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Honey bee health is affected by multiple stressors, such as the exposure to plant protection products (PPPs), di-
etary limitation, monofloral diets and pressure of diseases and pathogens and their interactions. Here, we
analysed the interacting effects of plant protection products and low nutritional pollen source on honey bee
health under semi-field conditions.We established a healthy honey bee colony in each of 24 tents, planted either
withmonofloralmaize,maizewith a diverseflower strip orwithmonofloral Phacelia tanacetifolia. To evaluate the
interaction between exposure to PPPs and nutritional status, a mixture of the insecticide thiacloprid and the fun-
gicide prochloraz was applied. For each colony, we investigated brood capping rate as well as adult longevity,
body and headweight, and enzyme activity of acetylcholinesterase and P450 reductase of newly hatchedworker
bees.
We found a significant reduced capping rate in treated maize compared to flowering strips and Phacelia, but no
interaction effect between pesticide treatment and nutritional status on capping rate. The response to treatment
on the longevity of adults differed significantly betweenmaize and Phacelia, with flower strips being intermedi-
ate, indicating interaction effects of PPP treatment and low pollen quality in maize compared to Phacelia and
flowering strip treatments.
Headweight of newly hatched worker bees showed significant interaction of nutritional status and treatment of
PPPs. PPPs slightly increased body weight in all nutritional statuses, except for Phacelia. Enzyme activity of ace-
tylcholinesterase and P450 reductase showed significant different responses between maize and Phacelia to
PPP exposure, but not between maize and flowering strip.
Our results support thehypothesis that higher pollenquality promotes development of larvae andpupae, longev-
ity of adults and detoxification of PPPs.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Recently, growing evidence for strong declines of insect abundance
and richness (Seibold et al., 2019), including in pollinators, underpin
concerns for the disruption of ecosystem services (Dainese et al., 2019).
Among pollinators, honey bees provide crucial ecosystem services to
both wild and cultivated plants (Hung et al., 2018; Kearns et al., 1998;
Rader et al., 2009). Several reports indicate the possible reasons for
poor honey bee health such as exposure to a wide range of plant protec-
tion products (PPPs) (Traynor et al., 2016), dietary limitation (Tosi et al.,
2017), monofloral diets (Di Pasquale et al., 2013; Wahl and Ulm, 1983)
and pressure of diseases and pathogens (Sánchez-Bayo et al., 2016) or
maybe of a combination of different stress factors (DeGrandi-Hoffman
et al., 2010; Goulson et al., 2015; Grassl et al., 2018; Rortais et al., 2017).

Industrial agriculture is typically characterized by crop monocul-
tures and reduced plant diversity. As a result, bees can suffer from a
lack of flower diversity and quantity, depending on season and land-
scape composition (Danner et al., 2016; Decourtye et al., 2011). Several
researchers have reported the importance of balanced nutrition for
honey bee health and development (Dolezal and Toth, 2018; Frias
et al., 2016). The nutritional quantity and quality of pollen, as a protein
source andnectar, as a source of carbohydrates, can differ between plant
species (Herbert and Shimanuki, 1978; Liolios et al., 2015; Pamminger
et al., 2019b). Alaux et al. (2011) analysed gene expression of bees fed
either with pollen or just a sugar diet without pollen. They found an in-
creased expression of several genes, relevant for prevention from oxida-
tive stress, longevity and immune functions. Furthermore, mixed pollen
is generally considered to have the best nutritional value for honey bees
(Di Pasquale et al., 2013;Wahl andUlm, 1983), presumably because of a
high diversity and composition of nutrients.

However,mainly duringperiodswhenflower richness and zoophilous
plants in bloom are rare, bees collect pollen from anemophilous plants
such as maize (Baum et al., 2004; Severson and Parry, 1981). In Central
Europe shortage of other flowering plants occur in late summer in some
specific landscapes. At this time bees are often observed by collecting pol-
len frommaize (Zea mays), cultivated as a food and biofuel crop, which is
considered to have low nutritional value (Höcherl et al., 2012).

Plant protection products (PPPs) are an integral part ofmodern agri-
culture as plant protection against pests, diseases and weeds is neces-
sary for productive agriculture. Non-selective PPPs can affect non-
target species such as pollinators and honey bees. Honey bees may be
exposed to several PPPs during their foraging activity, either due to ap-
plication of single PPPs or a combination of several PPPs in tank mix-
tures (Schmuck et al., 2003) or due to bees foraging on different
treated fields (Tosi et al., 2018). PPPs can also drift from treated fields
to nearby flowering strips (David et al., 2016). Some mixtures of PPPs
can cause additive or synergistic effects. Especially mixtures of fungi-
cides of the group ergosterol-biosynthesis-inhibitor (EBI-fungicides)
and some insecticides, e.g. neonicotinoids and pyrethroids are of con-
cern for synergistic interactions, for both bee larvae and worker bees
(Johnson et al., 2006; Johnson et al., 2013; Pilling and Jepson, 1993;
Wade et al., 2019; Wernecke et al., 2019).

In general, fungicides are considered as non-hazardous to bees
(Elston et al., 2013; Ladurner et al., 2005). However, azol antifungal
agents belong to the EBI-fungicides, as they inhibit growth of fungi by
disturbing 14α-demethylation, a cytochrome P450 dependent reaction
(Yoshida, 1988) and they likely inhibit the activity of cytochrome P450
monooxygenase in insects (Brattsten et al., 1994). Cytochrome P450
monooxygenases in insects are major enzymes in the detoxification
process of insecticides (Berenbaum and Johnson, 2015) as they oxidase
xenobiotics, to increase theirwater solubility (Feyereisen, 2012). Conse-
quently, insecticides, such as the neonicotinoid thiacloprid, which is
rapidly detoxified by cytochrome P450 and therefore moderately toxic
for bees (Alptekin et al., 2016), may synergize with azole fungicides
and lead to a high increase of toxicity (Alkassab et al., 2020; Iwasa
et al., 2004; Manjon et al., 2018; Wernecke et al., 2019).
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Thiacloprid is a commonly used neonicotinoid worldwide and acts
as an agonist of acetylcholine and binds to the nicotinic acetylcholine
receptors (nAChR) in insects (Jeschke and Nauen, 2008). Unlike acetyl-
choline, neonicotinoids cannot be broken down from the acetylcholin-
esterase (AChE) and trigger a continuous signal and over-stimulation.
In Germany, the use of mixtures containing thiacloprid and most azol
fungicides are restricted on flowering crops and categorized as hazard-
ous to bees (Federal Office of Consumer Protection and Food Safety,
2018).

In the present studywe investigated the interaction between thedif-
ferent stressors, plant protection products and low nutritional pollen
source on honey bee health on a colony level under semi-field condi-
tions.We used amixture of a fungicide and an insecticide to induce neg-
ative synergistic effects on bees, including brood (Kunz et al., 2017).We
hypothesized that (i) honey bee colonies are healthier in experimental
treatments with maize and a flower mixture, intermediate in treat-
ments with Phacelia tanacetifolia and least healthy in sole maize treat-
ments, (ii) bees in control treatments will be healthier compared to
treated treatments and (iii) that the difference between treatment
and control will be higher in maize monoculture compared to maize
with a flower mixture.

2. Material and methods

2.1. Study location and experimental procedures

The study was performed in Sickte, in Lower Saxony, Germany
(52°12′59″N 10°37′33″E), close to the city of Brunswick. The experi-
ment was conducted during July/August 2019. In total, 24 tents
(10 m × 4 m × 3 m), covered with gauze, were used. In each tent, one
healthy, queenright honey bee colony (Apis mellifera L., Buckfast) with
approximately 4000 individuals was introduced.

The studywas designed to include three different types of cultures in
an agricultural region: a) maize (Zea mays L.) only (n = 8), b) maize
with a diverse flowering strip (50%) (n=8) and c) Phacelia tanacetifolia
(hereafter Phacelia) only (n= 8). Four treatment and four control tents
were arranged in each culture. During the experiment, the maize vari-
ant contained 7 colonies, the flower strip variant contained 6 colonies
and the Phacelia variant group 8 colonies, because in three hives the
queens died at the start of the experiment and thereforewere excluded.
All test colonies had ad libitum access to water and were
supplementarily fed with 2 L of ApiInvert™ sugar solution.

For the flowering strip we used the flower mixture AGRAVIS
Honigbrache EU, which fulfils the requirements of agri-environmental
schemes in the EU. During the experiment 10 plant species of the mix-
ture were in bloom (in brackets their approximate percentage in bloom
during the experiment): Trifolium alexandrinum (25%), Fagopyrum
esculentum (15%), Trifolium resupinatum (20%), Helianthus annuus
(10%), Coriandrum sativum (6%), Malva sylvestris (6%), Anethum
graveolens (6%), Calendula officinalis (6%), Ornithopus sativus (5%),
Phacelia tanacetifolia (1%).

A tank mixture of the EBI-fungicide Mirage® 45 EC (active sub-
stance: 450 g/L prochloraz) and the neonicotinoid Biscaya® (active sub-
stance: 240 g/L thiacloprid) was applied during daily bee flight. The
maximum recommended application rate for each product was used
(1.5 L/ha Mirage® 45 EC and 0.3 L/ha Biscaya®). The spraying was car-
ried out using a field plot back sprayer (Schachtner) with five nozzles
(type TeeJet TP80015) spaced 250mmapart on the5th day after placing
the colonies in the tent to allow acclimatization and the queen to lay
eggs on themarked comb. On the day of spraying the eggswere approx-
imately three days old.

2.2. Influence on developmental stages

To evaluate the impacts on developmental stages including larvae
and pupae, one empty comb per colony, marked with a pen, was
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introduced on the 5th day before spraying to allow the queen to lay eggs
on this comb. Subsequently, photos of themarked combwere taken one
day before spraying (age of the eggs approximately 2 days), 2 days after
spraying (approximately second-instar larvae) and 7 days after
spraying (approximately 5th-instar larvae/prepupae). An area with
about 100 cells with eggs was marked. Thereafter, the number of eggs
and larvae and capped brood were counted.

2.3. Influence on weight and longevity of newly hatched bees

Seven days after spraying, when all brood on the marked comb was
capped, the colonies were transported from the tents to a monitoring
site. Another 6 days later, approximately 48 h before emerging of the
capped brood, the marked combs were brought to the lab at Julius
Kühn-Institute in Brunswick and left at 33 °C and 60% humidity until
hatching. The newly hatched bees were collected from the comb and in-
dividuals from the same colony were either transferred in groups (à 10
bees) in stainless steel cages (10 cm × 8.5 cm × 5.5 cm) or they were
sampled for biochemical analysis andweighing. The cages contained afil-
ter, small holes in the bottom for ventilation and a glass front wall for ob-
servations. They were placed in an incubator at 33 °C and 60% humidity.

Bees were kept in constant darkness, except for at the time of daily
observations and feeding. Each cage was fed ad libitum with 50% sugar
solution (w/v) by a syringe. We checked the cages daily and all dead
bees were recorded. Sugar solution was replaced every third day. Sam-
pled bees were weighed (fresh weight) on a scale (Denver Instruments
GmbH, Göttingen, Germany)with an accuracy of 0.1mg. Adults' weights
as well as the headweight of each single beeweremeasured. Heads and
body parts were separated with micro scissors.

2.4. Biochemical analysis

Sampled newly hatched bees (ca. 20 days after exposition)were im-
mediately frozen by −80 °C. Furthermore, during the semi-field study
we sampled approximately fifth-instar larvae from the marked combs.
On the field, the bees were immediately frozen with dry ice and later
stored at −80 °C in the lab. For the biochemical analysis, entire larvae
were used and the heads of the newly hatched bees for the acetylcholin-
esterase activity and larvae and abdomen of newly hatched bees for the
P450 analysis. All following steps were carried on ice. Abdomen, larvae
and heads were washed in cold PBS buffer. As a lysis buffer we used a
lysis buffer with protease inhibitor cocktail and containing 0.1% Triton
X-100. Heads, larvae and abdomen were individually diluted in
400 μL, 600 μL and 500 μL lysis buffer, respectively, homogenized and in-
cubated for 5 min at 4 °C. Homogenized larvae were centrifuged at 4 °C
for 30 min at 16,600 ×g and the supernatants were again centrifuged at
16,600 ×g for 10 min. Heads and abdomen were centrifuged at 4 °C for
7 min at 4500 ×g and the supernatants were centrifuged at 12,500 ×g
for 10 min.

2.4.1. Acetylcholinesterase activity
Acetylcholinesterase activity was determined using the standard

methodology protocol of the acetylcholinesterase assay kit (Abcam,
ab138871, Cambridge, UK) based on the Ellman's method (Ellman
et al., 1961). All samples were assayed in duplicates. Using DTNB
(5,5′-dithiobis-(2-nitrobenzoic acid)) the thiocholine produced from
thehydrolysis of acetylthiocholine by AChEwere quantified. After an in-
cubation time of 30 min at room temperature the absorption of DTNB
adduct was measured photometrically at 412 nm with a microplate
reader. The amount of thiocholine formed was proportional to the
AChE activity. A supernatant (45 μL) of heads and larvae per assay
were used. To differentiate between AchE and butyrylcholinesterase
(BChE) activity BW 284c51 (purchased from Sigma-Aldrich) was used
as an inhibitor of AChE (Belzunces et al., 1988). The obtained absorp-
tions were compared to a standard curve values and the AChE amounts
(mU) were normalized to protein values (nmol/min/mg protein).
3

2.4.2. Cytochrome P450 reductase activity
P450 reductase was determined using the cytochrome P450 Reduc-

tase activity kit (Abcam, ab204704, Cambridge, UK) and the standard
methodology protocol provided by the manufacturer. All samples
were assayed in duplicates. P450 reductase catalyzes the transfer
of electrons from NADPH to cytochrome P450 monooxygenase. To
generate the NADPH it is utilized from NADP+ via oxidation of
glucose-6-phosphate to 6-phospho-D-glucono-1,5-lactone by glucose-
6-phosphatase dehydrogenase. We immediately measured the absorp-
tion photometrically at 460 nm in a kinetic mode for 30 min at 25 °C.
Diphenyleneiodium Chloride was used as an inhibitor of P450
reductase.

Calculated activity of P450 reductase was compared to a standard
curve to obtain nmol of substrate reduced by P450 reductase during
the reaction time and normalized to protein values (nmol/min/mg
protein).

2.4.3. Protein concentration
To normalize the enzyme activities to protein values we measured

the protein concentration in the supernatant with the BCA method
referring to a standard methodology protocol (Abcam, ab207003,
Cambridge, UK). The peptide bonds in proteins reduce Cu2+ from
Copper(II) sulfate to Cu+. The amount of reduced Cu2+ is proportional
to the amount of protein in the solution. Cu+ forms a purple-colored
complex with the bicinchoninic acid reagent. Wemeasured the absorp-
tion peak of the complex photometrically at 562 nm and compared the
obtained absorptions to a standard curve produced with different BSA
dilutions.

For protein concentration in pollen, collected from the comb, we
crushed the pollen with a mortar and homogenized in CPR assay buffer
(0.1 g pollen in 1000 mL buffer). Two microliters from the homogenate
were diluted in 3 μL water and protein concentration was measured
with the BCA method.

2.5. Residue analysis

Samples of flowers from Phacelia, maize and different species in the
flowering stripwere collected at different assessment days (one day be-
fore PPP application, 1 h after application and three days after applica-
tion) and stored at −18 °C to evaluate the exposure level over the
experimental period. A validated multi-residue method following
Bischoff et al. (2020) was used to analyse the target substances. A de-
tailed description of the sample preparation is given in the supplemen-
tary material 2.

In the samples prepared for residue analysis, prochloraz and
thiacloprid were analysed via liquid chromatography mass spectrome-
try (LC-MS/MS). The used systemwas a Nexera X2 HPLC (SHI-MADZU)
coupled to a triple quadrupole mass spectrometer Q TRAP 6500+
(SCIEX) equipped with an electro spray ionization (ESI) source. The
quantification was carried out by the internal standard method using
matrix-matched calibration standards. After dilution (at least 1:100),
sample extracts were quantified with standards in solvent. The results
are averages of duplicate injections of the sample extracts. The data of
the pesticide residues in the plant samples (Table 1) were corrected
by the respective individual recovery of isotope-labelled surrogate
standards (prochloraz-d4, thiacloprid-d4) added to every sample at
the beginning of the analysis.

2.6. Statistical analysis

All data was analysed using the statistical computing program R,
version 4.0.3 (R Core Team, 2020). For the development of larvae and
pupae we counted the fifth-instar larvae and capped brood per comb
in relation to the number of eggs. A Cox Proportional-Hazards model
from the package “survival” (Therneau, 2020; Therneau and Gramsch,
2000) with the formula “Treatment ∗ nutritional status”was performed



Table 1
Residue analysis of plant material after PPP application (mean ± standard deviation in mg/kg). The LOD (limit of detection) was 0.0001 mg/kg, the LOQ (limit of quantification) was
0.0002 mg/kg for prochloraz and thiacloprid.

Phacelia Flower strip Maize

Prochloraz Thiacloprid Prochloraz Thiacloprid Prochloraz Thiacloprid

+1 h 42 ± 16 8 ± 4 63 ± 12 15 ± 3 59 ± 34 14 ± 9
+72 h 23 ± 7 7 ± 2 9 ± 7 3 ± 4 16 ± 4 5 ± 1
Residue reduction (%) in 71 h 45 13 85 78 73 67

Fig. 1. Longevity of newly hatched bees. Different upper case letters indicate statistically
significant difference (P < 0.05) of the pairwise comparison between nutritional
statuses (maize, flower strip and Phacelia) in the controls; different lower case letters
indicate statistically significant difference (P < 0.05) of the pairwise comparison in the
treatments. Significant differences between control and treatment in each nutritional
status is indicated by * (n.s. = not significant). Multiple comparisons corrected with
Bonferroni-Holm method.
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to detect the differences between control and treatment and the differ-
ent nutritional status (maize, Phacelia and flowering strip) for capped
cells/fifth-instar larvae. Additionally we used multiple comparisons
using logrank-test between the variants. We applied the Bonferroni-
Holm-method to correct for multiple comparisons.

To analyse survival data of the newly hatched bees we used a Cox
proportional hazards regression (coxPH) with the packages “survival”
(Therneau, 2020; Therneau and Gramsch, 2000) and visualized the
survival plots with the package “survminer” (Kassambra et al., 2020).
We used the formula “Treatment ∗ nutritional status” to detect the in-
teractions between nutritional status and PPP treatment and addition-
ally we used multiple comparisons using logrank-test between the
variants. We applied the Bonferroni-Holm-method to correct for multi-
ple comparisons.

The data for the AChE and P450 were normally distributed. There-
fore, we performed a robust linear model (lmrob) with the package
“robustbase” (Maechler et al., 2020) according to the method of Tukey's
BiweightLoss.Weused the formula “Treatment ∗nutritional status+de-
velopment stage (=larvae or abdomen/headof adult bees)” to detect for
interactions and additionally we used multiple comparisons between
the variants. For AChE we included a factor, as the activity of larvae
were about seven times lower as the activity of adult heads. We applied
the Bonferroni-Holm-method to correct for multiple comparisons.

Head and body weight of the bees were analysed using linear mixed
effects models (lme) with the package “nlme” (Pinheiro et al., 2021)
with the formula “Treatment ∗ nutritional status” for interactions. Mul-
tiple comparisons were corrected with the Bonferroni-Holm-method.

3. Results

3.1. Influence of multiple stressors on developmental stages

In untreated flowering strips 82 ± 4% and in Phacelia 87 ± 6% cells
were capped, which was significantly more in Phacelia than in
monofloral maize (P = 0.002, Table S1A). Treatment had a significant
negative effect on brood development in maize compared to untreated
maize (untreated maize 81 ± 4%, treated maize 69 ± 9%, logrank, P =
0.002). The interaction of flowering strip or Phaceliawith PPP treatment
showed no significant effects on bee brood development (CoxPH, P =
0.928 and P = 0.904, Table S1B), implying that there are no different
effects of treatment in the three cultures and therefore no synergistic
effects occur on larvae development. However, in the pairwise-
comparison brood development in treated maize was significantly
lower (69 ± 9%) than in treated flower strips (74 ± 2%, logrank, P =
0.012) and treated Phacelia (81 ± 3%, logrank, P < 0.001, Table S1A).

3.2. Influence on weight and longevity of newly hatched bees

Generally, the offspring of the semi-field study survived in our con-
ditions up to 57 days.

The median longevity in the untreated controls were 36 days for
Phacelia, 31 days for maize (reduction of 13.9%) and 37 days for
flowering strips (Table S2). The statistical analysis showed a significant
difference between the longevity of bees in solemaize compared to bees
in Phacelia and flowering strip (logrank, P < 0.001, Table S3A). Differ-
ences between the untreated controls in Phacelia and flowering strips
4

were not significant (logrank, P = 0.245). Treated maize reduced lon-
gevity of hatched adults significantly (logrank, P = 0.013) from
31days inmedian to 29days,whereas treatment did not reduce longev-
ity in Phacelia and flowering strips (Fig. 1). The interactions between
maize and treatment were significantly different to treatment in
flowering strips (CoxPH, P = 0.036) and Phacelia (CoxPH, P = 0.001),
indicating interaction effects between maize and PPP treatment, but
not in Phacelia and flowering strip (Table S3B).

Treatment of body weight of newly hatched worker bees (Fig. 2A)
showed the tendency to increase in all nutritional states (linear mixed
effects model, P = 0.095 in maize and P = 0.024 in flower strip,
Table S4A) except for Phacelia. Head weight shows a similar pattern,
maize treatment increased head weight significantly (linear mixed ef-
fects model, P=0.004). In headweightwe can see a significant interac-
tion effect in Phacelia compared to maize with PPP treatment (linear
mixed effects model, P = 0.040), indicating a different response of
bees on treatment with different nutritional status, whereas the
pairwise comparison showed no significant difference (Fig. 2B).

3.3. Influence on detoxification ability of adults and larvae

In general, the activity of AChE was about seven times lower in lar-
vae than in adults (Fig. 3). Treatment of PPPs increased activity of
AChE in adult bee heads significantly in maize (P < 0.001), flower
strip (P = 0.044) and Phacelia (P < 0.001) whereas nutritional status
had no significant effect on AChE activity, neither in untreated controls
nor treated variants (robust linear model, Table S5A). In larvae only
treatment in maize increased AChE activity (P = 0.005), but not in
flower strip or Phacelia (Fig. 3).

However, we found an interaction effect between treatment in
maize and Phacelia, indicating a lower increase of AChE activity in
Phacelia compared to maize (robust linear model, P= 0.042, Table S5).
We could not find any interaction effects in flower strips.

On the other hand, the activity of P450 reductase was higher in lar-
vae than in adults (robust linear model, P < 0.001). We could not find
any significant differences in the activity of P450 reductase in the



Fig. 2. Bodyweight (A) and headweight (B) of newly emerged bees. Different upper case letters indicate statistically significant difference (P< 0.05) of the pairwise comparison between
nutritional statuses (maize, flower strip and Phacelia) in the controls; different lower case letters indicate statistically significant difference (P < 0.05) of the pairwise comparison in the
treatments. Significant differences between control and treatment in each nutritional status is indicated by * (n.s. = not significant). Multiple comparisons were corrected with the
Bonferroni-Holmmethod. Boxes show upper and lower quartiles with line showing median. Whiskers encompass 1.5 interquantile ranges, circles present outliers.
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abdomens of adult bees in any nutritional status (Fig. 4) that were due
to treatment in larvae P450 reductase activity was significantly lower
in treated maize compared to the control (robust linear model, P =
0.005) but not in flower strip or Phacelia (Table S6A). However, the re-
sponse to the treatment (interaction) in Phacelia was significantly dif-
ferent compared to maize. While the activity of P450 in maize due to
treatment tends to go down, the activity tends to go up in Phacelia (ro-
bust linear model, P = 0.002) indicating a lower inhibition effect of
prochloraz in Phacelia. Flowering strips did not alter the response to
the treatment compared to maize (robust linear model, P = 0.796,
Table S6B).

3.4. Protein content in pollen

We found a 25% protein content in fresh bee breadwith Phaceliapol-
len, 21% in bee bread with mixed pollen (maize with flower strip) and
15% in bee bread from maize pollen. Therefore we could rank the
three nutritional statuses according to their protein content from the
richest to the poorest: Phacelia, mixed, maize.
Fig. 3. Acetylcholinesterase activity of (A) newly emerged adult bees and (B) fifth-instar larva
pairwise comparison between nutritional statuses (maize, flower strip and Phacelia) in the co
the pairwise comparison in the treatments. Significant differences between control and t
comparisons were corrected with the Bonferroni-Holm method. Boxes show upper and low
circles present outliers.
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3.5. Residue analysis

On the application day, the detected residues of prochloraz and
thiacloprid were the highest and declined on day three (Table 1). The
residues of prochloraz were about 5–6-folds higher than thiacloprid,
due to the higher application rate of Mirage® 45 EC (675 g
prochloraz/ha and 72 g thiacloprid/ha). The analysed samples before
application and from the control group showed trace contamination
below 0.07 mg/kg.

4. Discussion

Our results highlight the importance of nutrition to honey bees, es-
pecially when combined with other stressors like the exposure to agro-
chemicals. We demonstrate that food quality mitigates negative effects
of field-realistic exposure to PPPs on brood development under semi-
field conditions. Furthermore, we show how interactive effects of nutri-
tion and PPPs affect the longevity of newly hatchedworker bees and en-
zyme activity of AChE and P450 reductase.
e. Different upper case letters indicate statistically significant difference (P < 0.05) of the
ntrols; different lower case letters indicate statistically significant difference (P < 0.05) of
reatment in each nutritional status is indicated by * (n.s. = not significant). Multiple
er quartiles with line showing median. Whiskers encompass 1.5 interquantile ranges,



Fig. 4. P450 reductase activity of (A) newly emerged adult bees and (B) fifth-instar larvae. Different upper case letters indicate statistically significant difference (P< 0.05) of the pairwise
comparison between nutritional statuses (maize, flower strip and Phacelia) in the controls; different lower case letters indicate statistically significant difference (P< 0.05) of the pairwise
comparison in the treatments. Significant differences between control and treatment in each nutritional status is indicated by * (n.s. = not significant). Multiple comparisons were
corrected with the Bonferroni-Holm method. Boxes show upper and lower quartiles with line showing median. Whiskers encompass 1.5 interquantile ranges, circles present outliers.
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Previous studies demonstrating that good pollen nutritional value
can decrease the sensitivity of bees to pesticides (e.g. Schmehl et al.,
2014; Wahl and Ulm, 1983) were primary lab studies on adult bees fo-
cusing not on different plant species pollen but different feeding types
(e.g. sugar only, different amounts of pollen etc.). Our results show
that similar effects are also visible in a semi-field studywithfloral pollen
sources of different quality and diversity.

Treatmentwith amixture of thiacloprid andprochloraz generally re-
duced the amount of larvae that developed. This is in line with other
studies, showing synergistic effects of prochloraz in combination with
many insecticides (Pilling and Jepson, 1993; Wade et al., 2019;
Wernecke et al., 2019) on larvae and adults, likely due to the inhibition
of P450, an important detoxification enzyme for many insecticides, in-
cluding thiacloprid (Alptekin et al., 2016; Iwasa et al., 2004). We could
not show any interaction effects between nutritional status and PPP
treatments on P450 activity, even though bee larvae significantly
benefitted from flowering strips and especially Phacelia in combination
with PPPs.

Strong effects of nutritional status occurred on the longevity of
adults feeding on different pollen during larvae development. Feeding
larvae on maize reduced longevity as adults significantly, compared to
controls with Phacelia or flowering strips. This is in line with other find-
ingswhere bees fedwithmaize pollen had shorter lifespan compared to
bees fed mixed pollen (Höcherl et al., 2012).

We also found an interaction effect, showing that the negative effect
of pesticideswas highest inmaize, intermediate in flower strips and less
in Phacelia. Therefore, we can conclude that nutritional value interacts
synergistically with field-realistic exposure to pesticides on the longev-
ity of honey bees. The detected residues of prochloraz and thiacloprid
on plantmaterial confirms that beeswere exposed to PPPs on the expo-
sure day and for at least three days. Trace contamination in plant mate-
rial before application can likely be explained due to cross-
contamination during sample preparation prior to the shipment to the
laboratory. Trace contamination in the controls can further be explained
by wind drift.

Treatment with amixture of thiacloprid and prochloraz had the ten-
dency to increase fresh body weight of newly emerged bees in our
study, except of bees in Phacelia. This is in contrast to other studies,
where neonicotinoids during adult stage reduced body weight in bees
(see Cook, 2019; Yao et al., 2018; Zhu et al., 2017). However, Böhme
et al. (2017) alsomeasured a slightly increased freshweight of pesticide
treated bee larvae. It seems, as if body weight of bees decreases when
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PPP treatment occurred during adult stage, but increases when bees
treated during larvae stage. A higher detoxification rate of thiacloprid
in Phacelia may therefore result in a lower weight increase than in
maize or flower strip. However, it is not possible to explain the cause
of this observed weight gain in treatments at this point.

We also found a reduced activity of P450 reductase in the treatments
treated with the mixture compared to the control, indicating a likewise
inhibition of P450 oxygenase by prochloraz in our study. Cytochrome-
P450 reductase is a membrane bound enzyme and required for the
function of all P450 monooxygenase isozymes. It therefore plays a rele-
vant role in the metabolism of pesticides, drugs and other xenobiotic
compounds.

On the other hand, AChE activity was increased in both, larvae and
adults in treatments in all nutritional states. This is in line with other
studies, measuring higher AChE activity when treated with
neonicotinoids and may be explained by an accumulation of acetylcho-
line in the synaptic gap, due to the neonicotinoid binding to the acetyl-
choline receptor (Boily et al., 2013; Morakchi et al., 2005; Samson-
Robert et al., 2015). Only in larvae from the Phacelia treatment we did
not see a significant increase of AChE activity. It is possible that this is
because we found higher P450 reductase activity in Phacelia compared
to the other nutritional states. A higher P450 activitymay result in a bet-
ter detoxification of thiacloprid and consequently a reduced concentra-
tion of the insecticide binding the acetylcholine receptor and
consequently lower AChE activity.

Interestingly, P450 activity in larvae was higher than in adult abdo-
men. It is assumable that a higher P450 activity results in a lower sus-
ceptibility of larvae to PPPs compared to adults. This is in contrast to
our hypothesis that mixed pollen has the highest nutritional value, but
in line with other studies, who found similar results of high-quality
Rubus-pollen and mixed pollen (Di Pasquale et al., 2013).

We could observe a pattern between longevity of adult worker bees,
enzyme activities and body and headweight of newly hatched adults. In
all three endpoints we found interaction effects between Phacelia feed-
ing and PPP treatments. P450 reductase activity in treated Phacelia
tends to go up,whereas it goes down in treatedmaize. The same pattern
we can see for longevity and bee weight, suggesting that Phacelia can
upregulate detoxification enzymes in larvae and adults, which leads to
higher longevity compared to maize and apparently also in less body
and head weight gain.

Mixed pollen represented by maize with a flower strip mostly func-
tions intermediate between Phacelia and maize pollen, suggesting a
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higher pollen quality for the protein-richest pollen from Phacelia, inter-
mediate quality for themixed pollen and lower quality formaize and in-
termediate quality for mixed pollen, possibly due to the dominance of
maize in the tents.

Pollen quality can be linked to protein content in pollen, as protein
content can vary over wide ranges in different plant species (Loper
and Berdel, 1980; Pamminger et al., 2019a; Roulston et al., 2000), with
an average of about 20% (Herbert and Shimanuki, 1978; Liolios et al.,
2015; Loper and Berdel, 1980; Radev, 2018). This large variability of
protein content in pollen may cause a large variability of the nutritional
value of pollen from different plant species for bees.

We identified the protein content in maize pollen to 15% per pollen
fresh weight. The protein content of bee collected Phacelia tanacetifolia
pollen in our studywas determined to be 25% protein content per pollen
fresh weight. Pernal and Currie (2000) found ca. 30% per pollen dry
mass. Protein content of pollen mixtures is difficult to determine. Our
flowering strips consisted of 10% blooming sunflowers with a low pro-
tein content (approximately 13–15% (Khanamani et al., 2017; Nicolson
andHuman, 2013; Pernal and Currie, 2000)). Other genera such as Trifo-
lium sp. is reported to have a high protein content (Somerville and Nicol,
2006). Furthermore, bees in our studywere also often observed foraging
onmaize, so it is likely that bees consumed a very high amount of maize
pollen with low protein content. Höcherl et al. (2012) even found a
lesser protein content in mixed pollen compared to maize pollen. With
21%, we found a relatively high protein content of mixed pollen in our
study, although it is possible, that larvae of different hives, or even differ-
ent individuals, received different mixtures and consequently also dif-
ferent protein contents. It is assumable, that individual diets of bees in
flower strips vary more than in monofloral maize or Phacelia, which
may also explain the high variances of our data in flower strips.

Alaux et al. (2011) analysed gene expression of bees fed either with
pollen or just a sugar diet without pollen. They found an increased ex-
pression of several genes, including genes important for detoxification
pathways, in the bees fed with pollen. It is likely that higher gene ex-
pression is linked to higher protein content in many cases.

Pollen can also vary in its amino acid composition. Essential amino
acids for honey bees are arginine, histidine, lysine, tryptophan, phenyl-
alanine, methionine, threonine, leucine, isoleucine and valine (deGroot,
1953). Maize appears to contain all essential amino acids and only show
a low concentration of histidine (Höcherl et al., 2012). Still, it is possible
that bees have to eat more maize pollen to fulfill their protein and
amino acid requirement, due to the lower protein content than in
Phacelia pollen. This may prevent them from meeting their protein
and amino acids requirements because they are saturated before their
nutritional needs are fulfilled. In the study of Höcherl et al. (2012) colo-
nies that only fed onmaize consumedmore pollen than the bees fed on
mixed pollen, possibly to compensate lack of nutrition. Higher food con-
sumption also leads to a higher dose of PPPs, which are found as resi-
dues in pollen. However, in our study design it was not possible to
study food consumption.

Another factor that may influence pollen quality are dietary phyto-
chemicals, which provide e.g. antioxidative capacity or disease
preventing. Several studies reported the importance for dietary phyto-
chemicals to longevity of bees (Bernklau et al., 2019; Liao et al., 2017;
Liao et al., 2020; Rascón et al., 2012). Some studies found, that they
can also upregulate detoxification enzymes and therefore may change
the response to PPPs and reduce PPP content in bees (Ardalani et al.,
2021; Liao et al., 2017; Liu et al., 2021;Mitton et al., 2019). It is expected,
that mixed pollen (in our study represented by a flower strip) have a
higher diversity of dietary phytochemicals and vitamins than
monofloral pollen.

5. Conclusion

The results support the hypothesis that higher pollen quality in-
creases development of larvae and pupae, longevity of adults and
7

detoxification of PPPs. However, we could not reveal, that a diverse
pollenmixture increases positive effects in general. Especially in combi-
nation with PPPs, monofloral Phacelia increased longevity and detoxifi-
cation of PPPsmore thanmixed pollen. This suggests that a high-quality
monofloral pollenmay be better than amixture of high and low-quality
pollen. Maintaining and promoting flowering strips with high-quality
pollen plants may be a particularly effective approach to increase
honey bee health and mitigate negative effects of pesticides.
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