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From field to food—will pesticide-contaminated pollen diet
lead to a contamination of royal jelly?

Franziska Bonve', Gabriela BISCHOFFZ, Claus P. W. ZEBITZ3, Peter ROSENKRANZ!,
Klaus WALLNER'

' Apicultural State Institute, University of Hohenheim, August-von-Hartmann-Str. 13, 70599, Stuttgart, Germany
2Julius Kiihn-Institut, Institute of Bee Protection, 14195, Berlin, Germany
3Institute of Phytomedicine, Applied Entomology, University of Hohenheim, 70599, Stuttgart, Germany

Received 30 March 2017 — Revised 1 July 2017 — Accepted 24 July 2017

Abstract — The contamination of bee products, e.g., bee bread, by pesticides is an increasing problem of
beekeeping in rural areas. Bee bread is used by nurse bees to produce larval food. However, the fate of pesticides
originating from the pollen during this process is unknown. Over the entire period of queen rearing, adult honeybees
in queenless mini-hives were fed with a pollen-honey diet containing a cocktail of 13 commonly used pesticides in
high concentrations (34-920 pg/kg). Royal jelly (RJ) harvested from queen cells was subjected to a multi-residue
analysis. Seven substances were rediscovered in traces (76.5% of all detections are below 1 pg/kg) with at most
0.016% of the original pesticide concentrations of the fed diet. Considering this extraordinary low contamination of
RJ, it seems unlikely that pesticides, if used according to the approved application instructions, would impair the
development and health of honeybee queens. Possible reasons for the low residue levels in RJ are discussed.

Apis mellifera / sublethal pesticide concentrations / contamination flow / pesticide mixture

1. INTRODUCTION

Royal jelly (RJ) is considered the “most attrac-
tive functional food” with potential health benefits
in dietetics as well as in cosmetics, resulting in
growing attention on the international market
(Ramadan and Al-Ghamdi 2012). However, its
original purpose is to nourish honeybee larvae.
In addition, RJ is a crucial factor in honeybee
caste dimorphism. Caste differentiation in honey-
bees is a gradual, continuous, and complex pro-
cess that is dependent on different factors (Weaver
1957, Dietz and Lambremont 1970, Rembold
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et al. 1974, Asencot and Lensky 1984, Kamakura
2011, Shao et al. 2014, Buttstedt et al. 2016, Guo
et al. 2016). RJ is responsible for the colonies
well-being and physical fitness as it is fed to both
larvae during the first few days after hatch and
during the whole life of the queen (Haydak 1970).

As reviewed by Ramadan and Al-Ghamdi
(2012), the main constituents of RJ are proteins
(9-18%), carbohydrates (7—18%), as well as lipids
(3-8%). Lipids and proteins are derived from
pollen (Crailsheim 1992), although only traces
of pollen grains have been found in RJ (Haydak
1970).

Studies have shown that residues of crop pro-
tection products can be found in corbicular pollen
loads of honeybees (Mullin et al. 2010, Stoner and
Eitzer 2013, Roszko et al. 2016). These pollen
pellets are stored inside the hive as bee bread,
containing sometimes mixtures of various pesti-
cides also coming into contact with acaricides
used by beekeepers (Johnson et al. 2010, Al


http://dx.doi.org/10.1007/s13592-017-0533-3
http://dx.doi.org/10.1007/s13592-017-0533-3

Pesticide contamination of royal jelly 113

Naggar et al. 2015, Traynor et al. 2016). This
stored pollen is consumed by nurse bees in order
to produce larval food. However, there is hardly
anything known about residues of these agricul-
tural substances in royal jelly. Some authors de-
tected residues of different veterinary drugs in RJ,
used as in-hive treatments (Calvarese et al. 2006,
Shen et al. 2011, Zhang et al. 2016), and only few
scientists found residues of acaricides (Smodis
Skerl et al. 2010, Notardonato et al. 2014) and
one insecticide used as greater wax moth (Galle-
ria mellonella L.) —treatment (Tananaki et al.
2009).

Inside the bee hives, agro-chemicals are found
frequently in sometimes high concentrations in
pollen pellets and bee bread (Traynor et al.
2016), often coinciding with the period of queen
rearing. RJ plays a crucial role in the honeybee’s
life, and putative residues in RJ can have not only
sublethal effects on larvae but might have effects
on the queen’s vitality and viability as well.

The objective of this research was to trace
possible pesticide residues in RJ back to the pro-
tein source. Thus, we designed a field-realistic, yet
worst-case trial where we fed a mixture of com-
monly found pesticides (Bohme et al. 2017)
mixed in high concentrations into a pollen-honey
diet, providing proteins for RJ similar to bee
bread. While feeding, we initiated a queen rearing
within the colony to obtain RJ, presumably con-
taminated with the given pesticides, which was
subjected to a multi-residue analysis.

2. MATERIALS AND METHODS
2.1. Bee colonies and experimental design

An artificial swarm of honeybees (Apis
mellifera carnica Pollmann 1879) was made in
the beginning of August 2014 in order to set up
three colonies. This month was chosen, as known
from earlier studies, that crop protection intensity
in the field is low. For this purpose, bees of dif-
ferent age of a queenless colony were shaken into
a bucket and sprayed with water to prevent the
bees from escape and to keep them calm. About
3500 bees of the artificial swarm, two frames with
open brood, and four frames with a residue-free
wax foundation were put into one body of a

polystyrene mini hive (29 x 29 x 32 cm LWH).
Sugar syrup (Apiinvert®, Stidzucker AG, Mann-
heim, Germany) was offered ad libitum to facili-
tate cell building. Hive entrances were closed and
the hives were placed into a dark and cool room
for one night.

On the next day, the colonies were positioned
in the spacious garden of the Apicultural State
Institute in Stuttgart-Hohenheim and hive en-
trances were opened again. Two of the colonies
were assigned the pesticides group, which were
offered 70-g packages of a pollen-honey diet
enriched with a mixture of pesticides
(commercial products in their respective
formulations, Table I) that are commonly found
in pollen pellets collected in intensively used ag-
ricultural areas in Southern Germany (Bohme
etal. 2017).

The pollen-honey diet was prepared as a mix-
ture of pesticide-free commercially available dried
willow pollen pellets (Andreas Bock,
Okologische Imkerei, Mertingen, Germany), fine-
ly ground with a common hand blender, and
mixed with a creamy honey with a commonly
used hand mixer with a dough hook at a ratio of
40:60% w/w. The test pesticides were diluted in
tap water 1:100, added to the honey in the neces-
sary amounts, and thoroughly homogenized be-
fore mixing with the pollen to achieve the respec-
tive concentration in the pollen diet (Table II). To
avoid dilution of the pesticides by pollen collected
in the field, a pollen grid was attached at the
entrance of the two colonies to scrape off the
pollen loads of the foragers. The third colony
served as an untreated control receiving no addi-
tional pollen-honey diet and no pollen grid.

On the same day, 30 neonate larvae were
grafted into plastic cell cups on a cell bar frame
in each hive. A frame with grafted larvae and one
frame with wax foundation replaced the two initial
brood frames. Packages of prepared pollen-honey
diet were placed on top of the frames inside the
hive. After 2 days, cell bar frames with queen
larvae were removed and cells with RJ were har-
vested with a thin spoon and stored in an
Eppendorf tube in the freezer (—20 °C) until resi-
due analysis. During continuous feeding of the
pollen-honey diet, grafting and harvesting was
repeated twice in the same way (three repetitions).
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Table 1. Trade names of the substances used in the pollen-honey diet, their respective pesticide class, and octanol-

water partition coefficient

Active ingredient Class® Trade name (a.i. g/l or g/kg) Octanol-water partition coefficient (Log P oy)"
Acetamiprid I Mospilan® (200 g/kg) 0.8
Azoxystrobin F Ortiva® (250 g/l) 2.5
Boscalid F Cantus Gold® (200 g/) 2.96
Dimethenamid-P H Spectrum® (720 g/1) 1.89
Dimoxystrobin F Cantus Gold® (200 g/1) 3.59
Methiocarb I Mesurol® (500 g/1) 3.18
Prosulfocarb H Boxer® (800 g/1) 4.48
Prothioconazole F Proline® (250 g/1) 3.82
Pyraclostrobin F F500® (250 g/) 3.99
Tau-Fluvalinate I Mavrik® (240 g/l) 7.02
Tebuconazole F Matador® (225 g/l) 3.7
Thiacloprid I Biscaya® (240 g/l) 1.26
Triadimenol F Matador® (75 g/l) 3.18

] insecticide, F fungicide, H herbicide
°PPDB (2017)

2.2. Pesticide residue analysis

Samples of RJ were stored under —20 °C in the
Apicultural State Institute until shipping on car-
bon dioxide dry ice to the Institute of Bee Protec-
tion of the Julius Kithn-Institut, where the multi-
pesticide residue analysis was performed (detailed
method in the Online Resource).

To identify any nonparametric correlation be-
tween substances detected in RJ and the octanol-
water partition coefficient (Log Py, Table I), a
Spearman correlation analysis was conducted
with the computer software JMP® 11.1.1 (SAS
Institute Inc., Cary, NC, USA).

3. RESULTS

The residue analysis of RJ from control colo-
nies showed no detectable amounts of pesticides
except for traces of pyraclostrobin and thiacloprid
(< 0.5 and 0.23 pg/kg, resp.). These two pesti-
cides are frequently used in many crops and thus
represent an inevitable background contamination
in free-flying colonies.

Boscalid, dimethenamid-P, methiocarb,
tebuconazole, and triadimenol are pesticides with

@ Springer

comparatively higher limits of detection (LOD;
0.67-2.67 pg/kg, Online Resource) and were not
detected in any of the RJ samples of the experi-
mental colonies fed with the pollen-honey diet
(Table 1I). The complex matrix of RJ, containing
sugars, proteins, fatty acids, etc., not only influ-
ences the extraction procedure but also the chro-
matographic measurements. Due to matrix-related
interferences, prothioconazole (determined as its
metabolite prothioconazole-desthio, Liu et al.
2017) could not be properly evaluated, because
two of the three selected MRM transitions were
superimposed by the MRM of a co-eluating inter-
fering substance.

Thus, only seven of the 13 substances fed to the
bees could be detected above their LOD. In both
colonies and all three repetitions, pesticides could
be detected above the limit of quantification
(LOQ) in 17 cases. Concentrations of pesticides
range between 0.42 and 2.16 pg/kg and vary in
number and composition of the substances. 76.5%
of all pesticide concentrations were below 1 pg/
kg. Only in one sample (3rd repetition colony 1)
could all seven pesticides be found. The insecti-
cide thiacloprid was found in every sample, yet
only once in a concentration > 2 ug/kg (Table II).
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The percentage of pesticides potentially trans-
ferred from the offered food to RJ ranged between
0.001 (pyraclostrobin) and 0.016% (thiacloprid).

The uptake of substances into RJ does not
correlate with the octanol-water partition coeffi-
cient (p =0.2064, R =—0.1063).

4. DISCUSSION

Our study shows that uptake of multiple pesti-
cides at once by nurse bees from a pollen source
resulted solely in a minor contamination of RJ.
Not more than 0.016% of the average amount of
an active ingredient (a.i.) that has been consumed
by adult bees was found in the RJ.

For our test, we used substances that are com-
monly used in agricultural practice and have been
found in bee-collected pollen (Genersch et al.
2010, Bohme et al. 2017). The concentrations
chosen are higher than average concentrations
regularly found in pollen and bee bread collected
from honeybees under field conditions, although
there are sometimes reports on peak values from
field studies that are in the range of our applied
pesticide concentrations (Pettis et al. 2013,
Rosenkranz et al. 2014, Traynor et al. 2016). Only
traces of these considerable high amounts of pes-
ticides that have been consumed by the bees could
be retrieved in the RJ. At first, this low contami-
nation of RJ indicates that the risk of damaging
queen larvae and young worker larvae by toxic
concentrations of pesticides is lower than expect-
ed. Secondly, our results raise the question, how
the difference of pesticide concentrations between
contaminated food and RJ can be explained.

A first possibility to reduce the pesticide con-
centration is the degradation of active ingredients
in the contaminated pollen-honey diet. Due to the
low pH of the pollen or bee bread, some pH-
instable substances may be decomposed (Herbert
and Shimanuki 1978, Johnson and Percel 2013).
The uptake and digestion of pollen by the nurse
bees offers further possibilities for the reduction of
the pesticide concentration. In the alimentary ca-
nal, different osmotic pressures between honey-
sac, midgut lumen, and pollen let the pollen grains
burst and release the nutrients and other compo-
nents (Kroon et al. 1974, Peng et al. 1986).
Whereas nutrients are subjected to enzymatic
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digestion, secondary plant compounds and other
xenobiotics, including synthetic pesticides, are at
least in part metabolized by detoxifying enzymes,
such as multi-function oxidases, glutathione-S-
transferases, esterases, or epoxide hydrolases
(Gilbert and Wilkinson 1974, Yu et al. 1984,
Moritz and Crailsheim 1987, Crailsheim et al.
1992, Wang et al. 2014). Metabolization might
have been also the reason for the low radioactivity
found in food glands of honeybees fed with
radiolabelled carbaryl and diflubenzurone
(Wittmann 1982) or carbofuran and dimethoate
(Davis and Shuel 1988). The nutrients and pro-
teins used for the production of RJ may therefore
be widely free of contamination. This is probably
also the explanation why in some other studies, no
residues of pesticides have been found in RJ after
both field-applications (Pilling et al. 2013) and
feeding on artificially contaminated pollen
(DeGrandi-Hoffman et al. 2013). Also, commer-
cially available RJ seems to be generally free of
contamination by agricultural pesticides
(Martinez-Dominguez et al. 2014). As a conclu-
sion, pesticide-contaminated pollen loads seem to
be a negligible route of contaminating RJ.

Irrespective of the route of uptake, the physico-
chemical characteristics of the a.i. can influence
the rate of incorporation of pesticides into RJ.
Considering the acidic pH of the RJ, lipophilic
and basic substances are more likely to permeate
through biomembranes and accumulate due to
ion-trapping mechanisms in the acidic milieu
(Nakajima et al. 1997, 1998). However, taking
into account the octanol-water partition coeffi-
cient (P, Table I), even low lipophilic sub-
stances (like the highly water-soluble
neonicotinoids), such as thiacloprid or
acetamiprid, were found in similar concentrations
as more lipophilic substances such as prosulfocarb
or pyraclostrobin in our experiment. However,
there is no statistical correlation between the sub-
stances and the P, which may be explained, by
the low amount of lipids in the RJ.

A further point of consideration is the jelly
allocation inside the hive to the brood and also
to other nest members such as the queen, workers,
other nurse bees, or drones, which may dilute the
amount of pesticides reaching the individual
(Crailsheim 1991, 1992).
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However, we still found traces of the applied
pesticides in RJ. Under the natural conditions of
free-flying colonies, there are additional routes
that can contribute to a contamination of RJ. The
collection of contaminated nectar has been sug-
gested by several authors and seems to be the most
important pathway to contaminate RJ with pesti-
cides (Wittmann 1982, Davis and Shuel 1988,
Matsuka and Nakamura 1990). Accordingly, a
contamination of RJ is accompanied by contami-
nated honey-sac content. As a source for carbo-
hydrates, nectar is mixed with the secretion of the
hypopharyngeal glands (HPG) and fed to the lar-
vae (Simpson 1955, Haydak 1970). Additionally,
the crop of a honeybee not only contains nectar
but also pollen grains at the same time (Soehngen
and Jay 1973, 1974). If nectar is added to the HPG
secretion, the pollen grains are added likewise
(Haydak 1970). These pollen grains could sub-
stantially increase the level of pesticide residues in
RJ, if the pesticide concentrations are high.

Our results indicate that only very low concen-
trations of pesticides are delivered to the queen
larvae via RJ which may also be true for worker
larvae during the first 2 days of development. This
should be considered in experiments aiming towards
calculation of LDsq of bee larvae and for risk assess-
ments of plant protection products in in vitro
experiments (Czoppelt and Rembold 1988,
Aupinel et al. 2007, 2009, Hendriksma et al. 2011,
Gregorc et al. 2012, Human et al. 2014).

Under field realistic conditions, queen larvae
may be less exposed to pesticides that are intro-
duced into the hive compared to older worker
larvae which receive not only RJ but also pollen
and nectar as substantial part of their diet (Haydak
1970). Unfortunately, the majority of the in vitro
rearing studies on honeybee larvae are conducted
with worker brood. Johnson and Percel (2013)
observed no effects on queen development when
low concentrations of a fungicide were measured in
RJ. In contrast, DeGrandi-Hoffiman et al. (2013))
found no residues in RJ after feeding pesticides, yet
they observed a reduction in queen emergence. In
agreement with assumptions of Milchreit et al.
(2016), they suspected a suppressed immunity
and/or vitality of nurse bees that might have led
to an insufficient care for brood. However, a recent
study in the stingless bee (Plebeia droryana
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(Friese)) confirmed a significant disturbance of
the caste differentiation process in queen larvae that
were reared on food contaminated with chlorpyri-
fos (dos Santos et al. 2016).

Considering the facts that (i) the concentrations
of pesticides in pollen collected in agricultural
areas are usually lower than in our experiment
and that (ii) only traces of these residues reach
the RJ, we do not expect direct negative effects
onto queen development in the field. However, as
queens receive RJ during their whole life, gener-
alizations must be taken with care. Thus, more
long-term experiments on sublethal side effects on
caste differentiation and imaginal development of
honeybee queens are necessary.
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