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Abstract

While studies on the sublethal effects of chemical residues in beeswax on adult honey bees
are increasing, the study protocols assessing the impacts on honey bee brood in realistic
conditions still need to be investigated. Moreover, little is known about the residue’s effect
on gene expression in honey bee brood. This study reports the effects of chlorpyriphos-
ethyl, acrinathrin and stearin worker pupae exposure through contaminated or adulterated
beeswax on the gene expression of some key health indicators, using a novel in vivo realis-
tic model. Larvae were reared in acrinathrin (12.5, 25, 10 and 100 ppb) and chlorpyriphos-
ethyl (5, 10, 500 and 5000 ppb) contaminated or stearin adulterated beeswax (3, 4, 5, 6 and
9%) in newly formed colonies to reduce the influence of external factors. On day 11, mortal-
ity rates were assessed. Honey bee pupae were extracted from the comb after 19 days of
rearing and were analysed for the gene expression profile of four genes involved in the
immune response to pathogens and environmental stress factors (Imd, dorsal, domeless
and defensin), and two genes involved in detoxifications mechanisms (CYP6AS14 and
CYP9Q3). We found no linear relation between the increase in the pesticide concentrations
and the brood mortality rates, unlike stearin where an increase in stearin percentage led to
an exponential increase in brood mortality. The immune system of pupae raised in acrina-
thrin contaminated wax was triggered and the expression of CYP6AS14 was significantly
upregulated (exposure to 12.5 and 25 ppb). Almost all expression levels of the tested
immune and detoxification genes were down-regulated when pupae were exposed to chlor-
pyrifos-contaminated wax. The exposure to stearin triggered the immune system and detox-
ification system of the pupae. The identification of substance-specific response factors
might ultimately serve to identify molecules that are safer for bees and the ecosystem’s
health.
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Introduction

In modern beekeeping, removable frames are used to allow beekeepers to extract honey and
inspect the hive without damaging the comb. The comb can then be relocated inside the hive
and reused. This reduces the time and energy that honey bees spend on producing wax. In
good beekeeping practice, brood combs are ideally replaced after three years [1]. To produce
new foundations, the old comb wax together with wax cell cappings are recycled by melting.

Honey bees may carry pesticide residues back to the hive, particularly from plant protection
products, as they bring pollen, nectar, water, honeydew, or propolis collected from their envi-
ronment (e.g. [2-8]). For many years, the use of pesticides was considered the main pest man-
agement strategy. Within the hive, both types of residues can end up in beeswax of the existing
and recycled combs [9-11], it has also been shown that pesticide degradation products or
metabolites can have higher toxicity than their parent compound [12]. When applied in the
environment, in the hive or present in the wax foundation, apart from their immediate lethal
effects, pesticides can generate insidious sublethal effects that impact the behaviour [13-15],
the reproduction, the development of colonies, and can generate resistance of the organisms
chronically exposed to their active substances [16].

Another emerging problem of beeswax for honey bees is its adulteration by the addition of
natural or synthetic substances of wide availability and low price. The most common sources
of adulterations are hydrocarbons from paraffin and microcrystalline waxes, triglycerides
from palmitic acid, fat and hardened beef tallow, industrially produced fatty acids (palmitic,
stearic acid), long-chain alcohols (C16-C18), and C32-C36 synthetic esters [17-20].

The contamination and adulteration of beeswax is an issue that has been reported lately on
several occasions in the scientific literature [2, 21-31]. The effects of these contaminated or
adulterated beeswax foundations seem to be the main cause of poor brood and colony develop-
ment [32, 33]. Contaminants in beeswax affect highly sensitive honey bee larvae and pupae
through two pathways, orally; as contaminants can migrate from beeswax to royal jelly and by
direct contact as larvae and pupae develop in wax cells [2].

Among pesticide residues, the organophosphate insecticide chlorpyrifos, also known as
chlorpyrifos-ethyl (contact acute LDs, [worst case from 24, 48 and 72-hour values] = 0.068 pg/
bee) is one of the most commonly detected agrochemicals in beeswax [34]. It was found in the
Belgian apiaries with a prevalence of 5.9% in 2021 and 2022, and 13.5% in 2016 [26]. The high
prevalence of chlorpyrifos has been confirmed in recent years by other studies [3, 8, 35, 36].
Organophosphate insecticides, like chlorpyrifos and coumaphos, act on the insect nervous sys-
tem by inhibiting acetylcholinesterase, the enzyme responsible for deactivating the neurotrans-
mitter acetylcholine in insect central nervous system synapses [37]. Several effects such as an
increase in apoptosis have been reported in larvae treated with chlorpyrifos orally compared to
untreated larvae [38]. Contact exposure to field-relevant concentrations of chlorpyrifos in
combination with chlorothalonil resulted in decreased sperm viability in sexually mature
males [39]. Although little is known about the effects of chlorpyrifos on honey bees and their
pupae, it was shown to have significant synergetic effects when combined with other pesti-
cides, resulting in high larval mortality [40, 41].

Another pesticide residue group, with a high environmental impact, to which honey bees
are often exposed is pyrethroids. One of them is acrinathrin (contact acute LD5, [worst case
from 24, 48 and 72-hour values] = 0.084 pg/bee) It was used in the past to control Varroa, but
is no longer authorized due to its high toxicity and the emergence of resistance. Acrinathrin
was found in larvae after direct contact with contaminated beeswax [42]. The standard Hazard
Quotient (HQ) value of acrinathrin which expresses its potential toxicity to bees, exceeds the
trigger value of 50, indicating the need for further refinement of the risk assessment of this
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substance [43]. Acrinathrin application in field and semi-field tests increased honey bee mor-
tality immediately after and up to 3 days after application. Nevertheless, no notable effects
were observed on honey bee colony strength or bee brood development. To reduce honey bee
exposure immediately after the application of acrinathrin and for up to 4 days thereafter, risk
reduction measures are recommended [43].

Recently, stearin, a mixture of stearic and palmitic acids, was reported as one of the main
adulterants of beeswax [44]. Moreover, preliminary studies conducted in Belgium [33], Poland
[32] and Germany [30] confirmed an association between the presence of stearin and detri-
mental effects on bee brood.

Previous research on the effects of pesticide residues by contact exposure on honey bee
health has typically focused on adult honeybees, in in vitro conditions. However, field experi-
ments are essential to study the risk assessment of pesticide impact on immature bees and
brood development. This study focuses on the response of pupae reared in contaminated bees-
wax with field-realistic concentrations of chlorpyrifos-ethyl, acrinathrin and stearin. The
expression profile of some key immune and detoxification genes was followed. The three
major immune response pathways were studied by following the expression level of the genes
relish (involved in the Imd pathway), domeless (involved in the Janus kinase-signal transducer
and activator of transcription [Jak-STAT] pathway) and dorsal (involved in the Toll pathway)
[45]. Defensin was used as a marker for the production of antimicrobial peptides. Chemicals
may trigger some detoxification pathways with CYP6AS14 and CYP9Q3 as key enzymes in the
degradation process. Oxidative stress generated by exposure to chemicals can be mapped by
following the expression of catalase and glutathione-S-transferase (GST) coding genes. The
results of expression profiling will provide insight into how the pupae respond to and deal
with exposure to chemicals.

Materials and methods
Virgin beeswax selection

Virgin beeswax was purchased from an organic beeswax producer and analysed using a multi-
residue analysis by gas chromatography-tandem mass spectrometry (GC-MS/MS) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) methods encompassing 294 dis-
tinct compounds with detection limits (LOD) of 0.003 mg/kg and limits of quantification
(LOQ) that are of 0.01 mg/kg for the majority of the compounds. The analysis was carried out
in an independent laboratory in Germany (Intertek Food Services GmbH) according to the
European EN 15662 method (CEN 2008), using a common analytical protocol (QuEChERS)
designed for the analysis of food materials and suitably adapted [26]. The virgin beeswax was
also analysed by Fourier transform infrared spectroscopy (FTIR) coupled with a single-reflec-
tion diamond Attenuated Total Reflectance (ATR) system (FTIR-ATR spectroscopy) accord-
ing to the methods for adulteration detection developed by Svecnjak et al. (2019) [20]. Both
analyses confirmed the absence of any chemical contamination by pesticides or adulteration in
the foundation wax.

Beeswax contamination and residue analysis

To obtain beeswax foundations with a chlorpyrifos-ethyl concentration of 5 and 10 ppb in the
first year (2020) and of 500 and 5000 ppb in the second year (2021), 9.2 mg of the substance
(chlorpyrifos-ethyl, purity 99.49%, purchased from LGC) was added to 9.2 ml of dimethyl sulf-
oxide (DMSO) (99.9%), and then it was diluted 10 times. A certain volume of the diluted solu-
tion (25, 50, 2500 or 25 000 pl) was added to 500 g of the melted beeswax and homogenised
using a magnetic stirring bar on a heating plate at 65°C for 5 minutes, to obtain the
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Fig 1. Experimental set to obtain 18 emerging honey bees (3 emerging bees per concentration or percentage x 6 replicates) in contaminated and adulterated
beeswax with four concentrations of acrinathrin and chlorpyrifos-ethyl and stearin adulterated beeswax.

https://doi.org/10.1371/journal.pone.0302183.9001

concentration of 5, 10, 500 and 5000 ppb, respectively. The same procedure was applied to
obtain beeswax foundations with an acrinathrin concentration of 12.5 and 25 ppb in the first
year and 10 and 100 ppb in the second year. The new beeswax foundations were formed with a
foundation mould (Fig 1). The concentrations used are similar to the respective concentrations
of chlorpyrifos-ethyl [26, 46, 47] and acrinathrin [46-48] found in commercial or beekeepers
beeswax.

Beeswax adulteration

Stearin (Radiacid 0464 —~CAS No. 67701-03-5) was obtained from Oleon, NV. The stearin used
is a well-balanced mixture of stearic and palmitic acids. The ratio between the two compounds
determines the melting point. In our case, the melting point was 55 °C. The stearin was com-
posed of 58% of palmitic acid (C16) and 40% of stearic acid (C18). Stearin was added to the
melted beeswax at the following percentages (w/w) the first year: 3, 6 and 9%, and 3, 4 and 5%
the second year. The effective percentages of stearin in the beeswax after supplementation
were evaluated by FTTR-ATR spectroscopy.

Study site and colony establishment

We conducted our study on the site of the Faculty of Veterinary Medicine of the University of
Liege, Belgium (50°34'30.913", 5°35’43.832"). The Western honey bee (Apis mellifera L.) sub-
species that was used was the dark European honey bee (Apis mellifera mellifera). A naked
swarm was first treated with oxalic acid to eliminate phoretic Varroa mites. The swarms were
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Fig 2. Mini Plus frame with a set of 3 comb sections, 2 contaminated and 1 control placed here in the centre.

https://doi.org/10.1371/journal.pone.0302183.9002

headed by naturally mated sister queens. The naked swarm was introduced into a Mini Plus
hive [49] on virgin beeswax frames. Once colonies were well established and queens were lay-
ing eggs, one experimental frame per colony supporting a control comb section (virgin bees-
wax) and two contaminated comb sections were placed in the middle of the nest.

Experimental frame

Control and contaminated comb sections were placed randomly, side by side within the same
frame (Fig 2). Per pesticide concentration or stearin percentage, six repetitions were carried
out and each concentration was placed in one of the three positions in the frame. Each year,
the frames were introduced at the same time in the hives, at the same period of the year and
inspected daily to observe the date of the start of oviposition. The frames were then kept in the
hive for 19 days after the first observation of oviposition to extract the pupae. Per substance
concentration, three honey bee pupae were extracted randomly from each beeswax section,
and stored at -80°C until analysis for gene expression.

Reducing bias

To obtain same-age honey bee pupae in similar conditions and minimize the influence of
external stressors such as pathogens and nutritional stress on gene expression, each year,
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Fig 3. Brood frame with 3 percentages (0, 5 and 3%) of stearin showing empty cells for the accounting of larvae mortality rates. From left to right, the three
percentages are 0, 5 and 3.

https://doi.org/10.1371/journal.pone.0302183.9g003

healthy colonies of equal strength were newly formed on virgin beeswax foundations (to avoid
cross-contaminations) with sister queens. Sister queens are the progeny of the same queen,
which are mated at the same place to minimise genetic variability [50]. The colonies were
cleared of the phoretic Varroa mite before their introduction in the Mini Plus hives. Per year
and concentration, six repetitions were performed at the same time of the year. Experiments
were conducted at the best time of the year for food sources abundance to avoid nutritional
stress. The larvae stayed in the contaminated or adulterated beeswax for their entire develop-
ment and were randomly sampled from the comb on day 19.

Larval mortality rate estimation

Within 4 days of frame introduction in the hive, and upon the start of oviposition, a piece of
clear acetate was overlaid on the brood patch, and empty cells were marked. The total number
of cells that contained larvae was counted, the acetate sheet was removed, and the frame was
put back in the hive (Fig 3). On day 11, the prepupal survival rate was assessed by replacing the
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acetate sheet over the section of brood that was profiled on day 4 and noting any cells that had
previously contained a larva but were then empty. Final mortality data were regressed on ini-
tial survival proportion [51].

Gene expression

For the gene expression profiling, three frames from each treatment were selected and RNA
was extracted from three individual pupae (randomly selected). The RNA extraction method
as well as the quantification of gene expression of key proteins has been developed in a previ-
ous study by De Smet et al., 2017 [52]. Briefly, mechanical agitation using a TissueLyser (Pre-
cellys) for 90 s at 30 Hz, in the presence of a pair of stainless-steel beads and 1 ml Qiazol lysis
reagent was used to homogenize the tissues of individual bees. The total RNA was extracted
using RNeasy lipid tissue mini kit (Qiagen) and eluted in a final volume of 50ul. Total RNA
concentration was measured using a Nanodrop (Isogen) equipment. The RevertAid H Minus
First Strand cDNA Synthesis Kit was used to retrotranscribe 1 pg of total RNA using random
hexamer primers (Thermo Scientific) Platinum (R) SYBR (R) Green qPCR Supermix-UDG
(Live Technologies) was used for the RT-qPCR assays. Each 15 ul reaction consisted of 7.5 pl
master mix, 0.2 uM forward and 0.2 uM reverse primer (Integrated DNA Technologies) and
0.2 ul cDNA template using the CFX96 Real-Time PCR Detection System (Bio-Rad). The PCR
program included an activation step of 1 min at 95°C and 40 cycles of a combined denatur-
ation (15 s at 95°C) and annealing step (30 s at 60°C). All reactions were performed in dupli-
cate. No-template controls, containing diethylpyrocarbonate-treated water, were included in
each run.

Using the geNormPLUS algorithm, the stability of the reference genes was analysed in the
qBasePLUS environment (Biogazelle NV) with the default settings. A measure of stability (the
M value) for each gene was generated by the geNorm program, enabling them to be ranked
according to the stability of their expression (the lower the value, the greater the stability of the
gene in the samples). To evaluate the benefit of integrating more reference genes in the nor-
malization, a pairwise stability measure is generated. qPCR was used to ascertain the differen-
tial gene expression of 6 distinct target genes for immunity and detoxification. The primers
used for these different genes are given in S1 Table. Relative expression levels were calculated
by the comparative Delta-Ct method and were normalized to two reference genes (actin and
RPL8) using the Biogazelle qBase+ software. Statistical analyses were done using qBase+ Statis-
tics Wizard. The differential expression was analysed per exposure in which the different treat-
ments were compared with the corresponding control group. The statistical analysis was
performed using qBasePLUS, through one-way ANOVA. The correction for multiple testing
and two-sided significance were carried out.

Results
Brood mortality rates

For all three tested substances, the larvae mortality rate was estimated by counting the number
of uncapped cells after capping (after 11 days) with the exclusion of the unlaid cells. For Chlor-
pyriphos-ethyl, the mean brood mortality rate in the control wax for year one and year two are
respectively 8.4 + 1.83% and 10.3 £ 1.8% (see Table 1). The increase in concentration doesn’t
specifically relate to a mortality rate increase.

For acrinathrin, the brood mortality rate in the control wax was 19.4 + 8.3% for year one
and 11.4 + 4.7% for year two. Again, the increase in concentration doesn’t relate to a brood
mortality rate increase (see Table 2).
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Table 1. Mean mortality rates for chlorpyriphos-ethyl and mortality compared to control for the different concentrations tested.
Chlopyriphos-ethyl Concentration in ppb Mean mortality rate SD Mortality/Control
Year 1 (2020) 0 8.4% 1.83% 0%
5 11.5% 2.52% 3.2%
10 15.3% 1.9% 6.9%
Year 2 (2021) 0 10.3% 1.8% 0%
500 14% 4.9% 3.7%
5000 18.7% 4.3% 8.3%
https://doi.org/10.1371/journal.pone.0302183.t001
Table 2. Mean mortality rates for acrinathrin and mortality compared to control for the different concentrations tested.
Acrinathrin Concentration in ppb Mean mortality rate SD Mortality/Control
Year 1 (2020) 0 19.4% 8.3% 0%
12.5 24% 8.2% 4.54%
25 24.5% 9.4% 5.14%
Year 2 (2021) 0 11.4% 4.7% 0%
10 14.2% 3.6% 2.8%
100 16.8% 8.1% 5.4%

https://doi.org/10.1371/journal.pone.0302183.t002

With Stearin, the lowest mean brood mortality rates in the control frames were observed
with a value of 6 +1.06% for year one and 8.8 £2.7% for year two (see Table 3). Unlike the tests
with pesticides, brood mortality increased gradually with the increase of the stearin percent-
ages in the beeswax. Fig 4 shows an exponential increase in brood mortality together with the
increase in stearin percentages. From the addition of 3% of stearin, the brood mortality rate is
no longer considered an acceptable level (<10%) [37].

To test if there are any statistical differences between the mean values of brood mortality
rates for year one and year two, the non-parametric Kruskal-Wallis equality-of-populations
rank test was used, comparing the brood mortality rates of the different concentrations
throughout the years. Statistical differences in average mortality rate appeared in function of
the concentration for chlorpyriphos-ethyl (x2 = 28.24, d.f. = 4, P<0.0001), for acrinathrin
(x2 =12.03, d.f. = 4, P<0.017) or stearin (32 = 35.5, d.f. = 6, P<0.0001).

Genes expression effects quantification

The best and most reliable reference genes were chosen using the geNorm algorithm, and the
four potential reference genes were ranked based on how stable they were for accurate gene

Table 3. Mean mortality rates for Stearin and mortality compared to control for the different tested percentages.

Stearin % Adulteration Mean mortality rate SD Mortality/Control
Year 1 (2020) 0% 6% 1.06% 0%
3% 13.2% 9.9% 3.6%
6% 32.3% 13.1% 26.7%
9% 59.1% 11.7% 53.1%
Year 2 (2021) 0% 8.8% 2.7% 0%
3% 14% 4.7% 5.2%
4% 18.2% 2.1% 9.4%
5% 20.8% 4% 11.9%

https://doi.org/10.1371/journal.pone.0302183.t003
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Fig 4. Increase of brood mortality with the increase of percentages of stearin in beeswax. Exponential brood mortality increase in function of the percentage of
stearin adulteration (y = 0.0646€%3%%; R? = 0.7966).

https://doi.org/10.1371/journal.pone.0302183.9004

expression. According to the data gathered from the various treatments, actin is the gene that
is the most stable, followed by RPL8, MGST, and GADPH (Fig 5). Additionally, a pairwise sta-
bility measure is created to assess the value of including additional reference genes in the nor-
malization. In this experimental design, two reference targets are the ideal number (geNorm V
0.15 compared to a normalization factor based on the two or three most stable targets). Thus,
the geometric mean of the reference targets RLP8 and actin can be used to compute the ideal
normalization factor.

Exposure to acrinathrin

Pupae raised in beeswax contaminated with 12.5 ppb and 25 ppb acrinathrin showed a signifi-
cant upregulation of the relish gene when compared to the control group. The detoxification
gene, CYP6AS14 was also significantly upregulated when pupae were exposed to beeswax con-
taining 12.5 mg/kg acrinathrin. Exposure to 25 ppb showed an upregulation although not sig-
nificant. Different immunity (relish, defensin and dorsal) and detoxification genes (CYP9Q3
and GST) were upregulated in pupae raised in beeswax contaminated with 10 and 100 ppb
acrinathrin. The upregulation when compared to the control group was not significant. This
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Fig 5. Average expression stability of reference targets with geNormPLUS algorithm.
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shows that the immunity system of the bees was triggered by this contamination and that
some detoxification processes were stimulated. The results are shown in Fig 6.

Exposure to chlorpyrifos-ethyl

Defensin 1 was downregulated when bee pupae were exposed to 5 and 10 ppb chlorpyrifos-
ethyl in beeswax. However, the down-regulation was only significantly different from the con-
trol group when exposed to 5 ppb in beeswax. It is also worthwhile to notice that both detoxifi-
cation genes, CYP6AS14 and CYP9Q3, were upregulated when the pupae were exposed to
chlorpyrifos-ethyl. These upregulations were not significantly different from the control.
When pupae were exposed to higher concentrations, 500 and 5000 ppb chlorpyrifos-ethyl in
beeswax, most of the tested immunity genes and detoxification genes were downregulated. In
pupae exposed to beeswax containing 500 ppb chlorpyrifos-ethyl, CYP9, GST3, catalase and
domeless were significantly downregulated when compared with the control group. The results
are shown in Fig 6. The downregulation of the immunity system is in line with the results
when exposed to lower concentrations, although at these lower concentrations, the detoxifica-
tion system was still active. The immunity system was also triggered at lower concentrations
while at higher concentrations the bees seem to have suppressed immunity.
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Fig 6. Expression profile of different immunity-related and detoxification genes in bee pupae after exposure to different concentrations of acrinathrin,
chlorpyrifos-ethyl and stearin in beeswax (ppb or %).

https://doi.org/10.1371/journal.pone.0302183.9006

Exposure to stearin

In the adulteration stearin experiment (3, 6 and 9%), no significant differences in gene expres-
sion were observed, compared to non-exposed pupae. Vitellogenin showed a very high level of
expression when pupae were exposed to beeswax containing 3% stearin, but the variation in
gene expression between the samples was also very high. Several genes were expressed at very
low levels while the expression levels of the reference genes were normal in this first experi-
ment. In a second experiment, the pupae were raised in beeswax contaminated with 3, 4 and
5% stearin. In contrast with the previous experiment, the expression levels of all tested genes
were similar to the control. Almost all immunity genes and detoxification genes were upregu-
lated which shows that the immunity system and detoxification processes were triggered by
the exposure to stearin. CYP9Q3 and dorsal were significantly upregulated when exposed to
4% stearin in the beeswax during the pupation (Fig 6).

Discussion

Pesticide residues as well as adulterants have multiple impacts on honey bee health, whether
present in beeswax at acute or sublethal concentrations. Little is known about their impact on
larval development and epigenetics. To verify if pollutants in beeswax have an impact on
honey bee epigenetics we needed to reproduce, as accurately as possible, field conditions for
wax contaminations as well as for honey bee rearing. Our study confirmed that honey bee
immune response may either decrease or increase when exposed topically to pesticides or
adulterants, posing a threat to honey bee health.
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Experimental setting

Contaminants are ubiquitous in beeswax and highly sensitive honey bee brood is exposed to it
during its development. As shown by the recent study by Murcia Morales et al. 2020, residue
transfer to bee brood occurs through direct contact with the beeswax [42]. Contaminating the
wax mass aimed at reproducing realistic conditions, as beekeepers generally provide the hives
with contaminated wax foundations. The wax foundations are used by the bees to build new
comb, thus most of these contaminants are in the bottom of the bee cell, less in the cell walls,
as they are thinner. As in the hive, contaminants are spread in the comb randomly.

Smaller colonies (Mini Plus hives) were used to conduct the field tests; Mini Plus hives are
easier and quicker to handle, measure and observe. The system can sustain stable colonies that
function as efficiently as larger colonies. Moreover, the assembly of study colonies is done to a
high degree of standardisation in terms of brood quantity and adult bee population. For data
verifiability and reproducibility, the basic units of the system, i.e., hive parts and frames, are
available from beekeeping equipment suppliers [49]. Multiple colonies were used for the tests,
this is recommended in risk assessments to better account for differences in stress responses at
the colony level [53-56].

Field conditions test allowed the brood to develop in its natural environment, in the hive,
without being disturbed by artificial test conditions, taking into account the effects on brood
care by worker bees brood and the benefit from the colony effect (stress reduction). It seems
that bees in field conditions can set up an immune reaction while bees housed in artificial
cages suppress this reaction [52]. Placing control and treatment waxes within the same colony
or frame during larval development evened out the effects of colony activity and the quality of
resources fed to the brood.

Mean brood mortality rate in the control wax (see Table 1) should give us an indication of
the quality of the implemented tests when compared to brood natural mortality rates. The sci-
entific literature doesn’t say much about the natural brood mortality rates, but the study by
Mortensen and Ellis, 2018 indicates brood mortality rates in field conditions at day 11, > 20%
[57] and the performance of the colonies in the control group in the study of Thompson et al.,
(2014) showed overall brood mortality rates between 10% and 30%, this demonstrates that the
control group had performed correctly [58].

However, we cannot exclude potential environmental contaminations in beebread, thus the
oral contaminations could have impacted the gene expression results. Nevertheless, the analyt-
ical results obtained were comparable, whatever repetition of the experiment, indicating a pre-
dominant effect of the tested pesticide on gene expression.

Pesticide residues brood mortality rate

Although not much is known about the effects of chlorpyrifos-ethyl on honey bee brood,
pupae appeared to be the most sensitive to chlorpyrifos (oral toxicity) out of five tested sub-
stances [40]. Our study showed higher brood mortality rates than the control colonies, with a
non-linear increase in mortality vs. an increase in concentration. The concentrations used for
the tests are far below the median acute lethal doses, and should rather have sublethal effects
on honey bees. Chlorpyrifos is not used in apiculture, but this highly toxic organophosphate is
one of the most ubiquitous chemicals found in hive matrices like beeswax.

Acrinathrin was used in apiculture to control the mite Varroa jacobsoni. It is still found at
high concentrations in beeswax samples despite its high toxicity and developed resistance. Its
transfer into larvae after direct contact with contaminated beeswax has been shown previously
[42]. For acrinathrin, the concentrations used for the test were also below the acute contact
lethal doses for honey bees, we observed higher mortality rates with the lowest concentrations
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(year one); the standard deviations of the mean mortality rates showed a greater disparity in
the colonies tested the first year.

Stearin brood mortality rates

With Stearin, brood mortality increased gradually with the increase of the stearin percentages
in the beeswax. Fig 4 shows an exponential increase in brood mortality together with the
increase in stearin percentages. These results are in line with the study of Che¢ et al., 2021 [32].
In stearin-adulterated combs (10, 30 and 50% stearin), brood survival dropped significantly

(P <£0.001) compared with survival rates obtained in unadulterated wax foundations. The
brood was scattered in the frame, probably due to the death of the young larvae, as a probable
result of changes in the properties of the royal jelly [32]. From the addition of 3% of stearin,
the brood mortality rate is no longer considered acceptable (<10%) [59].

Gene expression analysis

The gene expression profiling of four genes involved in the major immune response to patho-
gens and eventually to environmental stress factors was performed: relish is involved in the
Imd pathway; domeless, in the JAK-STAT pathway; and dorsal, in the Toll pathway and defen-
sin can be used as a marker for antimicrobial peptide production [45, 60]. Next to the
immune-related genes, some detoxification genes, CYP6AS14, and CYP9Q3 were also
included. The detoxification process of the exposed pesticides and metabolites may be the ini-
tial process in neutralizing the chemicals. Exposure to pesticides may also lead to oxidative
stress which can induce pathways involving catalase and GST to neutralize reactive oxygen
species (ROS).

Our results suggest that exposure to acrinathrin is activating the immune system. At lower
concentrations in beeswax the relish gene was significantly upregulated while at higher con-
centrations, defensin and dorsal were also upregulated although not significant. This likely
reflects that acrinathrin is activating the Imd pathway leading to NF-«B activation. Relish regu-
lates the expression of several antimicrobial peptide genes, such as defensin synthesis. The ele-
vated dorsal expression suggests that next to the Imd pathway, the Toll pathway is also
triggered in pupae raised in acrinathrin-contaminated beeswax at higher concentrations. This
may also lead to the production of AMP-like defensin [61]. These results clearly show that the
immune system of pupae raised in acrinathrin-contaminated beeswax is triggered, with possi-
ble negative impacts on colony health by making them more vulnerable to other stressors.
However, further work is required to confirm this finding. Next to the triggered immune sys-
tem, detoxification mechanisms were triggered to metabolize acrinathrin and the generated
reactive oxygen species (ROS). Considering these results together, it seems that pupae react to
acrinathrin exposure. The results also suggest that the bees try to metabolize acrinathrin using
a CYP-dependent pathway.

Exposure to chlorpyrifos at low concentrations results in lowering the expression levels of
defensin. At higher concentrations, the expression of domeless was significantly down-regu-
lated. Domeless is a key enzyme in the JAK-STAT pathway, while the Imd and Toll pathways
may regulate defensin expression. This expression profile suggests that the innate immune sys-
tem is suppressed in pupae raised in chlorpyrifos-contaminated beeswax which will certainly
lead to less resilient bees. Almost all expression levels of the tested immune and detoxification
genes were down-regulated although not significantly different from the control. The expres-
sion profile suggests that bees are not or less able to neutralize chlorpyrifos and may be more
vulnerable to pathogens and environmental stressors. This reaction can be explained by the
lipophilic nature of chlorpyrifos and the lipid composition of the bee’s cuticle [62]. Lipophilic
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substances have a higher affinity for the cuticle, which makes them easier to absorb and more
quickly delivered to their intended location of action [63]. This hypothesis formulated by Dor-
neles et al. evaluated organophosphorus pesticides toxicity to stingless bees and was based on
the low water solubility of chlorpyrifos (1.05 mg/L at 20°C) [64]. More lipophilic compounds
(i.e. less soluble in water) can penetrate more readily through the cuticle.

Exposure to stearin triggered the immune system and detoxification system of the pupae.
CYP9Q3 and dorsal were significantly upregulated in the exposure experiment with 4% stea-
rin. This likely reflects that the Toll pathway is activated and that the CYP-dependent detoxifi-
cation mechanisms were initiated. As all immune-related genes were upregulated, although
not significantly, this suggests that the pupae reacted to the presence of stearin which may
harm their further health status, which should be studied in detail in future experiments.

All results of this study allow us to recommend gene expression as a tool to assess the sub-
lethal effects of contaminated or adulterated beeswax on exposed worker pupae, using a novel
in vivo realistic model.

Conclusions

The ability to perform analysis of gene expression quantitatively has become increasingly
important for animal health. To the best of our knowledge, this is the first field research that
investigates the genomic responses of honey bees reared in beeswax contaminated with chlor-
pyrifos-ethyl, acrinathrin and adulterant stearin. Pesticide contaminations have an impact on
honey bee mortality even at low concentrations, stearin adulteration of beeswax renders it
inappropriate for use in beekeeping, as an addition of 3% of stearin significantly increases
brood mortality. Our findings support the hypothesis that, at the tested concentrations of pes-
ticide residues, honey bee immune response may either decrease or increase, posing a threat to
honey bee health. As suggested by Dai et al. (2017), organophosphates (chlorpyrifos) seem to
represent a higher risk to honey bee health than pyrethroids [40]. Further studies should be
carried out to check whether adulterants have underlying effects. Further research on gene
expression is crucial to understand the undelaying mode of actions of pesticides. For economi-
cally important and emblematic species such as honey bees, the identification of substance-
specific response factors might ultimately serve to identify molecules that are safer for honey
bees and the ecosystem’s health.
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