al, 2003; Decourtyet al, 2011; Schneidegt al, 2012), but the
effect of dust contamination on this behaviouraitthas been never assessed.
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Here, we developed a reliable method of bee in&dian to carry out field experimentations on
indirect contact exposure to contaminated dustac@ming the pesticide effect, the number of bees
returned at the hive and at the feeder in the ttmste foraging flights, was not different (fig32L a,

b). However, for the first flight, treated honeyekevere observed to come back to the feeder with a
slightly higher delay than control bees (fig. 2.8)2 Even though not statistically significant,sthi
observation might be explained as a tendence atietiebees to remain in the hive for a longer time.

In this experience, statistical analysis does Hotapointing out any difference between control
and clothianidin treated bees, concerning homintityglso that we conclude that the clothianidin
concentration founded at 5 m from a maize sowed,fiéoes not impair orientation capacities.
However, we point out some principal comments o& éxperimental procedure that could be
relevant for further research on this topic. Thifieial feeder was placed at a distance of 330 m
that might be not enough to evidence a slight bgmificant effect in disorienting bees. For
instance, Henret al (2012) tested the homing flight capacity on 1 #istance. The employment
of new techniques, as RIFD, would consent the mamagt of a higher number of individuals and
a longer observation period. The possibility ofomtcmuous monitoring for at least 24 hours seems
particularly useful since neonicotinoid and fipiaieixic action might be delayed in time and result
in perceivable symptoms at long term.

However, other researches highlighted the sigmtficeole of neonicotinoids and fipronil
contaminated dusts in olfactory learning and men{égeNet, 2010). This discrepancy indicates
that it is not possible to exclude that contamidadests can be involved in cognitive processes

impairment.
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3 STUDY OF THE EFFECTS OF DIFFERENT PESTICIDES ON BIOCHEMICAL-
PHYSIOLOGICAL CHANGES
Preface

The study of the effects of pesticides includesat®essment of the influence of such molecules
at a subcellular level, on enzymes and metabolibvgays. This investigation might be pursued
both with a genomic/proteomic approach and witlerges of biochemical assays. The first method
permits to evaluate the eventual differences ingmoexpression, thus considering enzymes
concentration. The second approach is more focussdtie variations in enzymatic activity as a
response to the exposure to several contaminadtstegssors in general. A so-called multimarker
approach is suitable to be employed for pesticfteces assessment. Therefore, the measure of the
activity of a set of key-role metabolic enzymes ieg an overview of intracellular pesticide
induced modifications.

To this extent, different enzymes have been emgloparticularly belonging to detoxification
and oxidative stress response pathways. The ugesdfind of method has been first developed in
aguatic ecotoxicology, for biomonitoring purposes.this approach, the sampling of individuals
living in a polluted environment aims to individaathe traces of the exposition in significant
variations of enzymes activity. This subject hasrbkess investigated in terrestrial arthropods and
pollinator insects, even though a recent studies levidenced interesting results in honey bees
(Badiouet al, 2008; Badiou-Bénéteaat al, 2012).

Here, we considered this issue with a different epgin from biomonitoring. We in fact
assessed, in laboratory conditions, the variatitoenzymatic activities as a sublethal effect of a
specific pesticide or a combination of productsic8i sublethal effects are represented by the
alterations of the organism physiology that dontdlve death but that, in particular conditions,
may lead to a weakening of individuals and colothg changes at an enzymatic level could
constitute a valuable tool to interpret pesticiaact on honey bee organism.

We therefore chose to test different pesticidet different modalities of treatment. We carried
out the experimentations with the following scheme:

- combined exposure to sublethal doseBaxdillus thuringiensispores and fipronil,

- combined exposure to sublethal doseBadillus thuringiensispores, followed by a contact

treatment with deltamethrin;

- combined exposure to sublethal doses of difenoadeafollowed by a contact treatment

with deltamethrin;
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3.1.1 Introduction

The domestic honey bedgis melliferal.) accounts for the most important pollinatiomvsee
of agricultural monocultures (Watanabe, 1994), gbuating to the pollination of more than 66
percent of the world’s 1500 crop species (RoubfQ3) and to 35% of food crops (Kleet al,
2007). During its intense foraging activity, a denponey bee can visit flower at distance higher
than 6 km from the hive (Beekman and Ratnieks, 0€8arching for food sources, which are
mainly represented by nectar and pollen, the lditeng the first protein source for honey bees
(Crailsheimet al, 1992; Babendreieet al, 2004). Predictably, that intense interaction vittle
environment exposes not only foragers but also bees and the brood to residues of pollutants
and pesticides eventually present in pollen andang¢krupkeet al, 2012).

Bacillus thuringiensis(Bt) is a gram-positive soil bacterium that has beaowa since the
beginning of the century for its insecticidal prdpes, mainly against lepidopterans. Once ingested
and activated in the intestinal tract of the taiigsect, the crystal toxins (Cry toxins) produced b
the bacterium, cause cell lysis and ultimately leadhsect death (Gilet al, 1992; Bravoet al,
2007; Vachoret al, 2012). As its potential in pest control was reuagd, Bt spores were used in
field treatments, withBt var. kurstaki (B.t.k.) being the most widely used strain. Siric396,
biotechnologies permitted an extensively us®bin genetically modified crops (de Maagtl al,
1999), providing Cry toxin expression in all theupl tissues and thus ensuring a more powerful
protection against insect pests. Counterparty dtimsulated the research on possible side effetts o
non-target arthropods, particularly pollen consuntngs, as honey bees.

Amounts ofBt toxins are highly variable in pollen, mostly deggry on whether the promoter
sequence is constitutive or tissue-specific (Koeiehl, 1993; Malone and Burgess, 2009). The
genetically modified corn hybrid Eventl76, whichntained a green-tissue and pollen specific
promoter (Duttoret al, 2003), expressed from 500 to 11000 pgik@rylAb toxin, according to
Fearinget al. (1997). Conversely, constitutive promoters acceudat lower amounts of toxin in
pollen (Liu et al, 2009) as iBt maize MON810 containing approximately 2 pugtigCrylAb
(Wraight et al, 2000). A more recently released GM maize ever®N463, has been proved to
express 77.000 pg/kg of Cry3Bb1 toxin in pollen éDet al, 2002; Liet al, 2008).

Thus, pollen-consuming organisms may be potent&tjyosed to high quantities of Cry toxins.
Adult honey bees could therefore be exposeBaaillus thuringiensidy foraging an area treated
with Bt sprayed formulations, while the exposure by ingaesdf pollen expressing Cry toxins may
occur to both adult bees and brood (Malebhal, 1999; Babendreieat al, 2004).

Cry toxins have been generally proved not to aféelilt honey bee survival. No lethal effect of

Cry1lAb toxin has been demonstrated at doses up@6 [ig/L administered via ingestion (Malone
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and Minh-Ha, 2001; Ramirez-Romesd al, 2005; Hendriksmaet al, 2011; Hendriksmaet al,
2012). Similar results have been found for othem®xin particular Cryl1Ah, conferring resistance
to Lepidoptera in cotton (Dat al, 2012). On the other hand, learning capacities] toehaviour
and foraging activity can be adversely affectecabyral exposure to CrylAb (Ramirez-Rometo
al.,, 2005; Ramirez-Romer@t al, 2008). When analyzing the effects on beesBbfspore
formulations, thekurstaki strain does not appear lethal to bees and bumddefialoneet al,
1999; Mommaert®t al, 2010). Conversely, a slight effect on mortalityfafaging honey bees has
been observed after an acute oral treatment witstdkirstrain spores (Brigherst al, 2007).

Thus, considering a lack of agreement regar@hgnpact on honey bees, a further knowledge
on chronic effects of Cry toxins art spores on adult honey bees seems to be neededoWoy
investigating the combination dBt with other plant protection products is relevant the
assessment of the risk for bees (Deaal, 2008). To date, no study have been focused ojoitfie
effect on bees of 8t treatment with another stressor, like a chemiedtipide, as it has been
studied for other insects (Wat al, 2001; Morales-Rodriguez and Peck, 2009).

Fipronil is a phenylpyrazole insecticide and mdgithat exhibits an antagonist action on the
insect GABA and GIluCl receptors, leading to an aativation of neurones and finally the death of
insects (lkedaet al, 2003; Narahashet al, 2010). Its detrimental effects on learning andnogy
processes of bees have been extensively reportéth@Saniet al, 2005; Aliouane Yet al, 2009;
Bernadouet al, 2009; Decourtyet al, 2009; Decourtyet al, 2011).

In this study, we have investigated the effect8Boftoxins and spores, in combination with
Fipronil, onthe honey bee. The presence of Fipronil in pollad dee bread has been well
documented Chauzatet al, 2006; Mullin et al, 2010), consenting the hypothesis of a realistic
combined exposure to both Fipronil aBtresidues. In addition, a secondary toxicity medrarof
Fipronil towards intestinal cells has been demastt (Vidauet al, 2009; Cruzet al, 2010). This
shows that Fipronil can be active on the same taiggie a8acillus thuringiensis

In addition to the classical toxicological endpsintike mortality and food consumption,
different physiological functions have been invgsted here and improved by the use of an
approach involving biochemical biomarkers. We assgghe activity of Glutathione-S-Transferase
(GST), Alkaline phosphatise (ALP), Glucose-6-phadph dehydrogenase (G6PDH) and
Glyceraldeyde-3-phosphate dehydrogenase (GAPDHywimg the administration oBt alone or
in combination with fipronil. The observable chasgef enzymatic activity may, in fact, be
considered as indicators of exposure to a chentcad xenobiotic of a biondicator organism

(Lagadic et al, 1994). Thus, measuring the variation of some johygical parameters, as
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detoxification and metabolic enzymatic activitynaanhance the evaluation of toxic or perturbing
effect of a pesticide.

Hence, the objectives of the present study weré(ipvestigate the effects of thr& toxins
CrylAb-2, CrylC-1, Cry3Aa when administered chrafiicfor 10 days to adult honey bees, (ii) to
evaluate the effects of a sublethal treatment fiptionil alone or in combination with B.t.k. spore
solution on honey bee survival and (iii) to studyygiological changes induced by the different

treatments.

3.1.2 Materials and methods
Tested products

Stock solutions of Cry toxins arigt spores were prepared in distilled water. All treatment
solutions were prepared in distilled water and Odifdethyl sulfoxide (DMSO). DMSO was used
in order to enable a good fipronil solubilisati@tock solutions were prepared and stored at -20°C
and working solutions were freshly made by dilutianssugar syrup (50% w/v sucrose) and

renewed daily.

Honey bees

All bees were taken from queen righpis melliferahoney bee colonies carefully monitored to
check their health status. The 10-day mortalitystegere carried out with adult bees collected from
the hive supers. Bees were slightly anaesthetizdd @0, and placed into plastic cagésx 8,5 x
10 cm), adapted from Pain type, in groups of 3@viddals and provided with candy (Apifonda;
commercial sucrose feed paste) and watktibitum The 25-day survival test, which required a
longer lifespan of individuals, was carried outlwi#mergent honey bees. Emergent bees were
obtained by placing brood frames in an incubatazontrolled conditions (34°C + 2°C, 60% + 10%
relative humidity, darkness) for one day. Newly egeel bees were placed in cages, without
anaesthesia, in groups of 40 individuals, with are® of queen pheromone blend (one third of
commercial Beeboo$stick). Fresh multifloral pollen was provided fbe first three days and then
replaced with a protein commercial preparation, dddethe treatment syrup (1% v/v). After one
day of adaptation to experimental conditions, deadey bees were removed and replaced with
new ones. The cages were placed in incubators &dled conditions (28°C + 2°C for adult bees;
34°C + 2°C for the emergent bees; 60% + 10% redabtiumidity; darkness) until the end of the

experiments.
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Modality of treatment and treatment groups

All insecticide treatments were administered for Hdurs per day then the honey bees were
provided with candy and watead libitum for the remaining 14 hourdMortality and syrup
consumption were recorded daily.

For each testeBt toxin (CrylAb-2, Cryl C-1 and Cry3 Aa), four trerent groups and a control
group were formed in order to assess the effectOofug/L; 1 pg/L; 0.1 pg/L and 0.01 pg/L
concentrations. For each test®tistrain (4Q2 and 4D1) two treatment groups andrdrcbwere
formed in order to assess the effect of 100 pg. H00 pg/L concentrations. A single treatment
group consisted of 9 rearing cages, each contaBrigdividuals.

In order to investigate the effect of Fipronil jomrt disjoint withBt strains, 10 treatment groups
and a control group were set up. In this case, emohp consisted of 6 rearing cages, each

containing 40 individuals (tab. 3.1.1).

Table 3.1.1. Treatments, tested doses and evaluateadpoints.

Treatment Tested doses Endpoints

CrylAb 0.01,0.1, 1, 10 pg/L Adult honey bees mortality
CrylC-1 0.01,0.1, 1, 10 pg/L Adult honey bees mortality

Cry3Aa 0.01,0.1, 1, 10 pg/L Adult honey bees mortality

Bt 4Q2 100, 1000 pg/L Adult honey bees mortality

Bt 4D1 100, 1000 pg/L Adult honey bees mortality

Bt 4Q2 100, 1000 pg/L Honey bee survival and biomarkers
Bt 4D1 100, 1000 pg/L Honey bee survival and biomarkers
Bt 4Q2 / Fipronil 100, 1000 pg/L /1 ug/L Honey bee survival and biomarkers
Bt 4D1 / Fipronil 100, 1000 pg/L /1 ug/L Honey bee survival and biomarkers
Fipronil 1 pug/L Honey bee survival and biomarkers

Enzymatic activity assays
We performed enzymatic activity measurement on drees treated witBt spores combined

or not with 1 pg/L Fipronil. Three sampling datesrechosen: at the beginning of the trial, at 10
days and 20 days from the beginning. Only alivesbeere sampled; the head, mid gut and
abdomen devoid of the intestine were dissectedsapdrated in order to analyze enzymatic activity
in different compartments; all the samples werentbored at a —80° C. Four repetition were
performed for each treatment group and three hbweeg were sacrificed for each repetition. The
tissue extracts were obtained by homogenizing (iLigserTM; Qiagen; 5610 s at 30 MHz) three
heads (or midguts or voided abdomens) in the exdrabuffer (40 mM L-S phosphate buffer at pH
7.4; 10 mM NaCl; 1% Triton; protease inhibitorshel homogenates were then centrifuged at
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15,000 g for 20 minutes at 4°C and the resultingesugtants kept in ice-cooled tubes. The extracts
were then employed for enzymatic assays, perforitrege replicates for each repetition.

Glutathione-S-Transferase (GST) activity was spgttotometrically assessed measuring the
conjugation of reduced glutathione (GSH) to 1-a@r4-dinitrobenzene (CDNB) using a method
adapted from Habig et al. (1974). GST activity wasasured in heads and midguts by addingl10
of enzymatic extract to the reaction mixture camtay 1 mM ethylenediaminetetracetic acid
(EDTA), 2.5 mM GSH, 1 mM CDNB and 100 mM Na/K-phbspe buffer at pH 7.4. GST activity
was quantified by recording the appearance of cat@agproduct at 340 nm during 5 min.

Alkaline phosphatase (ALP) activity was assayedhineaction medium containing 10 of
enzymatic midgut extract, 20 mM MgCR2 mM p-nitrophenyl phosphate and 100 mM Tris—HCI
buffer at pH 8.5. The enzymatic activity was meaduby monitoring at 410 nm for 5 minutes
through spectrophotometry the transformation oftmphenyl phosphate to p-nitrophenol (Bounias
et al., 1996).

Glucose-6-phosphate dehydrogenase (G6PDH) activias assessed by measuring the
transformation of glucose-6-phosphate to 6-phogphoenate through the reduction @
Nicotinamide Adenine Dinucleotide Phosphate Hyd(At&lADP). A medium containing 100 mM
Trizma base buffer at pH 7.4, 1 mM D-Glucose 6-phase disodium (G6P Mg 0.5 mM (-
NADP, 10 mM MgC} was monitored for 5 minutes at 340 nm.

Glyceraldeyde-3-phosphate dehydrogenase (GAPDHYitgctvas assessed measuring at 340
nm the formation of glyceraldeyde-3-phosphate figigterate-1,3-diphosphate, the latter formed
by the conjugation of 3-phosphoglyceric acid (3-B@#ad 3-phosphoglyceric phosphokinase (3-
PGK). The reaction medium was constituted by 80 m#&thanolamine buffer at pH 7.6, 7 mM  3-
PGA, 4 mM L-Cysteine HCL neutralized with sodiunmcdrbonate, 2 mM magnesium sulfate
(MgS04), 120 uM reduceg-Nicotinamide Adenin dinucleotidgBNADH), 1.2 mM ATP, 1 mM
EDTA, 5 U 3-PGK.

Statistical analysis

Mortality data were log-transformed and comparddgia general linear model and an analysis
of variance (ANOVA). Syrup consumption data weregassed by a repeated measures ANOVA,
followed by Tukey HSD post-hoc analysis. Enzymatssay data were analyzed through a Mann-
Whitney U test in order to obtain a between treatncemparison; ANOVA analysis was also used
to define general tendencies. All comparisons desdr by p values inferior to 0.05 were

considered as significantly different. All analysisre performed with R software (version 2.14.1).
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3.1.3 Results
Effect of three Bt toxins on honey bee mortality and feeding behaviou

The effect ofBt toxins CrylAb-2, CrylC-1 and Cry3Aa on adult beess assessed through a
chronic 10-day administration. CrylAb and CrylCimngxare mostly used against Lepidopteran
pests in maize and rice (Hofte and Whiteley, 198@ytinez et al., 2004), whereas Cry3Aa is
mainly used against Coleoptera in potato (Husse¢ial, 2006). The tested concentrations were
chosen to be consistent with environmental realistiposure. Thus, 0.01, 0.1, 1 and 10 pg/kg of
purified toxins were employed as tested concewomatifhe cumulative mortality of the control
remained under 10% and was significantly lower thihother treatment groups (p<0.001). For the
CrylAb toxin, 10 pg/L dose caused the highest nitrté43.3%) even though no significant
differences were shown between treatments (figl3). The CrylC-1 toxin expressed the most
important effect, as honey bees died up to 56% @maequence of the 0.1 pg/L treatment, though
statistical analysis showed no significant diffeebetween doses (fig. 3.1.1 b). Honey bees treated
with Cry3Aa toxin died at a higher rate than thateol (p=0.016), and the highest dose (10 pg/L)
caused the lowest mortality among treatments (pAQ(69. 3.1.1 c).

No influence on syrup consumption can be attribitetteatment or dose for every tested toxin
(fig. 3.1.1.d, e, f).
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Figure 3.1.1 Effect of three Cry toxins on honey bee mortality ad feeding behaviour Data are
represented as percent cumulative mortality foda@-chronic exposure of adult honey bees to Cry2Ab-
toxin (a), CrylC-1 (b) and Cry3Aa (c) and daily eage syrup consumption per bee when exposed to
Cryl1lAb-2 toxin (d), CrylC-1 (e) and Cry3Aa (f). Batoxin has been tested with 4 different dosesed.in
represents the mean of 9 repetitions (cages), re@eing cage containing 30 honey bees (n=270)ekzifft
letters indicate significant differences betwesatments.
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Combined effect ofBt spores and Fipronil on honey bee mortality and feling behaviour

As Bt strains,Bt 4Q2 andBt 4D1 were tested, the first being a modified stthiat does not
express any Cry toxin and the second representihkgirstaki strain and expressing CrylAa,
CrylAb, CrylAc, Cry2A and Cry2B toxins. The testmmhcentrations were 100 and 1000 pg/kg.
Fipronil was tested at 1 pug/L. This concentrat®itower than the average residue amount found in
pollen samples (Mulliret al, 2010) and therefore consistent with environmeetad|s.

The joint effect of 4Q2/4D1 spores and fipronil sarvival of emerging honey bees was
investigated performing a 10-day treatment followsd a 15-day mortality assessment. The
cumulated mortality remained under 2% for all tteatment groups at 15 days and did not exceed
15% at 25 days (fig. 3.1.2 a, b). No significarffedences betweeBt treated groups and control
can be found at 25 days (p=0.566). The ANOVA anslgs all data revealed en effect of the
treatments on feeding behaviour (p=0.012), as ¢imebined administration dt 4Q2 and Fipronil
resulted in a lower syrup consumption (p=0.03).\Dayrup intake was also influenced by time,
thus by honey bee age (p<a0*°) (fig. 3.1.2 c, d).
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Figure 3.1.2. Effect ofBt 4Q2 and 4D1 strains joint or disjoint with Fipronil on honey bee survival and
feeding behaviour.Cumulative mortality percentage for 10-day chramposure tdBt 4Q2 (a) andt 4D1

(b) strain joint and disjoint with fipronil, folloed by a 15-day observation period. Daily averagesy
consumption for a 10-day chronic treatment vBt4Q2 (c) andBt4D1 (d) joint and disjoint with fipronil.
Lines represents the mean of 6 repetitions (cagesh rearing cage containing 40 honey bees (n=240)
Different letters indicate significant differendastween treatment groups (p<0.05).

Combined effect ofBt strain and fipronil on GST, ALP, G6PDH and GAPDH activity.

Enzymatic activities of Glutathione-S-transfera&&T), alkaline phosphatase (ALP), Glucose-
6-phosphate dehydrogenase (G6PDH) and Glyceraldgyi®spate dehydrogenase (GAPDH)
were evaluated at the end of the chronic treatr{sant 10) and ten days after (day 20). Activity
measures were statistically processed by a twoAM@VA performed on all the data and by a
Mann-Whitney U test in order to perform pairwisemgarisons. Mann-Whitney results are shown

in the boxplots, while ANOVA results are integratedable 3.1.2.
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Figure 3.1.3. Effect of Bt 4Q2 and 4D1 strains joint or disjoint with Fipronil on GST activity.
Glutathione-S-transferase (GST) activity was agskss heads at day 10 (a) and day 20 (b) and igumtsd

(c, d) on the same sampling dates, respectivelgh Heeatment group is constituted by 4 repetitions
performed in triplicate (n=12), each sample comtgr8 individuals.Differences between treatment groups
were estimated by Mann-Whitney U test: differernteles indicate a significant difference betweenug
(p<0.05). Data are represented as boxes corresppndi50% of the measures; the line symbolizes the
median, whiskers include 90% of the data and asthee represented by circles.

GST tissue activity was assessed in heads and teid@sected from honey bees at 10 days and
20 days from the beginning of the experience. Asawshin fig. 3.1.3 a and b, honey bees treated
with Bt kurstakiat any dose expressed a significantly lower GSAdteectivity at day 10 (p<10
1%, while no differences were found between the 8p&eatment and the control. Similarly, the
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kurstakistrain induced a decrease in GST activity in thdgot at day 20 (p<410™) (fig. 3.1.3 d),
but the same effect was not found at day 10 samplys highlighted by ANOVA, the joint
treatment with fipronil at day 20 increased GSTdhaetivity in all the treatment groups (p=0.000).

ALP activity was assessed in midguts; at day lénftbe beginning of the experience, honey
bees that had been treated witBtacontaminated diet, showed a higher activity thaa c¢ontrol
(p<1x10%) and among them, ANOVA analysis evidenced a higésponse for thkurstakitreated
honey bees (p=0.008). At day 10, fipronil causetgher activity (p<k107) for all the treatment
groups; in particular, Mann-Whitney U test showesignificant inducing effect for the 100 pg/L
dose (p<0.05). At day 20, a lower ALP activity wiaand for theBt treated bees (p<10'?), with
no significant differences between strains. Fidroeiated bees did not exhibit a different enzymati
activity, compared to fipronil non-treated beeg.(8.1.4 a, b).
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Figure 3.1.4. Effect ofBt 4Q2 and 4D1 strains joint or disjoint with Fipronil on ALP activity. Alkaline
phosphatase (ALP) activity was assessed in midgutkay 10 (a) and day 20 (lgach treatment group is
constituted by 4 repetitions performed in triple#h=12), each sample containing 3 individuBi$ferences
between treatment groups were estimated by MannA&hiU test: different letters indicate a signifita
difference between groups (p<0.05). Data are repted as boxes corresponding to 50% of the measures
the line symbolizes the median, whiskers includ¥ @0 the data and outliers are represented byesircl

GAPDH activity was measured in the abdomens voafdtie gut and the honey sac, at days 10
and 20. ANOVA analysis performed on all data shoaedeffect of fipronil in increasing enzyme
activity on both sampling dates (p=0.007 and x&kd’, respectively): Mann-Whitney U test
confirmed this result indicating a significant @ifénce between fipronil treated and non treated

bees for four treatment groups at day 10 and si&triment groups at day 20. However a tendency
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can be identified in all the groups. No differengesre found in function oBt treatment or dose
(fig. 3.1.5 a, b).

G6PDH activity was measured in the abdomens vomfethe gut and honey sac. ANOVA
analysis indicated no clear tendency of enzymevictin function of Bt treatment. The 1ug/L
treatment with fipronil determined a higher actvat day 10 in two treatment groudt 4Q2
(1000 pg/L) andBt 4D1 (100 pg/L), while at day 20 this effect canfbend in the control, 4Q2
(1000 pg/L) and 4D1 (1000 pg/L). At day 20 fipromtlucing effect is confirmed also by ANOVA
analysis performed on all data (p=0,003) (fig. 84..b).
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Figure 3.1.5. Effect of Bt 4Q2 and 4D1 strains joint or disjoint with Fipronil on GAPDH activity.
GAPDH activity was assessed in abdomens at dag)l&nd day 20 (bEach treatment group is constituted
by 4 repetitions performed in triplicate (n=12)cleaample containing 3 individuals. Differenceswasin
treatment groups were estimated by Mann-Whitneg4t: Wifferent letters indicate a significant diface
between groups (p<0.05). Data are represented »a&s mrresponding to 50% of the measures; the line
symbolizes the median, whiskers include 90% ofdda and outliers are represented by circles.
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Figure 3.1.6. Effect ofBt 4Q2 and 4D1 strains joint or disjoint with Fipronil on G6PDH activity.
Enzymatic activity was assessed in abdomens atlffaya) and day 20 (bYach treatment group is
constituted by 4 repetitions performed in triplegéh=12), each sample containing 3 individualsfddénces
between treatment groups were estimated by ManriAd@hiU test: different letters indicate a significa
difference between groups (p<0.05). Data are repted as boxes corresponding to 50% of the measures
the line symbolizes the median, whiskers includ¥ @0 the data and outliers are represented byesircl

3.1.4 Discussion and conclusions
Effect of three Cry toxins on adult honey bee mortkty

As side-effects on pollinators represent a germatern about GM plants, many studies aimed
to assess the potential effect of purified Cry mgxon honey bees. Here, we demonstrate that
CrylAb, CrylC and Cry3Aa purified toxins, may havaletrimental effect on adult honey bees
when ingested, even at very low doses that carotwedfin the environment. To date, there is no
study reporting an effect of a purified Cry toxiorra Bt pollen-based diet on mortality of adult
honey bees in laboratory conditions. A chronic adstiation (7 to 21 days) of various purified Cry
toxins did not affect honey bee survival for CrylB&aloneet al, 2001), CrylAc (Han Pergg al,
2010b), CrylAb (Ramirez-Romest al, 2008) and CrylAh (Dast al, 2012). Though it has been
proposed that experiments usiigf pollen instead of contaminated syrup might be more
conservative as a higher toxin availability is hkén syrup (Ramirez-Romeret al, 2008), we
showed significant effect on mortality at 10 dags foses lower than residues found in plant
tissues and pollen (Liet d., 2009) .

The experiments were performed with adult beessatstof emergent bees with the aim of
considering a more veritable scenario with an loggemeous age-structured population that could be
found in the hive. As the average lifespan for mder bee is estimated to be 7 days (Visscher and
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Dukas, 1997), and the percentage of foraging be#iexperiment was unknown, we can consider
that a certain percentage of individuals died fatural causes in such kind of experience.
Nevertheless, we point out that all treatments wa&gmificantly different from control, thus

showing a clear effect of toxin contamination.

Effect of aBt kurstaki strain joint or disjoint with fipronil on adult ho ney bee mortality

As Bt formulation products represent an important wagest control, to which honey bee could
be exposed, we aimed to investigate the effectswidely usedt strain,Bt var kustaki(4D1) on
honey bee mortality. Non pathogenic bacteria aad bhcterial coat component, when ingested, are
reported to have an effect on honey bee physiolomgparticular on immunity (Evans and Lopez,
2004). Therefore, &t strain (4Q2) deprived of the toxin encoding gereswsed as a reliable
negative control in order to account for eventuHieats attributable to the bacterial sporal
components.

As opposite to the effect caused by purified toxime showed thaBt 4D1 spores at both 100
pno/L and 1000 pg/L dose have no effect on adulefidree mortality. This result is in agreement
with those obtained when treating bees with Btacommercial formulation containing the same
kurstaki strain (Maloneet al, 1999); similarly, Mommaerts (2010) concludedttha effect on
mortality of bumblebees could be attributed to aal Bt kurstakitreatment.

Consequently, with these results, we chose tahestffects of the same products when adopting
a longer post-treatment monitoring, with the pugokassessing honey bee survi&l4D1 strain
was confirmed to pose no hazards to honey beesbotags, therefore showing that it doesn’t
exhibit a delayed effect on mortality.

Moreover, we assessed the effect of a joint treatmeth 1 pg/L Fipronil; several studies
pointed out the enhanced toxicity dacillus thuringiensiswhen combined withchemical
insecticides with respect to lepidopteran and qukan pests (Sudhakar and Dhingra, 2002; Singh
et al, 2007; Morales-Rodriguez and Peck, 2009). Thus,teséed the hypothesis of synergism
betweernBt and Fipronil insecticide. Assuming that the fegdaehaviour of honey bees during the
experiment was not influenced by treatments, weidenghat they consumed an average of 0.01
ng Fipronil/bee/day (£0.003), thus corresponding ajgproximately 1/470 of the oral LD50
(Decourtyeet al, 2005). In accordance with Vidau (2011) and Aufau(2012) this dose is
confirmed to provoke no significant mortality whadministered chronically; moreover the joint
treatment did not enhané toxicity.

Subsequently, we can confirm thBt kurstaki, at doses consistent to recommended usage

concentration and environmental residue levelssiib@mpair the survival of honey bees, and the
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combination with a chemical insecticide as Fipramholesn’t show a synergistic nor an additive

action.

Effects of aBt kurstaki strain joint or disjoint with Fipronil on enzymati ¢ biomarkers.

GST is a family of enzymes that plays a major roledetoxification of xenobiotics, also in
invertebrates, (Siegfried and Young, 1993), cortjagathem with reduced glutathione (GSH)
(Baars and Breimer, 1980). Several studies higtdijlother mechanisms of cell-defence operated
by GST, focussing on its anti-oxidant role in reraloef hydrogen peroxide and inhibition of lipid
peroxidation (Felton and Summers, 1995; Barbeh&002). For those reasons, GST has been
widely employed as a valuable tool to study pedéi@nvironmental contamination.

Here, we assessed GST activity both in heads anddguts, the latter compartment being the
most relevant for GST expression in honey beeso(Bial, 2006). We showed thBt ingestion is
linked to a strong decrease in GST activity, whema clear effect of the Fipronil treatment can be
highlighted (fig. 4).

GST activity has been positively correlated to atioh of resistance towards chemical
pesticides (Ottea and Plapp, 1984; Weil, 2001; Enayatet al, 2005; Boyeret al, 2012) and
more recently, t@acillus thuringiensisnodified crops (Guet al, 2012).

Conversely, the regulation of GST activity as copusmce of a pesticide exposure in non-
resistant populations is still discussed and notptetaly clarified. An increase in GST activity has
often been related to insecticide exposure as coesee of an induction of the detoxification
response (Baars and Breimer, 1980) or an improvenfeanti-oxidant defences (Dubovslay al,
2008; Printeswt al, 2011). Nonetheless, GST activity has also beemodstrated to be suppressed
following a pesticide contamination (Baturo and adig, 1996; Damasiet al, 2010; Carvalhaet
al., 2012). This evidence can be related to the faadt subsequent to chemical contamination, GSH
can undergo spontaneous oxidation, as it has ngith paraquat iDaphnia magngBarataet
al., 2005); consequently, a low substrate concentraigsults in a decrease in GST activity (James
et al, 2012).

Hence, we suggest thatBa prolonged exposure may influence the GSH/GSStbalteading
to a reduced GST activity; however, a GSH assesswenld be required to confirm this

assumption.
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Table 3.1.2.Activity of GST, ALP, G6PDH and GAPDH as functiohipronil treatmentBt treatmentBt

treatment doses anBt strains. Statistical analysis were performed WXNOVA; differences were
considered significantvhen p value was inferior than 0.05. Significanseirdicated with “*** when

p<0.001, ** when p<0.01 and *’ when p<0.05.

GST head GST midgut ALP midgut

day 10 day 20 day 10 day 20 day 10 day 20
Fipronil 0.021* 0.0001%** 0.260 0.472 <1x107*** 0.173
Bt <1x10 ok <1x10 ok 0.005** <1x10 ok <1x107*** <1x10 ek
Fipronil*Bt  0.027* 0.345 0.07 0.027* 0.676 0.573
4Q2vs4D1  <1x107MCHx* <1x107oH 0.029* <1x1076 #** 0.008** 0.096

G6PDH abd. GAPDH abd.

day 10 day 20 day 10 day 20
Fipronil 0.524 0.004%* 0.007** <1x10° ***
Bt 0.035* 0.165 0.063 0.126
Fipronil*Bt  0.653 0.002** 0.594 0.668
402vs4D1  0.014* 0.011 0.265 0.955

ALP is a digestive enzyme involved in adsorptiomaflecules through the intestinal epithelium
via their phosphorilation (Aufauvret al, 2012); this function has been proven in ins@¢tahovic
et al, 2009) and more recently a major role in medgatime toxicity ofBacillus thuringiensishas
been described (Upadhyay and Singh, 2011).

Here, we find no influence dt treatment on ALP intestinal activity, but, interegly, ALP
activity was enhanced iBt treated bees at day 10, whereas the opposite taantie found at day
20. InHelicoverpa armigerdarvae a major affinity of ALP t®t CryAc toxin in the earlier stages
and a lower involvement in the late larval develepinhas been recently demonstrated (Upadhyay
and Singh, 2011). Though we have no evident symptibrat demonstrate Bt toxicity, this time-
depending enzyme response might us suggest aediffarvolvement of ALP as a Cry receptor
through time. Nevertheless, contrasting resultswéet sampling dates preclude a clear
interpretation of the relationship betwdgttreatment and ALP levels in midguts.

Conversely, at the end of the treatment period, AdcRvity resulted significantly higher in
fipronil-treated bees, confirming the results foufad a thiamethoxam sublethal intoxication
(Badiou-Bénéteatet al, 2012) and thus confirming ALP as a valuable marfke these two

pesticides in bees.

Glyceraldeyde-3-phosphate dehydrogenase (GAPDH)Glndose-6-phosphate dehydrogenase
(G6PDH) are two key-enzymes of the carbohydrateabmism, the first mainly involved in the
glycolysis pathway and, ultimately, in ATP produoctj the second catalyzing NAPDH formation
via the pentose phosphate shunt.
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Though it had been described as an “housekeepiagé ¢Barbeet al, 2005), thus expressing
quite constant protein levels, several studies lighted that variations in GAPDH concentration
play a role in transcriptional gene regulation, dpsis induction (Sirover, 2005; Ortiz-Ortét al,
2010) and response to oxidative stress conditibhsh6lls et al, 2012). In particular, GAPDH
could be reversibly inhibited by reactive oxygeregps (ROS) and therefore redirecting the
glucose flux towards the pentose phosphate patii@Gayanget al, 2005).

In this study, theBt treatment did not influence the abdomen level&S8PDH, whereas the
Fipronil administration was linked to a higher ematic activity in both the sampling dates, thus
suggesting an enhanced glucose metabolism andyemerduction.

As seen for GAPDH, G6PDH is strictly involved inidative stress remediation, as well (Grant,

2008); in fact, the energetic switch to the produciof NAPDH, due to the glycolysis inhibition,
provides a reducing potential to avoid further naales oxidation (Kletziewmt al, 1994; Vermaet
al., 2007). Consistently to these evidences, the §lBB&DH activity, in our results, augmented in
response to fipronil at day 20; however the sameeige effect cannot be confirmed for day 10
sampling, even though four treatment groups oftdribited the same tendency.
Interestingly, GAPDH and G6PDH activities were batitreased as consequence to fipronil
ingestion, hence highlighting a different metabaixplication, that may involve a response to
oxidative stress with regards to G6PDH, while migatcorrelated to other cellular modifications
induced by Fipronil, with respect to GAPDH incredidevels. We thus point out the interest of
developing and improving the GAPDH/G6PDH biomarke for other pesticides in honey bees.

We conclude that CrylAb, CrylC and Cry3Aa toxinpress a chronic toxicity on adult honey
bees, while no adverse effects can be attributespooal Bt formulation both with adult bees and
emergent bees, even if in combination with a shblettoncentration of Fipronil. Different
enzymatic biomarkers were improved, and in somes;aas in GST, our study permit to validate
the use of that kind of bioindication method in bprbees; nervertheless a supplementary research
involving semi-field and field experimentation wdwdllow to confirm these results.

We consider these results relevant to evaluaticdBMfcrops side effects even if a semi field and
a field confirmation of such a phenomenon are ng@edée also conclude that, to our experience, no
relevant risk can be associated withkurstakitreatments, confirming that the use of such prtsluc

can be considered as safe.

3.2 Honey bees combined exposure Bi spores and deltamethrin: toxicity and physiologich
changes
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3.2.1 Introduction

Honey bees are exposed to a wide variety of enmeottal contaminants, mainly pesticides, due
to their intense foraging activity and the largeoammt of potentially contaminated nectar and pollen
that they collect and store in the hive. The siamndbus presence of several active ingredients in the
stored pollen and bee bread has been well-docuth¢@teauzatet al, 2006; Mullinet al, 2010).
Similarly, the exposure to multiple pesticide i ireld is likely to occur when bees go foraging an
area interested by successive treatments or wieefield treatments are performed using a mixture
of different active ingredients, both chemical &mlogical.

Even though a multiple pesticide exposure seemisetbhe most representative and realistic
scenario of honey bees exposure in the fieldgliglknown about the effect of multiple pesticides
exposure. At present, a few studies focussed carypimixture of pesticides. The combination of
azoles fungicides and pyrethroid insecticides, digect contact, has been proven to exhibit
synergistic characteristics, both on mortality atfdctory learning performances (Vandaeteal,
1995; Vandame and Belzunces, 1998). Neonicotinomdecticides and in particular those
belonging to cyano-substituded group (i.e. thiacgtbpnd acetamiprid) have been also described as
potentially synergic with azoles fungicides, siticey share the same detoxification metabolic path
as pyrethroids (lwasat al, 2004).

Another important feature in combined pesticide ¢iyiis the sensitivity to the administered
product. It is accepted that pesticide sensitiintyroney bees depends on many factors as season,
(Meled et al, 1998; Decourtyeet al, 2003) age (Gueet al, 2001), brood rearing temperature
(Medrzyckiet al, 2010), and presence of other stressors as patbdélauxet al, 2010; Aufauvre
et al., 2012), but few studies investigated the pestiexjgosure as a sensitization factor.

Here, we consider the combined exposure of honeg be a biological insecticid&acillus
thuringiensis and a chemical product, deltamethrin, when adstenéd successively, trough time.
In order to test this hypothesis on honey bees, cambined also two way of exposure,
administeringB.thuringiensisvia ingestion, followed by an acute treatment wititamethrin via
direct contact. We considered, in fact, that inieddf exposure scenario, honey bees might be
exposed tdt while foraging via nectar and pollen, followed &ylirect exposure to an aerial spray
insecticidal treatment with deltamethrin.

Bacillus thuringiensiss a gram-positive soil bacterium expressing itisetal properties, as its
spores contain toxic crystal proteins, named CryngxThe inactivated form of the toxin becomes
active in insect gut where, following a receptordmaéed anchorage to the membrane of gut cells, it
causes cell lysis and ultimately leads to the insieath. (Gillet al, 1992; Bravoet al, 2007;
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Vachonet al, 2012). Sporal formulation d.thuringiensisvar kurstakiare widely employed in
order to control pests, especially Lepidopterana @ast number of crops.

Cry toxins genes are also employed for geneticsteamation, in order to confer a long lasting
insect resistance in all plant tissues. This tegqmmiis now diffused especially in maize, cotton,
soybean and oil seed rape crops. The presenceyddxins in pollen has been proven for different
toxins and in several cultures as maize and cdfearinget al, 1997; Han Pengt al, 2010a),
representing an exposure risk to beneficial artbdspand pollinators (Malone and Burgess, 2009).

At present, botlBt toxins and spores haven’t been found to causdfis@gnt mortality neither to
adult honey bees nor to larvae (Lat al, 2009; Han Penget al, 2010a; Daiet al, 2012;
Hendriksmaet al, 2012). Their influence on sublethal effect hasrbstudied, as well: no effects of
a Bt toxin, CrylBa, has been seen on morphological Idpweent (Maloneet al, 2004), whereas
feeding behaviour and learning performances haea lperturbed by a chronic CrylAb treatment
(Ramirez-Romeret al, 2008). Here, we investigated the effect of adulonic ingestion treatment
of a Bt kurstakistrain expressing CrylAa, CrylAb, CrylAc, Cry2Ada@ry2B toxins (hereafter
referred to a8t 4D1). As a reference, we also tested a modifiesdrshot expressing any Cry toxin
(hereafter referred to &t 4Q2).

Deltamethrin is a synthetic type Il pyrethroid ioseide that express a high toxicity to insects,
causing hyper excitation of the nervous systemmigyairing sodium channel action (Soderlund and
Bloomquist, 1989). Its generalist mode of actioted®mines a lack of selectivity towards other
invertebrates as beneficial arthropods and pobirsatso exposing also honey bees to a relevant
risk. Acute and chronic toxicity tests have provea detrimental effect of deltamethrin on survival
and learning performances of adult honey bees @feefcal, 1985; Vandamet al, 1995; Meledet
al., 1998; Pham-Delegust al, 2002).

In this study, we considered as relevant toxicitgioints other than mortality rate, the response
to treatments of enzymatic markers as glutathiotesssferase (GST), superoxide dismutase
(SOD), catalase (CAT), alkaline phosphatase (AgRicose-6-phosphate dehydrogenase (G6PDH)
and glyceraldeyde-3-phosphate dehydrogenase (GARBdde activity.

The objective of the present study was therefgro (study the combined toxicity to honey bees
of Bt spores ingestion for 5 days followed by an acutetact treatment with deltamethrin field
dose rate (ii) to evaluate the sensitization effeicBt towards deltamethrin (iii) to study the
physiological variations caused to both treatmdmngsvaluating the enzymatic activity of six stress

marker enzymes.
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3.2.2 Materials and methods
Honey bees

In order to obtain emergent bees, two brood framere collected from a queen rigApis
mellifera colony previously controlled for its health statMge used bees from the same colony in
order to minimize the colony effect that was highted in other experimental studies. The brood
frames were kept in an incubator at controlled taatpee and humidity (34°C + 2°C, 60% + 10%
relative humidity, darkness) and emergent bees w@tected after one day incubation. Therefore,
at the beginning of the trial, bees were emergecdesa minimum of one hour up to one day. Honey
bees were then grouped by 30 in plastic rearings4@ x 8,5 x 10 cm), adapted from Pain type,
with a source of queen pheromone blend (one tHirdoommercial Beeboost stick) and provided
with multifloral pollen, candy (Commercial Apifondaoney and sugar) and water; cages were kept
at controlled temperature and humidity (34°C £ 260% + 10% relative humidity, darkness) for
all the duration of the trial. After one day of atktion to rearing conditions, dead bees were
removed and the sub-chronic treatment was admiakteéSix experimental cages were used for

each treatment group.

Experimental procedure

Bt spores dilutions were prepared in distilled waséock solutions at 1 mg/L and 10 mg/L were
prepared and conserved at -20°C. In order to oltantreatment final concentrations (100 and
1000 ug/L), working solutions were freshly madediutions in sugar syrup (50% w/v sucrose)
and renewed dailyBt solutions were administered to bees 10 hours @gr During the treatment,
the candy feeder and the water tube was removedihemdreplaced each day at the end of the
treatment. Syrup consumption was assessed by weggkdch day the feeders before and after the
treatment.

After 5 days of exposure t8t spores, an acute contact treatment with deltamethas
performed through a pulverizing tower modified frdpotter type. A commercial deltamethrin
liquid formulation (Decis Protech®) was used foe ttontact acute treatment through a pulveriser
modified from Potter tower type; the concentratajra.i. deltamethrin was established in the field
recommended dosage (7,5 g/ha) (fig 3.2.1). Theartnation of a.i. in the working solution was
calculated considering the surface of the disc @igethe contact contamination and the volume of
employed solution fallen down on the disc after thdverisation. Final concentration solutions
were prepared in distilled water the day beforeitb@xication and conserved in dark-glass bottles.

Honey bees were anaesthetized with a slight fl@ and then placed on the disc under the Potter
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tower. After the acute treatment, bees were reinted in the rearing cages and in the incubator.

Mortality was registered at 2, 4, 6, 24, 48 anch@@rs after treatment.

Deltamethrin
0.03 g/L

Bt (4Q2/4D1)

100 pg/L
1000 pg/L

Figure 3.2.1.Scheme of the experimentation, tested productsiasés.

Enzymatic assays

In order to perform enzymatic biomarker assaysgedtioney bees were sampled at the end of the
Bt treatment (day 5) and 72 hours after the acutgnrent (day 8). Bees were dissected and heads,
midguts and abdomens voided of the midgut and thmeyhgac, were conserved at -80°C. Four
repetitions were performed for each treatment grangb three honey bees were sacrificed for each
repetition. The tissue extracts were obtained byndgenizing (TissuLyserTM; Qiagen; 5610 s at
30 MHz) three heads (or midguts or voided abdomémghe extraction buffer (40 mM L-S
phosphate buffer at pH 7.4; 10 mM NaCl; 1% Tritpmtease inhibitors). The homogenates were
centrifuged at 15,000 g for 20 minutes at 4°C amal resulting supernatants kept in ice-cooled
tubes. The extracts were employed for enzymatiayassperforming three replicates for each
repetition.

Glutathione-S-Transferase (GST) activity was spgttotometrically assessed measuring the
conjugation of reduced glutathione (GSH) to 1-ati@r4-dinitrobenzene (CDNB) using a method
adapted from Habig et al. (1974). GST activity wasasured in heads and midguts by addingl10
of enzymatic extract to the reaction mixture camtay 1 mM ethylenediaminetetracetic acid
(EDTA), 2.5 mM GSH, 1 mM CDNB and 100 mM Na/K-phbspe buffer at pH 7.4. GST activity
was quantified by recording the appearance of cat@agproduct at 340 nm during 5 min.

Superoxide dismutase (SOD) activity was indiredgsessed by measuring at 560 nm the
reduction of nitrobleu tetrazolium @Y) by O, generated by the xanthine/xanthine oxydase
reaction. SOD activity is negative correlated tBTNreduction, competing for the same substrate
(O2). The assay was performed addingd®f head or midgut enzymatic extract to 1@0of
reaction mixture containing 50 mM sodium carbonaliebdium phosphate buffer at pH 7.8, 0.1
mM EDTA, 0.1 Xanthine, 0.025 mMBIT, 0.083 U/mL Xanthine oxydase.
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Catalase (CAT) was assessed by measuring decreaisarbance due to,B, extinction, at
240 nm for 10 minutes. 19@ of 30 mM HO, and 100 mM NakPO, buffer at pH 7.30 were
added to 1Qu tissue extract (Beers and Sizer, 1952).

Alkaline phosphatase (ALP) activity was assayedhineaction medium containing 10 of
enzymatic midgut extract, 20 mM MgCI2, 2 mM p-nithgmyl phosphate and 100 mM Tris—HCI
buffer at pH 8.5. The enzymatic activity was meaduby monitoring at 410 nm for 5 minutes
through spectrophotometry the transformation oftpsphenyl phosphate to p-nitrophenol (Bounias
et al., 1996).

Glucose-6-phosphate dehydrogenase (G6PDH) activis assessed by measuring the
transformation of glucose-6-phosphate to 6-phogghoenate through the reduction @
Nicotinamide Adenine Dinucleotide Phosphate Hyd(AtBlADP). A medium containing 100 mM
Trizma base buffer at pH 7.4, 1 mM D-Glucose 6-phase disodium (G6P Mg 0.5 mM f-
NADP, 10 mM MgC} was monitored for 5 minutes at 340 nm.

Glyceraldeyde-3-phosphate dehydrogenase (GAPDHNitgctvas assessed measuring at 340
nm the formation of glyceraldeyde-3-phosphate figlgterate-1,3-diphosphate, the latter formed
by the conjugation of 3-phosphoglyceric acid (3-B@Ad 3-phosphoglyceric phosphokinase (3-
PGK). The reaction medium was constituted by 80 t&thanolamine buffer at pH 7.6, 7 mM  3-
PGA, 4 mM L-Cysteine HCL neutralized with sodiunmcdabonate, 2 mM magnesium sulfate
(MgS04), 120 uM reduceg-Nicotinamide Adenin dinucleotidB{NADH), 1.2 mM ATP, 1 mM
EDTA, 5 U 3-PGK.

Statistical analysis

Mortality data were log-transformed and comparadgia general linear model and an analysis
of variance (ANOVA). Enzymatic assay data were yred through a two-way ANOVA to define
general tendencies and with Mann-Whitney U tesbiider to obtain a pair wise comparison
between treatments. All comparisons described walpes inferior to 0.05 were considered as
significantly different. All analysis was performadth R software (version 2.14.1).

3.2.3 Results
Mortality and feeding behaviour

The mortality registered during the sub-chronic expe toBt strains 4Q2 and 4D1 was not
different from control; indeed all the treatmenbgps remained under 5% of mortality at day 5.
After the acute contact exposure, a significanthéigmortality than control was seen for all

deltamethrin treated groups (p<1xfpwithout differences between them (fig. 3.2.2 a).
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Corrected cumulative mortality (%)

The feeding behaviour was evaluated for the oeatinent withBt spores, in the first 5 days of
the trial. The syrup consumption was estimated eamdaily data adjusted with mortality. Honey
bees consumed more syrup on the first day (p<@0d)the 4D1 treatment at the lowest dose (100
ug/L) was related to a higher comsumption. In patéic on day 3 honey bees belonging to this

treatment group consumed more syrup than the otles (fig. 3.2.2 b).

80 1—— Delta

—&— 4Q2 100+Delta

—0— 4Q2 1000+Delta

—&— 4D1 100+Delta
4D1 1000+Delta

control
4Q2 100
4Q2 1000
4D1 100
4D1 1000

— 35 7

30

EEXX

25 1

20

15 4

10

Daily syrup consumption (ul/bee/day

T T T T T T T T T T T
2 4 6 24 48 72 1 2 3 4 5

a Hours from treatment b days

Figure 3.2.2. Effect of Bt spores combined with deltamethrin on mortality andsyrup consumption
Data represents percent corrected cumulative nitgredter the combined exposure to different dosieBt
spores from twoBt strains and deltamethrin (a) and mean daily sytopsumption (ul/bee/day) in
dependence dt spores treatments (b). The deltamethrin untregitedp had a mortality inferior to 5% and
similar to control. Different letters indicate ttgabups are significantly different from control.

Enzymatic activity
GST activity

GST activity was measured in the heads and in tlguts. At day 5, a slight decreasing effect
related toBt exposure was evidenced in heads (p=0.006) andutsidg= 0.05), for both strains. At
day 8, ANOVA performed on overall data showed trwttrol bees had a significantly higher GST
activity thanBt treated bees, both in heads (p=0.03) and in nmsd@u0001). While in the heads
both strains contributed to the decreasing effecthe midguts, the lower GST level is mainly
explicated by 4Q2 strain. Conversely, deltamethiad no effect on GST activity (fig. 3.2.3; tab.
3.2.1).
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GST head tissue activity (muA/min/mg of tissue)

GST midgut tissue activity (muA/min/mg of tissue)
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Figure 3.2.3. Effect ofBt combined or not with deltamethrin on GST activity. Glutathione-S-transferase
(GST) activity was assessed in heads at day 5nghday 8 (b) and in midguts (c, d) on the same §amp
dates, respectively. Each treatment group is doteti by 4 repetitions performed in triplicate (2¥leach
sample containing 3 individualBifferences between treatment groups were estimateddann-Whitney U
test: different letters indicate a significant diénce between groups (p<0.05). Data are represasteoxes
corresponding to 50% of the measures; the line slig@s the median, whiskers include 90% of the dath
outliers are represented by circles.

SOD activity
SOD activity was assessed in both heads and midgutslay 5, control and treated bees
expressed a similar SOD level in heads and in n&dfig. 3.2.4 a, c). At day 8, ANOVA analysis

highlighted a significant effect oBt strains in increasing enzymatic activity, both heads
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(p=0.0001), and midguts (px10'%: a between-strains comparison showed that 4Bdtrtrent
was significantly higher that 4Q2, in both compartis (fig. 3.2.4 b, d). Though deltamethrin
treated bees appeared no different form controf oaesignificant interaction between treatments
was evidenced by ANOVA analysis (tab. 3.2.1).
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Figure 3.2.4. Effect ofBt combined or not with deltamethrin on SOD activity. Superoxide Dismutase
(SOD) activity was assessed in heads at day 5Snghday 8 (b) and in midguts (c, d) on the same Sagp
dates, respectively. Each treatment group is doteti by 4 repetitions performed in triplicate (2¥leach
sample containing 3 individualBifferences between treatment groups were estimateddann-Whitney U
test: different letters indicate a significant difnce between groups (p<0.05). Data are represasteoxes
corresponding to 50% of the measures; the line slig@s the median, whiskers include 90% of the dath
outliers are represented by circles.

CAT activity
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The activity of catalase was measured in heBtseatment resulted in a significant decrease of
enzymatic activity at day 5 (p= 0.004), with 4DIast determining a lower activity than 4Q2
(p=0.021) (fig. 3.2.5 a). At day 8, the same reiductn enzyme activity was assessed (pKI°),
with no differences between the strains (fig. 312,3ab. 3.2.1). Since data showed no coherent
variations of CAT activity as consequence of deltthimn treatment, no clear effects of this product

can be described.
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Figure 3.2.5. Effect ofBt combined or not with deltamethrin on CAT activity. Catalase (CAT) activity
was assessed in heads at day 5 (a) and day 8 gbl. tEeatment group is constituted by 4 repetitions
performed in triplicate (n=12), each sample comtgr8 individuals.Differences between treatment groups
were estimated by Mann-Whitney U test: differenteles indicate a significant difference betweenugso
(p<0.05). Data are represented as boxes corresppndi50% of the measures; the line symbolizes the
median, whiskers include 90% of the data and oathee represented by circles.

ALP activity

Alkaline phosphatase activity was measured in ntglght day 5, ALP was found to be lower in
Bt treated bees (0.004), in particular in 4D1 treatinggoup (p=0.001) (fig. 3.2.6 a). Three days
later (day 8) a decrease of activity was recordeBtifed bees (p<410°); this effect cannot be
related to a specific strain, as no significanfedénce was found between 4Q2 and 4D1 enzymatic
levels. Moreover, ANOVA analysis performed on atalshow an increasing effect of ALP activity
due to deltamethrin exposure (p=0.0002; tab. 3.2ah)d the interaction betweeBt and
Deltamethrin treatment was significant (p=0.02%).(8.2.6 b).
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Figure 3.2.6. Effect ofBt combined or not with deltamethrin on ALP activity. Alkaline phosphatase
(ALP) activity was assessed in midguts at day Sata) day 8 (b). Each treatment group is constitbied
repetitions performed in triplicate (n=12), eachmpke containing 3 individualsDifferences between
treatment groups were estimated by Mann-Whitneg4t: Wifferent letters indicate a significant diface
between groups (p<0.05). Data are represented »&s lmrresponding to 50% of the measures; the line
symbolizes the median, whiskers include 90% ofdda and outliers are represented by circles.

GAPDH activity

The activity of this enzyme was measured in abdemavoided of the gut and the honey sac.
At the end of the subchronic treatment wighspores (day 5) a higher activity was found for the
lowest dose of 4Q2 strain and the higher dose df gftain (Mann-Whitney U-test), even though
no global effect can be attributedBg as suggested by ANOVA performed on the overathskt.
Conversely, a significant difference betweBh treatment and control was showed at day 8
(p=0.020). A deltamethrin effect was highlightesl veell; in fact, enzymatic levels correspondent to
deltamethrin treated bees, were lower than cofre0.0005) and the combination betwedxrand
deltamethrin determined a stronger decreasingtd(jie®©.004) (fig. 3.2.7 b; tab. 3.2.1).

G6PDH activity

G6PDH activity was measured in abdomens devoideédeofjut and the honey sac. Comparable
levels of this enzyme were found in control anditied bees at day 5 (fig. 3.2.8 a); Mann-Whitney
U-test comparisons highlighted a significant lowearel for the higher dose of 4D1 strain, but no
overall effect ofBt can be confirmed by ANOVA analysis. At day 8, amasing effect oBt
spores ingestion was found, if compared with thetrod (p=0.0005) and 4D1 strain induced a
stronger decrease in enzymatic activity than 4GD @8). Deltamethrin treated bees exhibited a
lower G6PDH level than non treated ones (pkI') (fig. 3.2.8 b; tab. 3.2.1).
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measures; the line symbolizes the median, whiskehsde 90% of the data and outliers are repregenye

circles.

Table 3.2.1. AOV analysis of enzymatic activity dat (p values).Activity of GST, CAT, SOD, ALP,
GAPDH and G6PDH was analyzed as function of deltarire treatment,Bt treatment,Bt strains,and
interaction betweeBt and deltamethrin. Statistical analysis were pemnfat with ANOVA. Differences were
considered significanivhen p value was inferior than 0.05. Significanseindicated with “***' when
p<0.001, ** when p<0.01 and *’ when p<0.05.

GST (head) GST (midgut) SOD (head) SOD (midgut)
day 5 Day 8 day 5 day 8 day 5 day 8 day 5 day 8
Deltamet. 0.441 0.128 0.223 0.882
Bt 0.006 ** 0.030 * 0.05 * 0.0001 *** 0.101 0.0001 *** 0.498 <1x 1070 xxx
Delta*Bt 0.409 0.184 0.246 0.121
Bt 4Q2/4D1 0.189 0.947 0.634 0.0001 *** 0.105 0.001** 0.498 <1x 107 ***
CAT (head) ALP (midgut) GAPDH (abdomen) G6PDH (abdomen)
day 5 Day 8 day 5 day 8 day 5 day 8 day 5 day 8
Deltamet. 0.483 0.0002 *** 0.0005*** <1x107 ***
Bt 0.004 ** <1x10°® #x* 0.004 ** <1x1078 *x* 0.971 0.020 * 0.569 0.0005 ***
Delta*Bt 0.825 0.025 * 0.004 ** 0.199
Bt 4Q2/4D1 0.021 * 0.305 0.001** 0.228 0.933 0.012* 0.313 0.048 *

3.2.4 Discussion and conclusions
Mortality

Consistently to toxicity data abo@t sporal formulations (Mommaeret al, 2010) and our
previous experiences, no significant mortality eff@as recorded during the sub chronic exposure.
Deltamethrin provoked a significantly higher mattalat field recommended dose, even though
honey bees previously treated wilt spores didn’'t show a higher sensitivity to deltdme
exposure. Thus, at a mortality level, we couldewtence a combined effect of these products nor

a sensitization effect.

Enzymatic activity

As physiological parameters of pesticide effect,evaluate the variation in enzymatic activities
of three oxidative stress linked enzymes: GlutatieTransferase (GST), Superoxyde dismutase
(SOD) and Catalase (CAT). Furthermore, we constténe response of three metabolic enzymes
as Alkaline phosphatase (ALP), Glucose-6-phosptieleydrogenase (G6PDH) and Glyceraldeyde-
3-phosphate dehydrogenase (GAPDH).

Oxidative stress enzymes
GST is a group of ubiquitous enzymes that playsagomrole in the organism reaction to
contaminants and cellular stress in general. Tisé diescribed function of GST is its detoxification

activity, due to the conjugation of xenobiotic nmlées with reduced glutathione (GSH) (Baars and
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Breimer, 1980). More recently, its involvement igllalar oxidative stress has been proposed. In
fact, GST can operate in reducing damage of oxidiztonditions as lipid peroxydation and
hydrogen peroxide production (Felton and Summe&851Barbehenn, 2002).

Here, we show a reduction in GST tissue activityhgads after 5 days of sub chroidt
treatment, compared to control levels. A slightrdasing trend, was also found 3 days after the end
of the Bt exposure (day 8), both in heads and in midgutswApreviously verified, an exposure of
10 days to the santét strains at the same concentrations, determinediction in GST activity,
even though the percentage of reduction compardtietaontrol was higher in that experience,
probably suggesting an effect of the exposure tivhareover, both bacterial strains contributed to
this result, so that we cannot ascribe the toxrairstto have some effect on GST activity.
Consistently, a hypothesis about the involvementhef bacterial components in producing an
enzyme variation might be proposed.

Superoxide dismutase and Catalase, can be corgidsréhe most important cell defences
against oxidative stress damages caused by reamtiygen species (ROS) (Livingstor al,
1992). These two enzymes can operate in successi@move oxygen intermediates: SOD is the
principal scavenger for superoxide anions thattemesformed into hydrogen peroxide. CAT can
subsequently neutralize,&, converting it into HO and Q, thus preventing peroxidation of lipids
and other molecules. SOD variations are mainly le#ggd by substrate concentration and the
enzyme activity increases are generally relateokidative stress conditions in the cell. Here, SOD
levels increases both in heads and in midgutsspase tdt treatment. Even if the augmentation
is not so relevant after 5 days of exposure, at&lase register a clear increasing trend in function
of Bt strain and dose. Consequently, we could expecteamanced CAT level, as .8,
concentration is augmented by SOD activity. Howeaeboth sampling date, the catalase level in
midgut decreases in dependencaBbfreatment. Indeed, as described by other stu#iesq and
Fridovich, 1982; Gultekiret al, 2000), CAT can be inhibited in condition of oxida stress and
high concentration of ROS. This findings are caesis with variations occurred iGalleria
mellonellalarvae after aB. thuringiensisexposure (Dubovskiyt al, 2008). We can therefore
hypothesize thaBt treatment lead to an oxidative stress status meydees, even though the
percentage of enzymatic variations compared torabntay allow to assume a low oxidative stress
condition.

Chemical pesticides, as organophosphates and catbsinave also been related to SOD/CAT
variations in response to oxygen reactive speaesrulation (Ferraret al, 2011). Conversely, no

effect of deltamethrin on oxidative stress enzyhesbeen evidenced in treated bees.

Intestinal metabolism
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We evaluated the tissue activity of alkaline phosapées a digestive enzyme acting through
phosphorylation of substrates to allow their adsorp through the intestinal epithelium. Its
physiological variations have been related to amiriants exposure in insects (Badiou-Bénétetau
al., 2012), event though an ALP-based biomarker wstiil not extensively employed.

Besides its main function in digestion, an importanié of ALP in mediating the action &.
thuringiensishas been discovered; ALP might in fact represanbgestinal receptor ddt involved
in the development of bacterial toxicity througmé (Upadhyay and Singh, 2011). Moreouét,
resistant insects have found to express less AltReintestinal membrane and counterparty higher
ALP concentration in the gut lumen: the interactlmetween ALP and Cry toxins in the lumen
resulted in a reduced anchorage to the epitheli@mionane, thus leading to a reduced effedtof
treatments (Cacciat al2012). Here, we find &t related reduction of ALP activity. However,
having not measured the specific membrane enzymatacwe cannot assume that this reduction
is due to an interaction with Cry elements in thdgut.

ALP activity was proved to be stimulated by cherhigasticides as thiamethoxam (Badiou-
Bénétealret al, 2012), even though the biochemical mechanisntimglgesticide presence to ALP
increased activity isn’t well known yet. In superarganisms, like fishes, ALP increase in response
to a synthetic pyrethroid, cypermethrin,l s exptgiras a symptom of tissue damage, with particular
reference to liver necrosis (Firat al, 2011). Here, we point out the deltamethrin lohkecrease in
ALP enzymatic activity, consistently with those dings. Furthermore, a positive interaction
betweerBt and deltamethrin treatment is evidenced, sincednebination of both treatments leads

to a higher ALP level compared Bt-treated bees, for bot strains.

Energetic metabolism enzymes

Glyceraldeyde-3-phosphate dehydrogenase (GAPDH)Glndose-6-phosphate dehydrogenase
(G6PDH) take part to the carbohydrate and energegtabolism, being the key-enzymes of
glycolysis and pentose phosphate pathway, respdgtivhese two enzymes are still scarcely
employed as biochemical markers of pesticide exgosunsects and other organisms, even though
some studies investigated this topic. Besides @mnole in glucose catabolism, it has been shown
that GAPDH is involved in cell death associatedhwakidative stress, generated by a pesticide
exposure (i.e. paraquat) (Ortiz-Orgz al, 2010). G6PDH is involved in NADPH productionath
IS necessary to provide the reductive potentidhte oxidative stress conditions, also maintaining
reduced glutathione (GSH). The exposure to chempedticides as organophosphates and
herbicides determines a decrease in G6PDH actimitiuman erythrocytes, thus reducing the

organism capacity to react to oxidative damagec{glizelet al, 2001).
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Here, deltamethrin has a decreasing effect botARDH and G6PDH. This result suggests a
reduced glucose metabolism that would determintheasame time, a reduced energetic supply by
reducing glycolysis, and a lower capacity to facelative stress conditions with a lower G6PDH
activity.

In conclusionBt treatment with spores have been confirmed not fuditian honey bees, since no
significant mortality is expressed. The recordediatmns in enzymatic levels suggest a
physiological effect of such a treatment, sometim&srelated to the expression of Cry toxins, as in
the case of GST. This result raises interest agctffof bacterial components as cell wall molecules
on honey bee physiology. The pyrethroid deltametltaused some important modifications,
especially to ALP and GAPDH/G6PDH levels. For thosssons, we point out the interest of future
research on the development of such biomarkershiemical pesticides exposure.

3.3 Physiological changes induced by a combined &tnent with difenoconazole and
deltamethrin
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In this third experience, we tested the effect o$udchronic treatment with the fungicide
difenoconazole followed by a contact acute treatmati deltamethrin. Difenoconazole is an azole
fungicide, whose interaction with pyrethroids insgdes, and deltamethrin in particular, has been
assessed in previous studies (Medeal, 1998; Vandame and Belzunces, 1998). Azoles fiohegc
can succeed in inhibiting the development of theg&lincell wall by interfering with P450
monoxygenases. This monoxygenase is also involvedietoxification pathways for several
pesticides, and particularly pyrethroids (Vandame Belzunces, 1998). Hence, it has been proved
that the exposure to azoles fungicides, enhanceshdhey bee sensitivity to a following or
contemporary pyrethroid administration. Synergisitects can be evidenced in a significant
augmentation of bee mortality, that occurs fortaohexposure with doses higher than 25 g/ha
(Meled et al, 1998), or in the impairment of the termoregulaticapacities, starting form 850
ng/bee (Vandame and Belzunces, 1998). Here, weechostest extremely low doses of
difenoconazole, administered orally. In fact, thesence of residues of such substance in pollen
has been demonstrated, with amounts going frongiig in fresh pollen loads (Skegt al, 2009)
to 130 ug/Kg in bee bread (Mulliret al, 2010). Conversely, deltamethrin was administesed
direct contact, with a simulation of a pulverizatimeatment. Also in this case, we chose to test lo
doses of deltamethrin, corresponding to 1/5, 1@ &#250 of the field recommended dose (7.5
g/ha) (fig. 3.3.1).

The objective of this study was therefore to evi@ue toxicity and the effect on various
enzymes of a subchronic treatment with the selectegicide, followed by three different doses of

deltamethrin.

3.3.1 Material and methods
Honey bees

Emergent honey bees were obtained by incubatingb@dbframe from a healthy queen -right
colony at controlled conditions (34°C + 2°C; 60%&% RH; darkness). After emergence, bees
were grouped by 30 and kept in experimental cagswblishing 6 petition for each treatment
(n=180). The rearing conditions were controlled andonstant temperature of 34°C £+ 2°C with
60%=+ 10% of relative humidity was assured. All teges were provided with candy, water, a
multifloral pollen supply and a source of queen rph®wne blend (one third of commercial
Beeboost). The subchronic treatment was admindgté@ehours per day through a contaminated
syrup (50% sucrose in tap water) containing 5 paf/ldifenoconazole. In order to allow a good
solubility of this product, 0,1% DMSO was addedatiosolutions. A stock solution was prepared in
distilled water and then stored at -20°C, whereasking solutions were prepared and renewed
each day in syrup. The treatment consumption amdntbrtality were registered daily.
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Deltamethrin

0.00012 g/L
5 ug/L 0.0006 g/L
0.006 g/L

Difenoconazole

Figure 3.3.1.Scheme of the experimentation, tested productsiases.

Sampling for enzymatic assays were performed tke day, keeping only alive bees, and
conserving them at — 80°C. After dissection, thadseand the midguts were separated and
analyzed. Three repetitions were established foh é@atment group, with 3 honey bees used for
each extraction (repetition). Each repetition washtmeasured in triplicate.

Biochemical assays

In each treatment group, we measured the activitg®T in the heads and in the midguts, the
activity of CAT in the heads and the ALP activitythe midguts. Experimental procedure was the
same as used in the other experimentations. Detgtetocols are described in the Annex

(experimental procedures).

Statistical analysis

Biochemical assays data were comprehensively amdlyy a one way ANOVA, considering the
enzymatic activity as function of the deltamethiclifenoconazole treatment and treatments
interaction. Mann-Whitney U-test was then used ideorto evidence pair wise comparisons
between treatment groups. Statistical analysis oivise comparisons is described in the figures,
while a summary of AOV performed on whole datageshown in table 3.3.1.

3.3.2 Results and discussion
Mortality

Mortality data were always under 5%, for all treatrhgroups, with no differences between
control and any other treatment. Therefore, we idened all the tested products and doses as

sublethal and no toxic for honey bees.

Enzymatic assays
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GST activity was assessed in heads and midguke artd of the experimentation. In the heads,
the difenoconazole treatment resulted in a sigaifigncrease of GST activity (p=<1x1)0 while
deltamethrin determined a lower enzymatic leveld)(p26). In the midguts, deltamethrin induced a
reduction in activity (p=0.000), whereas difenocia had no relevant influence (fig. 3.3.2). As
noticed in previous experience, GST does not pm\adclear response following a chemical

pesticide exposure.
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Figure 3.3.2. Effect of difenoconazoleombined or not with deltamethrin on GST activity. GST activity
was assessed in heads (a) and midguts (b) at dagd treatment group is constituted by 3 repetitio
performed in triplicate (n=9), each sample contagnB individuals. Differences between treatmentugeo
were estimated by Mann-Whitney U test: differenteles indicate a significant difference betweenugs
(p<0.05). Data are represented as boxes corresgppndi50% of the measures; the line symbolizes the
median, whiskers include 90% of the data and ogthee represented by circles.

The ALP activity, measured in midguts, was not uaficed by any of the deltamethrin
concentrations, while the difenoconazole treatmmestilted in an enhanced activity (p=0.02). This
contaminant mediated augmentation of ALP was ajreminonstrated by two authors (Bounés
al.,, 1996; Badiou-Bénéteaet al, 2012), even though little is known about the medras that

relate the exposure to pesticide and an enhanceshéms enzyme.
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Figure 3.3.3. Effect of difenoconazoleombined or not with deltamethrin on ALP activity. ALP activity
was assessed in midguts at day 8. Each treatmaump ¢8 constituted by 3 repetitions performed iplitate
(n=9), each sample containing 3 individuals. D#feres between treatment groups were estimated hyp-Ma
Whitney U test: different letters indicate a sigraht difference between groups (p<0.05). Data are
represented as boxes corresponding to 50% of thesumes; the line symbolizes the median, whiskers
include 90% of the data and outliers are represddgecircles.

CAT level was assessed in the heads, where itgtgottas significantly inhibited by deltamethrin
(p<1x10°. In particular, it is interesting to notice a centration dependent effect, so that the
higher concentration led to the lowest CAT levay.(3.3.4). Conversely, no influence could be
attributed to difenoconazole exposure. Howeverjgaifccant effect of the interaction between
treatment was found (p=0.004). The reduction cdleae activity as consequence of the exposure to
a pesticide or a general stressor was highlighteddveral authors (Kono and Fridovich, 1982;
Gultekinet al, 2000) This variation was interpreted as an irtlubicaused by the accumulation of
the enzyme substrate,,Gb. Interestingly, the combination of difenoconazole ateltamethrin

causes a weaker effect on catalase activity.
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Figure 3.3.4. Effect of difenoconazoleombined or not with deltamethrin on CAT activity. CAT
activity was assessed in heads at day 8. Eachmeatgroup is constituted by 3 repetitions perfatnire
triplicate (n=9), each sample containing 3 indiwtdu Differences between treatment groups werenattd

by Mann-Whitney U test: different letters indicatsignificant difference between groups (p<0.0%talare
represented as boxes corresponding to 50% of thesures; the line symbolizes the median, whiskers
include 90% of the data and outliers are represddyecircles.

Table 3.3.1. AOV analysis of enzymatic activity dat (p values).Activity of GST, CAT and ALP was
analyzed as function of deltamethrin and difenoeote treatments, alone and in interaction. Statti
analysis were performed with ANOVA. Differences waonsidered significanthen p value was inferior
than 0.05. Significance is indicated with “***" whgp<0.001, “**" when p<0.01 and ‘*" when p<0.05.

GST (head) GST (midgut) ALP (midgut) CAT (head)
day 8 day 8 day 8 day 8
Deltamethrin 0.026 * 0.000 *** 0.313 <1x10-2%**
Difenoconazole <1x107 *** 0.758 0.022 * 0.054
Delta*Difenoconazole 0.013 * 0.019 * 0.804 0.004 **
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4 GENERAL DISCUSSION AND CONCLUSIONS

In this research, two main issues of pesticide aiséessment to honey bees were addressed: the
evaluation of the risk of exposure and the asseassai¢he different effects caused by pesticides.

In the first part of this study, a specific way @tposure, first highlighted in consequence of
numerous honey bee mortality cases, was investigdte those important honey bee mortalities
happened in the same period and in the same amaias or sunflower sowing, several scientific
researches in Europe related these accidents tonéssive dust dispersal occurring during the
sowing operations. The contaminated dusts wereadt $upposed to contain residues of the
pesticides used for seed dressing treatment (Cddeigntifique et Technique, 2003; Greattial,
2003; Pistoriuset al, 2009). However, the entity of the contaminatioaswiever estimated with
specific researches.

Here, in the framework of a wider project on theisss of honey bees mortalities in Italy
(Apenet project), the quantification of the actdakt contamination was carried out and the real
possibility for forager bees to be exposed to aoimated dusts, was further demonstrated. The
numerous bee losses accidents in 2008, togethéartiagt results of the whole project ultimately
contributed to important regulatory actions inytalith the suspension of the use of maize seed
treatment with neonicotinoids and fipronil, up histday.

Within this project, we proposed an experimentathméology to assess the risk associated with
dust exposure, with respect to different activeredgents employed in seed dressing formulation
(imidacloprid, thiamethoxam, clothianidin and fiprb.

In laboratory conditions, all tested products weeeonstrated to be toxic to honey bees. The
acute exposurgia indirect contact to contaminated dusts causedyhenimortality than control,
even though, at the lowest concentration, it diderttail a significantly different mortality.
Nevertheless, it has been observed as the surfabe sbwed field has a positive relationship with
the amount of the dust deposit (ApeNet, 2010). @enmg this observation, it could be
hypothesized that the actual entity of the envirental contamination caused by the pesticide seed
treatment could be higher than measured in thergwpatal trials. That being so, the significant
toxicity provoked by 10 to 1000 fold concentrateglatment might be relevant to risk assessment
purpose.

In laboratory conditions, we demonstrated thatdbete toxicity of clothianidin contaminated
dusts, is comparable to that of the liquid formolatof the same active ingredient. Therefore, since
no standardized test methods were considered sdOBPP/EPPO, 2010), we evidence the

convenience of a specific risk assessment for dagisity to honey bees.
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In semi-field conditions, an effective protocol faasting dust effects on mortality and several
sublethal traits was developed, and the detrimeftatt on small colonies was evidenced, showing
a higher mortality soon after the treatment. Tleisuits are consistent to those obtained in another
field experimentation, where thiamethoxam dustdibxion honey bee mortality was highlighted
(Tremoladeet al, 2010).

The honey bees orientation capacity was then etalua a field experience, after the treatment
with clothianidin contaminated dusts. Neonicotirsoptovoke negative effects on homing flight and
foraging activity, as demonstrated in field coraht for imidacloprid (Bortolottiet al, 2003),
thiamethoxam (Henret al, 2012) and clothianidin (Schneidet al, 2012). The influence of
neonicotinoids residues in dusts was also proveadtersely influence honey bee olfactory and
visual learning (ApeNet, 2010). However, the homamglity and the duration of foraging flights
were not impaired by the exposure to clothianidistd, in our experimentation. Unfortunately, a
limited sample size and the impossibility to caowyt a field test repetition, didn’'t allow a more

accurate investigation.

In the second part of this research, the assessoigmesticides effects has been taken into
account, investigating some of the physiologicarges that can be detected at a biochemical level
in response to a pesticide exposure. Even thoughnthjority of sublethal effects is generally
represented by behavioural traits, we consider thateeper knowledge of pesticide-induced
changes at a subcellular level could be relevamistbassessment extent. We therefore evaluated
various kind of pesticides and different modalitid®exposure as potential stressors to honey bees.
To this aim, three experimentations were carried, desting the combination oBacillus
thuringiensis and fipronil, of Bacillus thuringiensisand deltamethrin and of difenoconazole
fungicide and deltamethrin. As endpoints, the d#gtiof different stress-linked enzymes was
evaluated. More in particular, we assessed theigcof GST, CAT, SOD, ALP, GAPDH and
G6PDH. These enzymes are involved in differentutall tasks, from detoxification (GST),
prevention of oxidative damage (CAT/SOD and GSTy§ gtucose metabolism (GAPDH and
G6PDH). Nonetheless, they are strictly relatedaicheother, as shown in figure 1.

We observed some significant variations of GSTvégtin function of the exposure to different
substances and the analyzed organ. The most rélelvanges were related Bi treatment: in the
first experience a strong decrease in GST level® wegistered following th&t kurstaki (4D1)
chronic exposure at both sampling date, until 2 ddter the beginning of the trial (tab. 4.1).ghi
response was confirmed in the midgut at day 2Qyels Similarly, in the second experience, we

measured GST levels after 5 days of treatmentwandbserved 8t related decrease (tab. 4.2). For
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those reasons, we can hypothesize a time-depe@®&htvariation, in response Bt so that a 10-
day exposure determines a more evident effect gh&rday administration. At the same time we
cannot totally attribute the decreasing effecthe toxinsexpressed byBt, since in the second
experience, the non toxic strain (4Q2) had a m@atar in diminishing GST levels. As proposed in
chapter 2.1, the lower GST activity in corresporodewith Bt treatment might be related to the
spontaneous oxidation of GSH that occurs in oxigasitress conditions (Baragh al, 2005). Since
GSH represents the main substrate for GST, thedathkis compound may determine a fall of the
enzyme activity. On the other hand, neither delthnre nor fipronil showed a clear effect on this
enzyme. On the contrary, the third experimentadiodence as deltamethrin determined a decrease
in midgut GST level. Therefore, we cannot assodiaedeltamethrin exposure with a clear trend in

GST variations,

Table 4.1.Physiological changes induced bt spores and deltamethrin

10 days
4Q2 4D1 4Q2 + fipronil 4D1 + fipronil
100/1000 pg/L 100/1000 pg/L 100/1000 pg/L 100/1000 pg/L
GST Head 1/ - L] -/ - Al
GST Midgut -1 -7 -/ - T
ALP Midgut -7 A Tt A
GADPH Abdomen 1/ - -1 - Tt
G6PDH Abdomen T - V- -/ - -/ -
20 days
4Q2 4D1 4Q2 + fipronil 4D1 + fipronil
100/1000 pg/L 100/1000 pg/L 100/1000 pg/L 100/1000 pg/L
GST Head -1} A -/ - A
GST Midgut I A a A
ALP Midgut L] 1l L V]
GADPH Abdomen -/ - -/ - -11 -1
G6PDH Abdomen -/ - -/ - -/ - -1t

Table 4.2. Physiological changes induced Bt spores and deltamethrin

8 days

4Q2 4D1 4Q2 + Delta 4D1 + Delta

100/1000 pg/L 100/1000 pg/L 100/1000 pg/L 100/1000 pg/L
GST Head -/ - -/- V- -/ -
GST Midgut L] -/ - V- -/ -
SOD Head V- 11 -/- A
SOD Midgut -/ - 11 -/- A
CAT Head a A a A
ALP Midgut -1 e /- -/ -
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GADPH Abdomen -/ - V- -/- L1-
G6PDH Abdomen -1} -1 V- A

Table 4.3. Physiological changes induced by difenmtazole and deltamethrin

8 days
Difenoc. Deltamethrin Difenoc. + Deltamethrin
5 ug/L 0.00012 /0.0006/0.006 g/L 0.00012/0.0006/0.006 g/L
GST Head - AW -1t -
GST Midgut ! AW Vi-1]
CAT Head - -1l LI-1]
ALP Midgut - -/-/- -/-1-

SOD/CAT have been examined as the most importanynees involved in prevention of cell
damage provoked by ROS excess (Livingstenal, 1992). These two enzymes, in the heads, show
an opposite trend, with SOD increasing and CAT dishiing following the exposure to a stressor.
We verified this occurrence with the exposureBto(tab. 4.1, 4.2) and, regarding CAT, with the
combined exposure to difenoconazole and deltanme(tab. 4.3). As suggested by Koebal. and
Gultekinet al (1982; 2000), a stress condition that determaégyh concentration of superoxide
anions might, at the same time, enhance SOD acagita @ scavenger and inhibit CAT activity
due to an accumulation of hydrogen peroxide. In @engeneral contest, this interpretation is
consistent to the considerations proposed for G8iations. Since hydrogen peroxide accumulates,

in fact, it might be involved also in GSH oxidatjghus leading to GST activity reduction (fig. 4.1)

Alkaline phosphatase (ALP) showed an inconstanawielr in response tBt that doesn’t allow
to affirm a solid interpretation. Counterparty, sSéems interesting to analyze its variations in
dependence on the chemical pesticides that wereideoed, fipronil, deltamethrin and
difenoconazole. Fipronil effect was assessed aetiteof a chronic 10-day treatment and after 10
more days from that sampling. In the fist datedipr was linked to a significant augmentation in
ALP activity compared to non fipronil treated groupéter 10 days from the end of the treatment,
this effect was no longer observed. Similarly, @®léthrin at 0.03 g/L concentration, induced a
significant increase in ALP levels (tab. 4.2). hedingly, deltamethrin at very low concentrations,
corresponding to 1/5, 1/50 and 1/250 of the fieldommended dose did not influence ALP levels.
This suggests a concentration-dependent respons#e.Pfto deltamethrin. Though this enzyme
hasn’'t been extensively studied in relationshiphwiesticide exposure in insects, our results are
consistent with those obtained employing thiameginoxas a chemical pesticide (Badiou-Bénéteau

et al., 2012). Further investigations, also withesttoxic compound are necessary to determine
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which aspect of these chemical insecticides inwlvwatestinal enzyme activities and ALP
modifications. Eventual findings might be relevémbetter understand their principal of secondary

mode of action.

H, O+ O, Pentose

'ﬂ phosphate
pathway

GSH NADPH 6PGL

GPx GR GG6PDH

G6P

Xenobiofi GSSG NADP+ |

H,0 Glucose

GST

GAPDH

55- xenob. conjugate \
Glycolysis

Figure 4.1 Overview of metabolic connection of enzymes empgtbin this research

GAPDH and G6PDH were analyzed as key role enzymeglficose metabolism, even though
their involvement in other metabolic processes ianakidative stress damage prevention has been
evidenced (Ortiz-Ortizt al, 2010). Here, we measured the variations of tlesaymes in the
abdomen, following the combined treatmentBafand fipronil or deltamethrin. Our results seem
particularly interesting with regards to chemicaktpmdes effects. Fipronil (1ug/L) chronically
administered for 10 days, provoked a significardnaentation in both enzymes activity, whereas
deltamethrin caused the opposite effect, determiaidgcrease in tissue activity.

The studies on the stress-induced reaction of th@seenzymes were rarely carried out on
insects. Their combined role in pesticide-inducedss is not well known and the interpretation of
their changes in response to a contaminant expasucentrasting. For example, some authors
suggest that a decrease in GAPDH and an increaS6RDH might follow a pesticide exposure. In
this interpretation, GAPDH might be inhibited byigh concentration of ROS, thus slowing down
glycolysis. The higher availability of glucose-6gdphate is then redirected to the pentose
phosphate pathway, to enhance the production of RIADKIletzienet al, 1994; Vermaet al,

2007). On the other hand, some other studies peoplogt a pesticide-dependent decrease of
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G6PDH represent a sign of the insufficient capaoityan organism to react to oxidative stress
conditions (Aliciguzelet al, 2001). For those reasons, we cannot suggesta ioterpretation of
the founded results for these two enzymes.

In conclusion, with this research work we propoaaceffective protocol to assess the toxicity of
pesticide contaminated dusts to honey bees, indadry;, semi field and field conditions.

The a priori determination of the environmental contaminatiagthvmeonicotinoid and fipronil
residues in sowing dusts, could allow further stadon lethal and sublethal effects on honey bee,
with the aim of describing an accurate dose-effelztionship. Moreover, it would permit useful
comparisons between the toxicity expressed by dargisother formulations, in order to perform a
complete risk assessment.

The study of the effect of different pesticides iofportant metabolic enzymes revealed the
consistent response to some of them to pesticrahgzed stress. In particular, we put the attention
on GST response 8t treatment, the coupled variation of SOD/CAT arel¢hanges in ALP levels
following a chemical pesticide contamination. Moregwvthis study shows that very low doses or
concentrations of different kind of pesticides, abde to elicit significant changes in physiologica
conditions. For those reasons, we stress the miterdn the potential usefulness of such
biochemical endpoints to improve the investigatimin pesticide effects, considering different

biological organisation levels.
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6 ANNEX - EXPERIMENTAL PROCEDURES
6.1 Protein extraction
Preparation of the extraction buffer

- Prepare a 2X LS-phosphate buffer: dilute 80 mM pr®] and 20 mM NacCl; adjust pH to
7.4,

- Prepare a 10X Triton 100x: dilute 10% w/v of Tritb@0x in distilled water;

- Prepare 200X proteases inhibitors (pepstatin Apkeetin, Aprotin, Trypsin, Antipain).

Preparations of the tissues (4°C)

- Label and weight tubes and place 3-5 heads/midthdemens in each tube;

- Weight tubes;

- Place a steel ball in every tube;

- Add the extraction buffer in function of the sampiass (10% w/v):

- Homogenize samples with a TissueLyser during 10rs#x for 5 times with 30 seconds of
pause between every time. Repeat this sequence wiib a pause of 30 minutes, placing
the samples at 4°C;

- Separate solid tissues from protein extract throcghtrifugation: centrifuge the tubes at
15000 rcf for 20 minutes (at 4 °C) in ;

- Withdraw the supernatant liquid with a micropipette

6.2 Glutathione-S-Transferase (GST) activity assay
Solutions and buffer preparation

- Prepare a phosphate buffer (5X): add,RB, (500 mM) to NaHPO, (500 mM) to get to
pH=7.4;

- Prepare 100 mM EDTA solution in distilled water (X)0

- Prepare 25 mM GSH solution in distilled water (10X)

- Prepare 100 mM CDNB solution in acetonitrile (100X)

Preparation of the reaction mixture
- Introduce in a reservoir:

4400 pL Tampon phosphate (5X)
220 uL EDTA 100X
2200 pL GSH 10X
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220 pL CDNB 100X
13860 L distilled water

Microplate preparation (96-well microplate, U-bottom)
- Introduce 10 pL of extraction buffer in blank wells
- Introduce 10 pL of tissue extract in sample wells;

- Introduce 190 pL of reaction mixture in all wells;

Enzymatic assay
- Read the plate in the spectrophotometer at 340 anelength

- Read kinetic data

6.3 Catalase (CAT) activity assay
Solutions and buffer preparation

- Prepare NakPQ, buffer (5X) and get pH to 7;
- Prepare 300 mM $D- in distilled water (10X).

Preparation of the reaction mixture
- Introduce in a reservoir:

4400 pL Tampon phosphate 5X
2200 pL HO, 10X
14300 pL distilled water

Microplate preparation ( 96-well microplate, U-bottom)
- Introduce 10 pL of extraction buffer in blank wells
- Introduce 10 pL of tissue extract in sample wells;

- Introduce 190 pL of reaction mixture in all wells.
Enzymatic assay

- Read the plate in the spectrophotometer at 240 anelngth;

- Read kinetic data.

6.4 Superoxyde dismutase (SOD) activity assay
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Solutions and buffer preparation

- Prepare phosphate/carbonate buffer: addR® (500 mM) to NaHPO, (500 mM)to get to
pH=7.8;

- Prepare 1 mM bD; in distilled water (10X);

- Prepare 0.5 mM xanthine in distilled water (5X);

- Prepare 0.25 mM NBT in phosphate/carbonate buff@Xj;

- Prepare a xanthine oxydase solution of 0.833 U/b@IX{.

Preparation of the reaction mixture
- Introduce in a reservoir:

2200 pL Tampon phosphate/carbonate 10X
2200 uL EDTA 10X

4400 pL Xanthine 5X

2200 pL NBT 10X

7700 pL distilled water

Microplate preparation (96-well microplate, U-bottom)
- Introduce 10 pL of extraction buffer in blank wells
- Introduce 10 pL of extraction buffer in refence lsgel
- Introduce 10 pL of tissue extract in sample wells;
- Introduce 20 pL of xanthine oxydase solution refeeesand sample wells;

- Introduce 170 pL of reaction mixture in all wells.

Enzymatic assay
- Read the plate in the spectrophotometer at 560 anehMngth;

- Read kinetic data.

6.5 Alkaline phosphatase (ALP) activity assay
Solutions and buffer preparation

- Prepare Tris-HCI buffer: mix 500 mM Tris-HCI andl@M MgCI2 and get to pH 8.5;
- Prepare 20 mM-NPP in distilled water (10X).

Preparation of the reaction mixture
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- Introduce in a reservoir:
4400 pL Tampon Tris-HCI 5X
2200 pLp-NPP 10X
14300 pL distilled water
Microplate preparation ( 96-well microplate, U-bottom)
- Introduce 10 pL of extraction buffer in blank wells
- Introduce 10 pL of tissue extract in sample wells;

- Introduce 190 pL of reaction mixture in all wells.

Enzymatic assay
- Read the plate in the spectrophotometer at 410 anelength;

- Read kinetic data.

6.6 Glyceraldehyde-3-phosphate dehydrogenase (GAPDHCctivity assay
Solutions and buffer preparation

- Prepare 400 mM Triethanolamine buffer and get piA.6o(5X);

- Prepare 70 mM 3-PGA in distilled water (10X);

- Prepare 40 mM L-Cysteine HCI neutralized with sadiicarbonate, in distilled water
(10X);

- Prepare 20 mM MgS£n distilled water (10X);

- Prepare 12 mM-NADH in distilled water (100X);

- Prepare 12 mM ATP in distilled water (10X);

- Prepare 100 mM EDTA in distilled water (100X);

- Prepare 3-PGK at 2500 U/mL in distilled water (130X

Preparation of the reaction mixture
- Introduce in a reservoir:

4400 pL Triethanolamine buffer 5X
2200 pL 3-PGA 10X

2200 pL L-Cysteine HCL 10X
2200 pL MgSQ 10X

220 pLB-NADH 100X

220 uL EDTA 100X

220 pL 3-PGK 100X

7590 pL distilled water
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Microplate preparation ( 96-well microplate, U-bottom)
- Introduce 5 pL of extraction buffer in blank wells;
- Introduce 5 pL of tissue extract in reference wells
- Introduce 5 pL of tissue extract in sample wells;
- Introduce 20 pL of ATP in blank and sample welld 20 pL of distilled water in reference
well;

- Introduce 175 pL of reaction mixture in all wells.

Enzymatic assay
- Read the plate in the spectrophotometer at 340 anehngth;
- Read kinetic data.

6.7 Glucose-6-Phosphate dehydrogenase (G6PDH) attihassay
Solutions and buffer preparation

- Prepare 500 mM Trizma base buffer and get pH t¢5x3;
- Prepare 10 mM G6P in distilled water (10X);

- Prepare 100 mM Mggin distilled water (10X);

- Prepare 5 mM NADP in distilled water (10X).

Preparation of the reaction mixture
- Introduce in a reservoir:

4400 pL Trizma base buffer 5X
2200 pL G6P 10X

2200 pL MgC} 10X

2200 L NADP 10X

9900 pL distilled water

Microplate preparation ( 96-well microplate, U-bottom)
- Introduce 10 pL of extraction buffer in blank wells
- Introduce 10 pL of tissue extract in sample wells;

- Introduce 190 pL of reaction mixture in all wells.

Enzymatic assay
- Read the plate in the spectrophotometer at 340 anelength;
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- Read kinetic data.

6.8 List of abbreviations

GSH: reduced glutathione

EDTA: ethylenediaminetetraacefcid

CDNB: 1-Chloro-2,4-dinitrobenzene

NBT: nitroblue tetrazolium

p-NPP:p-nytrophenyl phosphate

3 PGA: 3-Phosphoglyceric acid

B-NADH: B —nicotimamide adenine dinucleotide reduced
ATP: adenosine-5'-triphosphate

3-PGK: 3-phosphoglycerate kinase

G6P: Glucose 6-phosphate

NADP: Nicotinamide adenine dinucleotide phosphate
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