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Editorial

Impact of Environmental Factors and Management Practices on
Bee Health

Ivana Tlak Gajger 1,* and Franco Mutinelli 2

1 NRL for Honeybee Diseases, Faculty of Veterinary Medicine, University of Zagreb, Heinzelova 55,
10000 Zagreb, Croatia

2 NRL for Honey Bee Health, Istituto Zooprofilattico Sperimentale delle Venezie, Viale dell’Università, 10,
35020 Legnaro, Italy; fmutinelli@izsvenezie.it

* Correspondence: itlak@vef.unizg.hr; Tel.: +385-91-2390041

The honey bee is a symbol of One Health, a holistic approach to animal, human and
environment health, and beekeeping is an economic branch of exceptional importance for
public health [1]. However, in recent years, there has been a lot of discussion about the
so-called honey bee health crisis. Consequently, increased attention has been paid to its
causes, especially new pathogens, pests, and the geographical redistribution of invasive
species, as well as the efficacy of biosecurity measures and practices at the apiary. Here, we
outline the different stressors of global importance which are weakening and reducing the
number of honeybee and bumblebee colonies [2], as well as Osmia spp. solitary bees [3].
Many factors, such as the presence of pathogens, nest destructors, negative environmental
drivers, global warming (in particular), agricultural intensification and pesticides, habitat
loss, and managing practices, are reported as the main causes of bee depopulation and
losses in rearing operations and apiaries. The published articles reflect the complex impacts
of environmental factors and management practices on bee health. Herein, we therefore
summarize the main focus and results of the twenty-three original articles and one commu-
nication that have been published in this Special Issue, the Impact of Environmental Factors
and Management Practices on Bee Health. The research has been thematically organized
focusing on novel epidemiology studies, diagnostic tools and technologies, monitoring
programs, agricultural, beekeeping and veterinary managing practices, biosecurity–control–
eradication measures, disinfection methods, and the development of new bee disease
control strategies.

The early estimation of infection levels with pathogens and parasites is important to
avoid the development of clinical symptoms and further spreading of diseases. The article
by Betti et al. [4] described a newly developed multi-scale mathematical model which
can investigate the impact of inter-colony interactions on the transmission dynamics of
honeybee diseases. The findings indicate that elevated drifting levels significantly enhance
the disease spread rate among honey bee colonies. Additionally, the model highlights the
necessity for highly efficient worker bees’ guarding behavior to effectively mitigate disease
transmission. Notably, in densely populated apiaries, the implications of drifting are of
greater concern compared to robbing behavior [4]. In recent decades, the ectoparasitic mite
Varroa destructor has become a major global threat to managed honey bee (Apis mellifera)
colonies, and drifting is one of the possibilities for its high reinvasions between colonies
and neighboring apiaries. So, an integrated pest management approach without using
synthetic acaricides against varroosis motivated Qadir et al. [5] to test the effectiveness of
formic acid, oxalic acid, and thymol applied at different concentrations and quantities [5].
Also, essential oils and their components are generally known for their acaricidal effects
and are used as an alternative to control the population of V. destructor instead of synthetic
acaricides. The 30 different essential oils were screened by using a glass-vial residual
bioassay, and for essential oils with the best selectivity ratio, their main components were
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detected and quantified by GC-MS/MS, where the most suitable oils were peppermint
and manuka, followed by oregano, litsea, carrot, and cinnamon [6]. Bila Dubaić et al. [7]
discussed the possibilities and challenges of detecting and effectively monitoring feral
and wild honey bees in urban environments, as well as the role of citizen science in these
efforts. Their findings will support ongoing initiatives aimed at better understanding
and enhancing naturally selected resistance mechanisms against the V. destructor mite.
This understanding is expected to help mitigate the current threats to and risks of global
beekeeping and food production security. Kovačić et al. [8] investigated the effect of queen
caging on honey bee colonies’ post-treatment and the development and optimal timing of
methods applied during honey production during the main summer nectar flow in different
Mediterranean countries. The study results showed that caging the queen with subsequent
oxalic acid treatment 25 days after caging is an efficient method to control V. destructor,
while the starting point of queen caging concerning the main summer nectar flow affects
honey production [8]. Kolics et al. [9] provided basic information about changes in lithium
levels in honey bees and their products following anti-varroa treatment and concluded that
lithium treatment left combs (beeswax) lithium-free.

Kušar et al. [10] investigated the relationship between clinical symptoms of American
foulbrood and spore counts by quantifying spores in honey and hive debris samples
from honeybee colonies with known severity of symptoms. For that purpose, they used
a newly developed qPCR assay which enables reliable detection and quantification of
P. larvae in different in-hive sample types. The proper implementation of control measures
and effective final disinfection can significantly reduce the recurrence of visible clinical
signs of American foulbrood. Tlak Gajger et al. [11] evaluated ten commercially available
disinfectants commonly used in beekeeping, along with some that have proven efficacy in
the medicinal and veterinary fields, against different strains of the P. larvae bacterium.

Glavinić et al. [12] provided basic information on Nosemosis and reviewed currently
known control measures (including beekeeping practices and chemical and natural sub-
stances), and they analyzed the application of Agaricus bisporus water crude extract on
honey bees for the first time. The results showed anti-Nosema ceranae and nutrigenomic
effects of A. bisporus extract when supplementation was preventive or in the moment of in-
fection with N. ceranae spores. The stress caused by exposure to thiamethoxam and Nosema
spp. invasion was mitigated by adjustments in the honey bee colony’s dynamics and an
increase in the number of worker bees—a behavior known as hormesis. Understanding the
factors behind this phenomenon should be included in the prospective risk assessment of
plant protection products to enhance the interpretation of field studies and management
practices in the future [13].

Mraz et al. [14] studied the prevalence of common honey bee pathogens and viruses
in various habitats throughout the Czech Republic. They found that the most prevalent
honey bee pathogens belonged to the family Trypanosomatidae, including Lotmaria passim
and Crithidia mellificae, and the most common virus was Deformed Wing Virus, followed by
Acute Bee Paralysis Virus. From a location perspective, the highest occurrence of pathogens
was observed in urban areas, while fewer pathogens were detected in agroecosystems and
the least in national parks. Conversely, the trend for viruses was the opposite.

The Small Hive Beetle (Aethina tumida Murray, 1867) is an invasive scavenger of hon-
eybees that is originally endemic in sub-Saharan Africa, and it is regulated internationally
to preserve the areas still free from this species. To ensure the reliability of official diag-
noses following their introduction, an inter-laboratory comparison was organized to assess
the morphological and molecular real-time PCR identification of A. tumida. Franco et al.
reported the results from 22 official diagnostic laboratories, and the results demonstrated
the reliability of the diagnosis, covering the entire analytical process [15].

Pavlović et al. [16] showed differences in the elemental composition of larvae from
honey bee colonies with different statuses of chalkbrood disease. Mummies had higher
concentrations of macro elements in comparison to typically developed larvae from the
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same hive, while at the same time, they had much lower concentrations of microelements
that have known anti-fungal and antimicrobial activities [16].

Phokasem et al. [17] revealed that the honey bees infected with DWV-A and ex-
posed to thiamethoxam had an increased mortality rate and crippled wings in newly
emerged worker bees, and it induced expression of immune gene hymenoptaecin and
down-regulation of two apoptosis genes (caspase8-like, caspase9-like genes).

Mejías et al. [18] examined honey and beeswax samples collected in Chile. They
performed chemical profiling to assess phenol content using the Folin–Ciocalteu method,
measured antioxidant power through the Ferric Reducing Antioxidant Power Assay (FRAP)
and evaluated antiradical activity using the 2,2-Diphenyl-1-picrylhydrazyl Assay (DPPH).
Additionally, they tested for pesticide residues using HPLC-MS/MS and GC-MS techniques.
The findings mapped the suitability index that ranks areas based on their pesticide-free
status and biological quality, and those chemical profiles will assist local beekeepers in
obtaining international certifications, particularly for the European Union market [18]. Hýbl
et al. [19] reported that polyphenols as food supplements improved the food consumption
and longevity of honey bees intoxicated by the pesticide thiacloprid, and the expression
level of genes encoding detoxification enzymes was quantified. Raimets et al. [20] reported
the possibility of the migration of tebuconazole from wax to royal jelly with a strong dilution
effect from the original contamination source. Also, no residues were detected in queen bee
larvae nor newly emerged queens, indicating that the migration of tebuconazole did not
directly endanger the queen but might affect the homeostasis of developing worker bees.
Cabezas et al. [21] evaluated the toxicity of six insecticides on buff-tailed bumblebee workers
(Bombus terrestris): imidacloprid, thiacloprid, deltamethrin, esfenvalerate, sulfoxaflor and a
microbial insecticide based on Bacillus thuringiensis toxins, which are present in genetically
modified (Bt) maize. The results indicated that some currently used insecticides are more
acutely toxic to B. terrestris than certain neonicotinoids that have been banned [21].

The results of Vilić et al. [22] showed that RF-EMFs at a frequency of 900 MHz can
cause oxidative stress in honey bees, with the larval stage being more sensitive than the
pupal stage, and there was no linear relationship between the electric field level and effect
in any of the developmental stages.

The first survey on the loss rates of honey bee colonies was reported in 2022/2023 in
Ethiopia using COLOSS monitoring survey tools, applying a face-to-face interview question-
naire [23].

The spider web and barometer tools enable a comprehensive assessment of the imple-
mentation status of biosecurity measures, actions taken to protect the environment where
stingless bees thrive, the quality and efficiency of nest management techniques, and the
monitoring of the health status in Meliponiculture [24].

Understanding how human activities, such as urbanization and agricultural inten-
sification, affect landscapes and insect pollinators is essential for maintaining a healthy
pollination system. In this context, Donkersley et al. [25] reported preliminary results indi-
cating that the foraging and nutrition of A. cerana japonica may not be negatively impacted
by urban land use. They emphasize the need for future comparative studies between
A. cerana japonica and A. mellifera, as these could reveal resilience in pollinators foraging
within their native range [25].

Despite specific limitations, Bontšutšnaja et al. [26] saw strong correlations between
microscopy and DNA metabarcoding data used for quantification analyses and the botan-
ical origin of bumble bee-collected pollen for B. terrestris species. Also, they concluded
that the spring vegetation in southern Estonia can support the development of bumblebee
colonies, regardless of the specific landscape structure. Additionally, despite the lack of a
dominant natural food source, other bumblebee species—particularly generalists—should
also be able to find ample forage during their early development phase.

Elfar et al. [27] examined the proteomic variations and biological activities of bee
hemolymphs from four localities in Egypt with differing food diversities. The results
showed that worker bees fed only sucrose had the lowest protein concentrations and weak

3



Insects 2024, 15, 996

biological activities, while those with access to diverse natural foods had the highest protein
levels and significant biological activities [27].

In conclusion, the published articles explore complex factors affecting bee health,
emphasizing the global crisis in honeybee and pollinator populations. Key insights include
the following:

1. Stressors on Bee Populations: factors such as pathogens, pests (e.g., V. destructor),
pesticides, habitat loss, and climate change contribute to the decline of bee colonies,
including honeybees, bumblebees, and solitary bees.

2. Innovative Control Measures: studies highlight effective methods like queen caging
combined with oxalic acid treatments for Varroosis control, essential oils as alterna-
tives to synthetic acaricides, and advancements in diagnostic tools like qPCR assays
for diseases such as American foulbrood.

3. Impact of Environmental and Agricultural Practices: urbanization, pesticide exposure,
and agricultural intensification affect bees differently. For instance, urban areas
showed higher pathogen prevalence, while rural areas had more pesticide-related
impacts.

4. Chemical and Biological Research: research identified effective natural remedies like
Agaricus bisporus extract for bee health and studied pesticide residues’ effects on honey
and beeswax.

5. Behavioral and Genetic Studies: studies on disease transmission behaviors, genetic
responses to stressors, and the influence of food diversity reveal how bees adapt to
environmental challenges and human activities.

6. Global and Local Initiatives: efforts like citizen science for monitoring wild bees, the
development of biosecurity measures, and comparative studies on bee species in
diverse habitats aim to mitigate risks and improve resilience.

The compilation of twenty-three original articles and a communication underscores the
urgency of interdisciplinary approaches to safeguard bee health and ecosystem sustainability.
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Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tlak Gajger, I.; Meana Mañes, A.; Formato, G.; Mortarino, M.; Toporcak, J. Veterinarians and beekeeping: What roles, expectations
and future perspectives?—A review paper. Vet. Arh. 2021, 91, 437–443. [CrossRef]

2. Tlak Gajger, I.; Šimenc, L.; Toplak, I. The First Detection and Genetic Characterization of Four Different Honeybee Viruses in Wild
Bumblebees from Croatia. Pathogens 2021, 10, 808. [CrossRef] [PubMed]
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Simple Summary: Inter-colony disease spread is a impediment to a healthy apiary. A multi-scale
mathematical model is built to explore the effects of inter-colony behaviour on the spread of disease.
We model different scenarios corresponding to different behaviours exhibited by honey bees. We
show that a colony can use certain behaviours to lower the impact of disease on itself, and show that
other behaviours are only relevant under specific conditions. The model can be extended to explore
an entire apiary or modified to explore the evolutionary underpinnings of these behaviours.

Abstract: Inter-colony disease transfer poses a serious hurdle to successfully managing healthy
honeybee colonies. In this study, we build a multi-scale model of two interacting honey bee colonies.
The model considers the effects of forager and drone drift, guarding behaviour, and resource robbing
of dying colonies on the spread of disease between colonies. Our results show that when drifting is
high, disease can spread rapidly between colonies, that guarding behaviour needs to be particularly
efficient to be effective, and that for dense apiaries drifting is of greater concern than robbing. We
show that while disease can put an individual colony at greater risk, drifting can help less the burden
of disease in a colony. We posit some evolutionary questions that come from this study that can be
addressed with this model.

Keywords: honey bee; disease transfer; drift; robbing

1. Introduction

Pathogens and disease are now agreed to play an important role in global honeybee
colony failure [1]. Honeybee colonies seem to be robust against many individual stressors,
but coupled stressors can cause effects greater than the sum of their parts [2]. As honeybees
continue to be exposed to stressors such as climate change [3] and sub-lethal pesticide
exposure [4], it is important to minimise the risk imposed by disease in order to preserve
a colony.

Honeybees are exposed to a host of viral and microbial parasites. The most studied
of these are the Varroa mite [5] which can transmit lethal viruses such as deformed wing
virus (DWV) [6] and acute paralysis virus (APV) [7] and nosemosis [8] caused by either
the spores Nosema ceranae or Nosema apis. There are other less widely studied viruses and
diseases which plague colonies such as cloudy wing virus [9], the newly discovered Lake
Sinai virus [10].

Honeybees exhibit behaviours that help combat infection within a colony. Bees will
often implement hygienic behaviours [11–13] to prevent disease from spreading within
a colony. These behaviours consist of removing infected or non-viable brood to stop the
spread of infection within a colony.

To prevent disease between colonies, honey bees have a different set of behaviours.
One such behaviour is guarding [14], which is when bees stationed at a hive entrance
will deny entry to immunocompromised honey bees, bees of another colony, or anything
deemed a threat to colony health.

Insects 2021, 12, 700. https://doi.org/10.3390/insects12080700 https://www.mdpi.com/journal/insects6
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In contrast, some honeybee behaviours facilitate the transfer of infection between
colonies. One such behaviour is known as drift. Foraging bees can sometimes get confused
and return from flight to the wrong hive [15]; if a bee is infected and drifts, they can
spread infection to a neighbouring hive [16]. Drifting is worse when hives are visually
similar and in close proximity [17]. Honeybees are also known to pillage dying colonies for
resources [18]. This is distinct from drift as it is an active behaviour rather than a passive
one, and is less dependent on distance given the range of foraging bees, but can still be a
transmission route for disease [19].

There are other mechanisms by which disease may pass from one honeybee colony to
another. Spillover events between other pollinator species or wild bee populations may
cause novel pathogens to infect managed honeybee colonies [20] or vice versa [21] as well
as through the environment such as shared foraging patches [20,22].

Diseases in honeybee colonies have been studied mathematically in both the general
case [23–26] and in specific cases of prominent infections [27–29]. Recent focus has turned
to the study of disease transmission between colonies. A simple model by Muhammad
and Eberl illustrates the role of drift using impulsive differential equations [30]. Their
results show that drift can allow for the rapid spread of disease through an apiary that
drastically reduces the total bee population. In 2019, Bartlett et al. developed a model for
networked colonies using an SIR framework to show how colony placement can affect
pathogen spread [31].

Infection in honeybee colonies is extremely varied and is confounded by complex
social hierarchy and behaviour both within and between hives. This necessitates the
use of multi-scale models to aid the understanding of how honeybee behaviour at the
individual and colony level effects the transmission of disease. While many diseases
have specific, unique routes of transmission, many can be approximated as horizontal
transmission between bees. For instance, Varroa mites act as a vector for many viral
infections [7,32], but the mite population is dependent on the bee population. As mites
often jump from bee to bee [7,33] while feeding, this aspect can be approximated by
horizontal transmission. In fact, the mites themselves which weaken bees and lead to health
problems [32] can be interpreted as a type of pathogen affecting honey bees. Infections
caused by the microsporidian Nosema can likewise be approximated by horizontal, bee-to-
bee transmission [23], as spores are transmitted through feeding, cleaning, defecating, and
transferring pollen and nectar [34]. For this reason, and to increase the tractability of our
study, we focus on horizontal transmission between bees on the intra-colony scale.

In the current study, we create a multi-scale model which couples two colonies using
the single colony framework introduced in [23], which itself is an extension of the dynamical
model of a honey bee colony introduced in [35]. We keep the disease dynamics as general
as possible to draw conclusions that can be applied to a wide variety of diseases which
affect colonies. The inter-colony behaviours that we will focus on are those pertaining to
drift, security, and robbing. We analyse the model using numerical simulations to show the
effects of explicit forager and drone drift on the spread of disease as well as under what
conditions colony robbing becomes a relevant factor.

2. Model

This model extends the model in [23] to incorporate a multi-hive system and inter-
colony interactions. In this model, we model two colonies in order to highlight how various
behaviours change disease spread between colonies.

The two colonies will be labelled colony 1 and colony 2. Each hive is made up of
three classes of bees: the hive bees, H, the foragers, F and the drones D. We ignore brood
dynamics in this model, as the goal is to explore a generalised, mass-action infection at the
inter-colony level, which is mostly driven by adult bees. The general hive dynamics are
adapted from the works in [35,36], and the generalised intra-colony infection is adapted
from in [23].
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We assume that hive bees (female bees whose duties are contained entirely within
the hive) are contained within the hive and are safeguarded against death (in other words,
healthy bees are far more likely to become foragers than to die of natural causes). The dy-
namics of healthy (i.e., susceptible) hive bees are governed by the equation

d H1 S
dt

= p1LS1( H1 , 1 f )− R1( H1 , 1F) H1 S − H1 SΥH( H1 I , F1 I , D1 I) (1)

d H2 S
dt

= p1LS2( H2 , 1 f )− R2( H2 , 1F) H2 S − H2 SΥH( H1 I , F1 I , D1 I) (2)

where the subscripts 1 or 2 determine which colony the bees are from, S stands for suscep-
tible bees, and I indicates infected bees. The parameter p1 is the proportion of eggs laid
by the queen of colony 1 which are fertilised (and thus result in female bees), and L is the
number of eggs laid per day on average by the queen.

The function ΥH( H1 I , F1 I , D1 I) is an infection transmission function between infected
bees and susceptible bees. It is given as

ΥH( H1 I , F1 I , D1 I) =
(

βHH H1 I + βHF( F1 I + F1
2 I) + βHD D1 I

)
(3)

where βHH is the interaction term between hive bees, βHF is the interactions between
foragers and hive bees, and βDH is the interactions between drones and hive bees. The sub-
script on Υ denotes the susceptible population being interacted with. Therefore, there are
other interactions not shown here, namely, βDF, βDD, and βFF. In practice, we take an
average β value and the term reduces to

Υ( H1 I , F1 I , D1 I) = β
(

H1 I + F1 I + F1
2 I + D1 I

)
(4)

These two governing equations, Equations (1) and (2), do not interact with each other as
we assume hive bees of one colony are not mixing with other colonies directly.

The two functions S(H, f ) and R(H, F) are survival of brood and recruitment to
foraging, respectively, where 1H = (1HS, H1 I) and 1F = (1FS, F1 I) and similarly for
colony 2. These terms were first introduced in [35,36]. We have adapted and modified
these terms to the following:

S1(H, f ) =
(

HS + HI
k1 + HS + HI

)(
f

b1 + f

)
(5)

and

R1(H, F) = α1

(
1 − σ1

FS + FI
HS + HI + FS + FI

)
. (6)

The parameters k1 and b1 are the amount of hive bees and food required to ensure 50%
survival of the brood, parameter α1 is the rate of recruitment to foraging in the absence
of foragers, and 1/σ1 is the optimal proportion of foragers in a colony. We have similar
equations for colony 2.

Infected hive bees are created when an infected bee interacts with a susceptible hive
bee. These infected hive bees are then susceptible to infection-related death at rate dH .

d H1 I
dt

= H1 SΥH( H1 I , F1 I)− R1(1H, 1F) H1 I − dH H1 I (7)

d H2 I
dt

= H2 SΥH( H2 I , F2 I)− R2(2H, 2F) H2 I − dH H2 I (8)

Healthy (i.e., susceptible) foragers, FS, are created through recruitment of hive bees and are
susceptible to natural death at rate μ, as well we incorporate a drifting term which allows
foragers to visit other colonies. We denote these “drifted foragers” with two left indices.
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For example, F1
2 S is a healthy forager from colony 2 who is currently in colony 1. This

separation has multiple advantages; it allows for asymmetry in the model (we can allow
migrant foragers an increased probability of returning to their proper colony), it allows us
to account for their average age before drifting (if we were to add them to 2FS they would
then live on average μ2 days from the day they drifted), and we can track migrant foragers
and validate against experimental results. Given this, there are two equations per colony
for healthy foragers:

d F1 S
dt

= R(1H, 1F)1HS − μ1 F1 S − d12 F1 S + r1 F1
2 S − 1FSΥ( H1 I , F1 I) (9)

d F2
1 S
dt

= d21 F2 S − r2 F2
1 S − F2

1 SΥ( H1 I , F1 I)−
μ1

μ1 + r1
F2

1 S (10)

d2FS
dt

= R(1H, 1F)2HS − μ2 F1 S − d21 F1 S + r2 F2
1 S − 2FSΥ( H2 I , F2 I) (11)

d F1
2 S
dt

= d21 F2 S − r1 F1
2 S − F1

2 SΥ( H2 I , F2 I)−
μ2

μ2 + r2
F1

2 S (12)

where d12 is the probability of drift from colony 1 to colony 2, d21 is the probability of drift
from colony 2 to colony 1, and μ is the rate of natural death of foragers.

Infected foragers have similar dynamics to healthy foragers, but there are two routes
of creation (infected foragers can be recruited to foraging from infected hive bees, or healthy
foragers that become infected). As well, infected foragers will die either through natural
death or by death due to infection, dF. Equations (13)–(16) show the governing behaviour
of infected foragers. The notable changes from the susceptible forager equations are
highlighted in blue.

d F1 I
dt

= R(1H, 1F)1HI − (μ1+dF) F1 S − d12 F1 S + r1 F1
2 S+1FSΥ( H1 I , F1 I) (13)

d F2
1 S
dt

= d21 F2 S − r2 F2
1 S+ F2

1 SΥ( H1 I , F1 I)−
μ1+d

μ1 + r1+d
F2

1 S (14)

d2FI
dt

= R(1H, 1F)2HI − (μ2+dF) F1 S − d21 F1 S + r2 F2
1 S+2FSΥ( H2 I , F2 I) (15)

d F1
2 S
dt

= d21 F2 S − r1 F1
2 S+ F1

2 SΥ( H2 I , F2 I)−
μ2+d

μ2+d + r2
F1

2 S (16)

Drones are also a potential vector of infection between colonies. Drone behaviours
are incredibly simple, they are born of unfertilised eggs, and tend to be long-lived. Drones
live on average 90 days, but at certain times of the year death can be accelerated through
mating in spring/early summer [37], or through the mass eviction of drones in autumn by
worker bees [38]. Similar to foragers, drones may drift between hives [19]. Our governing
equations for healthy drones in colony 1 are given as

d D1 S
dt

= (1 − p1)LS1(H, f )− 1DSΥ( H1 I , F1 I)− μD1DS (17)

d D2
1 S
dt

= d̂21 D2 S − r̂2 D2
1 S − D2

1 SΥ( H1 I , F1 I)−
μD1

μD1 + r̂2
F1

2 S (18)

with similar equations for colony 2 and infected equations build in the same way as those
for hive bees and foragers.

3. Results

The model is run with parameters given in Table 1. For simplicity we set all parameters
equal for both colonies, and set β = βHH = βFH = βHD = βHF, d12 = d21 = r1 = r2 and
d̂12 = d̂21 = r̂1 = r̂2.

9



Insects 2021, 12, 700

Table 1. Parameter values and source references.

Parameter Definition Value Ref.

L maximum rate of egg laying 2000 eggs/day [35]
w number of hive bees for 50% egg survival 5000 bees [35]
b mass of food stored for 50% egg survival 500 g [36]
k increased food requirements for drone brood survival variable
α maximum rate of recruitment 25%/day [35]
1
σ maximum fraction of colony that can be foraging 1/3 [35]
μ natural death rate of foragers (summer) 0.14 [35]

μD natural death rate of drones 1/90 [39]
c food gathered per day per forager 0.1 g/day/bee [40]

γH daily food requirement per adult hive bee 0.008 g/day/bee [41]
γF daily food requirement per adult forager 0.008 g/day/bee [41]
γD daily food requirement per adult drone 0.016 g/day/bee calculated

γBH daily food requirement per worker brood 0.016 g/day/bee [42]
γBD daily food requirement per drone brood 0.049 g/day/bee [42]

p proportion of worker eggs 0.95 [43]
β rate of transmission of infection 5 × 10−4 [23]

d12 drift rate of foragers 0.1 [44]
d̂12 drift rate of drones 3d12 [15]

The healthy dynamics of two colonies are shown in Figure 1. Each colony is started
with 10,000 hive bees, no foragers, and no drones. This roughly replicates post-winter con-
ditions. Within 1–2 months, each colony is strong and stable. Without infection, and with
two identical colonies, we see that the fraction of drifted foragers in a colony, under the
given parameter set is roughly 12%; shown in Figure 2. These results are consistent with
biological observations: see in [44] for drift values, and in [45] for colony size.

(a) (b)

Figure 1. The dynamics of two healthy colonies with interactions through forager and drone drifting
for colony 1 (a) and colony 2 (b). The model is started with initial conditions 1HS(0) = 2HS(0) =
10,000, and all other compartments with 0 individuals. Food is considered abundant and infinite. As
identical parameter sets are used for both colonies, the dynamics of both colonies are the same.
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Figure 2. With the drifting rate set at 10%, we see that on average 12% of the foragers in a colony are
foreign. These results are consistent with experimental findings.

In Figure 3, we first run the model to reach the disease-free equilibrium and then
introduce infection. This is to simulate infection being introduced in mid-summer, when
colonies are at full strength. In this case, we see that infection travels between colonies
quickly, and despite the colonies being identical, the peak infected population in the second
colony is slightly higher than in the source colony. In panel (b) of Figure 3, we see the
proportion of bees that are infected in each colony. This is important as a proxy for future
risk to the colony as the stress of infection can amplify the effects of other stressors.

(a) (b)

Figure 3. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
We see that infection can travel quickly between two colonies with little delay. Note that the infection
in the second colony peaks slightly higher than in the source colony. Panel (a) shows the population
of infected bees over time and panel (b) shows the proportion of bees in each colony that are infected
over time.
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3.1. Scenario: Drone Drift vs. Forager Drift

We can modify the model by looking at the impact of forager drift versus drone drift
on infections within a two colony system. When compared to Figure 3, Figure 4 shows that
drift allows the stress of infection to be spread across both colonies. Figure 4 shows the case
when there is no drift, in other words, d12 = d21 = r1 = r2 = 0 and d̂12 = d̂21 = r̂1 = r̂2 = 0.
We see that when the infection is limited to the source colony, the peak number of infected
bees is much higher than when bees are able to drift between colonies. We also see that the
proportion of bees infected in colony 1 is higher, by roughly 10%.

(a) (b)

Figure 4. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
We see that infection is more severe and poses greater long-term risk when bees are not able to drift
between colonies. Subfigure (a) shows the infected population in the hives, subfigure (b) shows the
percentage of infected bees in each colony.

In Figure 5, we show the impact of forager drift (subfigure (a)) in the absence of drone
drift and the impact of drone drift (subfigure (b)) in the absence of forager drift. We see
that despite their increased rate of drift, if foragers are not allowed to drift, both colonies
see an increase in infection, and the infection peaks roughly 10 days earlier than if both
drones and foragers are able to drift. We see that thee same qualitative result is true if only
foragers are able to drift, but it is much less pronounced quantitatively.

(a) (b)

Figure 5. Cont.
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(c) (d)

Figure 5. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
Subfigure (a) shows the impact of only forager drift on the system of two colonies; d̂12 = d̂21 = r̂1 =

r̂2 = 0 and all other parameters as in Table 1. Subfigure (b) shows the impact of only drone drift;
d12 = d21 = r1 = r2 = 0 and all other parameters as in Table 1. Comparing panels (c,d), we see that
forager drift is mainly responsible for alleviating infection pressure in the colony as when forager
drift is removed, the situation in colony 1 is very similar to when there is no drift at all.

3.2. Scenario: Filtering Infected Bees

Another behaviour some honey bee colonies can show is to disallow drifting of
compromised bees [46]. In Figure 6, we simulate colony 2 discriminating against the drift
of infected bees from colony 1, but colony 1 does not discriminate at all. We see that a
perfect filter can save colony 2 in much the same way as no drift; as the guarding bees at
colony 2 will often kill the trespassing bees [14], we also see a healthier colony 1 because of
the behaviour of hive 2. The figure also shows the case where only 50% of infected drifting
bees are stopped and we see that this is not enough to prevent infection in colony 2.

(a) (b)

Figure 6. Cont.
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(c) (d)

Figure 6. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
In this scenario, we allow healthy foragers and drones to drift between colonies, but infected bees are
detected and are removed. In panels (a,b), we assume there is a perfect filter for infected hive bees; in
panels (c,d), we assume this guarding behaviour is 50% effective.

3.3. Scenario: Robbing Behaviour

Another behaviour that bees show is robbing dying colonies for resources [19]. In this
situation, healthy foragers from colony 2 will target a dying colony for its resources, often
picking up infection along the with the resources [19]. We simulate this situation by
inserting an infected forager into colony 1, and running the simulation until the population
of colony 1 is below 6000 bees, we then insert an infected forager into colony 2. This is
to simulate robbing from a dying colony. When we do this without any drift, we see in
Figure 7 that the the colonies independently as expected. Note for these results we set
β = 2 × 10−3 to ensure colony 1 collapses. As mentioned above, ignoring drift can be
interpreted as simulating wild colonies that are often far enough apart that drifting is not
an issue [17].

Figure 7. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
In this scenario, we remove drift but allow colony 2 to rob colony 1 of resources as the colony begins
to die. We see that in this case the colonies behave independently.
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When we combine the effects of drift and robbing, we see that infection spread by
drift dominates. This is visualised in Figure 8.

Figure 8. Beginning from equilibrium, we introduce one infected forager into colony 1 (1FI(0) = 1).
In this scenario, we allow drifting between colonies and allow colony 2 to rob colony 1 of resources
as the colony begins to die. We see that in this case the effects of robbing are washed out.

3.4. Basic Reproduction Number

The model is too complex for the use of analytical techniques to determine a basic
reproduction number to get a sense of severity of disease. We can however estimate the
basic reproduction number from our numerical simulations. Using the heuristic that the
proportion of infected individuals, p, at the endemic equilibrium is related by

p = 1 − 1
R0

we can show that our two values of β in our study correspond to a reproduction number of
R0 ≈ 1.67 when β = 5 × 10−4, and R0 ≈ 20 when β = 2 × 10−3, in a single colony. These
values are in the same range as those used in [23,31].

3.5. Varying Drift & Reproduction Number

As drift is dependent on distance between the colonies, we examine the effects of
varying drift on colony behaviour. In Figure 9, we see that lowering drift by distancing
colonies can slow spread of infection between colonies by upwards of 10 days. In panel (a),
when β = 5 × 10−4, we see that as drift rate increases (i.e., distance between colonies
decreases), there is a rapid decrease in the time it takes infection to spread from one colony
to another. We see in panel (b) that when β = 2 × 10−3, the drift coefficient plays little role
in spread and drift need only be present.
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(a) (b)

Figure 9. With all other parameters being equal, we change the drift coefficient and measure the time
between peak infections in colony 1 and colony 2. We can see for low β (panel (a)) that increasing the
drift coefficient (i.e., decreasing the distance between colonies) exponentially decreases the time it
take an infection to reach colony 2. When β is high (panel (b)), we see that there is less importance on
drift, it only need be present.

In Figure 10, we vary β and measure the time between peak infections in colony 1
and colony 2. We see that increased infectiousness between bees does not have as large an
impact on inter-colony transmission as drift. In panel (a) we set the forager drift coefficients
to 0.1 and in panel (b) we set the forager drift coefficient to 1 × 10−4 for comparison so
show that the insensitivity to β holds.

(a) (b)

Figure 10. With all other parameters being equal, we change β and measure the time between peak
infections in colony 1 and colony 2. We can see that increasing β exhibits exponentially decreases in
the time it take an infection to reach colony 2, but the change is quite small. In panel (a), we use a
drift coefficient of 0.1, and in panel (b), we use a drift coefficient of 1 × 10−4.

4. Discussion

In this study, we explore the dynamics of disease between two coupled honey bee
colonies. We use a system of two colonies so that we can clearly highlight the effects of
infection in one colony on another. We tune the drift parameters so that the number of
expatriated bees from each colony is roughly 12% at any given time. This is in line with
observation [17], although drift as high as 80% has been observed [47].

When exploring the interplay between drift and disease spread, we specifically choose
disease parameters such that R0 is low. This allows our results to highlight the qualitative
changes induced by our different behavioural scenarios. As we can see in Figures 7 and 8,
a larger R0 allows an infection to spread incredibly rapidly within a colony. Studying under
a lower R0 helps highlight the changes induced by changing behaviours.
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Primarily, we notice that when bees are able to drift between colonies, the severity
of disease in both colonies is reduced. In edge cases, with many colonies, this may help
colonies survive in the face of infection instead of dying out. We can expect that if we
added more colonies to this model, we may see a further reduction in severity. This may
help explain why many diseases that affect colonies are sublethal [48–50] as the population
of colonies “share” the stress of infection.

We use the proportion of infected bees in surviving infected colonies as a proxy for
future risk from other points of stress. We posit that colonies with high levels of infection
will be more susceptible to failure from other stresses. In this sense, we see that drifting can
lower future risk in the meta-population by reducing the infection load in each individual
colony. This is a particularly interesting result as it seems counterintuitive. That being said,
drifting is not the only avenue by which one can reduce stress within an infected colony.
Certain types of infections may be better treated by queen replacement [51], better access
to forage, etc. There may be cases when it is beneficial to have two working colonies with
60% of the bees healthy versus one failed colony and one healthy colony (for an average of
50% of the bees in the meta-population).

To contrast the above point, the fact that approximately 30% of bees within a colony
are infected put the colony at increased risk from other stressors [2,52] and seasonal ef-
fects [23,24,53]. In this sense, from the perspective of the healthy colony, it is beneficial to
prevent infection. This could be one avenue by which colonies developed guarding be-
haviour. Current research suggests that some viruses are adapting to circumvent guarding
behaviour [54], which may lead to further evolutionary pressure against drifting, causing
honey bees to become more territorial.

Our results also show that robbing is mostly a cause for disease spread between
colonies when drifting is rare, and in this scenario, honey bee colonies mostly act indepen-
dently. With commercial colonies often being identical and kept within close proximity,
the model predicts that disease spread through drift occurs faster and more frequently than
spread through resource robbing. This suggests that disease mitigation in colonies should
first focus on reducing drift, which would allow beekeepers more time to isolate dying
colonies before they can be robbed.

Finally, we see that extremely infectious pathogens (high β) or extremely dense
colonies will results in rapid transmission between colonies (Figures 9 and 10 regard-
less of the state of the other parameter.

There are also many ways to extend the single colony model to account for different
behaviours as well. By including a queen compartment with its own life cycle, one
could study the effects of queen replacement on colony infection. The parameters of the
model are also set to reflect commercial beekeeping efforts in Canada/United States using
Apis mellifera. The model could be reparametrized for hobbyist beekeepers, Apis cerana,
or displaced/imported bees to a new environment. This is dependent on available data
for each of these cases. Some of these studies would be better suited to an agent-based
simulation such as those in [33,55].

Moreover, extensions of the multi-scale framework to include other pollinators are
also interesting. Combining multiple pollinators in a spatially explicit model may lead to
insights into how and when wild pollinators are at greatest risk of disease spillover [56–58]
from managed honeybee colonies. Such a spatially heterogeneous model will also allow
for the study of infections spread through foraging such as in the case of Nosema whose
spores can be transmitted via bees foraging at the same flower.

From an evolutionary perspective, we see that drifting and closer colonies may have
been relevant in reducing overall stress. This could have been beneficial to the meta-
population when environmental stresses (i.e., climate change and pesticide use) were less
imposing on a colony’s overall health. This would require further evolutionary studies.
On the same note, it is theorised that robbing behaviour is an adaptation caused by human
influence on honeybee colonies [18]. Adapting this mathematical model to an evolutionary
framework can help address this question.
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Simple Summary: Over the past few decades, the ectoparasitic mite Varroa destructor has been a
significant threat to managed honey bee (Apis mellifera) colonies worldwide. Many control methods,
including application of synthetic acaricides, have been adopted to control the infestation of varroa
mites in honey bee colonies. Synthetic acaricides such as coumaphos and fluvalinate are only
effective in reducing susceptible mites. Besides, synthetic acaricides pose multiple threats to honey
bee colonies and the environment, necessitating their alteration with non-synthetic options. Naturally
occurring compounds are considered an essential alternative control measure for varroa mites.
Natural acaricides are derived from plants that contain essential oils or organic acids. The current
study investigated the efficacy of formic acid, oxalic acid, and thymol in the control of Varroa mites.
These soft acaricides were applied at various concentrations/quantities. Formic acid, oxalic acid, and
thymol were all effective at lowering mite population levels. Formic acid, oxalic acid, and thymol can
be used in an integrated management plan to control varroa mite populations. This scientific-based
information can be shared with the beekeeping community of Pakistan and elsewhere, which will be
helpful in managing this parasite that often affects honey bee productivity.

Abstract: Honey bees (Apis mellifera) are essential for their products—honey, royal jelly, pollen,
propolis and beeswax. They are also indispensable because they support ecosystems with their
pollination services. However, the production and functions of honey bees are hindered by the
arthropod pest Varroa destructor, which attacks bees through its feeding activities. Efforts to control
varroa mites have been made through the development of various synthetic pesticide groups, but
have had limited success because the mites developed resistance and some of these pesticides are
harmful to bees. Branded pesticides are rarely used in Pakistan, as beekeepers utilize acaricides from
unknown sources. There is a need to create awareness of available naturally occurring acaricides that
may serve as an alternative to synthetic acaricides. Although some naturally occurring compounds
are considered toxic to the environment, the soft acaricides oxalic acid, thymol, and formic acid 65%
are usually safe for honey bee colonies and beekeepers, when handled appropriately. The current
study investigated the effectiveness of formic acid (10, 15, and 20 mL/hive), oxalic acid (4.2, 3.2, and
2.1%/hive), and thymol (6, 4, and 2 g/hive) in controlling mite infestation. The results indicated that
all treatments significantly reduced the mite population (p < 0.05). The average efficacies of oxalic
acid at 3.2% (94.84% ± 0.34) and 4.2% (92.68% ± 0.37) were significantly higher than those of the
other treatments. The lowest efficacy was recorded in formic acid 65% at 10 mL (54.13%). Overall, the
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results indicated that soft acaricides—such as oxalic acid at 3.2% and 4.2% concentrations—are very
effective at controlling varroa mites and can be used in broodless conditions without side effects.

Keywords: honey bee; formic acid; oxalic acid; thymol; Varroa destructor

1. Introduction

Honey bees, Apis mellifera (L.) (Hymenoptera: Apidae), play an essential role in
agriculture by producing commodities, such as honey, propolis, royal jelly, bee pollen, bee
venom, and beeswax [1]. Additionally, it is the most crucial eusocial insect, having benefited
humankind for medicinal and nutritional purposes for thousands of years [2]. In 1977,
grand-scale beekeeping experiments were initiated at the Honey bee Research Institute,
under the National Agricultural Research Centre, Islamabad, Pakistan [3]. Apis mellifera
was introduced in Pakistan to build an industry capable of producing substantial surplus
honey for export as a cash crop [4]. In 2010, Pakistani beekeeping was being practiced
by 27,000 families that were rearing ~400,000 beehives of A. mellifera and were financially
benefitting from this profession [4,5]. Pakistan has also exported 4179.953 metric tons of
honey valued at U.S. $9.8 million in 2020 [6].

Different insect pests and microorganisms attack honey bees around the world, includ-
ing in Pakistan [7]. The acarine mite Varroa destructor is one of the most serious problems
for A. mellifera [8]. It has affected both the honey bee industry and honey bee research
activities since the dawn of apiculture [9]. Varroa destructor is considered the primary cause
of the global decline in honey bees, resulting in huge colony losses [10,11].

The mite attacks the occidental bees in Pakistan [3]. After the introduction and
successful domestication of the occidental bee, the mite became a serious pest of the bee
and destroyed a considerable number of colonies within a few years [12]. In Pakistan,
in 2002, two ectoparasitic mites—V. destructor and Tropilaelaps clareae—reduced honey
production by up to 50% [13]. Previously, it was thought that varroa mites fed on the
hemolymph of adult honey bees, sealed brood, and larvae, but recently, researchers have
found that mites directly feed on body fat tissues and cellular components of immature
and mature bees [14].

It is certain that, if appropriate control measures are not practiced to control mites on
A. mellifera colonies, more damage (such as complete colony loss) can be anticipated [15,16].
In Pakistan, there exist neither honey bee regulatory bodies, nor well-regulated pesti-
cides [17]. Thus, no checks and balances exist on the usage of pesticides, as some bee-
keepers often use acaricides such as formic acid from unknown sources while others
rarely use branded soft acaricides from scientific stores. Environmentally safe options
are needed to control various insect pests [18–22]. Different hard acaricides have been
used to control this mite but have resulted in increasing mite resistance against these hard
acaricides, and ultimately a reduction in their effectiveness [23]. For example, 24 years ago,
V. destructor developed resistance to fluvalinate [24]. In addition, certain mite populations
have established cross-resistance to different pesticide groups, i.e., formamidine (ami-
traz), organophosphates (coumaphos), and pyrethroids (acrinathin and flumethrin) [25–29].
These pesticides also pose a threat to bees by harming them when the bees are exposed
to multiple compounds stored in wax. Accumulation of these hard acaricides in wax can
create resistance in mites that are present in sealed cells, making the mites challenging to
control [9]. Thus, these acaricides pose a threat to the beekeeping industry and pollute
honey and other honey bee products [9]. Multiple soft acaricides are thought to play a
critical role in the management of varroa mites. Soft acaricides are natural compounds of
plant origin that contain essential oils or organic acids with pesticidal properties [30,31].
They are low-environmental-impact acaricides believed to be harmless to human health
when handled appropriately [32]. Hard acaricides on the other hand usually contain
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synthetic and high-environmental-impact constituents proven to be effective against mites,
but can on the other hand affect honey bees and other hive products [9].

Formic acid, lactic acid, oxalic acid, and thymol are organic acids that are used to con-
trol varroa and characterize the basis of natural compounds [9]. These natural compounds
have various effects against mites. Formic acid interferes with the respiratory system of
both adult mites and sealed brood cells [33]. In addition, most of these soft acaricides are
water soluble and volatile, have a low risk of accumulation in bee products, and have lower
residue levels [9]. Furthermore, they are natural constituents of honey [9]. Thus, they are
less likely to contaminate and affect both bees and honey bee products [34–37]. Repeated
treatments have a low probability of developing resistance [9]. These soft acaricides are
season dependent; colony condition (brood or broodless) is also taken into account before
applying these soft acaricides [9]. Similar to thymol, it was reported by Baggio et al. [38] to
not use powdered thymol on weak colonies at high temperatures (>27–30 ◦C). Oxalic acid
(OA) is highly effective in treating colonies without brood [39,40].

Varroa mites are becoming a serious threat to the beekeeping industry worldwide.
This study aimed to manage varroa mites by using different soft acaricides (formic acid,
oxalic acid, and thymol) in respective colonies; changes in honey production were also
measured. This study also evaluated whether these chemicals are environmentally friendly,
nonresistant, safe for human health, and safe for bee health. The objective of the study was
to determine the effectiveness of soft acaricides both at the group level and among different
concentration/quantity levels. Similarly, we compared the honey yields of all treatment
groups at both the group and different concentration/quantity levels.

2. Materials and Methods

2.1. Study Site

The present study was carried out at the apiary of the Honeybee Research Institute,
National Agricultural Research Centre, Islamabad, Pakistan, during the winter season
(December to January). In December, the maximum and minimum temperature was 19.3,
and 4.13 ◦C, respectively; the wind speed was 10.56 Km/day; 18.19 mm rainfall, and the
average relative humidity was 76%. In January, the maximum and minimum temperature
was 17.2 and 3.85 ◦C; the wind speed was 15.88 Km/day; rainfall was 41.64 mm, and the
average relative humidity was 82%. This study was conducted on honey bee A. mellifera
colonies that were naturally infested with varroa mites.

2.2. Honey Bee Colonies

Before initializing the experiments, 90 honey bee colonies of A. mellifera were selected
to record the natural varroa mite fall. All of the colonies were housed in standard Langstroth
boxes. A total of 45 colonies were screened out of the experiment to have colonies with the
following characteristics: a honey bee population roughly equal to that of the other colonies,
queen right and possess a mite infestation with an economic threshold level of >10 adult
mites [8]. Furthermore, all experimental colonies were fully developed and productive.
These were monitored prior to experimentation and had an average of 8 ± 2 brood combs
in their brood chambers [41]. Five colonies were in each treatment group.

2.3. Soft Acaricide Treatments

Three soft acaricides, each at three concentration levels or quantities, were used in the
study. The acaricides were produced by BDH laboratory supplies, England. Both inter-
and intra-comparisons were conducted among the nine treatment groups. Soft acaricides
used in the experiments were as follow:

2.3.1. Formic Acid (AnalaR 98/100% ‘Safe-Break’)

Formic acid (65%) at different quantities (10, 15, and 20 mL/hive) was used in this
experimental study. Formic acid treatments were applied by pouring 10, 15, and 20 m of
65% formic acid on a piece of cardboard (7.5” × 5.5”) placed inside the wire meshed tray
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inserted above the bottom board from the backside of the hive [42]. Formic acid solution
was applied weekly to all colonies over the course of one month for four treatments.

2.3.2. Oxalic Acid (AnalaR)

Three different oxalic acid concentrations (4.2%, 3.2%, and 2.1%) mixed with sugar
syrup were applied as treatments. To attain 4.2%, 3.2%, and 2.1% oxalic acid solutions,
100, 75, and 50 g of oxalic acid dehydrate was mixed with 1 L of sugar water (1:1) [43].
Treatments were applied only to frame spaces that contained bees. The 5-mL mixture was
trickled directly on the adult bees in between two frames using a syringe as recommended
(i.e., ~50 mL/colony) [39,40]. All groups received four doses of oxalic acid solution after a
one-week interval.

2.3.3. Thymol (GPR)

Three different thymol concentrations (6, 4, and 2 g) were applied as treatments. Finely
ground thymol was placed in petri dishes (80 mm) on top of the brood frame chambers
under the top covers of the honey bee colonies [44]. Each treatment was applied after a
one-week interval.

2.4. Mite Collection

To assess the adult mite population, mite collection trays were sandwiched between
bottom boards from the backside of the beehive with wire screens installed above them
to prevent the bees from removing the dead (or live) mites along with the debris [42,44].
Apart from checking for mite infestation levels, mite collection trays also improve treatment
effectiveness. Dead fallen mites were examined after 7, 14, 21, and 28 days by counting
dead fallen mites on the mite collection trays. To calculate the effectiveness of the applied
treatments, ManhaoTM, Sichuan Pengshan Wangshi Animal Health Co., Ltd, (Chengdu,
China) (fluvalinate) strips were applied to all of the treated colonies to knock down the
remaining mites and evaluate the total mite population. ManhaoTM (fluvalinate) strips
were inserted into each hive immediately following the fourth week of each soft acaricide
treatment. ManhaoTM (fluvalinate) strips were removed after 28 days, and all the dropped
mites were counted on the mite collection trays [45]. Effectiveness of each soft acaricides
treatment was calculated separately by using the following efficacy formula [46,47].

E f f icacy (%) =
Number o f mites f allen during treatment with each so f t chemical

Total number o f f allen mites during so f t chemical and Apistan(r) treatment
× 100

2.5. Honey Yield

Honey was harvested after the experiment with the help of a manually operated
honey harvester, and the honey yield of treated colonies was recorded. Honey production
was measured by taking the weight of each hive body used for honey collection before and
after the honey extraction process. The weight difference was considered as the amount of
harvestable honey [48].

2.6. Statistical Analysis

We used linear mixed effect models to evaluate the impact of each treatment (3 groups)
and their concentrations/quantities (9 treatments) on mites in R software version 4.0.2
(R CoreTeam 2019, Vienna, Austria). Each response variable was separately analyzed. R
packages including “lme4” [49] and “lmerTest” [50] were used for fitting the mixed models.
In the case of efficacy and honey yield data, treatments were treated as fixed effects, while
replications were treated as random effects. Model quality was evaluated based on scaled
residuals simulated from the fitted model provided by the SimulateResiduals function of the
DHARMa R package [51].

Mite data were not normally distributed; thus, we took the natural log to fulfill the
normality and homoscedasticity assumptions. Means of significant interactions were
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compared using the Tukey HSD test at the 5% level of significance using the emmeans
package [52]. For unique lettering in the means comparison, we used the Scott Knott
clustering method provided in the ScottKnott package of R [53]. Finally, bar charts of
significant means were plotted using the ggplot2 package [54] in R.

3. Results

3.1. Treatment Effectiveness among Major Groups (Formic Acid 65%, Oxalic Acid, and Thymol)

The results revealed that the three major treatments, formic acid 65%, oxalic acid, and
thymol, were significantly different in efficacy (%) (p < 0.05) (Figure 1). Colonies treated
with oxalic acid had the highest efficiency (90.48%), followed by thymol and formic acid
65% (76.74%) (Figure 1).

Figure 1. Efficacy of different treatment groups. Bars with the same letters are not significantly
different (p > 0.05); the error bars represent the confidence interval (95%).

3.2. Treatment Effectiveness within All Concentrations/Quantities

In terms of concentrations/quantities, honey bee colonies treated with thymol at
4 g, oxalic acid 3.2%, and formic acid 20 mL exhibited the highest efficacy within their
respective groups. (Figure 2). While the lowest efficacy was recorded against 2 g of thymol,
oxalic acid at 2.10%, and 10-mL formic acid (Figure 2).

Figure 2. Efficacy of treatments against Varroa destructor. Treatments with the same letters are not significantly different;
error bars signify confidence intervals (95%).

All concentrations/quantities within the groups were significantly different in terms
of efficacy (Figure 2). Maximum effectiveness was observed in colonies treated with oxalic
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acid at 3.2% (94.84%), and the lowest efficacy was observed in honey bee colonies treated
with formic acid at 65% of 10 mL (54.13%) (Figure 2).

3.3. Honey Yield
All Concentrations/Quantities

The highest honey yield was recorded in honey bee colonies treated with oxalic acid
(3.20% and 4.20%) at 16.8 kg and 13 kg, respectively (Figure 3). The honey yield was
lowest in honey bee colonies treated with 4 g of thymol and 2 g of thymol at 6 kg and 5 kg,
respectively (Figure 3).

Figure 3. Effect of soft acaricides concentration/quantity on honey yield. Treatments with the same
letters are not significantly different; error bars signify confidence intervals (95%).

4. Discussion

Mites are economically important pests in honey bee colonies. Soft acaricide treat-
ments are thought to be effective against the ectoparasite mite V. destructor. The current
study investigated the effectiveness of soft acaricides against V. destructor. Our results
revealed that oxalic acid is effective against V. destructor followed by thymol and formic
acid 65% during winter conditions. Acaricides have different effects against V. destructor
depending on the mode of application, nature of acaricide formulation and environmental
conditions [55,56]. Oxalic acid is a winter treatment, thus it is most efficacious at lower
temperatures, especially when the brood is not present [57]. Meanwhile, formic acid and
thymol are also dependent of different climatic and beekeeping conditions, which cause
temperature-dependent effects [9]. Comparison of these soft acaricides needs to be evalu-
ated in various environmental conditions for a more balanced analysis of their efficiency.

In terms of concentration, 3.2% oxalic acid was most effective in reducing V. destructor
populations, indicating that 3.2% oxalic acid is the optimum concentration for controlling
mites. Our results are consistent with Mahmood et al. [44] and Papežíková et al. [55], who
reported that 3.2% oxalic acid is a reliable soft acaricide for controlling honey bee mites.
Doses higher than 3.2% oxalic acid have also been found to be effective against mites [55].
Generally, the oxalic concentration registered for varroa control in European countries
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varies between 3.5% and 4.2%, with 4.2% widely used [55]. Our study could not establish
why higher doses of oxalic acid (4.2%) did not transform into higher mite mortalities. This
was likely because of varying temperatures, which caused a different treatment effect. No
bee mortality, queen mortality, or superseding behavior was observed after completing the
treatments, which matches the findings of other authors [44].

Our findings revealed that using 4 g of thymol to control V. destructor was more
effective than 6 or 2 g of thymol. Conversely, it is expected that higher concentrations
(in this case, 6 g) would be more effective in controlling varroa mites; this was not the
case in the current study. Thymol is most effective during between 20 and 30 ◦C with
effectiveness lost below 15 ◦C [58]. This may also partly explain the unclear results from the
use of thymol as our study, was conducted during winter season. Thymol is a significant
component of different commercially available products and is effective in managing
ectoparasitic honey bee mites in A. mellifera colonies [59–61]. Thymol is a potential agent
that has shown promising results in controlling ectoparasitic honey bee mites and has no
negative impact on bee health [37,62].

It is expected that effectiveness is directly proportional to the dose. However, in the
current study the expected dose-response relationship was not observed. Our results could
not clearly substantiate the explanations for such observations. The need to explore the rea-
sons for the lack of a dose-response relationship in future studies is critical. Understanding
the cause for the lack of a dose-response relationship will not only further our scientific
knowledge but it will help provide more useful information to beekeepers.

Our results are in accordance with Rashid et al. [63], revealing that formic acid is least
effective in controlling V. destructor when tested against different groups. The reduced
efficacy of formic acid may be due to the distance between formic acid volatilization and
the honey bee-containing combs as the acaricide was only applied on cardboards inserted
in the hive. In our study, the cardboard with formic acid application was placed inside the
wire meshed tray inserted above the bottom board; this may also affect its efficacy [64,65].
The time of the year and temperature may also have affected its efficacy [65–68]. Our
results contrast those of Mahmood et al. [42], who reported that a formic acid 20-mL
concentration is very effective at controlling varroa mites in the winter season after Sider
(Ziziphus mauritiana) honey harvest. Furthermore, Giusti et al. [69] reported that formic
acid had no side effects on larvae, adult bees, and queens and showed an average efficacy
greater than 95%. Our findings revealed that 20 mL of 65% formic acid was effective at
controlling the honey bee ectoparasitic mite V. destructor.

The differences in soft acaricide efficacy in our study could be due to differences in the
original number of mites infesting the bee colonies. Our study did not estimate the starting
number of mites per colony; thus, it was difficult to conclusively state that the reduction in
mite numbers was attributed to soft acaricide treatment. Additionally, studies conducted
previously did not provide an estimate of the initial mite population [44,46,70]. Besides,
organic acaricides such as those used in the current study may have certain advantages after
repeated usage although their efficacy may be inconsistent when compared to synthetic
forms [71].

The harvested honey results are in line with Mahmood et al. [47], who reported that
honey yield from different treatment groups was significantly different, with the high-
est honey yield, obtained from oxalic acid, being 3.2%. However, comparison of honey
production results across treatments needs to be accompanied by analysis of the colony
strength to obtain a more reliable estimate of honey yield. Additionally, evaluating queen
bee performance, climate and pasture conditions would further support the honey yield
results [55,56]. Although our results indicate differences in the honey yield across the treat-
ments, the contribution of soft acaricides to honey yield production cannot be conclusive
as our experimental methods did not take in to account the honey bee populations in the
hive after completion of the treatment.

The findings of the present study showed that the soft acaricides—formic acid, oxalic
acid, and thymol—are effective natural products against varroa mite populations. The
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fact that no effects were observed on the honey bee colonies is an indication that the
products are safe for the environment. However, further studies are needed to investigate
the effectiveness and action mechanisms of soft acaricides against V. destructor and their
impact on honey bee colony health (queen longevity, effect on worker, and adult brood
longevity). Field experiments need to be conducted in varying environmental conditions
as the effects of soft acaricides and mite infestation are environmental dependent [58,72].
Controlled experiments involving a known mite population against various concentrations
need to be conducted to estimate the lethal concentration (LD50). Residual analysis studies
to assess residual presence in honey bees, bee wax, and other honey bee products will
further confirm the safety of the soft acaricides.

5. Conclusions

The soft acaricides (oxalic acid and thymol) used in this experiment at different
concentrations were very effective at reducing the damage from the ectoparasitic mite
V. destructor and controlling its populations in A. mellifera colonies without showing any
harm to the bees. While different quantities of formic acid 65% showed promising results,
these can be included in an integrated mite control program. Beekeepers should use the
recommended dosage and registered soft acaricides available in the market while following
proper application methods to prevent resistance development in mites. Product use in
accordance with the manufacturers directions is essential, as improper use may cause risk
to persons or property.
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Simple Summary: Worldwide, mass losses of honey bee colonies are being observed more frequently
due to Varroa mite infestation. Therefore, varroosis is considered a major problem in beekeeping
participating to a large extent in colony collapse disorder. Except for direct damage of bees and
suppressing their immune system caused by parasitism, Varroa mites transfer viral particles straight
to bee hemolymph which can have a fatal impact. To control the mite population, several acarici-
dal treatments are used. Commonly used treatments are synthetic acaricides with a high risk of
developing Varroa resistance population and contamination of bee products by acaricidal residues.
Other commonly used treatments are organic acids, which are increasingly associated with damage
of brood, adult bees, and premature deaths of queens. Therefore, in this study, we evaluated the
varroacidal effect of 30 individual essential oils. The toxicity of the most effective oils selected by
screening was subsequently tested on Varroa mites and adult honey bee workers simultaneously.
In addition, the main components of these essential oils were specified. Several essential oils were
proven to be effective against the adult female of Varroa mites and at the same dose safe for adult
honey bee workers under laboratory conditions, especially manuka, peppermint, oregano, litsea,
and cinnamon.

Abstract: Essential oils and their components are generally known for their acaricidal effects and are
used as an alternative to control the population of the Varroa destructor instead of synthetic acaricides.
However, for many essential oils, the exact acaricidal effect against Varroa mites, as well as the effect
against honey bees, is not known. In this study, 30 different essential oils were screened by using
a glass-vial residual bioassay. Essential oils showing varroacidal efficacy > 70% were tested by the
complete exposure assay. A total of five bees and five mites were placed in the Petri dishes in five
replications for each concentration of essential oil. Mite and bee mortality rates were assessed after 4,
24, 48, and 72 h. The LC50 values and selectivity ratio (SR) were calculated. For essential oils with
the best selectivity ratio, their main components were detected and quantified by GC-MS/MS. The
results suggest that the most suitable oils are peppermint and manuka (SR > 9), followed by oregano,
litsea (SR > 5), carrot, and cinnamon (SR > 4). Additionally, these oils showed a trend of the increased
value of selective ratio over time. All these oils seem to be better than thymol (SR < 3.2), which is
commonly used in beekeeping practice. However, the possible use of these essential oils has yet to be
verified in beekeeping practice.

Keywords: acaricidal effect; complete exposure bioassay; honey bee; screening; Varroa mite
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1. Introduction

The main threat for beekeeping is a varroosis caused by the obscure ectoparasitic mite
Varroa destructor Anderson and Trueman (Acari: Varroidae) [1,2]. The mite feeds on the fat
body of bees [3] and thus reduces the weight and fitness of newly emerging adult bees,
affects cuticle properties [4] and suppresses the immune response system [5]. In addition,
V. destructor acts as a vector of viruses [6], including deformed wing virus, Kashmir bee
virus, and Israeli acute paralysis virus [7–11]. These viruses are transmitted in large doses
directly to the hemolymph of the bee brood and adult honey bees [5]. Infected individuals
weaken, their lifespan is shorter, and the infection can lead through visible damaged bodies
and wings [12,13] to the colony collapse at the final stage [1,6]. For these reasons, and also
due to its almost worldwide distribution [1], V. destructor is associated with colony collapse
disorder (CCD) [14,15].

Reproduction of the V. destructor mite is closely related and synchronized with the
development of the bee brood [16]. Adult mated female mites enter the bee colony attached
to worker and drone bees, usually hidden under the sternites of bees, and then enter
brood cells only several hours before capping. Varroa mites can find the adult honey bee
workers and bee brood before capping based on chemical communication [1]. In colonies
highly infested (>7%) with V. destructor [1], the bee population is significantly reduced, and
eventually, the entire colony crashes unless the mite population is treated [17]. Colonies in
temperate areas must therefore be treated several times in a year against V. destructor to
keep mite populations at acceptable levels [18].

For a long time, the use of synthetic chemicals has been considered the most effective
way to control V. destructor [19], especially pyrethroids and organophosphates [20]. Ex-
cept for their declining efficiency due to emerging resistance against V. destructor [21–23],
excessive use of these compounds has, in many cases, also led to contamination of bee
products [24–26], especially honey and beeswax [24]. This could endanger the health of
bees and humans with potential sublethal doses of pesticide residue mixtures [27,28]. As a
result, the idea of finding new and safer ways to control the parasite is spreading. Thus,
natural products offer a very desirable alternative to synthetic products. Interest in these
substances is still growing because they are generally cheap and have lower health risks
for humans and bees [29].

In response, beekeepers are showing a growing interest in treatments that work
on physical intolerance rather than enzyme degradation, as is the case with synthetic
acaricides, to which resistance develops. Therefore, natural chemicals such as organic acids,
essential oils, and their derivatives are increasingly used [30,31]. However, several studies
suggest that the use of organic acids against Varroa may be harmful to bees. For example,
damage and removal of open and capped brood are most commonly observed [32,33]. In
addition, permanent damage to the digestive and excretory organs and glands of bees was
described [34,35], as well as damage to the queen or often even premature death [36,37], or
a decrease in the pH of honey during the following season [38].

Another possible way to reduce Varroa mites is essential oils (EO) [39]. According to
The Commission of the European Pharmacopoeia, EOs are odorous products, usually with
a complex composition, obtained from a botanically defined plant raw material by steam
distillation, dry distillation, or a suitable mechanical process without heating. They are
usually separated from the aqueous phase by a physical process that does not significantly
affect their composition. EOs are lipophilic and may contain over 100 different plant
secondary metabolites (terpenoids and phenylpropanoids, monoterpenes, sesquiterpenes,
aldehydes, alcohols, etc.) [40]. Among natural substances, essential oils represent one
of the most promising alternatives to synthetic chemicals [41–48], with minimal side
effects [49–52]. The effectiveness of EOs against V. destructor is comparable to organic acids,
but the application of EOs causes a lesser degree of stress in bees than the application of
organic acids [29].

In addition to acaricidal effects, the application of EOs into hives often also causes
antimicrobial effects, which can lead to an overall improvement in the health status of honey
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bee colonies [53]. Most research suggests that essential oils may be a useful alternative
to maintaining a low level of mite infestation in hives [39,54–57]. Adamczyk et al. [58]
concluded that the presence of residues of essential oil components in honey samples does
not pose a hygiene risk or a risk to human health.

Despite the promising acaricidal effects of various EOs found in vitro [54,55,57], only
a fraction of them has been tested under beehive conditions [39]. This could be the reason
why EOs have not yet been included in many commercial formulations, with the exception
of some cases [53].

The aim of the study was therefore to determine the acaricidal effect of a large number
of selected EOs against Varroa mites, as well as their effect on honey bees in vitro, which
select the most promising essential oils for the in vivo experiments. In addition, the most
promising EOs were quantified for their major components.

2. Materials and Methods

2.1. Biological Material and Essential Oils

V. destructor mites and honey bees (Apis mellifera) used in this study were obtained
from the experimental apiary of the Faculty of Agriculture, the University of South Bohemia
in České Budějovice, (Czech Republic). To rear mites, 4 honey bee colonies were infested
by Varroa mites and untreated for over 12 months. From the infested beehives, the bees
were collected in a mesh container by sweeping from the brood frames and subsequently
exposed to CO2. After anesthesia of the bees, the vessel was closed and shaken until mites
fell over the mesh bottom [59]. Thus, a sufficient number of adult vital female mites were
collected. Mites showing signs of defect, newly molded, or poorly mobile were eliminated.

A total of 30 essential oils (EO) were obtained from company 1. Aromaterapeutická
KH a.s. (Czech Republic). The list of EOs, their abbreviations, Latin names, and part of
used plants are given in Table 1.

Table 1. The list of essential oils, abbreviations, Latin names, and part of the used plants.

English Name Abbreviation Latin Name Part of Plant

Black pepper PEP Piper nigrum berry
Blue chamomile BCH Matricaria chamomilla flower

Carrot CAT Daucus carota seeds
Cinnamon CIN Cinnamomum zeylanicum bark
Clove Bud CB Eugenia caryophyllata leaves, buds, and twigs
Copaiba COP Copaifera reticulata resin

Coriander COR Coriandrum sativum seeds
Fennel FEN Foeniculum vulgare seeds
Ginger GIN Zingiber officinale rhizome

Green cardamom CAR Elettaria cardamomum seeds
Laurel LAU Laurus nobilis leaves

Lavender LAV Lavandula angustifolia flowering herb
Litsea LIT Litsea cubeba fruits
Mace MAC Myristica fragrans flower

Manuka MAN Leptospermum scoparium leaves and twigs
Maroc chamomile MCH Ormenis multicaulis herb

Nutmeg NUT Myristica fragrans seeds
Oregano ORG Origanum vulgare herb

Pelargonium PEL Pelargonium graveolens leaves and flowers
Peppermint PPM Mentha piperita herb
Ravensara RAV Ravensara aromatica leaves and twigs

Roman chamomile RCH Anthemis nobilis flower
Rosemary ROS Rosmarinus officinalis herb

Sage SAG Salvia officinalis leaves
Savory SAV Satureja montana herb

Spearmint SPM Mentha spicata crispa flowering herb
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Table 1. Cont.

English Name Abbreviation Latin Name Part of Plant

Thyme TYM Thymus vulgaris herb
Turmeric TUR Curcuma longa root

Wild thyme WTYM Thymus serpyllum herb
Wormwood WW Artemisa absinthium herb

2.2. Screening of Essential Oils for Their Acaricidal Activity

To evaluate EO acute toxicity on V. destructor, a glass-vial residual bioassay was
used [60]. Each tested product was diluted in acetone (0.375 μL EO/500 μL acetone). This
solution was pipetted into a 10 mL glass vial. Glass vials were rolled on their side until the
acetone evaporated and EOs created a cohesive film. Then, 5 vital female adult mites were
placed in each glass vial using a fine brush. The glass vials were sealed and placed in a dark
room at 25 ◦C and 65% RH. For each treatment, including acetone as a negative control
and thymol (THM) as a positive control; 5 repetitions were provided (each repetition in an
individual glass vial).

The mortality rates of Varroa mites were evaluated 2 and 4 h after the treatment, and
the efficacy of tested EOs was determined [55]. The mites were transferred to a white pad
and encouraged to move with the brush. Mites that did not move even after repeated
brushing were considered dead.

2.3. Complete Exposure Bioassay

EOs showing >70% mite mortality in the screening test were subjected to further
testing in the complete exposure method [61]. Dosages of EOs were prepared based on the
mortality of previous experiments with honey bees (data not included). A selected amount
of EOs was diluted in 0.5 mL of acetone. This solution was pipetted on the bottom of the
Petri dish and subsequently covered with filter paper (Whatman 1). After evaporation of
the solvent, five vital adult honey bee workers were placed in each Petri dish, together with
five vital female adult Varroa mites. Positive control (thymol) and negative control (acetone
only) were included. Altogether, 5 replicates were established for each treatment (each
repetition in an individual Petri dish). Immediately after the establishment, the Petri dishes
were transferred to an incubator (28 ◦C ± 0.5). Honey bee and mite mortality were assessed
after 4, 24, 48, and 72 h. The values of LC50 and selectivity ratio (SR) were calculated. SR is
a ratio between mite and bee toxicity, and it was determined according to the following
formula: SR = LC50 A. mellifera/LC50 V. destructor.

2.4. Assessment of the Main Components of the Examined EOs

Samples of essential oils were analyzed diluted 1:10,000 in hexane by GC MS/MS
system consisting of TriPlus autosampler, Trace GC Ultra gas chromatograph equipped
with a TG-5MS fused silica capillary column, 30 m × 0.25 mm × 0.25 μm and coupled to a
mass spectrometer TSQ Quantum XLS all from Thermo Fischer Scientific, Cleveland, OH,
USA. Helium was used as a carrier gas at 1.0 mL/min. A total of 1 μL of the sample was
injected into the SSL injector in the splitless mode set at 280 ◦C. The oven temperature was
programmed as follows: start at 40 ◦C and held for 5 min, then increased to 150 ◦C at a
rate of 3 ◦C/min and held for 0.5 min, then increased to 250 ◦C at a rate of 10 ◦C/min,
then increased to 290 ◦C at a rate of 25 ◦C, and finally maintained at 290 ◦C for 10 min.
The temperature of the transfer line was held at 250 ◦C, and the ion source was operating
at 200 ◦C. TIC mode was performed on Q1 at 70 eV of ionization energy and mass range
50–450 m/z. To exclude congestion of detector the scanning was performed after 6 min of
injection. The data were processed in Thermo Xcalibur 3.0.63 (Thermo Fisher, Waltham,
MA, USA). Component identification was made based on comparison with the NIST Mass
Spectral Search Program library v 2.0 f (Thermo Fisher). The quantification was achieved
based on Q3 SIM mode focused on fragmentation ions of desired compounds and also via
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an external calibration curve. The Thujone (Sigma Aldrich, St. Louis, MO, USA) was used
as an internal and also external standard.

2.5. Statistical Analyses

Statistical analyses of the screening of essential oils, including graphical outputs, were
processed in STATISTICA (version 14, TIBCO Software Inc., Palo Alto, CA, USA, 2021),
specifically, the analysis of variance procedure ANOVA, preceded by a normality test.
Statistical significance was tested at a level of significance = 0.05.

Probit analyses were calculated in XLSTAT (Addinsoft, 2016) incorporating natural
mortality into the analyses. The concentration of essential oils was transformed logarithmi-
cally. LD50 with 95% confidence intervals (p < 0.05) were fitted.

The in vitro effect of each active substance on mortality of both Varroa mite and honey
bees was analyzed by the test of hypothesis for two samples representing independent
binomial experiments, and the acaricidal effects of active substances were subsequently
evaluated (GenStat 17). Significant differences among substances were stated where
p ≤ 0.05.

3. Results

3.1. Screening of Essential Oils for Their Acaricidal Activity

All 30 EOs were screened for acaricidal effect in glass vials (Figure 1). Based on these
results, the EOs were divided into three categories according to their efficacy. A total of
11 EOs showed a high acaricidal efficacy (>70%) and were further tested on Petri dishes
(complete exposure assay) simultaneously with honey bees and mites. These were MAN,
TYM, WTYM, ORG, SAV, CIN, CB, PPM, CAT, PEL, LIT, and THM as a positive control.
The category of moderately effective oils (30–50%) includes ROS, RAV, TUR, RCH, LAV,
CAR, PEP, and GIN. The last category with an efficiency of less than 30% includes NUT,
FEN, MAC, BCH, MCH, COP, SAG, SPM, COR, LAU, and WW. Oils showing less than
70% efficacy were further tested.
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Figure 1. Mortality rates of Varroa destructor in glass vial bioassay after 2 and 4 h of EO exposition.
The error bars denote standard deviation. Full name of each abbreviation is shown in Table 1.

3.2. Complete Exposure Bioassay

The complete exposure bioassay reveals that EO from MAN showed by far the lowest
LC50 value against Varroa mites both after 4 and 72 h of exposure. EOs from TYM, ORG,
and control THM also had a low LC50 value after 72 h of exposure. A moderate LC50
value after 72 h showed PPM, SAV, WTYM, CB, and CIN. EO from PEL and CAT showed a
relatively high value. The lowest LC50 value for bees after 72 h of exposure had EOs from

36



Insects 2021, 12, 1045

MAN, TYM, and control THM, slightly high values had CB and ORG. In contrast, bees
were most tolerant of EOs from CAT, PPM, LIT, and PEL (Table 2).

Table 2. Complete exposure bioassay. LC50 (μL) of essential oils on V. destructor and A. mellifera and their selectivity ratio in
a monitored period. Green highlighting means low value of selectivity ratio (<3), yellow highlighting means moderate
value of selectivity ratio (3–5), and red highlighting means high value of selectivity ratio (>5).

EO Species 4 h 24 h 48 h 72 h

LC50 95% CL LC50 95% CL LC50 95% CL LC50 95% CL

THM V. destructor 1.505 1.180 1.937 0.834 0.629 1.052 0.660 0.475 0.846 0.660 0.475 0.846
A. mellifera 6.181 5.074 7.847 4.090 3.189 6.759 2.427 2.097 2.871 2.112 1.940 2.320

Selectivity ratio 4.107 4.903 3.675 3.198
CAT V. destructor 10.449 6.806 34.882 4.167 2.457 6.630 3.276 1.930 4.590 2.539 1.187 3.653

A. mellifera 18.607 13.845 64.136 13.048 9.588 27.137 11.557 8.855 19.447 11.557 8.855 19.447
Selectivity ratio 1.781 3.131 3.527 4.552

PPM V. destructor 8.121 6.159 13.576 2.512 1.430 3.578 1.732 0.499 2.806 1.066 0.011 2.197
A. mellifera 12.951 11.259 14.994 10.759 9.483 12.156 10.285 9.109 11.568 10.285 9.109 11.568

Selectivity ratio 1.595 4.283 5.939 9.651
SAV V. destructor 3.825 3.165 4.918 2.008 1.323 2.754 1.459 0.626 2.075 1.364 0.417 1.996

A. mellifera 11.657 9.247 16.335 5.786 4.607 7.218 5.275 4.273 6.467 4.621 3.884 5.897
Selectivity ratio 3.048 2.881 3.615 3.386

WTYM V. destructor 8.185 5.218 22.390 2.549 1.495 8.207 2.013 0.926 7.327 1.861 0.825 5.487
A. mellifera 9.074 8.106 10.780 7.517 6.606 8.265 6.512 5.958 7.494 6.250 5.603 6.897

Selectivity ratio 1.109 2.949 3.236 3.358
ORG V. destructor 3.517 2.339 7.322 0.879 0.638 1.302 0.577 0.280 0.924 0.577 0.280 0.924

A. mellifera 6.982 6.136 7.889 3.362 2.997 3.803 3.362 2.997 3.803 3.362 2.997 3.803
Selectivity ratio 1.985 3.827 5.830 5.830

PEL V. destructor 2.798 0.113 4.758 2.291 0.247 3.825 2.402 0.804 3.532 2.272 0.788 3.311
A. mellifera 17.122 13.427 27.935 12.401 10.159 17.209 9.479 8.132 11.201 9.479 8.132 11.201

Selectivity ratio 6.120 5.413 3.945 4.171
MAN V. destructor 1.262 0.848 3.192 1.029 0.558 2.880 0.265 0.020 0.540 0.158 0.011 0.497

A. mellifera 1.975 1.662 2.681 1.415 1.218 1.666 1.472 1.277 1.720 1.472 1.277 1.720
Selectivity ratio 1.565 1.375 5.551 9.333

LIT V. destructor 4.801 3.522 7.436 2.716 1.322 4.311 2.116 0.243 3.761 1.807 0.243 2.989
A. mellifera 11.660 9.524 15.222 11.590 8.994 20.096 9.207 7.721 12.115 9.678 7.255 18.278

Selectivity ratio 2.429 4.267 4.352 5.354
TYM V. destructor 1.279 0.985 1.613 0.678 0.314 0.940 0.678 0.314 0.940 0.587 0.202 0.851

A. mellifera 8.759 6.684 14.553 3.887 3.295 4.837 3.113 2.696 3.763 2.677 2.418 2.982
Selectivity ratio 6.848 5.731 4.590 4.557

CB V. destructor 2.337 1.829 2.962 1.690 1.237 2.143 1.490 1.207 1.776 1.490 1.207 1.776
A. mellifera 5.965 4.620 10.868 4.860 4.023 6.546 3.305 2.790 4.179 3.305 2.790 4.179

Selectivity ratio 2.553 2.875 2.218 2.218
CIN V. destructor 4.321 3.163 5.979 2.820 1.577 4.002 2.529 1.370 3.590 1.543 0.829 2.484

A. mellifera 10.635 9.559 11.972 7.488 6.680 8.408 7.488 6.680 8.408 7.007 5.835 8.664
Selectivity ratio 2.461 2.655 2.960 4.542

The selectivity ratio was calculated based on the LC50 values. The estimated LC50
values, including standard deviation obtained at each observation time and selectivity ratio
for every treatment, are shown in Table 2. By far, the highest value of the selective ratio
was reached after 72 h of exposure to EO from PPM (SR = 9.65) and MAN (SR = 9.33). ORG
(SR = 5.83) and LIT (SR = 5.35) also reached high values at 72 h. All these four oils had an
increasing SR value over time. In contrast, TYM and PEL oils had the highest SR value after
4 h of exposure (SR = 6.85; SR = 6.12). A significant decrease in this value was observed
in the following measurements. Moderately high SR values were observed after 72 h of
exposure in CAT, SAV, and WTYM, which showed an increasing tendency of SR value in
time (SR = 4.55; SR = 3.39; SR = 3.36). A moderate-to-high SR value was also observed in
THM (positive control). After 4 h of experiment, THM showed even one of the highest SR
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values (SR = 4.11), however, with a declining trend of SR values in time. A constantly low
value of SR was observed with CB, as in each measurement SR was less than 3. Similarly,
CIN also had a low value of SR, and with the exception of the last measurement after 72 h
of exposure, the level of SR increased significantly (SR = 4.54).

The main components and their quantity of the most effective EOs were assessed
(Table 3). The most frequent substances were carvacrol and p-cymene.

Table 3. Composition of the most effective essential oils and their constituents’ quantity (>5%).

EO Main Components and Their Quantity (%)

Carrot Ceratol 30.28 α-Pinen 15.462 Sabinen 10.22 β- Caryophyllen 8.31 β-bisabolen 5.63
Peppermint Limonen 38.02 Menthol 16.41 α-Pinen 15.92 β-Pinen 11.46 Menthon 5.65

Savory Carvacrol 41.67 -Terpinen 35.82 p-Cymen 11.73 - -
Wild thyme Thymol 16.33 Carvacrol 15.38 p-Cymen 15.01 Geraniol 10.62 -Terpinen 10.30

Oregano Carvacrol 73.50 p-Cymen 6.97 -Terpinen 6.02 - -

Pelargonium Citronellol 33.51 Geraniol 15.36 Citronellylformiat
7.81 Isomenthon 5.61 10-epi-g-Eudesmol 5.37

Manuka Calamenene 17.92 Leptospermone 16.02 Flaveson 5.95 α-Selinene 4.62 -
Litsea Citral A 39.03 Citral B 29.35 Limonen 13.74 - -
Thyme Thymol 40.96 p-Cymen 16.76 - - -

Clove Bud Eugenol 86.62 β-Caryophyllen 10.21 - - -

Cinnamon
trans-

Cinnamaldehyde
77.69

Eugenol 7.50 - - -

4. Discussion

Investigation of the acaricidal activity of essential oils is a major concern of many
scientific studies. However, large-scale screening of a number of EOs is rare, and most of
the effort is devoted to an individual or a small number of selected oils, such as thyme,
clove bud, or oregano [55,56,62]. In this study, the acaricidal effect of 30 EOs on V. destructor
mites was assessed by the glass vials bioassay (Figure 1), which represents a simple and
quick way to determine the effectiveness of individual EOs [60].

Thymol, as a derivate of thyme, was included in the screening as a positive control, as
it is commonly used in beekeeping practice as an acaricide [63]. However, thymol could
have some negative effects on bees, including toxicity on bee brood, metabolic disorders,
changes in bee’s behaviors, etc. [64–71].

In the experiment, after 4 h of exposure, all EOs showed either the same or higher
acaricidal effect than after 2 h. Based on the results of mortality after 4 h of exposure, the
individual EOs were divided into three categories according to their effectiveness: highly
effective, moderately effective, and minimally effective. The oils in the highly effective
group, including MAN, WTYM, TYM, ORG, SAV, CIN, CB, PPM, CAR, PEL, and LIT, were
further tested. Almost all oils in this group were able to kill 100% of mites after 2 h, with
the exception of PPM, CAR, PEL, and LIT. The EOs from the moderately effective group
have still the potential to participate in the mite control; however, a higher dose or applying
a certain mixture showing a stronger synergistic effect would be needed. From the group
of moderately effective EOs, the best acaricidal activity belonged to ROS, RAV, and TUR.
The oils from the minimally effective group showed a very low varroacidal effect, and
therefore, they were not suitable for further testing. Especially WW, LAU, and COR appear
to be ineffective.

The 11 EOs from the highly effective group were further tested in order to determine
the most suitable EOs for the best potential use in beekeeping practice. In addition to
mite toxicity, the bee tolerance was necessary to be evaluated. Therefore, the method of
complete exposure assay [61] was chosen, which allows the evaluation of selectivity ratio
(SR), the most telling data for this purpose, in addition to LC for mites and bees [57].

In the complete exposure bioassay, after 4 h of exposure, only MAN and TYM showed
a higher level of mite toxicity than THM (control). After 72 h of exposure at the end of
the experiment, MAN, TYM, and ORG showed higher mite toxicity. The higher degree of
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toxicity of the above-mentioned EOs, compared with THM, is probably due to the content
of other active substances (carvacrol, p-cymene, calamenene, leptospermone), which can
additionally act synergistically [56,72]. While the varroacidal effect has already been
described for TYM and ORG [55,56,62], for MAN, it has not been described yet. However,
its antimicrobial and also acaricidal effects against other mite species (Dermatophagoides
and Tyrophagus) have been observed [73,74]. Regarding bee toxicity, only EOs from CB
and MAN were more toxic than THM after 4 h of exposure. After 72 h, at the end of the
experiment, a higher degree of toxicity was observed only in EO from MAN. Thus, the
results indicate higher toxicity of THM to Varroa mites but also to honey bees [55,57].

The ratio between mite and bee toxicity is defined as selectivity ratio (SR) values. At
the beginning of the experiment, after 4 h of exposure, THM showed an SR value of 4.107,
which was better than most EOs tested. Higher SR value was observed only at PEL (6.120)
and TYM (6.848). However, with the duration of exposure, the SR value of THM decreased.
After 72 h of exposure, the value was only 3.198. This can be explained by a decrease in
mite toxicity, an increase in bee toxicity, or a combination of both in time. [64,75]. A similar
trend was observed for PEL and TYM. In both EOs, the SR value also decreased with the
duration of exposure; however, in both EOs, the SR value was always higher, compared
with THM. This declining trend in the SR value with increasing exposure time for TYM is
consistent with the results of Damiani et al. [62] and is probably due to the high thymol
content that is characteristic of thyme [76]. This declining trend in the SR value indicates
the potential unsuitability of EOs with these properties, and these EOs need to be subjected
to further testing.

Stable to slightly fluctuating development of SR values depending on the duration
of exposure was observed at SAV and CB. The initial values at the beginning of the
measurement were very similar to the values at the end of the experiment and do not
change significantly during the experiment. However, the SR value was significantly lower
in CB than in THM, which is in accordance with the results of Damiani et al. [62], and in
the case of SAV, the SR values are similar to THM. In the other tested EOs, an opposite
trend was observed, and the SR increased with the time of exposure.

The best SR value after 72 h was determined at EOs from PPM (SR = 9.651) and MAN
(SR = 9.333), followed by ORG (SR = 5.830) and LIT (SR = 5.354). From the results of Nazer
and Al-Abbadi [77], it seems EO from PPM is more suitable to control varroosis than THM
in vivo. The same conclusion can be drawn from the results of Damiani et al. [62] in the case
of ORG in in vitro conditions. There is still a lack of varroacidal data from MAN and LIT
in the literature; however, a strong antimicrobial effect against Clostridium, Bifidobacterium,
Escherichia, Staphylococcus, Lactobacillus, and an acaricidal effect against Dermatophagoides
and Tyrophagus is known for both EOs [73,74,78].

A very good result after 72 h was also observed at EOs from CIN (SR = 4.542) and
CAT (SR = 4.552). CIN is proposed as a suitable option for reducing the population of V.
destructor. In addition, CIN has a strong repellent effect on V. destructor mites and is also
gentle on bees [39]. The suitability of CAT for further testing in the beehive conditions is also
proved by its strong inhibitory effect against Ascosphera apis and Paenibacillus larvae [79,80].
A slightly lower SR value, but still higher than THM, was observed in EO from WTYM
(SR = 3.358).

Since the chemical composition of EOs is influenced by many factors (geographical
origin, part of the plant, agrotechnics, genotype, extraction technology, etc.), it is necessary
to know their composition to interpret the effect of individual EOs [78].

According to SR of EOs from PPM and MAN, they seem to be the most promising oils
against V. destructor. The most represented substances in PPM were limonene, menthol,
and α-pinene. Limonene has been shown to be effective in reducing the population of V.
destructor at a colony level [81] and has strong antimicrobial effects [82]. Varoacidal [55]
and antimicrobial effects have also been reported for menthol [83], whereas α-pinene is
known for its inhibitory effects on bacteria [84]. In addition, it can also be produced in
larger quantities by genetically modified bacteria [85]. In the case of MAN, calamenene
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and leptospermone were the most abundant constituents. Celemonene-containing oils
show high antimicrobial and fungicidal activity and are effective against a wide range of
pathogens, including methicillin-resistant Staphylococcus aureus (MRSA) strains, and also
have high antioxidant activity [86]. Leptospermone is known for its bactericidal, antiviral,
and acaricidal effects [73,74].

Other EOs with suitable results were LIT and ORG. The main components of LIT
were citral (A and B) and limonene. The findings of Liu et al. [87] agree with ours that
citral is the main component of litsea and has a strong aroma and strong antimicrobial
effects [88] against both, gram-positive and gram-negativebacteria [78]. At ORG, carvacrol
was absolutely dominant and is known for its significant acaricidal and antimicrobial
effects. In addition, it also has anti-inflammatory and antimutagenic, and antigenotoxic
effects [89]. CIN and CAT also showed a significant acaricidal effect. The main component
of CIN was cinnamaldehyde, to which Conti et al. [39] attributed the main varroacidal
effects in cinnamon EO. It also has antibacterial effects [90]. Ceratol and α-pinen were
predominant in CAT. The last EO with better results than THM was WTYM, with an almost
balanced representation of thymol, carvacrol, and p-cymene.

5. Conclusions

The results based on selectivity ratio (SR) value for individual EOs showed that
potential best EOs for Varroa control are PPM and MAN, followed by ORG and LIT. Other
suitable candidates seem to be CAT, SAV, WTYM, and CIN. All these oils showed better SR
values at the end of the experiment than THM (control group), which is used in beekeeping
practice. Additionally, these oils showed a trend of an increased value of the selective ratio.

Thymol showed very good SR at the beginning of the experiment, but this value
declined with all following measurements. At the end of the experiment, the SR value was
lower than the values of most tested essential oils. This trend was also observed in EOs
from PEL and TYM.

Except for well-known substances such as thymol, menthol, and carvacrol, other
components appear to be potentially interesting for the control of Varroa, especially cit-
ral, limonene, calamenene, leptospermone, p-cymene, and cinnamaldehyde, as the main
compounds of the most effective EOs.
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Simple Summary: The western honey bee, a pollinator species that is essential for modern agriculture
and food production sustainability, is under various anthropogenic pressures. In the last few decades,
these have led to serious worldwide problems concerning the health and stability of honey bee
colonies. The importance of wild or feral honey bees has only recently been recognized, as these
populations are crucial for research on the processes that enable their survival under such pressures.
Here, we present a case of an unmanaged free-living population of honey bees that, unlike in other
known studies, live in a highly populated urban environment. This extraordinarily dense feral
honey bee population, which is not directly associated with managed apiaries, provided us with a
large dataset of various life history parameters that will considerably fill in the knowledge gaps on
unmanaged colonies. Furthermore, we want to underline the importance of citizen science in the data
collection process and suggest it as a suitable approach to study feral honey bees in urban landscapes.
We believe that highly populated urban landscapes can support and reinforce feral honey bees and
that similar citizen science projects should be set up in other urban areas or other countries.

Abstract: It is assumed that wild honey bees have become largely extinct across Europe since the
1980s, following the introduction of exotic ectoparasitic mite (Varroa) and the associated spillover of
various pathogens. However, several recent studies reported on unmanaged colonies that survived
the Varroa mite infestation. Herewith, we present another case of unmanaged, free-living population
of honey bees in SE Europe, a rare case of feral bees inhabiting a large and highly populated urban
area: Belgrade, the capital of Serbia. We compiled a massive data-set derived from opportunistic
citizen science (>1300 records) during the 2011–2017 period and investigated whether these honey bee
colonies and the high incidence of swarms could be a result of a stable, self-sustaining feral population
(i.e., not of regular inflow of swarms escaping from local managed apiaries), and discussed various
explanations for its existence. We also present the possibilities and challenges associated with the
detection and effective monitoring of feral/wild honey bees in urban settings, and the role of citizen
science in such endeavors. Our results will underpin ongoing initiatives to better understand and
support naturally selected resistance mechanisms against the Varroa mite, which should contribute to
alleviating current threats and risks to global apiculture and food production security.

Insects 2021, 12, 1127. https://doi.org/10.3390/insects12121127 https://www.mdpi.com/journal/insects44
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1. Introduction

The western honey bee, Apis mellifera Linnaeus, 1758, is recognized as the single most
important pollinator species, vital to the success of modern agriculture and the stability of
human food production [1–5], let alone the provisioning of honey and other bee-products.
There is a worldwide concern regarding the trends of its populations, including various
health issues and maintenance of sufficient pollination ecosystem service [3,6–14]. In the
last two decades, numerous studies identified several factors that negatively affect honey
bee populations and beekeeping [7,15–17]. Among other factors, the exotic ectoparasitic
mite Varroa destructor (hereafter: Varroa) is considered the most significant threat to western
honey bee in many parts of the world [18–23], largely contributing to widespread colony
losses [24,25]. There is a widely accepted view that unmanaged (wild/feral) honey bee
populations were completely eradicated in Europe since the 1980s, following the intro-
duction and spread of Varroa and the associated spillover of various pathogens [26,27].
However, several studies reported that both feral and managed colonies can survive for
an extended period despite of Varroa infestation, and without receiving any treatments,
triggering wide scientific and public attention [28–37].

There is a general lack of knowledge regarding feral colonies, since the majority of
research is focused only on managed honey bees [38–40]. Given that unmanaged honey
bees are not receiving any chemical treatments against Varroa or other pests/pathogens, it
is important to explain how they manage to survive. Successful cohabitation with Varroa
is well known in closely related Asian species (Apis cerana), which co-evolved with this
parasite [23]. Understanding the mechanisms behind these interactions might provide clues
for improving the health status and fitness of managed A. mellifera colonies and securing
perspectives for sustainable beekeeping [41–44]. In that respect, various studies focused on
genetic differences between feral and managed colonies [31], or on more efficient hygienic
and grooming behaviors [35,45] that might have evolved in colonies left untreated against
parasites. Several studies suggested that differences of living conditions between free-living
and managed honey bees (Table S5) may generate essentially different susceptibility to
Varroa mite [36,46,47].

Finding wild/feral honey bees in nature is difficult and time consuming [38,48]. In
areas where they exist (e.g., in the USA), feral colonies are scattered, mostly in woodland
areas, usually high in the trees, and generally not easy to spot [38,48]. Potentially, urban
environments could also be suitable for feral honey bees, due to ample nesting opportu-
nities [49,50], the presence of diverse floral resources throughout the season [51–53], and
lesser exposure to pesticide spraying [54]. However, there are only very few records of
feral honey bees in urban environments [48–50].

Here, we present another case of an unmanaged, free-living population of honey
bees. Unlike the previously reported cases, our study area is a large and highly populated
urban environment, the city of Belgrade (capital of Serbia). Until several years ago, local
scientists involved in various bee studies were generally unaware of the existence of
abundant feral honey bees in and around Belgrade, while local beekeepers were not
familiar with the importance of this phenomenon. Therefore, a ‘discovery’ of a huge
data-set documenting numerous thriving colonies living completely without any kind
of human interference or treatment came as a surprise. Data were obtained through the
long-term activity of one of the authors (S.S.), a beekeeper then affiliated with the Belgrade
Beekeepers Society (BBS). Specifically, S.S. was engaged in extensive communication with
the Belgrade citizens who reported on honey bee colonies or swarms in their surroundings,
mostly asking for their removal. Therefore, the compilation of the core data-set may be
regarded as “incidental crowd sourced observations” also known as “opportunistic citizen
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science” [55]. It is well known that citizens’ help (e.g., the implementation of citizen science)
can effectively overcome various difficulties in gathering information on biodiversity in
urban environments [56,57].

The purpose of this study was to:

• present evidence of the extraordinary frequent incidence of unmanaged honey bee
colonies throughout the wider Belgrade area (based on the occurrence data compiled
for 2011–2017), and a similarly frequent incidence of swarms (probably many of them
from unmanaged colonies);

• assess the basic parameters of the recorded occurrences (the features of documented
nesting/swarming sites: type of substrate/microspace, height, neighbourhood or
habitat type) and the parameters of the recording and reporting process (features of
the compiled data-set, its limitations, peculiarities, and utility);

• analyze the patterns of distribution of free-living honey bee colonies and observed
swarms across the different local urban and sub-urban/peri-urban settings of a large
city, relative to the distribution of managed hives;

• evaluate the status of unmanaged honey bee occurrences in Belgrade, hypothe-
sizing that they indicate the existence of a large, long-lasting and self-sustaining
feral population;

• present the experiences (advantages, problems and perspectives) of the citizen science
approach for detecting, assessing the status and monitoring of feral honey bees in
urban environments.

2. Materials and Methods

2.1. Case Study Area

The city of Belgrade (44◦49′ N 20◦27′ E), the capital and the largest city in Serbia, is
located at the confluence of two rivers, the Danube and the Sava. The municipal boundary
of the city is roughly 35 × 36 square km, while the core administrative–urbanistic unit
covers around 776 km2. Around 1.7 million people live within the total area of Belgrade,
while up to 1.2 million people are located in the urban zone [58]. The climate is transitional
between the temperate–continental and steppic regimes and its relief is spanning the
altitude of 65–506 m.

2.2. Data Source

Data for this survey were gained through the compilation of the citizen requests for
removal of honey bee colonies and/or swarms, mostly occurring near their homes or work
place in the period 2011–2017. As Belgrade does not have an official utility service for this,
all such requests have been redirected to the Belgrade Beekeepers Society (hereafter: BBS),
who kept records and provided removal service (in that period operated by S.S.). Most
records included the following information: date of request, location—address, category
(swarm or colony), nesting/swarming site (type of substrate, etc.), contact information of
observer, and intervention status. The intervention status refers to the personal notes of
the visited site and of the removed swarm/colony by the beekeeper. He also kept notes
on swarms that flew away on their own in which instances no intervention was required.
Due to logistic and time constraints, especially in the swarming season, not all reported
locations were visited. However, at most visited locations, successful removal or capture of
swarms was conducted, which was noted in the original database. Sometimes, the removal
of colonies was unsuccessful due to a lack of equipment to reach colonies in high places in
the reported location.

2.3. Data Processing

During the studied period of seven years (2011–2017), more than 1700 removal requests
were received. We performed several steps of refinement and cleaning of the initial data.
Each removal record was first categorized into one of four categories: “bee colony”, “bee
swarm”, “colony or swarm”, and “other”. The third category, “colony or swarm”, was
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created to account for incomplete reports that could not be resolved—when it was not
possible to distinguish between colony and swarm, based on the information from the
initial notes. The fourth category, “other”, contains reports of other forms of insects (mainly
social wasps: yellowjackets and hornets), and they were excluded from the analysis. The
next step was to detect duplicated records of swarms and colonies. When two (or more)
records of swarms were reported on the same location and on the same date, or in the
interval of one to two days, we regarded them as duplicates (i.e., the same occurrence
reported by the different persons). Detecting duplicates in the category of honey bee
colonies posed more difficulties. Even if the records originate on the same day and at the
same location, there is no certainty whether it is one or more colonies involved. On some
occasions the same colony is a nuisance to two or more neighboring apartments, and if both
inhabitants filed a report, this makes one of the reports a duplicate. Additional difficulty
may arise from the following situation: there were several reports of a honey bee colony all
noted at the same location but in different years, which may relate to the same long-lasting
colony reported by the same (or different) person year after year. To clarify situations like
this, as well as to confirm and verify the rest of the data from our database, we carried out
a process of validation. The validation process consisted of two steps: the first step was
to conduct interviews with citizens who reported swarms/colonies, and the second step
was to carry out a field study where possible (which was carried out in 2019) and gather
information by observing reported locations (Figure 1).

Figure 1. Some of the free-living honey bee colonies observed in Belgrade during 2019: (a) inside the hollow tree, (b) in the
hollow space within a multi-story building floor, (c) inside the steel tubular electric pole, and (d) in a cavity of a damaged
façade (showing propolis staining around the entrance).
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During the interviews, our focus was to address the following: to ask about missing
information, to describe what they can remember about swarms/colonies they reported, to
inquire on the precise location of the hive/swarm, the height of the occurrence, and if they
knew about the longevity of a colony they noticed. Furthermore, our intention was to see
what happened after they reported it—are the bees still there? Did the beekeeper remove
them? Was there a case of a newly established colony in the same cavity?

Original data rarely contained information about the longevity of reported colonies.
During the validation process and interviews, we were particularly interested in this aspect.
We were especially focused on reporters from the core of urban area, since occurrences
within and nearby the tentative feral zone are considerably more relevant for the purpose
of our study.

After each interview, the person was classified as “reliable” or “not reliable”, and
therefore the information received was equally categorized. This thorough quality check
was possible mainly because all interviews were conducted by one person (JBD), who spent
considerable time working with this data set, first getting familiar with it, then reviewing
each record and detecting duplicates, then mapping data (georeferencing locations), and
finally conducting interviews with citizens. This allowed for an informed estimation of
whether the person and resulting data were valuable or anecdotal (characterized by insuffi-
cient information or chaotic/contradictory statements, obvious lack of understanding of
the object reported, etc.). We eliminated unreliable, duplicated, and incorrect data. The
remaining records were mapped using the QGIS program [59].

We also mapped the presence of managed apiaries in the wider city area, based on
the list of registered hives, personal communication with BBS, and recorded unregistered
apiaries that were found during location inspections or other field surveys conducted in
the study area.

For an informed analysis and better visualization of compiled data, we used the
QGIS visualization tool—Heatmap (Kernel Density Estimation; hereafter: KDE)—to create
density maps of reported colonies and swarms [59]. This analysis creates differently shaded
surfaces, each shade representing a different density of the respective analyzed units. After
a couple of trial runs, we used a search radius of 1000 m and 10 m px size since these
parameterizations were found to be the best fitting for our data set.

In order to analyze the relationship between human population density and unman-
aged honey bee colony or swarm occurrences, we performed point pattern analysis (Poisson
point process model—ppm) [60,61]. We used the Belgrade official map of local communi-
ties (the lowest administrative unit for which standardized census data are available) as a
spatial layer to define the analysis and population density of each local community in the
form of a raster layer as a covariate. The reported occurrences of feral bees were defined as
a planar point pattern (ppp). The analysis was done using the spatstat R package v.1.63 [60]
within R v3.6.3 [62].

3. Results

For the period of seven successive seasons (2011–2017), we compiled a total of
1745 calls/reports (Table S1), of which 1495 were reporting on honey bees and 250 on other
insects. After the removal of duplicated reports (124), our data-set includes 1371 unique reports
(Table 1). Of those, for 56 reports we could not retrieve locations, hence 1315 reports were
georeferenced (Figure 2; Figure S1). Unique reports comprise 460 colonies, 537 swarms,
and 374 ambiguous/unspecified reports (occurrences that could represent either a colony
or a swarm, but original evidence lacked details or contained contradictory elements).
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Table 1. All uniquely reported observations of unmanaged honey bees (i.e., without duplicated
reports of the same units), grouped into: colonies, swarms, and ambiguous or unspecified units
(could be either a colony or a swarm). Sums include 56 reports that could not be georeferenced.

Year Colonies Swarms Ambiguous/Unspecified Total Honey Bees

2011 157 95 - 252
2012 116 78 - 194
2013 34 38 38 110
2014 54 115 109 278
2015 33 56 78 167
2016 44 95 110 249
2017 22 60 39 121

∑ 460 537 374 1371

Figure 2. Distribution of georeferenced occurrences of unmanaged (potentially feral) honey bee colonies and swarms of
unknown origin in the period of 2011–2017, within the wider Belgrade area (24 more remote locations from our data-set
are not shown, being too widely scattered beyond the coverage of this map). Three categories of reported cases are shown
combined but with differently colored circles (nesting colonies, swarms, and ambiguous or unspecified reports—the latter
could be either a colony or a swarm; the separated distribution maps are available in Figure S1a–c). The locations of known
managed apiaries (or individual hives) are also shown, with particular focus on those that surround the urban core area
(each shown with a circular ‘buffer zone’ of r = 1 km). The urban core is presumed to harbor mostly the self-sustained feral
bee colonies, and consequently, the swarms produced mostly by them; accordingly, we delimited a tentative ‘feral zone’ (or
‘managed-free zone’). The white rectangle (ca. 16.2 × 14.4 km) delimits the area shown in more detail in further maps. (This
map is also available as a high-resolution image, upon request to J.B.D.).
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Out of 1371 reports, information about height of the nesting/swarming site was
available for 391 (Figure 3; Table S3), while information about the type of nesting/swarming
site was known for 1195 reports (Figure 4; Table S4). Of these, around 85% colonies were
recorded between 3 and 21 m, while 90% swarms were recorded between 1 and 15 m.
Nesting/swarming site type was recorded for 437 of the reported colonies (95%) and
for 463 of reported swarms (86%). The most common type of nesting cavity was inside
the walls or various building/house façades (182 occurrences, ca. 42%), followed by the
wooden shutter window box (134 occurrences, ca. 31%). The most common swarming
situation was the hanging from a tree branch (277 occurrences, ca. 60%) (Figure 4).

Figure 3. Height distribution of reported nesting/swarming sites of unmanaged honey bees
(full line: colonies, dashed line: swarms).

Figure 4. Distribution of records categorized by types of (a) swarming and (b) nesting sites.
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Analysis of the effect of human population density on reporting about unmanaged
honey bee occurrences showed a strong positive relationship (Table 2, Figure 5). The
overlapping distribution of human population density (by analyzed ‘local communities’ of
Belgrade; data from 2011) and georeferenced occurrences of feral honey bee units is shown
in Figure S2.

Table 2. Estimated regression coefficients and their standard errors from a point process model
showing the relationship between human population density and reports of unmanaged honey bees.

Variable Coefficient (SE) 95% CI z Value z Test

Intercept 0.842421
(0.046938) 0.7504–0.9344 17.947 <0.05

Population
density

0.000128
(0.000004) 0.000121–0.000136 34.384 <0.05

Figure 5. Relationship between human population density and the reports of unmanaged honey
bees from the point process model. The gray zone represents a 95% confidence interval.

Based on the presence and distance from managed apiaries (the circular buffer of 1 km),
we defined a tentative ‘feral’ (=managed-free) zone in the core area of the city (Figure 6).
Due to specific geographical features, the northern border of feral zone is represented by
the Danube River, which is ca. 480–680 m wide in this section, hence represents a barrier to
the potential influx of swarms from the north.

We generated three separate KDE heatmaps: for all georeferenced reports of unman-
aged honey bees (combined: the sum of all three categories), for the colonies, and for the
swarms (Figure 7). Densities are shown as six color grades of the same intensity range,
but the respective city areas with same color represent quite different maximal estimated
values: ca. 18 for swarms, 27 for colonies, and 44 for all occurrences (the later include also
the ambiguous records, which represent >27% of the whole data-set). The distribution of
areas with highest density of different categories shows various levels of concordance.

51



Insects 2021, 12, 1127

Figure 6. The central part of the study area, most intensively covered by citizens’ reports. Close-up
view of the core feral/managed-free zone of Belgrade, and the locations of managed apiaries/hives
which surround it (with their respective buffer zones).

Figure 7. Kernel Density Estimation heatmaps: shading intensity represents the increasing density
of respective occurrences (defined through six density zones for the search radius 1 km), based on
summed reports for 2011–2017: (a) all categories, combined (min. 5.7, max. 43.8, zonal mid-point
value range: 6.5–40.1); (b) colonies (min. 3.8, max. 26.6, zonal mid-point value range: 4.1–24.4);
(c) swarms (min. 2.7, max. 18.1, zonal mid-point value range: 2.9–16.6).
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We managed to obtain more detailed and sufficiently reliable information for 78 nesting
sites with tentative long-lasting continual activity of respective colonies (Table 3, Figure 8).
Out of these, 18 colonies were from the interior of the feral zone, and further 22 from the
neighboring area (within the buffer zone of ca. 2 km around feral zone, mostly within the
respective buffer zones around centrally positioned managed hives/apiaries).

Table 3. Tentative longevity of feral colonies: number of nesting sites with documented honey bee
activity potentially extending beyond the single season.

Years 1–2 3 4–6 7–10 >10 ∑

Number of Colonies 16 28 19 12 3 78

Figure 8. Distribution of feral colonies with documented activity potentially extending beyond the
single season: evidence was principally based on repeated observations of the very same nesting
space, obtained through reports/interviews with citizens and/or through personal checking by one
of the authors (S.S.).

4. Discussion

For the context of our research, it is important to stress that urban beekeeping was
almost a non-existent activity in most of the urban core of Belgrade (BBS, personal com-
munication; the situation is slowly changing after 2018). Even at a moderate distance
from central urban areas, managed apiaries are still relatively rare and scattered (Figure 6).
Therefore, it seems quite unlikely that so many free-living colonies (and consequently most
of the swarms) in these central areas are derived from regular swarm inflow from managed
hives. Accordingly, we expect that >90% of the occurrences within the tentative feral zone
might be essentially feral.

This zone represents the urban core of residential and business activities, characterized
by dense urban infrastructure, high human population density, and economic activities,
accompanied by appropriate traffic dynamics. In contrast, the periphery of Belgrade is
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characterized with more widespread presence of beekeepers and apiaries of various types.
Many of the reported swarms or unmanaged colonies in that area are likely not truly feral,
but recently derived from managed hives. Between the feral zone and the periphery, a
type of ‘transitional area’ may be operatively defined. The transition is related to two
principal patterns: type of settlements is gradually changing (from densely urbanized
to nearly rural/agricultural), while the incidence of beekeeping is growing (but largely
varying in management efficiency). Accordingly, we expect that as many as 50–75% of the
reported swarms and colonies in this ‘transition zone’ might also be feral. Much lower
values are expected across the peripheral areas, but also the incidence of unmanaged honey
bee reporting was generally more sparse.

The distribution pattern of reported occurrences, presented with HDE heatmaps from
three data-subsets, shows reasonable concordance between the most densely inhabited city
areas (Figure 7). Obviously, large extent of central urban area and few peripheral tracts
are quite densely populated with free-living honey bees, with a few distinctive “cores
of incidence” being situated in or nearby our feral (managed-free) zone. Two prominent
cores are seemingly related to the two locations with managed apiaries (known, from
anecdotal beekeepers sources, for excessive poorly managed swarming in past times).
However, it is noteworthy that none of these cores are exactly centered at respective
apiary, but rather offsetted in different directions, indicating the likely influence of habitat
suitability and attractiveness. Indeed, the ‘western feral core’ is effectively settled within the
particular type of relatively uniform neighbourhood, with multi-storey buildings of peculiar
construction and uniform age, known empirically for numerous suitable nesting cavities.
The ‘eastern feral core’ shows a ‘tendency of spreading’ towards the most urbanized
downtown area of Belgrade. This is the largest continuous while also almost evenly
populated part of the city; it is most distantly situated from the managed hives around the
feral zone. Noteworthy, two of the three cases of longest-living colonies (or alternatively,
the longest active nesting site—see also later) are practically centered in these two ‘feral
cores’ (Figure 8). Therefore, it is possible that, even if initially established and ‘boosted’
from the managed hives, these two cores may now serve—for more than a decade—as
‘secondary source’ of numerous feral swarms, which continually populate the preferred
urban sectors in a self-sustainable manner.

This possibility, that many unmanaged colonies (and respective share of swarms)
in the Belgrade urban area represent an essentially feral and persistent population has
been further corroborated by the results of a separate genetic study. Within the project
SERBHIWE [63], S.D. and M.T. analysed the genetic variability of feral and managed
honey bee colonies in the Belgrade area by molecular genetics methods; a brief summary
outcomes are presented herewith. They sampled feral bees from 40 colonies selected from
within our data-set and used two types of genetic markers [64]: uniparentally inherited
mitochondrial DNA (mtDNA) and biparentally inherited microsatellites from autosomal
loci. The analysis of the mtDNA tRNAleu-cox2 intergenic region demonstrated a similar
pattern of genetic variability for both types of sampled colonies (feral and managed),
while the presence of rare haplotypes was detected in the mtDNA gene pool that could
be found in only one group, either feral or managed. The analysis of 14 microsatellites
loci showed that the feral honey bee colonies possess greater genetic diversity compared
to the managed ones, and the assessed relatedness showed that on average, a feral honey
bee colony is more related to other feral honey bee colonies than managed ones. These
results suggest that swarming from managed apiaries is not the only reason for existence of
such a great number of feral honey bee colonies in Belgrade. In other words, the abundant
feral population may not be regarded as primarily or predominantly derived from the
contemporary managed hives. Overall, molecular genetic analysis suggests the existence of
a strong and genetically diverse population of feral honey bees in Belgrade. Hypothetically,
this urban population of free-living honey bees may have existed in continuum from
the period before the introduction of Varroa mite. Greater genetic diversity could have
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contributed to natural selection for improved tolerance against parasites and pathogens,
and hence their capability for successful survival despite these pressures.

Available chemical treatments against Varroa mite do not provide a long-term solu-
tion (due to the development of resistance to pesticides), while some are even harmful to
bees [65,66]. Moreover, any kind of treatment may inhibit natural selection pressures pre-
venting coevolution between parasite and host, thus being counterproductive [33,43,67,68].
In uncontrolled/wild settings natural selection will lead toward disease-resistant bees
and less virulent forms of pathogens [69,70]. Generally, wild populations of domesticated
plants and animals are important reservoirs of genetic diversity [71] and this applies to
wild and feral honey bees as well [27,39,72]. However, beekeepers are generally not willing
to support such a course for economic reasons—expected high colony losses in initial
period [43,73], but also the possibility of losing some of the desirable traits of managed
bees [23]. For decades, breeding programs selected traits like greater honey production,
less aggressive temperament, a lower tendency for swarming, high fecundity of queen,
etc. [23,46,74,75]. In fact, honey bees that are in balance with new parasite are economically
more beneficial to manage in the long run [43,70]. Recently, selection programs started
to include disease resistance as one of the wanted traits of honey bees [74,75]. Hence, the
spontaneously established Varroa-resistant honey bee population, like the one thriving in
Belgrade, could be of great importance for future breeding programs in Europe.

Wild honey bees in natural habitats prefer to inhabit cavities in tree trunks [76]. Several
studies reported on feral honey bees being opportunistic regarding the cavity types used
for nesting in urban environments [49,50]. Our study provided extensive further details
about the nesting site features of feral honey bees. The most commonly observed type of
cavity was inside the walls or building/house façades (41.6%), followed by the cavities
of wooden window shutter box (30.7%). Both types of cavities are closely associated with
human living spaces that are heated/insulated, hence energetically beneficial for the colony,
especially during the winter [77]. The advantage of certain human-associated cavity types
for honey bees has also been emphasized in a recent study from Ireland [78].

Information on the longevity of individual colonies is a direct indicator of Varroa
resistance level. In our data set, there were several colonies with exceptional duration.
However, a seemingly continuous bee activity around a certain cavity does not necessarily
imply the continual usage and persistence of the same colony (or its direct descendants).
Instead, a colony may die off, but a swarm from another colony may move in, and this
change in cavity status (from inactive to active) is called “turnover” [79]. Turnovers are
easily missed; hence, the colony may be categorized in a wrong longevity class. Therefore,
the longevity of free-living colonies has to be checked frequently and regularly [80]. Based
on our experience from Belgrade (from 2019), for reliable longevity estimate, monitoring
must be conducted as frequently as 10–14 days. If the long-active bee cavity cannot be
monitored appropriately, such situations are better termed ‘extended cavity occupancy’
than colony longevity.

In addition to presenting a huge data set, this paper also highlights the importance
and suitability of the citizen science (CS) approach for studying feral honey bees in urban
settings. Finding feral honey bee colonies is difficult and time-consuming [38,48], particu-
larly in the cities. The presence of a nuisance species, e.g., the new pest, will be primarily
detected by the members of the public [81]. Honey bees are generally considered as benefi-
cial insects, but they can represent a nuisance if inhabiting undesirable locations—too close
to human activities. In addition to ‘ordinary’ citizens, beekeepers and urban pest control
agencies can be a particularly important source of data [50,82]. Certainly, participatory
research has its shortcomings, e.g., requires a longer process of validation, as in case of
our data-set. Communicating with a substantial number of people can be challenging for
several reasons; various problems which we encountered are summarized in Table S2.

Our study falls into the category of incidental citizen science, known also as “op-
portunistic citizen science” [55,83,84], which is linked with several biases (i.e., reporting,
taxonomical, observational and geographical biases). Honey bees are widely known
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species, distinctive, and easily recognizable; hence, taxonomic bias in our data set is pre-
sumably not significant. Monitoring of easily recognizable species, such as honey bees,
is generally feasible with CS projects [85], but untrained people often have difficulties
distinguishing between swarm and colony. Honey bees are perceived in several different
ways by the public [50], ranging from aversion and fear [86], to fondness and generally
positive attitude towards them [87,88]. Consequently, people had strong reasons not to
ignore, but to report occurrences of honey bees. Therefore, reporting bias is probably not
significant to our study. Observational bias also could not be greatly present in our data
since all observations of honey bee swarms and colonies were detected in close proximity
to homes of people who reported it, not as a result of a search effort. On the other hand, we
noticed significant geographical bias—there is evident lack of data of the city’s industrial
and peripheral areas. Lack of data from industrial, non-populated areas, occurred simply
because colonies and swarms are more likely to be noticed in densely populated residential
areas of the city (proximity to human daily lives, high frequency of human activity), rather
than in unpopulated or sparsely populated parts [48,49]. There were practically no reports
of bee colonies or swarms in unpopulated areas because there was no one who could make
a report [89]. On the other hand, lack of data from the periphery is due to the people living
there would likely deal with the problem themselves. On the contrary, in the urban core,
colonies are more likely to be reported because citizens who live there are less likely to
have beekeeping experience [90]. The presence of swarms and colonies on the edges of the
city, where managed apiaries are frequent, could originate from the swarm escapes from
managed hives [76].

The successful existence of a dense, self-sustaining feral honey bee population in
Belgrade is further promoted by certain socio-economic circumstances. For example,
problems with unregulated jurisdiction (responsibilities) of public services in Belgrade,
combined with a shortage of specialised employees and funding, make public utility com-
panies inefficient and inadequate to respond to citizens’ requests for removing honey bee
colonies/swarms; accordingly, many of them remain untreated. Furthermore, the extended
poor state of Serbia’s economy (for many decades now) reflects on poor maintenance of
many buildings (which makes urban areas rich in suitable cavities). For similar reasons,
the majority of people cannot afford to pay for removal to private services (by professional
beekeepers), again contributing to many colonies/swarms being left undisturbed. All
these circumstances made Belgrade almost the perfect environment for the establishment
and persistence of a large free-living honey bee population. There are also less specific
favourable aspects, common to many large urban areas [91], but they certainly contributed
to the overall good conditions for wild bees: variable and long-lasting floral resources, and
decreased exposure to pesticides (relative to dominating agricultural systems, etc.).

In our case, the existence of a strong and self-sustaining feral honey bee population
confirms that urban environments can be highly favourable for this species. However, a
combination of circumstances which enabled or enhanced its establishment might have
been locally or regionally context-specific, in several aspects. Nonetheless, it could be
rewarding to investigate, following our experiences, if other cities in Europe (particularly
larger cities in SE Europe) might also harbor the overlooked free-living honey bees.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/insects12121127/s1, Table S1: Overview of all received reports. Table S2: Outcome of cit-
izens/reporter’s interviews. Table S3: Summary of reports by height of nesting/swarming sites.
Table S4: Summary of reports by nesting/swarming site types. Table S5: Comparison of ‘lifestyle’ fea-
tures: key differences between feral/wild and managed honey bee colonies. Figure S1: Distribution of
georeferenced unmanaged bee colonies and swarms: (a) nesting colonies, (b) swarms, (c) ambiguous
or unspecified reports. Figure S2: Distribution of human population density of Belgrade by ‘local
communities’ units, overlayed with distribution of feral honey bee units.
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Simple Summary: Ectoparasitic mite Varroa destructor with its associated viruses is a common global
threat to the health of honey bee colonies. If colonies are not treated, the vast majority die in a
3-year period. Existing acaricides used for treatment are becoming less effective, and new approaches
to honey bee protection are required. A reliable method is to create a broodless condition in a
colony by preventing the queen from laying eggs, and after 25 days all mites will be exposed to the
treatment with organic acids or essential oils. The focus of our study, performed on 178 colonies in
six Mediterranean countries, was to compare different periods of queen caging on honey production,
colony development, and the effect of treatment. Queen caging had no negative effect on colony
strength before the wintering period, while it affected honey production; colonies in which queens
were caged two weeks before the main summer nectar flow produced significantly less honey.
However, tested colonies ten weeks after the treatment had significantly lower infestation with
V. destructor mites. This study shows that caging the queen with subsequent oxalic acid treatment
25 days after caging is an efficient method to control V. destructor infestation, while the starting point
of queen caging in relation to the main summer nectar flow affects honey production.

Abstract: In this study, we investigated the effect of queen caging on honey bee colonies’ post-
treatment development and the optimal timing of method application on honey production during the
main summer nectar flow. We conducted the study in nine apiaries (N = 9) across six Mediterranean
countries, with a total of 178 colonies. The colonies were divided into three test groups: QC1, QC2,
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and C. The QC1 group involved queens caged for a total of 28 days before the expected harvesting day.
In the QC2 group, queens were caged for 28 days, but only 14 days before the expected harvesting
day. The C group consisted of queens that were not caged, and the colonies received common local
treatments. In both the QC1 and QC2 groups, the colonies were treated with a 4.2% oxalic acid
(OA) solution by trickling after the queen release. Our findings revealed no significant adverse
effects (p > 0.05) on colony strength at the end of the study resulting from queen caging. However,
significantly lower amounts of honey were extracted from the QC1 group compared to both the
QC2 group (p = 0.001) and the C group (p = 0.009). Although there were no initial differences in
Varroa destructor infestation between the groups, ten weeks later, a significantly higher infestation was
detected in the C group compared to both the QC1 group (p < 0.01) and the QC2 group (p = 0.003).
Overall, our study demonstrates that queen caging, in combination with the use of OA, is an effective
treatment for controlling V. destructor. However, the timing of caging plays a crucial role in honey
production outcomes.

Keywords: honey bee; Varroa destructor; queen caging; honey yield

1. Introduction

The Varroa destructor mite is an ectoparasite of the honey bee (Apis mellifera L.) and is
recognized as the leading cause of worldwide colony losses [1,2]. From the beginning of the
invasion, beekeepers prioritized using chemical substances, mainly synthetic acaricides [3].
Even over half a century later, synthetic chemicals are commonly used by many beekeeper
operations despite the potential of residues in hive products [4,5] and, more importantly,
V. destructor mite resistance due to overuse of these chemicals [6–8]. These aspects primarily
threaten consumers’ safety and sustainable beekeeping management.

In parallel, alternative beekeeping techniques, known as api-biotechnical methods,
were developed to counteract V. destructor with limited or no use of acaricides. A com-
prehensive overview of different api-biotechnical methods to prevent and control mite
infestation is given in an article by Rosenkranz et al., 2010 [9]. Many of those methods in
beekeeping, such as screened bottom boards, trapping of mites in worker or drone brood,
and colony arrangement, prevent reinfestation. Methods relying on a brood interruption
during the active beekeeping season, followed by oxalic acid treatment, are currently
gaining popularity among the beekeeping and research communities [10,11]. The funda-
mental mechanism behind this approach is trapping and physical removal of the mites in
the sealed brood and/or treating the exposed mites (known as the phoretic or dispersal
stage [12,13]), during the broodless conditions in the colony. Thus, the methods of brood
removal, queen caging, and trapping comb seem best suited to the various beekeeping
practices, particularly for the geographical regions with prolonged brood rearing [13].

Among the available acaricides for V. destructor control, oxalic acid shows high ef-
ficacy [14–19], does not leave residues in beehive products [20,21], and does not lead to
resistance phenomena [22]. However, to achieve a high acaricide efficacy, colonies should
be in a broodless stage, which in temperate climates may naturally happen only for a short
period during the winter or seldom in dry summer season. In the brood’s presence, oxalic
acid’s efficacy is less than 50% [19,23,24].

Several studies have shown that summer brood interruption combined with a subse-
quent OA application, either via the trickle or sublimation method, is an effective strategy
to reduce V. destructor infestation [10,11,16,25–28] and virus load [28–30]. Furthermore, no
adverse effects on honey production early in the season [31], and colony strength before
winter, were detected [32,33].

To create a broodless condition, beekeepers can confine the queen for a defined pe-
riod [10,13]. By caging a queen for 21 to 25 days (depending on the presence of drone
brood), the colony becomes broodless, forcing mites into the dispersal phase when they
are susceptible to organic acid treatments, like oxalic acid. Büchler et al. [10] demonstrated
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high efficacy of the method when 4.2% oxalic acid was applied by trickling after the caging
period of 25 days. Previous results of studies combining queen caging and oxalic acid treat-
ment look promising, but it is important to consider the consequences of such a treatment
on honey production and honey bee colony development.

Beekeepers from both hobby and commercial sectors are predominantly concerned
about queen performance, colony development, and honey production. Therefore, our
study investigated both the timing and effect of the queen caging method combined with
an oxalic acid treatment on the post-treatment colony development and honey production
during the main summer nectar flow.

2. Materials and Methods

The experiment was conducted in six Mediterranean countries in the summer of 2021
(Figure 1). A total of nine test apiaries and 178 honey bee colonies were involved in the study.
The study protocol (Supplement File S1) involved selecting full-size colonies of similar
comparative strength in each apiary and dividing them into three homogeneous groups.

 

Figure 1. Map with test apiary’s location, main summer nectar sources, date of honey extraction (day
0), and size of the groups at each testing apiary.

In the first (QC1) and second (QC2) groups, queens were caged for a total of 28 days
in a small-sized cage without the possibility of laying eggs [10] (Figure 2). Briefly, queens
from the QC1 group were caged 28 days before “day 0” (day of the expected honey harvest
of the main summer nectar flow), while queens from the QC2 group were caged 14 days
prior to, and released 14 days after, “day 0”. In the control (C) group, queens were not
caged. Honey bee colonies in QC1 and QC2 groups were treated, after queen release, on
day 0 and day 14, respectively, by trickling 5 mL of oxalic acid 4.2% solution per occupied
comb [10], while control colonies were treated using the usual local treatment (such as
Apivar, Apiraz, CheckMite, formic acid, and total brood removal).

Colony strength was assessed by counting the number of combs occupied by adult bees
and combs with brood, as previously described [34]. The net amount of honey produced by
each colony was measured by weighing the honey super before and after extraction. The
infestation rate of V. destructor on adult bees was determined using either the alcohol/soapy
water wash or the powder sugar shake method [35]. The number of V. destructor mites per
100 bees was calculated following the method described by Dietemann et al., 2013 [36]. As
a general rule, no major colony management techniques/methods that could potentially
bias colony development and mite population growth were applied during the test period.
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Figure 2. Timeline of the activities during the course of the study. Assessments listed above the
timeline were performed on all colonies at the given day. Activities listed below the timeline were
performed on a specific group at the given day.

The timeline of the study activities is reported in Figure 2, where the timing of the
queens’ caging, the frequency of honey bee colony strength estimations, the monitoring of
V. destructor infestation, and the colony treatments are also shown.

Statistical analysis was performed in the SPSS software package, release 19.0 (SPSS
Inc., Chicago, IL, USA). The effect of the fixed factors, namely, location (apiary, N = 9),
study group (Q1, Q2, C), and their interaction (N = 16) on honey bee colony strength
(number of combs occupied with bees and number of brood combs), were analyzed using a
GLM ANOVA model. The same GLM model was applied to analyze honey production
(only one measurement) and V. destructor infestation at the beginning and at the end of
the experiment. Adjusted means between study groups were compared using Bonferroni
post hoc analysis. Pearson’s correlation (r) analysis was used to calculate the correlation
between colony strength and honey production.

3. Results

3.1. Colony Strength

The apiaries involved differed significantly (p < 0.01) in colony strength, as assessed by
the number of combs occupied with bees and the number of brood combs at the beginning
(day −28) and end (day 100) of the study (Tables 1 and 2). However, there were no
significant differences in colony strength between the groups at the beginning and end
of the study (p > 0.05, Figures 3 and 4). On the inspection at “day −14”, the QC2 group
had a significantly higher number of combs with bees compared to the other two groups
(p < 0.01), while on the next two measurements (days 0 and 14), the QC1 group had a
significantly lower number of combs with bees compared to the other two groups. On “day
28” and “day 42”, the colonies from the C group had significantly more combs occupied
with bees compared to the other groups, as a consequence of queen caging.

Table 1. GLM analysis on colony strength (number of combs with bees and combs with brood) at the
start of the experiment (at day −28), with apiary, group, and their interaction as fixed factors.

Number of Combs with Bees Number of Brood Combs

Source df Mean Square F df Mean Square F

Model 26 1504.739 359.315 ** 26 447.303 260.864 **

Apiary 8 570.201 136.158 ** 8 80.272 46.814 **

Group 2 1.172 0.411 2 2.017 1.176

Apiary × Group 15 3.020 0.721 15 3.263 1.903 *

Error 152 4.188 152 1.715

Total 178 178

R2 = 0.984 (adjusted R2 = 0.981) R2 = 0.978 (adjusted R2 = 0.974)

** p < 0.01; * p < 0.05 Bonferroni test.
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Table 2. GLM analysis on colony strength (number of combs with bees and combs with brood) at the
end of the experiment (at day 100), with apiary, group, and their interaction as fixed factors.

Number of Combs with Bees Number of Brood Combs

Source df Mean Square F df Mean Square F

Model 26 297.319 123.159 ** 26 43.323 12.773 **

Apiary 8 84.157 34.976 ** 8 29.556 8.714 **

Group 2 0.538 0.224 2 2.786 0.821

Apiary × Group 15 2.978 1.237 15 1.805 0.532

Error 133 2.406 133 3.392

Total 159 159

R2 = 0.960 (adjusted R2 = 0.952) R2 = 0.714 (adjusted R2 = 0.658)

** p < 0.01; Bonferroni test.

Figure 3. The mean number of combs occupied with bees during the experiment for three different
groups. Stars represent significant differences between groups at a certain inspection day and the
color of the star shows which group differs.

Figure 4. The mean number of brood combs during the experiment for three different groups. Stars
represent significant differences between groups on a certain inspection day and the color of the star
shows which group differs.

In the next three measurements (day −14 to day 14), all groups differed signifi-
cantly from each other (p < 0.01). On the “day 28” inspection, the QC2 group had signifi-
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cantly fewer brood combs compared to the other two groups (p < 0.01), while in the last
two inspections, there were no significant differences in the amount of brood.

3.2. Honey Production

The honey yield differed significantly between the groups and apiaries (Table 3). The
average amount of extracted honey per colony across all apiaries was 14.353 ± 0.429 kg
(mean ± SD). Generally, the highest honey production was recorded in Israel (29.5 ± 7.15 kg),
while the lowest was in Greece (8.19 ± 2.44 kg). Significantly lower amounts of honey
were extracted from the QC1 group compared to both the QC2 (p = 0.001) and C groups
(p = 0.009, Table 4. However, there was no significant difference between the QC2 and
C groups. The initial colony strength had a significant effect on production. Pearson’s
correlation analysis revealed a significant moderate positive correlation between honey
extraction and the number of combs occupied with bees (r = 0.629, p < 0.01) as well as the
number of brood combs (r = 0.257, p < 0.01) on “day −28” at the beginning of the study.

Table 3. GLM analysis for honey production. Apiary, group, and their interaction are set as
fixed effects.

Source of Variation df Mean Square F

Model 26 2087.885 67.980 **

Apiary 8 2146.907 69.901 **

Group 2 199.852 6.507 **

Apiary ×Group 15 80.000 2.605 **

Error 151 30.713

Total 177

R2 = 0.921 (adjusted R2 = 0.908); ** significance < 0.01; (** p < 0.01; Bonferroni test).

Table 4. Estimated marginal means of honey extraction (in kg) for different groups.

Group Mean Standard Error
95% Confidence Interval

Lower Bound Upper Bound

QC1 12.091 a 0.729 10.650 13.532

QC2 16.009 b 0.803 14.423 17.596

C 15.142 b 0.705 13.749 16.535
a,b Different apex letters represent significant differences between the groups (adjustment for multiple comparisons:
Bonferroni, p < 0.05).

3.3. V. destructor Infestation

At the beginning of the field study, the infestation of adult bees with V. destructor
varied between apiaries but not between groups (Table 5). On “day −28”, the infestation
of adult bees (mean ± standard error) in the QC1, QC2, and C groups was 1.64 ± 0.19,
1.48 ± 0.22, and 1.52 ± 0.19 mites per 100 bees, respectively. However, on day 42 (following
the completion of the control group treatment), there were significant differences in the
infestation rate both between apiaries and between the groups. Specifically, the infestation
rates were reduced to 0.44 ± 0.13 (QC1), 0.63 ± 0.16 (QC2), and 1.18 ± 0.13 (C) mites per
100 bees, with the C group exhibiting a significantly higher infestation compared to the
QC1 group (p < 0.01) and QC2 group (p = 0.003).
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Table 5. GLM analysis on the infestation of colonies with V. destructor at the beginning (day −28) and
end of the experiment (day 42) with apiary and group as fixed factors.

Infestation with V. destructor
on day −28

Infestation with V. destructor
on day 42

Source df Mean Square F df Mean Square F

Model 11 61.277 25.277 ** 11 15.185 15.186 **

Apiary 8 30.962 12.772 ** 8 5.170 5.171 **

Group 2 0.417 0.172 2 8.894 8.894 **

Error 167 2.424 152 1.000

Total 178 163

R2 = 0.625 (adjusted R2= 0.600) R2 = 0.542 (adjusted R2= 0.511)

** p < 0.01; Bonferroni test.

4. Discussion

Here, we studied the impact of caging the queen at different times during the main
summer nectar flow in combination with an oxalic acid treatment on honey production,
V. destructor population, and honey bee colony development until winter. Our data support
the usage of queen caging to achieve artificial summer brood interruption and the following
oxalic acid application as a strategy for efficient V. destructor control. The number of adult
bees in the autumn is negatively correlated to the V. destructor infestation level in the
previous summer. Further, the number of bees in spring is negatively correlated to the
V. destructor infestation levels in the previous October [37,38], so an efficient method of
treating against Varroosis during the summer would improve the adult bee population
needed for overwintering. We found that the timing of queen caging played an important
role in the subsequent productivity of the colonies. Honey bee colonies in which queens
were caged at the beginning of the summer nectar flow (QC2 group) produced, on average,
the same amount of honey as the control colonies (where queens were not caged), while
colonies in the QC1 group produced significantly less (on average 3–4 kg or 20–25%). On
the other hand, both caging groups had significantly lower mite infestation at the end of
the experiment compared to the control group, thus demonstrating the high efficacy of the
caging method. It should be noted that we only measured the harvested honey regardless
of the honey stores in the brood chamber. During the period of brood interruption, colonies
usually store part of their honey in the brood chamber, which will afterward be used for
new brood development and may reduce the need for extra feeding.

The strength of the colonies in different groups at the beginning of the study was equal,
as well as at the end, before the winter. Still, there is an obvious positive correlation between
colony strength and honey production. This indicates that beekeepers need to closely
monitor and maximize honey bee colony strength, particularly the adult bee population,
prior to the honey flow. Even if this is a trivial recommendation, one should keep in mind
the significant differences between the regions and climates and the recommendations
provided by the literature for the particular region. Thus, our results show that the timing
is equally as relevant as the method. One of the effects that may be expected following the
brood break is that after a few weeks, young bees have low juvenile hormone titers [39] and
high protein and vitellogenin concentrations [33], as in long-lived wintering bees, and live
significantly longer [1,31]. After the queen is caged, the amount of brood that needs to be fed
decreases, so young bees can reach higher longevity and may start foraging earlier [40,41].
This can at least partly explain why the caging groups reached the same wintering colony
size as the control colonies, although those had a higher overall brood production.

The starting point in combating V. destructor should consider the effect of management
strategy on honey production, as this is the hive product of greatest interest for most
beekeepers. For instance, brood breaks resulting from swarming negatively affect mite
population development [37,42] but also honey production [28,43]. Therefore, our first
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point of interest was how a different starting time of queen caging in relation to the
beginning of the main summer nectar flow would affect the amount of the extracted honey.
In our study, honey production was highest in the QC2 and control groups, showing that
caging the queens two weeks before the start of the main summer nectar flow (group
QC1) is too early. A possible reason for lower nectar intake is that the strength of these
colonies dwindled when the summer flow started. In addition, the lower amount of brood
pheromones may have a negative impact on nectar intake [44]. Colonies in which queens
were caged at the beginning of the nectar flow (QC2) were as productive as colonies from
the control group. Decreased number of bees after the honey harvest in caging groups was
no longer so important from the beekeepers’ aspect because the strength of the colonies
at day 100 was equal. However, caution should be taken when using this queen caging
method, and adaptation to the local environment is recommended as differences occur in
the duration of brooding and nectar flow among the different geographic regions [38]. If
there is late summer or fall nectar flow expected, the question is how this would affect
possible additional honey harvest, as the tested group of colonies reached the control
colonies in strength before winter. In addition, once the queen is released from the cage into
a crowded hive, she starts to lay intensively, and the resulting few frames of open brood
might lead some foragers to revert to nurse bees [45]. However, we did not measure the
strength of colonies from day 42 until day 100, and we did not distinguish when in this
period colonies equalized in strength. Similar values were obtained by Kovačić et al. [27],
where colonies with caged queens had a 20–35% bee population reduction 28 days after
queen release. In the work of Lodesani et al. [31], equalization between caging and control
groups happened at least 67 days after queen release, which corresponds to the three weeks
after day 42 in our study (three complete brood cycles instead of two). Brood interruption
by queen caging in September seems to be late, as it affects the strength of the colonies
entering the winter [46]. On the other hand, early spring queen caging is shown to be
effective in reducing mite load without a negative effect on honey production and final
colony size when caging is performed 9 weeks before the main spring nectar flow [31].

At the beginning of the study, there were no significant differences in the infestation
rate of V. destructor of the colonies from different groups. However, upon measurement of
the infestation rate after the treatment, we found a significantly lower infestation rate in
caging groups compared to the control group. The control group of the study was treated
as “business as usual” and consisted of different well-known and verified methods by
partners. However, in this testing season, brood interruption followed by the OA treatment
was shown to be more effective. This confirms the results of the previous study [27], where
caging groups also had higher efficacy. In this study, we used 4.2% oxalic acid solution,
which is proven to be effective [10], and the correct concentration and dosage of treatment
are two of the most important details which should be considered, as lower concentrations
when using the trickling method [10] or lower quantity when using sublimation [18,46] will
result in lower efficacy. It is essential to highlight that the brood break is also an effective
control method for Tropilaelaps spp. mite [47], a new possible threat to the European
beekeeping industry [48]. From an economic point of view, it is possible to reduce costs
since low V. destructor infestation leads to lower cost requirements for treatments, higher
quality products, vital colonies, higher survival rates, and fewer winter colony losses which,
according to Popovska Stojanov et al. [49], has substantial economic negative consequences
on the overall beekeeping operation.

It is essential to emphasize the advantages of the tested method from the aspect of
food safety as this approach does not compromise honey or other products in the hive as
oxalic acid does not leave residues. One of the main challenges for successful V. destructor
management is to reduce the infestation level in time before the development of long-living
winter bees starts. While most registered chemical products may not be applied before
the last honey harvest, which is often too late in the season, brood interruption can be
started some weeks earlier without adverse effects on honey production and the in-hive
products’ safety. Given the growing reports of resistance of mites to the active substances of
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medicines [7,8,50,51] and the negative effects of pesticides residues in wax on drone semen
viability [52] and on workers longevity [53], future strategies of colonies protection should
mainly focus on biotechnical methods and breeding honey bees with increased resistance
against V. destructor mites [54–56].
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Simple Summary: Varroosis caused by the ectoparasitic mite Varroa destructor has been the biggest
threat to managed bee colonies over recent decades. Chemicals available to treat the disease imply
problems of resistance, inconsistent efficacy, and residues in bee products. Recently, alongside novel
compounds to defeat the pest, lithium chloride has been found to be effective. In this study, we found
that lithium treatments leave beeswax residue-free. The possibility of decontamination in adult bees,
bee bread, and uncapped honey was revealed. On the other hand, ripe honey was found to be affected
by lithium administered via feeding. Case studies are necessary to uncover the level of exposition in
harvested honey to estimate its potential risk once it becomes a registered veterinary medicine.

Abstract: The biggest threat to beekeeping is varroosis caused by the mite Varroa destructor. Chemicals
available to treat this fatal disease may present problems of resistance or inconsistent efficacy. Recently,
lithium chloride has appeared as a potential alternative. To date, the amount of residue lithium
treatments may leave in honeybee products is poorly understood. Honeybees were fed with 25 mM
lithiated sugar syrup, which was used in earlier studies. The accumulation and elimination of the
lithium were monitored in bees and their products for 22 days. Lithium concentration increased in
the entire body of the bees to day 4 post-treatment and then recovered rapidly to the control level.
Lithium exposure was found to affect uncapped honey in the short term (<16 days), but ripe (capped)
honey measured at the end of the trial remained affected. On the other hand, lithium treatment left
beeswax lithium-free. Based on these data, we propose that comprehensive research on harvested
honey is needed to decide on the veterinary use of lithium.

Keywords: lithium chloride; beeswax; honey; chemical residues; Apis mellifera; Varroa destructor

1. Introduction

Hive products are associated with nutritional benefits and are value-added products
of the human food chain. However, honey, beeswax, and bee bread may be exposed to
pesticides as a consequence of anti-Varroa treatment.

The overwhelming majority of pollination carried out by honeybees (Apis mellifera) is
performed by managed bee colonies [1]. The biggest threat to the honeybee worldwide
is varroosis, which involves virus diseases transmitted by the ectoparasite V. destructor
originally parasitizing a closely related species (A. cerana). If left untreated, mites can
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kill an entire colony within one or two years [2,3], but, in areas of a high density of
honeybee colonies, it might occur within an apicultural season. Controls currently in
practice based on synthetics can be adequate but are restricted to a few chemicals such
as amitraz, coumaphos, flumethrin, and fluvalinate, the formulations of which, however,
are demonstrated to lead to the risk of development of resistance [4,5]. As a result, they
offer a limited possibility of mite eradication in the foreseeable future. With the exception
of oxalic acid, one of the most widely used varroacides [6,7], alternatively used essential
oils or organic acids in some instances may be inconsistent in efficacy [8]. Alongside
novel approaches (RNAi) to treating varroosis, lithium salts were found to be effective
in eradicating V. destructor in vitro [9]. Although publications concerning the effects of
lithium on harnessed bee individuals are available, these remain restricted to physiological
studies [10–12].

Concerning other invertebrates (e.g., sea urchins, marine polychaete worms), dis-
turbances in embryonal development were raised in relation to lithium compounds [13].
Interestingly, however, beneficial effects of lithium on longevity were detected in adult
individuals of Drosophila [14]. For both honeybee adults and brood, adverse effects on
the longevity of lithiated sugar syrup administration is reported but restricted mainly
to in vitro trials [9,15]. Furthermore, it is of note that a freely moving bee might react
differently to aversive compounds. Being an obligatory social organism, a honeybee colony
could actively reject aversive substances [12]. Moreover, feeding sugar syrup infused with
varroacide is not typically the way of administering an anti-Varroa treatment in apicultural
practice [16].

Lithium chloride (PubChem CID: 433294) may provide an effective, commercially
available, and relatively cheap alternative, and therefore, it may be increasingly applied as
an unregulated veterinary medicine [16–19]. Despite its potential to treat varroosis in the
short term, only a few studies are dealing with the consequences of lithium treatments on
honey and other bee products [15,20]. However, with honey and beeswax being the most
remarkable hive products worldwide, human exposure to lithium when it is used needs to
be extensively studied in the apiculture-related food chain to evaluate its impacts before it
ever becomes a registered veterinary medicine.

We aimed to understand the consequences of anti-Varroa treatment using lithium
chloride feeding, monitoring the changes of the lithium level in the bees and their most
important products.

2. Materials and Methods

2.1. Colony Setup and Samplings of Biological Materials and Apicultural Products

The experiment was started in early October 2018 in Hungary (Keszthely, 46◦45′55.6”
N, 17◦14′52.6” E), excluding outer nectar flow. Carniolan (A. m. carnica) colony splits were
populated into four hives (local type). On the same day (day 6), colonies were transferred
away from their flight range into a dark room and kept for five days. Apart from one frame
originating from the donor colonies, each hive was equipped with wax foundations (day 3)
only. After making sure the colonies were queenright, they were placed outdoors in the
evening of day 1. Hives were set at least 3 m away from each other, with geographical
landmarks to prevent drifting.

Sampling was initiated on day zero. Before treatment, bees and their products were
sampled to measure control lithium concentrations in the four hives. Then, the frame
originating from the donor colonies containing the honey and bee bread store from pre-
treatment was discarded from each hive. The colonies were subsequently fed with one liter
of 1:1 sucrose syrup containing 25 mM lithium chloride (126.5 mg kg−1 Li+) [9].

Sampling was carried out in a standardized manner to prevent cross-contamination
of the hive products as follows. First, bottom boards were cleaned to collect hive debris.
Adult bees (25 workers, mixed of age, from each hive in each occasion) were collected from
the bee space of the hives to make a pooled sample. To be able to sample beeswax secreted
under lithium exposure from the hive, the colony was forced to build brace combs (about
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10 × 10 cm in size). Cells from which the bee bread was collected (2 g from each hive) were
marked to prevent their re-sampling (except the pre-treatment control originating from the
donor colony). Taken from all combs, 30 mL honey was collected from each hive on each
sampling occasion. Samplings were carried out on day 0 (pre-treatment control), and days
1, 4, 8, 16, and 22 (post-treatment) for hive debris (n = 24), bees (n = 24) divided later into
three body parts (head, thorax and abdomen, and legs), brace combs (n = 19), bee bread
(n = 24), and uncapped (unripe) honey (n = 24).

The experiment was terminated on day 28. Queens were killed to examine their whole
body (n = 4). Mature, capped honey was sampled (n = 4). Beeswax was rendered from the
combs; during this process, slumgum was collected (n = 4). Furthermore, sediments (n = 4)
of the wax cakes and the melting waters (n = 4) in which the wax (n = 4) was processed
were collected. Altogether, 139 different samples were collected. An overview of the whole
sampling process is visualized in Figure 1.

2.2. Sample Preparation

Samples were stored at −5 ◦C in plastic tubes before the sample pre-treatment pro-
cess. Bees’ heads were measured separately since pharyngeal glands produce and excrete
royal jelly, presenting the food for honeybee larvae. The lithium content of the legs was
measured separately.

Bees were separated into the three main parts according to the details above: approx.
75 mg for the head, and the same amount for the legs, and approx. 500 mg for the thorax &
abdomen in each sampling. The body parts, as well as the exact known weight of honey
and beeswax (0.5 g of each), bee bread, and hive debris (0.1 g of each), were measured on
an analytical balance (ES 225SM-DR, Precisa, Dietikon, ZH, USA) into 50 mL glass beakers.
Samples were dried at 50 ◦C to constant weight in an electric drying cabinet.

Dried samples were wet digested in the same vessels by the mixture of 4.0 mL 65%
(m/m) HNO3 (reagent grade, Scharlau, Germany) and 1.0 mL 30% (m/m) H2O2 (reagent
grade, Merck, Kenilworth, NJ, USA) to evade the cross-contamination from changing
glassware. Digested samples were transferred without loss into volume calibrated plastic
centrifuge tubes and diluted up to the volume of 10.00 mL with ultrapure water (Synergy
UV, Sigma-Aldrich, St. Louis, MO, USA). Solutions were kept at room temperature before
further elemental analysis. Each piece of glassware used was decontaminated by immersion
in a 1:5 HNO3: H2O solution for 24 h and rinsed with deionized water before use.

2.3. Analytical Measurements

The quantitative analysis of the lithium content in the different samples was carried out
by microwave plasma atomic emission spectrometry (MP-AES 4200, Agilent Technologies,
Santa Clara, CA, USA). The plasma gas was continuously supplied during measurement
by a nitrogen generator (4107, Agilent Technologies). The MP-AES instrument operates
with a vertical torch alignment together with an axial observation position. As well as
sample solutions, standards were introduced by autosampler (SPS, Agilent Technologies)
with 30 s of rinsing between each with 0.1M HNO3 prepared in ultrapure water. The MP-
AES operating conditions and measurement parameters are indicated in Table 1. Lithium
standard stock solution of 1000 mg L−1 (Scharlau, Germany) was used to prepare the
5-point calibration series. The limit of detection (LOD) was defined as 0.3246 μg kg−1 at
the applied wavelength of 610.365 nm (the measurement parameters are summarized in
Table 1).
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Figure 1. Experimental design and samplings.

Table 1. Analytical measurement parameters.

Replicates
Pump Speed

3
15 rpm

Uptake time 15 s
Rinse time 30 s

Stabilization time 15 s
Read time 3 s

Nebulizer pressure 240 kPa
Wavelength 610.365 nm
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The following formula calculated the LOD: LOD = (3 × s)/S where s is the standard
deviation of 15 blank samples, and S is the specificity (slope of the calibration curve). The
results of the elemental analysis were given on a dry mass basis.

2.4. Statistical Analysis

To analyze the effect of LiCl treatment on the Li concentration of bees (head, thorax
and abdomen, and leg were analyzed separately), honey, bee bread, beeswax and hive
debris (response variables), we used linear mixed models (LMMs) in Statistica 8.0 (http:
//www.statsoft.hu) (accessed on 19 May 2021). Prior to analysis, Li concentration data
were log10 transformed to improve normality. The LMMs included sampling time as a
fixed factor representing pre-treatment (control, at day 0) and post-treatment measurements
(days 1, 4, 8, 16, and 22). In order to account for repeated measures, the hive was included
as a random factor. Differences among means were identified using Tukey HSD post hoc
tests when the model fixed effect was significant.

3. Results and Discussion

3.1. Lithium Level Returns to Normal Values in Adult Bees

Feeding lithium syrup at a concentration (25 mM) applied in earlier studies [9,15,20]
resulted in an average lithium peak of 130.13 mg kg−1 (average of the hives) in bees’
bodies (thorax and abdomen), with an absolute maximum value of 167.71 mg kg−1 in
hive 1, on day 4. Lithium concentration decreased in all body parts of the bees from day
4 post-treatment (Table 2, Figure 2). This pattern may be consistent with the findings of
Prešern and colleagues, who revealed that in bee larvae, lithium level started to drop on
day 3 post-treatment [15]. By day 22 post-treatment, lithium level showed full recovery to
the pre-treatment control level (0.15 mg kg−1 on average; Figure 2). Data from the present
study indicate that adult bees seem to be able to excrete lithium at the colony level.

Table 2. Effect of lithium in bees and bee products in factor of time. Analysis of log-transformed Li concentration data
using linear mixed models revealed a significant effect of time relative to the LiCl treatment (control: pre-treatment (day 0);
treated: 1, 4, 8, 16, and 22 days post-treatment) of honeybee colonies on lithium concentration of the bees, the honey, and the
bee bread, but not that of the wax and the hive debris. Results of Tukey HSD post hoc tests are shown in Figure 2.

Main Effects Overall Model

Factor Effect type
d.f.

(Effect, Error)
F p R2

adj.

d.f.
(Model,

Residual)
F p

Bee head day fixed 5, 15 154.4 <0.001 0.971 8, 15 96.8 <0.001
hive random 3, 15 0.8 0.529

Bee thorax and
abdomen day fixed 5, 15 395.1 <0.001 0.988 8, 15 247.9 <0.001

hive random 3, 15 2.5 0.102

Bee leg day fixed 5, 15 156.2 <0.001 0.971 8, 15 97.9 <0.001
hive random 3, 15 0.7 0.592

Honey day fixed 5, 15 57.3 <0.001 0.925 8, 15 36.5 <0.001
hive random 3, 15 1.7 0.210

Bee bread day fixed 5, 15 6.6 0.002 0.543 8, 15 4.4 0.006
hive random 3, 15 0.8 0.512

Hive debris day fixed 5, 15 1.0 0.451 0.000 8, 15 1.0 0.474
hive random 3, 15 1.0 0.418
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Figure 2. Post-treatment changes in lithium concentration in hive products and bees. Linear mixed
model analysis (LMM) revealed a significant increase in Li concentrations (mean ± SD) in bee head
(a), thorax and abdomen (b), and leg (c), as well as in honey (d) between 1 and 8 days after LiCl
treatment, followed by a return of concentrations to the control level after 16 days post-treatment.
Only a small increase in Li concentration was revealed in bee bread (e), and only on the 4th day
post-treatment, and no increase in Li concentration at all was detected in hive debris (f) or beeswax (g).
For LMM statistics, see Table 2. Plotted values not sharing any index letter are statistically different
at p < 0.05 (Tukey HSD post hoc test). Note that the threshold of detecting Li was 0.0003 mg kg−1.

Residues were found in the entire body of bees, reaching the legs as well, the parts
of the body in which lithium may have been transferred via the hemolymph. Therefore,
all parts of the bees’ bodies may be eligible to estimate changes in the lithium level of the
colony. We hypothesize that the Li concentration peak measured in the bees and their
offspring might help to predict the timeframe of treatment efficacy for future research in
this field.

A sampling of the queens was only possible by killing the individuals. Therefore,
the queens were measured only at the termination of the trial (day 28), revealing no
detectable lithium. No signs of an attempt to refuse the queens by the worker bees, known
as supersedure, were observed in the whole period of the experiment. We conclude that
lithium has no detrimental effect on the queen, at least in the short term.
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Hive debris usually contains wax particles and may contain bee parts, traces of honey,
or pollen in a variable composition. Nonetheless, it revealed no response to LiCl treatment
(Table 2, Figure 2). Despite being readily available without opening the hive, the debris
does not appear to be suitable for collecting information about the lithium level in the hive.

3.2. Bee Bread Is the Least Affected of Beekeeping Products

Of the bee products in which lithium appeared, the stored, fermented pollen (known
as bee bread) was found to be the least exposed to lithium contamination (Table 2).

Bee bread is commercialized for its beneficial nutritional and therapeutic properties.
However, collecting it for human food is time-consuming and suffers from limitations [21].
Similar to other samples investigated, lithium peaked on day 4 with a lithium level of
28.11 mg kg−1 (Figure 2). Representing four hives but a single time measurement, a similar
value (30.75 mg kg−1) was reported for day 4 post-treatment by Prešern and collegues [15].
Bee bread is the primary protein resource that bees utilize, especially for feeding larvae
and adults. High lithium exposure may adversely affect the development of the larvae [15].
Furthermore, increased mortality in the lithium-treated colonies was recorded. Thus,
lithium treatment may have an impact on colony reproduction. Nevertheless, reduced
lithium levels were measured in 5-day-old larvae three days after the lithium culmination
(on day 7 post-treatment). [22].

Our data support the rapid decrease of LiCl in the bee bread after the peak caused by
treatment (Figure 2). Lithium concentration recovery in adult bees and in the diet of larvae
enables the brood to be less exposed over time. We propose that the possible adverse effects
of lithium might be compensated for or minimized by applying it only in naturally or
artificially induced brood-free or brood-poor periods. It should be noted, however, that the
veterinary use of LiCl has not been authorized yet. Further research is needed to accurately
determine a low-risk timing or a withholding period in queen rearing.

3.3. Lithium Treatment Leaves Beeswax Unaffected

In brace combs, representing the wax secreted directly by the bees, no lithium was
detected in any samples (n = 19) at any sampling time (Figure 2). No lithium was detected
in any lumps of wax (n = 4) rendered from the old combs of the hives, either. Moreover, in
by-products of the wax rendering process from old combs such as the slumgum, sediment,
and the melting water, no lithium content has been confirmed. These facts are of great
importance as comb wax is commonly recycled in apicultural practice; recycled comb is
used to make beeswax foundations and widely distributed to beekeepers.

Our finding is significant also because other commonly used acaricides such as ami-
traz [23], coumaphos [24], tau fluvalinate [25], flumethrin [26], and thymol [27] affect the
beeswax.

3.4. Lithium Levels Decrease during Dehydration, but Residues May Remain in the Ripe Honey

Honey, the most important apicultural product, represents aggregate honey taken
from thousands of honey storage sites from capped and uncapped cells.

Uncapped cells initially contain freshly collected unripe nectar, which undergoes the
process of dehydration and transposition to cells to be filled into the vicinity of the brood,
where they are then capped by the bees. In the present study, uncapped honey served
to uncover the kinetics of lithium within the hive, whilst capped honey was separately
handled to represent the store to be harvested at the termination of the experiment.

Treatment with lithiated sugar syrup containing 126.5 mg kg−1 LiCl (25 mM) affected
the uncapped honey considerably in the short term (Table 2, Figure 2). The highest lithium
content in the honey was measured on day 1 (Figure 2). Despite the dehydration process of
the honey carried out by the bees, the concentration of lithium started to decrease from day
4 post-treatment. Lithium concentration in uncapped honey showed full recovery to the
control level (below 0.25 mg kg−1) by day 22. Based on the obtained data, the possibility
of decontamination of uncapped honey has been confirmed. This hive product, being
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the transposed honey stock of the colony, is most affected by lithium. Incoming nectar or
sugar syrup is processed and exposed to transposition from being passed from bee to bee
several times. It is hypothesized that one possible point of lithium depletion may occur via
the bees.

In the capped, ripe honey, a value corresponding to one-fifth of the initial lithium
syrup concentration (22.40 mg kg−1) was measured on average at the termination of the
experiment (day 28). This amount may be comparable to the natural lithium trace element
content measured in honey so far [28]. Honey exerts positive nutritional and health effects
if consumed at high doses of 50 to 80 g per daily intake [29]. Considering it as a proposed
intake, capped honey from the present trial would equal 1.12–1.79 mg lithium. This amount
can be achieved from other alimentary products as a daily lithium intake [30–32]. It is of
note that hardly any similar modes of administration are used in which the anti-Varroa
active ingredient is applied via a large amount of sugar syrup (e.g., feeding), since it will
inevitably induce an elevated residue level in the honey store. Although a single treatment
is not likely to result in an alarming level in ripe honey, a trickling mode of administration
may be preferred once lithium is registered as a veterinary medicine.

4. Conclusions

In this study, the progress of contamination and the possibility of subsequent elim-
ination of lithium in the most important bee products and adult bees were investigated
in situ after lithiated sugar syrup feeding. Unlike commonly used varroaicides, lithium
treatment left beeswax unexposed as a clear positive property of lithium. On the other
hand, it was revealed that lithium could contaminate ripe honey. Despite inducing the
pollution of the honey by feeding the bees lithiated syrup, lithium levels remained un-
der the level of commercialized honey, which naturally possess higher lithium content
(38–110 mg/kg−1 [28,33]. Currently, no maximum residue levels (MRL) exist for lithium,
nor it is recognized as veterinary medicine. More extensive research is needed to determine
lithium residues under field conditions in harvested honey and bee bread, as well as to
determine a waiting time after the Li treatment. Further experiments are necessary to
reveal how application methods like trickling [16] would affect the appearance of residues
in honey, especially if performed repeatedly against the devastating pest V. destructor.
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Simple Summary: American foulbrood (AFB) is the most severe bacterial disease of honeybees,
caused by Paenibacillus larvae. Larvae become infected by ingesting food contaminated with P. larvae
spores, which are extremely resistant and can remain infectious for decades. Burning affected colonies
is widely used to prevent further spread of the disease. The presence of P. larvae spores in bee-related
samples is associated with an increased risk of developing clinical symptoms, and spore counts
can be used for early detection of at-risk colonies, which should then undergo thorough clinical
examination. Because quantification of P. larvae spores by plate counting is time-consuming and
unreliable, due to poor and inconsistent germination, molecular quantification is more suitable. To
overcome the limitations of available quantification methods, we developed a quantitative PCR
(qPCR) assay for reliable quantification of P. larvae that also performs well at low spore counts. The
assay was validated for honey and hive debris samples but can be extended to other sample types.
Spore counts in AFB-positive colonies were significantly higher than those in asymptomatic colonies,
both for honey and hive debris samples. By comparing plate and qPCR counts, the germination rate
of P. larvae spores was found to be low and inconsistent.

Abstract: Paenibacillus larvae is the causative agent of American foulbrood (AFB), a devastating
disease of honeybees. P. larvae spore counts in bee-related samples correlate with the presence of
AFB symptoms and may, therefore, be used to identify at-risk colonies. Here, we constructed a
TaqMan-based real-time PCR (qPCR) assay targeting a single-copy chromosomal metalloproteinase
gene for reliable quantification of P. larvae. The assay was calibrated using digital PCR (dPCR) to
allow absolute quantification of P. larvae spores in honey and hive debris samples. The limits of
detection and quantification were 8 and 58 spores/g for honey and 188 and 707 spores/mL for hive
debris, respectively. To assess the association between AFB clinical symptoms and spore counts,
we quantified spores in honey and hive debris samples originating from honeybee colonies with
known severity of clinical symptoms. Spore counts in AFB-positive colonies were significantly higher
than those in asymptomatic colonies but did not differ significantly with regard to the severity of
clinical symptoms. For honey, the average spore germination rate was 0.52% (range = 0.04–6.05%),
indicating poor and inconsistent in vitro germination. The newly developed qPCR assay allows
reliable detection and quantification of P. larvae in honey and hive debris samples but can also be
extended to other sample types.

Keywords: American foulbrood (AFB); Paenibacillus larvae; real-time or quantitative PCR (qPCR);
digital PCR (dPCR); plate counting; spore germination rate; honey; hive debris
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1. Introduction

Honeybees (Apis mellifera) play an essential role in pollination and biodiversity conser-
vation [1]. Several stress factors affect bee health on national and global scales, leading to
significant reductions of their populations [2,3]. Biotic factors include pathogens from both
prokaryotic or eukaryotic taxa and pests causing various diseases of bees. On the other
hand, bee health is endangered by abiotic stressors, including unfavorable weather con-
ditions, habitat or diet changes, introduction of invasive species, intoxication of beehives
with acaricides, and treatment of crops with insecticides.

American foulbrood (AFB) is one of the most widespread and most severe diseases of
honeybees and is caused by the spore-forming Gram-positive bacterium Paenibacillus larvae [4].
Honeybee larvae become infected by ingesting food contaminated with P. larvae spores,
which are highly resistant to environmental factors and can remain infectious for several
decades [5]. Clinical onset of AFB depends on the virulence and spore count of P. larvae
in the honeybee colony as well as many intrinsic (genetic) and extrinsic (environmental)
factors [6,7]. In Slovenia, the disease is diagnosed when characteristic clinical symptoms
are identified in the honeybee colony and the causative agent is confirmed by laboratory
examination [8]. Due to its severity, AFB is a statutory notifiable disease in the European
Union (Council Directive 92/65/EEC, 1992) and is regulated by national legislation in
many countries worldwide, including Slovenia [8]. Elimination of the infected honeybee
colonies and contaminated equipment is required, and trade restrictions are enforced in
the outbreak area, resulting in significant economic losses to the beekeeping industry. Early
detection of the disease is the most effective way to prevent its spread.

Apparently healthy honeybee colonies can harbor P. larvae spores [9–11]. Spore counts
in honey, hive debris, and adult bees correlate with the severity of symptoms in the clinical
stage of AFB and may be useful in identifying colonies in the pre-clinical stage of the
disease [10–17]. Thus, quantification of P. larvae spores offers a promising prognostic tool
for early detection of at-risk apiaries based on increased spore counts in the colonies, which
should then undergo thorough clinical examination. For this purpose, a method for reliable
quantification of P. larvae spores in different samples is needed.

Honey and (winter) hive debris samples provide non-invasive and easily accessible
material for P. larvae surveillance. Moreover, they may reflect a long-term accumulation of
P. larvae spores in the hive, whereas spore counts in adult bees mostly reflect the current
disease status of the colony [12,15]. Previous studies that used culture-based methods for
the detection and quantification of P. larvae showed a limited ability of honey to reliably
identify diseased colonies, since spores may remain undetected even in symptomatic
colonies [9,10]. On the contrary, spore counts in accumulated winter hive debris have
shown promise in reflecting disease status, since hive debris allowed identification of
higher numbers of P. larvae-positive colonies compared with adult bees, regardless of
disease status [15], and was also a better predictor of the onset of AFB [11]. In Slovenia,
it is common practice to collect honey samples from colonies in areas with an increased
risk of AFB to monitor P. larvae spore counts by cultivation, whereas hive debris is usually
not present during clinical examinations of apiaries in summer. Sampling of adult bees for
spore counts has not yet been introduced into our laboratory as of the time of this study.

Two main approaches for the quantification of P. larvae spores in bee-related samples
are culture- and PCR-based methods. To date, the detection and quantification of P. larvae in
honey and hive debris have mostly relied on culture-based methods [9,11,17,18]. However,
these suffer from certain limitations. First, germination of P. larvae spores is markedly affected
by the sample pretreatment procedure, P. larvae genotype, type of honey, and the choice
of culture media [19–22]. Moreover, the method is time-consuming and requires species
confirmation [23]. Thus, alternative and state-of-the-art methods for reliable detection and
quantification of P. larvae are needed to reassess the relationship between spore counts in
bee-related samples and the disease status of the corresponding honeybee colonies.

Quantitative real-time PCR (qPCR) offers a time- and cost-effective alternative for
quantifying P. larvae spores and overcomes the limitations of culture-based methods.
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Although several qPCR assays have been developed for the detection and characterization
of P. larvae in different sample types [21,23–28], only two assays have been optimized for the
quantification of P. larvae spores in honey and/or hive debris samples [23,26]. Both target
the 16S rRNA gene and use SYBR technology, which suffer from important limitations.
Moreover, in these two studies, the standard curve for qPCR quantification was based on
plate counts [23] or flow cytometry [26]. The latter requires a clean culture (suspension of
vegetative cells or spores) and is, therefore, unsuitable for direct quantification of P. larvae
in complex sample types (e.g., bee-related samples).

Contrary to flow cytometry, digital PCR (dPCR) allows direct quantification of the
target in complex sample types and uses the same DNA template as well as amplification
and detection chemistry as qPCR. dPCR allows absolute quantification without the need for
a standard curve [29] but, to our knowledge, has not yet been used for P. larvae. Here, we
developed a novel TaqMan-based qPCR assay for the quantification of P. larvae which was
validated for honey and hive debris samples and calibrated using dPCR to allow absolute
quantification. For honey samples, spore counts derived from qPCR were compared with
those derived from plate counting, and the correlation between spore counts and the
intensity of AFB clinical symptoms in the corresponding honeybee colonies was assessed.
The latter was also investigated for hive debris samples.

2. Materials and Methods

2.1. Samples

Sampling of honey and hive debris was performed in 2019–2020. In most cases, only
one sample type (honey or hive debris) per apiary was obtained. Both sample types were
collected in sterile containers from individual honeybee colonies. Honey samples were
collected from the honeycomb cells near the brood within the scope of veterinary clinical
examinations of colonies upon clinical suspicion of AFB; they originated from AFB-positive
(n = 41) or asymptomatic (n = 26) colonies positioned in AFB-positive apiaries (Table S1).
To collect hive debris, sampling boards were placed at the bottom of hives in apiaries
with different AFB status. One month after placing the boards, a control examination of
colonies was performed. Hive debris samples were collected from newly clinically affected
(i.e., AFB-positive or symptomatic) colonies (n = 17) and asymptomatic colonies positioned
in AFB-positive apiaries (n = 52). Hive debris was also collected from colonies positioned
in asymptomatic apiaries with a history of AFB and/or located within the active AFB zone
(n = 25) or apiaries with a complete absence of AFB (n = 13) (Table S1).

2.1.1. Honey

For the quantification of P. larvae spores by plate counting and qPCR, 67 honey samples
were collected (Table S1). The colonies had AFB clinical symptoms of various severities (0–4;
Table S2) and originated from 18 apiaries (1–18); more than one honeybee colony per apiary
was sampled for 13 apiaries (Table S1). Honey samples were heated to 45–50 ◦C, and 50 g
was poured into sterile centrifuge containers, there supplemented with 150 mL of dH2O
(50 ◦C), and mixed to a homogeneous suspension. Samples were centrifuged at 4000× g
for 30 min, and the supernatant was discarded, leaving ~1 mL to resuspend the pellet. The
resulting suspension was supplemented with sterile 0.9% NaCl (saline) to a final volume of
10 mL and incubated at 80 ◦C for 10 min to kill the vegetative cells (suspension H1).

For quantification by plate counting, the prepared suspension was diluted by a factor
of 10 once more (1 mL of suspension H1 supplemented with 9 mL of sterile saline; sus-
pension H2). A total of 500 μL of suspensions H1 and H2 was inoculated onto Brain heart
infusion (BHI; Oxoid, Basingstoke, UK) agar plates supplemented with 5% sheep blood,
1 mg/L thiamine (Fargon Hellas, Trikala, Greece), and 30 mg/L nalidixic acid (Millipore-
Sigma by Merck, Burlington, MA, USA) using Drigalski spatulas. Plates were incubated at
37 ◦C for seven days. Presumptive P. larvae colonies were counted, and one colony per plate
was confirmed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
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mass spectrometry (Microflex LT system; Bruker Daltonics, Leipzig, Germany) according
to the manufacturer’s instructions.

For qPCR quantification, 1 mL of suspension H1 was used for DNA extraction, corre-
sponding to 5 g of honey sample (1/10 of the initial sample). For qPCR validation, a single
naturally contaminated honey sample (positive by bacteriological examination) was used;
three 1 mL aliquots of suspension H1 were collected to represent three biological replicates
used for DNA extraction. A honey sample determined as negative by bacteriological
examination and showing no qPCR amplification curve in the preliminary analysis was
used as a negative template control (NTC).

2.1.2. Hive Debris

P. larvae spores in the hive debris samples were quantified by qPCR; plate counting
was not performed, because we had observed poor spore germination for honey samples in
our previous laboratory examinations. A total of 107 hive debris samples were quantified
(Table S1); pooled samples were obtained from three apiaries without current AFB symp-
toms in any of the colonies (20, 29, and 30 in Table S1). The colonies had varying severities
of AFB clinical symptoms (0–2; Table S2) and originated from 16 apiaries (17–32); for 11 api-
aries, more than one honeybee colony per apiary was sampled for individual (non-pooled)
quantification (Table S1). Volume (mL) was selected as the basic metric unit for hive debris
samples, due to the variation in moisture content. A total of 5 mL of the collected hive
debris was transferred to a 50 mL centrifuge tube and supplemented with sterile saline to
a final volume of 50 mL. The suspension was vigorously mixed (KS 4000 i control; IKA,
Staufen, Germany) at 160 rpm for 2 h and homogenized (MiniMix; Interscience, Saint Nom,
France) at the highest speed for 1.5 min (suspension D1).

For qPCR quantification, 1 mL of suspension D1 was used for DNA extraction, corre-
sponding to 0.1 mL of hive debris sample (1/50 of the initial sample). A single naturally
contaminated hive debris sample originating from an AFB-positive colony was used for
qPCR validation; three 1 mL aliquots of suspension D1 were collected to represent three
biological replicates used for DNA extraction. One of the negative hive debris samples
originating from an apiary with a complete absence of AFB was used as a NTC.

2.2. DNA Extraction

The extraction of DNA from honey and hive debris samples was performed using
a commercial kit (DNA isolation from complex samples, Institute of Metagenomics and
Microbial Technologies, Ljubljana, Slovenia; https://www.immt.eu, accessed on 12 Novem-
ber 2021) according to the manufacturer’s instructions. The protocol included bead-beating
combined with enzymatic and heat-induced lysis between mechanical shearing steps.
Briefly, 1 mL of suspensions H1 and D1 was centrifuged at 10,000× g for 5 min in 2 mL
screw-cap tubes containing 150 mg of glass beads with diameter ≤106 μm (Millipore-
Sigma by Merck, Burlington, MA, USA). The supernatants were discarded, and lysis buffer
(392 μL of destroy buffer D) supplemented with 8 μL of proteinase K (20 mg/mL; Milli-
poreSigma by Merck, Burlington, MA, USA) was added to the pellets. Twice, samples were
subjected to bead-beating (45 s at 6400 rpm) using a tissue homogenizer (MagNA Lyser
Instrument; Roche, Basel, Switzerland) and incubation at 56 ◦C for 15 min. After the third
beat-beating, samples were incubated at 100 ◦C for 10 min and cooled in the refrigerator
for 3 min. After centrifugation at 10,000× g for 5 min, supernatants were mixed with three
times the volume of binding buffer B and loaded onto spin columns for centrifugation at
16,000× g for 1 min. After rinsing two times with wash buffer W, DNA was eluted from
the spin columns with elution buffer E. For DNA extraction, 1 mL of the prepared sample
suspensions (Sections 2.1.1 and 2.1.2) was used, and DNA was eluted to a final volume of
100 μL; these volumes, together with DNA dilutions and DNA-to-PCR-mixture volume
ratios, were considered when calculating P. larvae spore numbers per sample unit (g for
honey and mL for hive debris) from qPCR (Cq values) and dPCR (copies of target per μL
of the extracted DNA).
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2.3. Design of a Quantitative P. larvae TaqMan Assay

We selected the chromosomal metalloproteinase (MP) gene (NCBI genome accession
number CP020557.1, locus tag B7C51_23310; [30]) as the target gene, because it is present
in a single copy in all P. larvae genomes and is highly conserved (≥99.7% identity and 100%
coverage) among the currently established P. larvae ERIC types [4,31]. Primers (MPF, MPR)
and probe (MPP) for its amplification were constructed with the IDT RealTime qPCR Assay
Entry tool (https://eu.idtdna.com/scitools/Applications/RealTimePCR/ accessed on 14
March 2019) and analyzed, using the IDT OligoAnalyzer tool (https://eu.idtdna.com/calc/
analyzer accessed on 14 March 2019), by applying the qPCR parameter sets. The TaqMan
probe was labeled with the reporter 6-FAM at the 5′-end (56-FAM), with a double quencher,
ZEN, as an internal quencher, and Iowa Black FQ at the 3′-end (3IABkFQ; Integrated DNA
Technologies [IDT], Coralville, IA, USA). The constructed 5′–3′ sequences were GGT AAC
TAT TCT GGC AGG AGC for the forward primer (MPF), AAG TTC ACG GTT AGG GTC
TTC for the reverse primer (MPR), and [56-FAM] TTG GTA GGA [ZEN] ACG TCA TTG
TCC GCA [3IABkFQ] for the probe (MPP).

2.4. In Silico and In Vitro Inclusivity and Exclusivity of P. larvae TaqMan Assay

In silico inclusivity was assessed based on nine P. larvae complete genomes available
in the NCBI Genomes Database (Table S3; accessed on 30 July 2021). In addition, inclu-
sivity was tested based on 40 field P. larvae isolates from Slovenia of different ERIC types
with available whole-genome sequencing (WGS) data (Table S3). Metalloproteinase gene
sequences were identified using BLASTn by applying an identity of ≥90% and a coverage
of ≥70% as cut-off values. Gene alignments were performed and visualized using the
Geneious aligner implemented in Geneious v11.1.5 (Biomatters, Auckland, New Zealand).

To assess in silico exclusivity, the five most closely related Paenibacillus species with
available complete or draft genome data were identified based on the highest identity of
the 16S rRNA gene using the EzBioCloud identification service [32] (Table S3). BLASTn
was used to identify the homologs of the metalloproteinase gene by applying a cut-off of
≥90% identity and ≥70% coverage.

A total of 23 field P. larvae isolates of different ERIC types and five P. larvae ERIC
reference strains were used to assess in vitro inclusivity (Table S4). Two related species
(Bacillus pumilus and Paenibacillus alvei) and five common honeybee pathogens (Chritidia
mellificae, Lotmaria passim, Melissococcus plutonius, Nosema apis, and Nosema ceranae) were
used to assess in vitro qPCR exclusivity (Table S4).

2.5. qPCR and dPCR Conditions

The qPCR reaction mix contained 10 μL of 2× master mix (Maxima Probe/ROX qPCR
MasterMix; Thermo Fisher Scientific, Waltham, MA, USA), 0.12 μL of passive reference
dye ROX (diluted 1:10), 300 nM of both primers and 200 nM of probe, 5 μL of template
DNA (undiluted or from a dilution series prepared for method validation; Section 2.6), and
PCR-grade water to a final volume of 20 μL. Amplification and detection were performed
on the 7500 Fast Real-Time PCR System (Applied Biosystems by Thermo Fisher Scientific,
Foster City, CA, USA). The following amplification protocol was used: 50 ◦C for 2 min,
95 ◦C for 10 min, and 45 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Results were expressed
in quantification cycle (Cq) values. After validation (Section 2.6), the threshold line was set
at 0.1 for all samples. Positive control, NTC, and water no template control (WNTC) were
included in each run.

For dPCR, the same TaqMan assay was employed as for qPCR. The reaction mix
contained 7.5 μL of 2× master mix (QuantStudio 3D Digital PCR Master Mix v2; Applied
Biosystems by Thermo Fisher Scientific, Foster City, CA, USA), 300 nM of both primers and
200 nM of probe, 3 μL of template DNA (appropriately diluted to allow dPCR quantifica-
tion or selected from a dilution series prepared for qPCR validation), and PCR-grade water
to a final volume of 15 μL. The prepared dPCR reactions were loaded onto QuantStudio
3D Digital PCR 20K Chips v2 (consisting of 20,000 reaction wells per chip), and amplifi-
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cation was performed on a ProFlex 2× Flat PCR System (Applied Biosystems by Thermo
Fisher Scientific, Foster City, CA, USA) according to the manufacturer’s instructions. The
following amplification protocol was employed: 96 ◦C for 10 min, 39 cycles of 60 ◦C for
2 min and 98 ◦C for 30 s, and 60 ◦C for 2 min. After chip imaging and initial analysis with
the QuantStudio 3D Digital PCR Instrument, results were analyzed using QuantStudio 3D
AnalysisSuite v3.1.6 Cloud Software; after validation (Section 2.6), the quality and fluores-
cence (FAM) threshold values were set at 0.6 and 2000, respectively. Results were expressed
in copies/μL (i.e., number of single-copy metalloproteinase gene targets, corresponding to
the number of P. larvae spores per μL of the extracted DNA), considering the DNA dilution
rate and its volume in the PCR mix. The precision of dPCR, which refers to the ability to
discriminate between two measurements with a certain confidence (the lower the precision,
the narrower the confidence interval), was calculated by the software. Positive control,
NTC, and WNTC were included in each run.

2.6. Validation of qPCR and Its Calibration Using dPCR

For the quantification of P. larvae spores, linear regression of a standard curve was
performed to validate qPCR. Three 1 mL aliquots of the suspensions prepared from a natu-
rally contaminated honey and hive debris sample (see Sections 2.1.1 and 2.1.2) represented
three biological replicates for DNA extraction, all of which were analyzed in three technical
replicates, resulting in nine qPCR results per dilution; the extracted DNA was diluted
in a 5-fold dilution series (for honey, the first two dilutions were 10-fold, followed by a
5-fold dilution series). For the calculation of a linear regression equation, only the data
within the linear dynamic range were considered, defined as dilutions with the coefficient
of variation (CV) below 33%, since the CV markedly increases below the LOQ [33]. The CV
was defined for each dilution as the ratio between the standard deviation of the calculated
spore concentration and the average calculated concentration; spore concentrations were
calculated from the obtained regression equation. The qPCR amplification efficiency was
calculated according to the equation E = 10−1/slope − 1 [33].

Considering the obtained CVs, the limit of quantification (LOQ) and Cq cut-off value
were determined both for honey and hive debris. The LOQ was defined from the last serial
dilution with CV below 33%, indicating the lower limit of the linear dynamic range. For
determination of the Cq cut-off value, the first standard dilution where no amplification
was observed in some of the replicates was considered; the highest value was selected from
Cq values obtained for this dilution, rounded up to the next half value, and increased by
0.5 to determine the cut-off value [34]. From the LOQ, the limit of detection (LOD) was
determined by considering the next dilution in the series, since LOD is 5–10 times lower
than LOQ in complex samples [35].

To calibrate qPCR using dPCR, the prepared DNA dilution series was also quantified
using dPCR. For dPCR, all three biological replicates were analyzed in one technical
replicate. Since dPCR is characterized by a narrower dynamic range [29], only the three
most optimal dilutions were considered. The obtained dPCR results were reported as
the number of targets per μL of DNA and were used for the calibration of qPCR. For the
conversion of Cq values to spores per sample unit, all dilutions of the standard curve from
sample preparation to PCR were considered. For field samples, spores per sample unit
were calculated from Cq values according to the standard curve equation.

2.7. Agreement between qPCR and dPCR

After calibration, the agreement between qPCR and dPCR measurements was assessed
using Bland–Altman analysis and Spearman’s correlation. For this purpose, additional
honey (n = 17) and hive debris (n = 24) samples (obtained independently of the samples
shown in Table S1) were quantified using qPCR and dPCR, as described in Section 2.5. For
honey samples, the correlation between plate and qPCR counts was also assessed.

For dPCR, a single chip per sample was run, and those with 20–10,000 copies/μL of the
analyzed DNA were used for comparison. According to the manufacturer’s instructions,
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the best results are obtained when the concentration of the target sequence per reaction
mix is within the optimal range of 200–2000 copies/μL, where precision of at least 10%
at a 95% confidence interval can be achieved. Because dPCR measurements were in high
agreement with those of qPCR, even outside this dynamic range, the acceptable precision
was arbitrarily set at <30%, extending the dynamic range of dPCR to 20–10,000 copies/μL
and allowing dPCR/qPCR comparison on a larger number of samples.

All samples with dPCR precision <30% were quantified using qPCR run in triplicate,
and the average spore count was considered. For statistical analyses, all spore counts were
log-transformed and a p-value of <0.05 was considered significant. GraphPad Prism v8.0.2
(GraphPad Software, San Diego, CA, USA) was used to generate Bland–Altman plots and
calculate Spearman’s correlation.

2.8. Association between Spore Counts and Clinical Symptoms

To assess the association between AFB clinical symptoms and spore counts, a set
of 67 honey and 107 hive debris samples originating from honeybee colonies (hives)
with known severity of clinical symptoms of AFB were used (Table S1). AFB clinical
symptoms were rated on a scale of 0 to 4, with “0” representing no clinical symptoms and
“4” representing the highest severity of clinical symptoms (Table S2). Spore counts per
sample unit were determined by qPCR (both sample types) and plate counting (honey);
Spearman’s coefficient was used to assess the correlation between the two methods. Honey
samples with counts above the LOQ by both methods were also included in the calculation
of spore germination rate, which was defined as the ratio between plate and qPCR counts
(expressed as a percentage). For qPCR, LOQ was determined during validation and
calibration of the method (Section 2.6). For plate counting, plates with 15–300 colony
forming units (CFUs) were considered suitable for enumeration. For the purpose of
statistical analyses, all values below the LOQ of plate counting or qPCR were set at 0.5 LOQ
value (Table S1).

A Kruskal–Wallis test, followed by Dunn’s post hoc multiple comparison test, was
used to evaluate the differences in spore counts of P. larvae with respect to the severity of
clinical symptoms of AFB. The Mann–Whitney test was used to compare spore counts in the
asymptomatic colonies with different histories of AFB. All of the above tests were performed
using GraphPad Prism v8.0.2 (GraphPad Software, San Diego, CA, USA). The univariate
logistic regression in R statistical software v4.0.5 [36] was used to investigate whether P. larvae
spore counts determined by qPCR (honey and hive debris) or plate counting (honey) have
the potential to classify colonies as symptomatic (i.e., clinically affected) or asymptomatic
(i.e., clinically unaffected). A p-value of <0.05 was considered significant.

3. Results

3.1. In Silico and In Vitro Inclusivity and Exclusivity of P. larvae TaqMan Assay

The assay showed perfect in silico inclusivity with no mismatches observed in the
primer/probe binding sites (Figure S1, Table S3). In silico exclusivity was also perfect,
since none of the five most closely related Paenibacillus species harbored metalloproteinase
homologs (Table S3). Moreover, a BLASTn search yielded no hits with identity of ≥90%
and coverage of ≥70% in the complete NCBI nr/nt database when the complete metallo-
proteinase gene was used as a query and the taxon ‘Paenibacillus larvae’ was excluded.

After establishing reaction conditions (Section 2.5) and performing validation
(Section 2.6), field and reference strains underwent qPCR. None of the tested non-P. larvae
isolates were qPCR-positive, whereas all P. larvae isolates were positive (Table S4); thus,
the assay also showed perfect (100%) in vitro inclusivity and exclusivity. Furthermore, the
expected qPCR amplicon length (94 bp) was confirmed by separation by QIAxcel capillary
electrophoresis (Qiagen, Hilden, Germany) using the QIAxcel DNA High Resolution Kit,
QX Alignment Marker 15–1000 bp, QX Size Marker 50–800 bp, and OM500 separation
method (data not shown).
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3.2. Validation of qPCR and Its Calibration Using dPCR

Standard curves for honey and hive debris were based on average Cq values obtained
from nine replicates of the quantitative serial dilutions plotted against the estimated number
of P. larvae spores per sample unit (g of honey and mL of hive debris) in logarithmic
values; absolute quantification by qPCR was possible after its calibration using dPCR,
which reported the absolute number of targets (P. larvae spores) per μL of DNA extracted
from positive honey and hive debris calibration samples (Table 1). Parameters for both
qPCR standard curves were within the bounds of expected performance (Figure 1), with
amplification efficiencies of 96.0% for honey and 102.1% for hive debris.

Table 1. dPCR quantification of the DNA dilution series prepared from positive honey (H) and hive
debris (D) samples used for calibration of qPCR. dPCR counts for the negative control samples (NTC
for honey, NTC for hive debris, and WNTC), collected from different dPCR runs, are also given to
show the differences in precision and the maximum number of positive wells per chip. The average
numbers were calculated from at least four technical dPCR replicates (chips). See Section 2.6 for details.

dPCR
Spores/μL DNA

(Range) *
Precision [%]

Avg. No. of
Positive

Wells/Chip **
(% of All Filled)

Avg. No. of
Negative

Wells/Chip **
(% of All Filled)

Positive (H) 27,125
(24,767–28,587) 1.3 – –

Positive (D) 243,000
(154,000–293,000) 0.9 – –

NTC (H) 1.2 (0.4–2.8) 229.9 3.0 (0.2) 17,149 (94.5)
NTC (D) 0.6 (0.2–1.9) 104.2 3.5 (0.2) 16,971 (94.2)
WNTC 1.0 (0.2–1.6) 137.9 4.2 (0.2) 17,348 (95.1)

NTC, negative template control; WNTC, water no template control. * DNA dilution rate was considered to
calculate the number of spores/μL of the extracted DNA in the positive calibration samples. For each technical
replicate of the biological replicates, more than one dilution was quantified by dPCR. “Spores” refers to spore
equivalents as determined by dPCR, since the assay targets a single-copy metalloproteinase gene. For the negative
control samples, the calculated number of spores is a result of false-positive dPCR events, since the samples
contained no P. larvae spores determined by qPCR or plate counting and precision was far outside the acceptable
range to obtain reliable results. ** For the positive calibration samples, the number of positive or negative
wells/chip is not reported, since it depends on the analyzed DNA dilution. On average, the number of wells/chip
filled (18,517 with a range of 18,107–18,834 for honey; 18,528 with a range of 18,061–19,173 for hive debris) and
qualified by quality threshold (17,513 with a range of 16,818–17,888 for honey; 16,935 with a range of 16,164–17,609
for hive debris) was comparable with those of the negative control samples (18,153 filled, with range 17,447–18,771,
and 17,187 qualified, with range 16,263–18,125), depending on the applied dPCR technology.

According to the CVs, LOQ values were set at 58 P. larvae spores/g honey and 707
P. larvae spores/mL hive debris, and LOD values at 8 P. larvae spores/g honey and 188
P. larvae spores/mL hive debris; from a 5-fold dilution series, the LOD was calculated
from the dilution which was the first one higher than the LOQ dilution, generating a
LOD approximately five times lower than LOQ. Considering all dilutions during DNA
extraction and qPCR mix preparation, LOD values could be translated into 2 and 1 P. larvae
spores/qPCR reaction for honey and hive debris, respectively, reaching the reported
theoretical limit of three target copies per PCR [37]. The Cq cut-off value was set at 38.0 for
both sample types.
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Figure 1. Standard curves for qPCR quantification of Paenibacillus larvae in honey (A) and hive debris (B). Each of the three
biological replicates per dilution was measured in three technical replicates, giving a total of nine measurements per dilution.
Performance parameters (standard curve equation and R2) are given. Dilutions outside the linear range (i.e., dilutions
where CV was greater than 33%; two for honey and three for hive debris) are also shown.
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3.3. Agreement between qPCR and dPCR

Based on the results of dPCR, 14 honey and 12 hive debris samples with
20–10,000 copies/μL were selected for comparison of dPCR and qPCR (Table S5). For
honey, 9/14 samples showed a precision of <10% (range = 1.9–5.7%) and 5/14 a reasonable
precision of <30% (range = 17.6–27.8%). For hive debris, 8/12 samples showed high preci-
sion (range = 2.0–14.5%), and 4/12 showed acceptable precision in the range of 24.2–26.8%.
For dPCR, the number of spores ranged from 490 to 190,506 per g of honey and 27,512
to 9,756,100 per mL of hive debris. For qPCR, the number of spores ranged from 534 to
315,604 per g of honey and from 18,249 to 8,313,821 per mL of hive debris; the same samples
(H5, H12, D3, and D12) were at the extreme ends of the range both by dPCR and qPCR
(highlighted in Table S5).

Bland–Altman analysis showed high agreement between qPCR and dPCR, both
for honey (Figure 2A) and hive debris (Figure 2B), indicating interchangeability of both
methods and successful calibration of qPCR using dPCR. Although it could be noted that
qPCR had slightly higher values than dPCR for honey samples and the opposite was true
for hive debris (Table S5), the mean bias value was close to zero for both sample types.
Furthermore, the correlation between both methods was highly significant (p < 0.0001),
with Spearman’s rs = 0.9912 for honey, 0.9492 for hive debris, and 0.9682 for both sample
types combined.

Figure 2. Bland–Altman plot showing the agreement between qPCR and dPCR for honey (A) and
hive debris (B) samples. A total of 14 honey and 12 hive debris samples with spore counts above the
limit of quantification by both methods were included in the analysis; see Section 2.7 for details. LCL,
lower confidence level; UCL, upper confidence level.

3.4. Association between Spore Counts and Clinical Symptoms

For honey (n = 67) and hive debris (n = 107) samples collected from colonies with
varying severity of clinical symptoms (honey: 26 samples with level “0”, 14 with “1”, 17
with “2”, nine with “3”, and one with “4”, which was regarded as “3” for the purpose of
statistical analyses; hive debris: 96 samples with level “0”, nine with “1” and eight with
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“2”), spore counts were determined by plate counting (honey) and qPCR (honey and hive
debris) (Table S1). For apiaries, we indicated if AFB was active (i.e., clinical symptoms were
present in at least one colony per apiary; asymptomatic colonies from such AFB-positive
apiaries were also included in the sampling) or completely absent (i.e., the apiary was
free from AFB, since it contained no clinically affected colonies, was not located in any
of the active AFB zones, and had no history of AFB). As expected, qPCR counts in hive
debris samples originating from asymptomatic colonies (clinical symptoms designated
as “0”) were significantly higher in apiaries with a history of AFB than in those with full
absence of AFB (p < 0.0001, Mann–Whitney test); no such association could be assessed for
honey samples, since all originated from AFB-positive apiaries. In addition, spore counts
in hive debris samples collected from asymptomatic colonies with a history of AFB were
significantly lower than in those from affected colonies with clinical symptoms designated
as “1” (p < 0.0001, Mann–Whitney test).

For honey samples, a significant positive correlation was observed between plate
and qPCR counts (Spearman’s rs = 0.9185, p < 0.0001), although plate counts were always
lower than qPCR counts (Table S1). Median spore counts in honey (Figure 3) and hive
debris (Figure 4) samples from clinically affected colonies were significantly different
(p < 0.001) from those in asymptomatic colonies; for honey samples, this was observed for
both quantification methods. Although a trend of increased spore counts with increasing
severity of clinical symptoms was observed, median spore counts in AFB-positive samples
did not differ significantly with respect to the severity of AFB symptoms, regardless of
sample type.

 

Figure 3. Paenibacillus larvae spore counts in honey samples determined by plate counting (A) and
qPCR (B) with respect to the severity of clinical symptoms. Significant differences (Kruskal–Wallis test
followed by Dunn’s post hoc test) are marked with asterisks. Legend: ***, p ≤ 0.001; ****, p ≤ 0.0001.
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Figure 4. Paenibacillus larvae spore counts in hive debris samples determined by qPCR with respect
to the severity of clinical Scheme 0. Legend: ***, p ≤ 0.001.

The univariate logistic regression revealed that plate and qPCR counts in honey
samples were associated with the presence of clinical symptoms in the colony (odds
ratios: 8.64 and 10.42; confidence intervals: 1.06–4.59 and 1.24–4.45; p = 0.0090 and 0.0024,
respectively). The same was observed for qPCR counts in hive debris samples (odds ratio:
1.62; confidence interval: 0.29–0.76; p < 0.0001). At a probability of 0.5, the threshold
to classify colonies as affected (i.e., symptomatic) or unaffected (i.e., asymptomatic) was
1077.21 spores/g honey for qPCR and 6.76 spores/g honey for plate counting (Figure 5).
For hive debris, a broader range of qPCR spore counts was observed in the asymptomatic
colonies, and a relatively small number of colonies exhibited clinical symptoms, resulting
in the logistic regression model not converging (Figure 5). Nevertheless, all the affected
colonies harbored >5 log spores/mL debris by qPCR.

For 31/67 honey samples, spore counts were above the LOQ by both methods,
enabling calculation of the germination rate (Table S1); it was low and inconsistent
(average = 0.52%, range = 0.04–6.05%), making plate counting unsuitable for reliable quan-
tification. Out of 67 honey samples, 66 were positive by qPCR, of which 66 were culture-
negative (Table S1), representing a sensitivity of 50/66 (75.8%) for plate counting. All
culture-positive samples were also qPCR-positive. All qPCR counts were higher than the
plate counts, with an average ratio of qPCR count to plate count of 2.4 logs.
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Figure 5. Logistic regression plot (blue line, logistic curve; shaded area, 95% confidence interval) of Paenibacillus larvae spore
counts in honey (A,B) and hive debris (C) samples. Spore counts were determined by qPCR (A,C) and plate counting (B). The
points on the fitted logistic curve show the predicted probability of a colony exhibiting clinical symptoms for each sample.
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4. Discussion

This study is the first report of the use of dPCR for the initial calibration of a novel Taq-
Man probe-based qPCR assay for the quantification of P. larvae. Both previously developed
qPCR assays optimized for the detection and quantification of P. larvae spores in honey
and hive debris [23,26] were based on 16S rRNA gene and SYBR technologies, which are
known for their limitations. First, the 16S rRNA gene is present in eight copies per P. larvae
genome, which can exhibit single nucleotide polymorphisms, resulting in preferential
amplification of a particular subset of 16S rRNA gene variants [23]. Second, SYBR-based
technology is known to be less specific and sensitive compared with TaqMan-based probes,
and highly similar 16S rRNA gene amplicons from closely related species can be difficult
to distinguish via melting curve analysis [23,38,39]. The newly developed qPCR assay is
based on TaqMan technology and targets a single-copy gene which is highly conserved
within the species but absent in other closely related species. The assay overcomes the
limitations of previous qPCR assays based on 16S rRNA gene and SYBR chemistry.

Recently, a qPCR assay for the simultaneous detection of P. larvae and M. plutonius was
developed, targeting the tnp60 gene and napA pseudogene, respectively [28]. In the present
study, the tnp60 assay proved unsuitable for the detection and quantification of P. larvae
because of the variable copy number of the tnp60 gene, variations between multiple tnp60
paralogs, and mismatches in the primer/probe binding sites (data not shown).

Here, dPCR was used for initial calibration of qPCR, allowing precise and absolute
quantification of P. larvae spores in honey and hive debris. Compared with other techniques
for the calibration of qPCR, such as plate counting, flow cytometry, and microscopy
counting, dPCR represents a P. larvae-specific calibration method that circumvents the bias
in spore germination. Moreover, it uses the same DNA template, chemistry, and PCR
conditions as qPCR, maximizing the comparability of dPCR and qPCR. This was confirmed
by the high agreement and strong correlation between qPCR and dPCR observed in this
study. Because dPCR is more costly and time-consuming, has a lower sample throughput,
and is characterized by a narrower dynamic range compared with qPCR [29], our results
suggest that qPCR can effectively replace dPCR for routine detection/quantification of
P. larvae in honey and hive debris samples. The newly developed qPCR assay is based on
widely used TaqMan chemistry and can be extended to other bee-related samples after
validation and calibration.

The constructed qPCR assay targeting the metalloproteinase gene showed high per-
formance, with LOD values of 8 spores/g honey and 188 spores/mL hive debris, reaching
the theoretical LOD of three targets per reaction [37] both for honey and hive debris.
Martínez et al. [26] reported LOD of 2 spores/g of honey, whereas Rossi et al. [23] re-
ported 10 spores/g of honey or hive debris. Both previous assays target the 16S rRNA
gene, which is present in eight copies per P. larvae genome, and are thus expected to have
higher sensitivity compared with the assay developed here. However, as mentioned above,
assays based on the 16S rRNA gene and SYBR technology suffer from specificity issues
and are less appropriate for reliable quantification. Previous assays employed different
methods for qPCR calibration, PCR reagents, and conditions and are, therefore, not directly
comparable with the metalloproteinase qPCR assay. In addition, they performed no qPCR
replicates [26] or performed only technical replicates [23], thereby not accounting for the
inherent biological variability and losses during sample preparation and DNA extraction.
An important limitation of the assay developed by Rossi et al. [23], who optimized the
assay developed by Martínez et al. [26], is its calibration using plate counting. The met-
alloproteinase qPCR assay was calibrated using dPCR and validated in accordance with
qPCR publication guidelines [37], also considering the inherent variability of P. larvae spore
counts in complex samples. The assay thus employed validation of the entire process from
sample preparation to qPCR.

For honey, the average spore germination rate was 0.52% and showed a broad range
(0.04–6.05%), reiterating the previously described discrepancy between molecular and
cultivation-based spore counts, which can exceed 1 log unit [22]. The determined germina-
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tion rate is markedly lower than the previously determined rate of 6%, which was based
on the comparison of plate and microscopy counts [40]. Of note, germination rates are
also highly dependent on the selection of cultivation/germination media [21,22]; thus, the
differences between qPCR and plate counts observed in this study could be decreased if
different growth media were to be used. Plate counting had a markedly lower sensitivity
(75.8%) than qPCR, whereas none of the culture-positive samples was negative by qPCR,
which is in agreement with previous findings [22]. Although qPCR does not enable the
distinction between live and dead cells/spores and may lead to an overestimation of qPCR
counts, previous work confirmed that two-thirds of culture-negative samples were positive
after re-cultivation on modified growth media supplemented with germinant agents [22].

In this study, a significant correlation between the spore counts and the presence/absence
of clinical symptoms was observed for both sample types. Spore counts did not differ
significantly between the affected colonies with varying levels of disease severity. In the
analysis of honey samples that were collected from the brood chamber of individual colonies,
a threshold for distinguishing between clinically affected and asymptomatic apiaries at 0.5
probability could be set at ~1000 spores/g honey by qPCR. Spore counts in the hive debris
samples collected from asymptomatic colonies varied greatly, making it difficult to establish
such a threshold. Of note, all the affected colonies harbored >5 log spores/mL debris by
qPCR. The asymptomatic colonies with >5 log spores/mL debris originated from apiaries
with histories of AFB (most from apiaries with currently active AFB and fewer from currently
AFB-negative apiaries). Gende et al. [14] showed a correlation between higher P. larvae
spore counts in adult bees from clinically affected colonies compared with asymptomatic
colonies and proposed a threshold of ~3000 spores per adult bee for the presence of clinical
symptoms in the colony, as determined by plate counting. In this study, spore counts in
the asymptomatic colonies also differed significantly with respect to the history of AFB,
especially for the hive debris samples. Therefore, the establishment of a threshold (spores per
sample unit) to distinguish between affected and unaffected colonies should be considered
as a guide rather than a fixed value. Such a threshold is of great importance for future AFB
surveillance by qPCR, because it identifies at-risk colonies or apiaries that should undergo
clinical examination and isolation of P. larvae for final confirmation of AFB.

In Slovenia, there is a very high density of honeybee colonies, on average more than
10 per km2 (data from the National Register of Apiaries for 2020, Ministry of Agriculture,
Forestry, and Food). Together with the activities of beekeepers (e.g., migratory beekeeping,
exchange of equipment, or unreported activities), this promotes the rapid spread of bee
diseases. The newly developed qPCR assay provides a cost- and time-efficient means for a
country-wide surveillance of AFB. It would enable early detection of at-risk colonies with
a high discovery rate. Even if colonies with spore counts close to the threshold are not
(yet) showing clinical symptoms, strict control measures should be implemented in such
colonies/apiaries (e.g., shaking bees onto new frames, improved hygiene of the beekeeping
equipment, strict control of honeybee transfer, and clinical examination of colonies in at-risk
apiaries). Early detection and enumeration of P. larvae spores provides information on the
actual AFB status of honeybee colonies, independent of clinical symptoms; even if they
are not yet observed, measures can be activated to prevent the development and spread of
this dangerous infectious disease. If the recognition of clinical symptoms is left only to the
knowledge and skills of beekeepers who report suspected AFB to the authorities, important
time could be wasted for preventing, or at least reducing, the spread of P. larvae. When
clinical symptoms of AFB are already detected and the presence of P. larvae is confirmed,
much more effort is required, and great economic losses are observed in the sanitation of
the affected apiary and the management of the AFB zones.

In this study, the genotype of P. larvae isolates from honey samples was not considered;
therefore, the effect of different ERIC types on the disease severity could not be assessed.
ERIC types differ in their virulence and influence the disease status [4,31,41]. Thus, future
studies on the association between spore counts and disease severity should include
P. larvae isolates of different ERIC types.
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5. Conclusions

In summary, we describe here a novel TaqMan-based qPCR assay for reliable quan-
tification of P. larvae in bee-related samples (honey and hive debris) which was calibrated
using dPCR. A significant correlation was found between increased qPCR counts and
the presence of AFB clinical symptoms, both for honey and hive debris samples. The
culture-based method, which is routinely used for AFB surveillance, was shown to be
unreliable for detection/quantification of P. larvae, due to poor and inconsistent spore ger-
mination. The metalloproteinase qPCR assay allows a more sensitive, rapid, and specific
detection/quantification of P. larvae and will lead to improved surveillance of AFB.
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by qPCR and plate counting for honey and hive debris samples. Table S2. Scale for grading the
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In vitro qPCR inclusivity and exclusivity. Table S5. Comparison of dPCR and qPCR for honey and
hive debris samples.
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Simple Summary: American foulbrood is a highly infectious disease that can harm the beekeeping
sector if it becomes clinically visible. It is caused by the bacterium Paenibacillus larvae, and its spores
are resistant to various disinfectants. It is important to ensure effective final disinfection following
eradication measures at apiary in order to prevent the disease from reoccurring. A study was
conducted to test ten commercially available disinfectants commonly used in beekeeping, as well as
those with proven efficacy in the medicinal and veterinary sectors, on different strains of P. larvae
bacterium. Early diagnosis methods and proper control measures can help minimize the disease’s
clinical signs and its incidence.

Abstract: American foulbrood is an infectious disease of the honeybee brood that causes multiple
types of damage to beekeeping. The causative agent of the disease is the bacterium Paenibacillus
larvae, which forms resistant infective spores and is viable for decades. After the eradication measures
have been implemented, in cases of clinically visible disease, it is necessary to conduct effective final
disinfections of equipment and tools. This study aimed to determine the effect of ten commercially
available and commonly used disinfectants on certified strains of P. larvae under laboratory conditions,
as well as to compare the obtained results among individual genotypes of P. larvae. Selected products
were tested by determining the zone of inhibition using an agar diffusion test, a suspension test for
viable bacteria, a surface disinfectant test, and a sporicidal effect in the suspension test. Incidin Oxy-
Foam S and Sekusept Aktiv are both effective against all examined genotypes of P. larvae. Despadac
and Despadac Secure have a bactericidal effect, but their sporocidal effect is not as satisfactory as
that of Genox. Genoll does not exhibit a sporicidal effect, and Ecocide S at 1%, Bee protect H forte,
and Bee protect F did not exhibit a satisfactory sporocidal effect. Additionally, EM® PROBIOTIC
FOR BEES did not exhibit any bactericidal effect. The effective application of control measures and
proper application of final disinfection can reduce the reoccurrence of visible clinical signs of disease,
whereas methods of early diagnosis can significantly reduce the incidence of the disease.

Keywords: Apis mellifera; American foulbrood; Paenibacillus larvae; spores; disinfectants

1. Introduction

American foulbrood (AFB) is a severe infectious disease of honeybee colonies that
threatens modern beekeeping [1]. The causative agent is the Gram-positive bacterium
Paenibacillus larvae [2], which forms oval infectious spores. Remains of infected dead larvae
contain billions of resilient spores, which can remain viable on combs, honeybee products,
equipment, tools, and the apiary environment for decades. Vegetative forms of P. larvae are
sensitive to scorching, drying, and disinfectants. According to Bakonyi et al., the infectious
form of the bacterium presents as spores, and bent honeybee larva become susceptible to
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infection at the age when they actively take food [3]. Clinical recognition of the disease
is possible based on the appearance of alterations in the honeybee brood. In the case of
suspected AFB, cappings are wrinkled and retracted with dark spots and holes [4,5]. A
lattice brood is noticeable, and the diseased larva turns into a shapeless, brown, and viscous
ropy mass [6]. In the advanced stage, the rest of the dead larva fit along the lower wall of
the honeycomb cell. A honeybee colony is officially declared infected if clinical examination
has established changes typical of the disease and laboratory microscopic examination of
the decayed larvae allows for identifying the P. larvae spores. Eradication measures involve
stamping out and burning infected colonies and associated equipment, as well as the final
disinfection of equipment and tools. Burning is the fastest, best, and most expensive way
to combat AFB. Sometimes it is possible to save adult bees as an artificial swarm, housed in
the new or disinfected hive on comb foundations [7]; however, relapses of clinically visible
disease are possible due to poor implementation of final disinfection.

Bednář et al., described various forms of physical and chemical disinfection of beekeep-
ing tools and equipment [8]. Also, they state that the success of disinfection measures in
the apiary depends on the correct choice of disinfectants, the spectrum of microorganisms,
the recommended concentration of working solutions, the method of application, and
exposure to the disinfectant. It is important that the material is disinfected in regard to its
possible damage and the possible effect on the environment. Dobbelaere et al. refute the
common opinion of beekeepers that the method of burning wooden parts of beekeeping
equipment and accessories with flames is a sufficient disinfection measure [9]. Therefore,
comprehensive disinfection of the wooden parts of the hive is possible by combining differ-
ent methods of heat application, such as immersion of wooden parts in microcrystalline
wax (150 ◦C, 10 min) or using high concentrations of disinfectants [10,11]. However, high
concentrations of disinfectants are not economically and environmentally friendly, so im-
plementing preventive zoo-hygienic measures and regularly replacing at least 25–30% of
dark, old honeycombs is a very important way to mechanically remove P. larvae spores and
other pathogens [12–17]. Sporicidal effects on P. larvae were determined for glutaraldehyde
and sodium hypochlorite, 0.5% aqueous sodium hypochlorite solution, 1.1% caustic soda
solution, and gamma radiation [18–20]. Kiriamburi et al. examined the biocidal effects of
two commercial disinfectants, Virkon® and Disinfection for beekeeping® [21]. Furthermore,
extracts of various plants (flavonoids, alkaloids, terpenes, essential oils) exerted successful
in vitro inactivation of P. larvae in several studies [22–26].

The study aimed to determine the effect of ten commercially available and commonly
used disinfectants in beekeeping and veterinary medicine in general, on certified strains
of P. larvae, in laboratory conditions, and to compare the obtained results among different
ERIC (enterobacterial repetitive intergenic consensus classification) genotypes.

2. Materials and Methods

2.1. Selection and Cultivation of Microorganisms

The used strains of P. larvae were from the German Collection of Microorganisms and
Cell Cultures (DSMZ, Braunschweig, Germany): genotypes (DSM 7030 (ERIC I), DSM
25430a (ERIC II), LMG 16252 (ERIC III) and LMG 16247 (ERIC IV).

P. larvae strains were cultured on a solid nutrient medium Columbia sheep blood
agar and in a liquid nutrient medium Brain−Heart Infusion (BHI). To prepare the liquid
nutrient medium, 37 g of BHI medium, 3 g of yeast extract, and 1 L of H2O were used. The
P. larvae were grown in the liquid nutrient medium on a shaker (New Brunswick Innova
4340 Incubator shaker, New Brunswick, NJ, USA) at a temperature of 37 ◦C and a speed of
200 rpm. The incubation period was 48 h.

2.2. Disinfectant Effect Test

Disinfectants were selected based on the recommendations of producers and bee-
keepers, as well as their availability on the market. The following disinfectants and food
additives were used: Bee Protect products (Bee Protect H forte and Bee Protect F); (Honey
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Bee Pro | Agro Simpa d.o.o., Sisak, Croatia), which contains sucrose, macronutrients and
organic acids; Genox and Genoll with foam (Genox Aquagen, Zagreb, Croatia), which
contain hypochlorite acid, sodium chloride and hypochlorite ion; Despadac® (Laboratories
Calier, Barcelona, Spain) and Despadac Secure® (Laboratories Calier, Barcelona, Spain) with
active ingredients didecil-dimethyl ammonia chrysanthemum, glutaraldehyde in different
ratios; Ecocid® S (Krka d.d., Novo mesto, Slovenia) with active substances of potassium
peroxymonosulfate, sodium dodecyl benzenesulfonate, and sulfamic acid; Sekusept® Aktiv
(Ecolab, Zagreb, Croatia) and Incidin® Oxyfoam S (Ecolab, Zagreb, Croatia) with peracetic
acid; and EM® probiotic for bees (EMRO, Okinawa, Japan), which is mixture of microbials.
Selected products were tested by (1) determining the zone of inhibition in the agar diffusion
test, (2) suspension tests for viable bacteria, (3) surface disinfectant tests, and (4) sporicidal
effects in the suspension tests for genotypes of P. larvae (ERIC I to ERIC IV).

2.2.1. Agar Diffusion

An agar diffusion test was used to preliminarily determine which disinfectant meets
the minimum criterion of reducing the number of viable bacteria. One bacterial colony
was transferred from the solid nutrient medium plate to the BHI liquid nutrient medium
optimized for the growth of P. larvae to obtain viable vegetative forms after 48 h of incuba-
tion with constant agitation. Then, bacterial cultures were diluted to 0.6 McFarland units
determined by a nephelometer (Biosan Ltd., Riga, Latvia). The bacteria were diluted with a
medium in a ratio of 1:9 and used in further experiments. In solid blood agar, two or more
(depending on the expected diameter of the inhibition zone) wells were punctured, and
individually tested disinfectants were added to them, i.e., phosphate–buffered saline (PBS),
which in this case served as a negative control. To facilitate the diffusion of disinfectants
into the agar, the plates were left for four hours at a temperature of 4 ◦C and subsequently
moved to the incubator at a temperature of 37 ◦C. After incubation for 48 h, the diameters of
the inhibition zones were measured. In further research, only substances (i.e., disinfectants)
that showed efficiency in the preliminary agar diffusion test were used.

2.2.2. Sporocidal Effect of Disinfectants

Strains of P. larvae (ERIC I to IV) grown on solid blood agar at 30 ◦C were, according
to the morphological peculiarities of typical colonies, suspended in 1 mL of PBS. Aliquots
(0.1 mL) of bacteria were disposed of on solid blood agar plates and incubated at 30 ◦C
for seven days to stimulate sporulation. The newly created colonies were collected with a
sterile stick, suspended in PBS, and rinsed twice by centrifugation at 7500× g for 10 min.
The resulting pellet was resuspended in PBS and kept at 4 ◦C until further use. The number
of spores in the resulting suspension was determined spectrophotometrically (DEN-1,
Biosan Ltd., Riga, Latvia) after heat treatment at 80 ◦C for 10 min (Thermomixer comfort,
Eppendorf, Germany) to eliminate vegetative forms of bacteria. The number of spores was
validated after plating of suspension and colony numbering. To determine the sporocidal
effect, disinfectant was added at the concentration recommended in the manufacturer’s
instructions. Exposure times were set as 5, 15, 30, and 60 mins, except for Incidin Oxy
Foam S, where a 1 min exposure was added (based on manufacturer declaration). After
exposing the P. larvae spores to disinfectant, the spore suspension was filtered (Shott’s
bottle and Millipore vacuum pump used), and a filter (pore size of 0.45 μm) was placed
in 2 mL of sterile PBS and vortexed (V-1, Biosan Ltd., Riga, Latvia) for two minutes to
release spores. Then, 100 μL of suspension was seeded on Columbia sheep blood agar
at 37 ◦C. After 48 h, colonies of P. larvae were counted, with Koch’s method of counting
bacterial colonies being used to determine the number of P. larvae spores that survived the
disinfectant exposure, which serves to determine the number of living cells on the principle
that one colony grown on a solid nutrient medium indicates one live spore. Seeding using
the method of dilution of the sample enabled more accurate determination and counting
of the actual number of colonies grown, as the number of colonies grown corresponds to
the number of bacterial cells, i.e., spores in the sample (the number of colonies is indicated
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as the number of colony-forming units (Colony Forming Units, CFUs). We mathematically
obtained the exact number of viable spores as the ratio of the number of bacterial colonies
divided by the volume of the planted sample and divided by the reciprocal value of the
dilution planted on the substrate. The ratio of the number of bacterial colonies grown in
the control and treated group creates the logarithm (Log) reduction.

2.2.3. Determination of ATP Level

P. larvae were grown in the liquid nutrient medium BHI on the shaker to ensure ideal
conditions for the growth and reproduction of the bacterial population. After the cultivation
step for 48 h at 37 ◦C with agitation, the suspension of bacteria, prepared at a concentration
of 0.6 McFarland units, was used in further research in dilution 1:10.

To determine the amount of ATP, we used the EnSURE (EnSURE Multi-Parameter
Luminometer, Hygiena, Germany) instrument along with the Super Snap High Sensitivity
ATP test (EnSURE, Hygiena, Germany), which detects low concentrations of ATP in the
tested sample. The sampling aimed to examine the number of bacteria in the control sample
before and after exposure of P. larvae to a disinfectant in the time sequence, depending
on the time of exposure. The procedure is very simple and fast and involves immersing
the test stick in the sample. According to the manufacturer’s instructions, the sample is
combined with the test solution, and then placed in a luminometer where the ATP level is
spectrophotometrically determined.

2.2.4. Effects of the Disinfectant on the Contaminant Surface

To determine whether the selected disinfectant works on the surface, a clean dry hard
surface free from organic pollution and microorganisms was experimentally contaminated
with P. larvae. After the surface was dried, it was treated with the selected disinfectant
according to the manufacturer’s instructions regarding the concentration and length of
exposure. At the end of the required time, the stick of the Super Snap High Sensitivity ATP
test (Hygiena, Potsdam, Germany) was used to swab a surface of 10 cm2. The level of ATP
was determined using an EnSURE device (Hygiena, Potsdam, Germany).

In addition, the surface was sampled with a sterile test stick (10 cm2), then placed in
PBS and vortexed, while 100 μL of the suspension was seeded on solid blood agar and
incubated for 72 h at 37 ◦C. After the end of incubation time, counting of bacterial colonies
was used to determine the effect of a disinfectant on P. larvae on solid surfaces.

2.2.5. Statistical Data Processing

Results were presented as the mean ± standard error of at least three repetitions of
each sample and used test. As the results in the control and treated groups for all four
P. larvae genotypes (ERIC I–IV) were the same, they are presented as one for each test
performed, e.g., results for sporocidal effect for all four genotypes are presented in one
column. Statistical analysis was conducted using GraphPad Prism 9.0 (GraphPad Software,
La Jolla, CA, USA). The existence of a statistically significant difference between the results
was determined using a one-way analysis of variance (one-way ANOVA) with Tukey’s
post hoc test.

3. Results

A summary of the results is presented in Table 1. All results were compared with the
control groups.

Despadac (1% solution) shows inhibitory activity for the growth of P. larvae, and the
mean diameter of the inhibition zone was 19.25 mm, while Despadac Secure (10% solution)
showed an inhibition zone of 14.75 mm. These results for Despadac Secure are statistically
significant (ANOVA, F (8.32) = 68.30; p < 0.0001) in relation to the control group. The
results show that disinfectants whose main active component is active oxygen (Ecocide S,
Krka, and Sekusept Aktiv, Ecolab) have a statistically significant effect on the vegetative
forms, creating a relatively wide band for an inhibition zone of bacterial growth inhibition
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(ANOVA, F (2.17) = 35.15; p < 0.0001). Ecocide S caused a mean inhibition zone diameter
of 41.63 ± 7.289 mm, while Sekusept Aktiv caused the formation of an inhibition zone
with a width of 44.63 ± 12.19 mm. Incidin OxyFoam S caused the formation of a relatively
wide band of the P. larvae growth inhibition zone, which was 47.52 ± 12.19 mm (p < 0.0001).
Genox, at a concentration of 10%, showed a weaker disinfecting effect than an undiluted
product; however, the producer recommends dilution of a product, even at a larger scale
(up to 1% which in our study shows no efficacy,). The diameter of the inhibition zones
caused by Genoll is significantly smaller (9.50 ± 1.04 mm). A single analysis of variance
showed that Genox 100% and Genox 10% had a significant inhibitory effect on the growth
of P. larvae (p < 0.0001) as well as Genoll (p = 0.0088). The application of Bee Protect F caused
the formation of an inhibition zone of 24.75 ± 3.09 mm, and the application of the product
Bee Protect H Forte inhibition zone of 36.75 ± 1.89 mm. Both described results compared
to negative control values are statistically significant (p < 0.0001). The influence of effective
microorganisms on the P. larvae showed that the visible zones of inhibition are only a few
millimeters wide, so no additional analyses were made for the product EM® PROBIOTIC
FOR BEES. These results are presented in Figure 1.

Table 1. Summary of results on disinfectant effects of ten commercially available products on
bacterium P. larvae for all examined genotypes (ERIC I–ERIC IV).

Bacterium
Paenibacillus larvae Method for Determination of Disinfectant Effects

Disinfectant product Inhibition zone
diameter (mm)

Suspension test for viable bacteria Surface disinfectant test Sporicidal
suspension test

Determination of the amount of ATP
(ATP units)

Logarithms of
reducing spores

(log 10)

5 15 30 60 5 15 30 60 30 60

Exposure to disinfectant (min)

Bee Protect H forte 36.75 - - - 172.00 - - - - - <1

Bee Protect F 24.75 - - - 102.20 - - - - - <1

Genox 100% 30.10 71.80 333.50 483.50 513.50 76.00 102.10 481.80 440.40 3 3

Genox 10% 23.20 64.20 90.40 151.20 175.60 61.10 120.40 154.30 170.20 1 1

Genoll 10% 9.50 72.33 93.20 101.60 107.50 68.00 94.20 103.40 120.30 - -

Despadac 19.25 52.40 247.50 775.50 - 84.20 182.20 543.00 - 2 -

Despadac Secure 14.75 98.80 275.50 755.00 - 102.60 192.40 490.00 - 1 -

Ecocid S 41.63 80.20 346.50 539.80 838.50 50.80 340.00 542.80 840.20 6

Sekusept aktiv 2% 44.63 893.80 942.40 930.00 875.50 843.20 896.80 860.00 864.20 6 5

Sekusept aktiv 1% - 75.20 102.00 297.50 880.00 52.40 68.20 360.40 875.60 3 1

Incidin Oxyfoam S 47.52 830.70 801.10 - - 826.60 836.40 - - 6 6

EM® probiotic for bees - - - -

In the suspension test with the vegetative form of P. larvae, the effectiveness of the dis-
infectant during exposure following the standards for bactericidal action was determined.
The results show that both Despadac products show statistically significant bactericidal
actions on P. larvae (indirectly measured by the amount of ATP in suspension) (ANOVA,
F (8.31) = 26.74; p < 0.0001). More precisely, after 15 min of exposure of the bacteria to
Despadac disinfectant, the value of the relative units of ATP increased to 247.50 ± 29.55,
reaching 775.50 ± 110.70 after 30 min of exposure. After exposure to Despadac Secure
for 15 min, an increase in relative ATP units to 275.50 ± 22.16 was observed, reaching
755.0 ± 132.60 after 30 min. The results show that active oxygen-based products have a
statistically significant bactericidal effect on P. larvae (ANOVA, F (12.44) = 46.18, p < 0.0001)
depending on the time of exposure. In Sekusept Aktiv assets at 2% concentration, the
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effect was significant after 5 min of exposure (893.80 ± 68.66 RU, p < 0.0001) and in 1%
concentration after 30 min (297.50 RU ± 28.10; p < 0.0001). The action of Ecocid S was
observed after 15 min (346.50 ± 33.98) and after 30 min (539.80 ± 83.54) (p < 0.0001).
After 60 min of exposure to vegetative forms of P. larvae at both applied concentrations
of Sekusept Aktiv, as well as Ecocide S, a very similar number of relative units was de-
termined, which indicates their significant bactericidal action (values of relative units as
follows: 875.50 ± 84.95, 880.0 ± 97.21 and 838.50 ± 69.65; p < 0.0001). A statistically signifi-
cant effect was caused by the disinfectant Sekusept Aktiv in 2% concentration after 5 min
of exposure (p < 0.0001), while Sekusept Aktiv in 1% concentration and Ecocid S showed a
statistically significant effect after 30 min (p < 0.0001). For Incidin OxyFoam S, the measured
value after 1 min (exposure time referred by manufacturer) was 830.70 ± 61.39 (p < 0.0001),
then 830.70 ± 83.70 after 5 min, while, after 15 min, a significant increase was observed to
801.10 ± 81.21 (ANOVA F (3.20) = 18.05, p < 0.0001). Genoll did not affect P. larvae, and the
values of the relative units in the time frame of treatment were as follows: 72.33 ± 12.82;
93.20 ± 19.02; 101.60 ± 12.25 and 107.50 ± 15.47, respectively. Similarly, Genox’s 10% was
efficient at the longest period of exposure (191.30 ± 10.33, p = 0.03). On the other hand,
undiluted Genox significantly affected bacteria after 15 min (333.50 ± 10.24; p < 0.0001),
30 min (483.50 ± 56.76; p < 0.0001) and after 60 min of exposure (513.50 ± 54.94; p < 0.0001).
The results of the action of Bee Protect H Forte on the vegetative form of P. larvae showed
that there was a significant increase in the amount of free ATP, which is an indicator of the
decomposition of P. larvae. Consequently, there was a statistically significant decrease in the
number of bacteria (ANOVA, F (2.15) = 13.79; p = 0.0004). Results are presented in Figure 2.

Figure 1. Summary of the diameter of the inhibition zone caused by examined disinfectant products
on the growth of P. larvae bacteria. The results are shown as the mean ± standard error of at least
three repetitions for each genotype. All data from the control group and for specific disinfectants are
presented in one column, as the values for all genotypes (ERIC I–ERIC IV) were similar. For the sake
of clarity, BeeProtect products and EM are not presented as they are not effective; * p < 0.0001.

A statistically significant difference between the experimental and control group was
determined after surface treatment for 30 min with Despadac (543.0 ± 67.77) and Despadac
Secure (490.00 ± 66.71) (ANOVA, p < 0.0001; for both groups) for all genotypes of P. larvae.
A significant decrease in the number of P. larvae after surface treatment with Ecocid S was
observed after 15 min (340.00 ± 32.90; p = 0.0006), and after 30 and 60 min of exposure,
respectively, an even more significant increase in the number of relative ATP units was
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observed (542.80 ± 82.94; 840.20 ± 68.55). Sekusept Aktiv disinfectant (1%) significantly
reduces the number of viable P. larvae after 60 min (875.50 ± 84.95; p < 0.0001). After one
minute of surface treatment with Incidin OxyFoam S disinfectant, the number of P. larvae
was significantly reduced (577.70 ± 57.72, p < 0.0001), and a further decrease was observed
after 5 min (826.60 ± 68.11, p < 0.0001) and 15 min (836.40 ± 42.58, p < 0.0001), respectively.
A significant effect on reducing the number of bacteria was observed by Genox only in 100%
concentration after 30 min (481.80 ± 40.86; p < 0.0001) and 60 min of action (440.40 ± 46.95,
p < 0.0001). After treating the surface with the Bee Protect line, even after 60 min of
exposure, there was no increase in the value of the relative number of ATP units, nor a
decrease in the number of viable bacteria. Results are presented in Figure 2.

Figure 2. Summary of the relative units of ATP caused by disinfectant products Despadac, Sekusept
Aktiv, Ecocid S, Genox and Genoll, and Incidin Oxy Foam S on the growth of P. larvae bacteria. Results
for all genotypes treated with disinfectant are merged into one column. The results are shown as the
mean ± standard error of at least three repetitions; * p < 0.0001; # p < 0.001.

The sporicidal effect of disinfectants from the Despadac group was not observed after
10 min exposure, while, after 30 min, it amounted to a one Log reduction for Despadac
Secure, i.e., a two Log reduction for Despadac. After 60 min of action of both disinfectants,
the number of spores was reduced by 99%, i.e., disinfectants caused a reduction in the
number of spores by two logarithms. Disinfectants with oxygen as an active substance
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show a sporicidal effect after 30 min, namely a six Log reduction for Sekusept Aktiv (2%)
and three Log reduction for Ecocid S (1%). After 60 min of action, both Ecocid S and
Sekusept Aktiv saw a six and five Log reduction, respectively, while Sekusept Aktiv at
1% concentration reduces the number of spores only by one logarithm. After application
of Incidin Oxy Foam S, an active substance hydrogen peroxide, the sporocidal effect after
30 min of exposure was six logarithms. The results showed that the disinfectant Genoll
has no sporicidal effect. Genox at 10% caused a reduction in the number of spores of
P. larvae by one logarithm, as well as at 100% concentration for three logarithms during
exposure lasting 30 and 60 min, respectively. Bee Protect products do not show a sporicidal
or negligible effect, as they also reduce the number of spores by less than one logarithm
during exposure of 60 min. All four genotypes of P. larvae (ERIC I to ERIC IV) in the
sporicidal suspension tests showed equal sensitivity to all the biocides tested.

We applied 1 million microorganisms onto a dry and smooth surface (square 10 cm2)
and, following disinfectant action, found a reduced number of viable bacteria (using CFU
method) for all disinfectants applied (Figure 3). We found the reduction to 100672 CFU for
undiluted Genox (100%) after 15 min and 9976 CFU after 30 min, which was similar to the
reduction achieved after application of Despadac Secure. The decreases in Despadac reached
10025 CFU and 11 CFU, respectively. Sekusept Aktiv (1%) and Ecocid s (1%) reduced the
number of viable bacteria after 15 min for 4 Log (cca 100 CFU remained viable) and after
30 min for 6 Log (cca 1 CFU remained). Incidin OxyFoam S at decreased the number of CFU:
after 15 min to 90.70 and after 30 min to 1, corresponding to a five and six Log reduction.

Figure 3. Results of a number of Colony Forming Units following application of disinfectant onto
the surface. For the sake of clarity, results obtained following 5 and 60 min are omitted as they are
comparable to those obtained after 15 and 30 min, which are presented. All genotypes produced were
susceptible to disinfectants at the same level and thus are grouped into one column. The statistically
significant decrease for CFU for all groups was * p < 0.0001 versus control group.
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4. Discussion

Although AFB is a notifiable disease present all over the world, till now there have
been no uniform measures nor guidelines that address the effectiveness of disinfectants
against bacteria P. larvae; thus, we performed a series of experiments using several products
with different active ingredients to find the most appropriate for use in apiaries, keeping in
mind effectiveness, user-friendly features, and the overall cost.

Hypochlorous acid is an active ingredient in sodium hypochlorite that reacts quickly to
various substances, such as proteins, DNA, lipids, thiols, and disulfides. It is believed that
this reaction prevents the germination of P. larvae spores by affecting the inner membrane
of exposed spores [26].

This study found that two disinfectant products, Genox and Genoll, had an inhibitory
effect on vegetative forms of P. larvae in an agar diffusion test. The result for Genox
depended on the concentration applied. In the suspension test, undiluted Genox had
a significant inhibitory effect after 15 min of administration that was dependent on the
duration of exposure. A similar result was observed on surfaces after 30 min that was not
dependent on contact time. It is important to note that the effect of Genox weakened slightly
after 60 min, as all chlorine-based biocides have a time-limited effect due to wear during
exposure to environmental factors. Hypochlorite-based disinfectants are also consumed
more in the presence of organic matter, and their effectiveness is affected by the presence of
proteins, nucleic acids, or other organic substances in the environment [27].

The microbicidal effect of chlorine is achieved by damaging functional molecules,
such as DNA or proteins [28], and depends on the oxidative potential. A study found that
dry spores of bacteria are more sensitive to NaOCl than wet spores [18] and that there
are no germinating spores after 40 min of exposure in dry spores. In contrast, in a humid
environment, an effective concentration of only above 0.025% of active chlorine was found.
However, in a study of sporicidal action on P. larvae microenvironments in wet conditions,
Genox 10% reduces the number of germinating spores by one logarithm, or Genox 100%
for three logarithms after 30 min of contact. This disinfectant does not have a desirable
sporicidal profile due to the long time it takes to achieve a sporicidal effect, which is also
very limited. To achieve a good sporicidal activity, it would be expected to reduce the
number of spores by a minimum of five Log reduction in real contact time. Sporicidal
activity of 30 min or more requires immersion of contaminated equipment in a disinfectant
solution, making disinfection difficult, time consuming, and relatively expensive.

The antimicrobial properties of hydrogen peroxide are attributed to the creation
of hydroxyl radicals. When present in sufficient concentrations, hydroxyl radicals can
harm nucleic acids, proteins, and lipids [29]. Killing spores with hydrogen peroxide
does not involve damaging their DNA, unlike vegetative forms of bacteria. In a study of
commercially available disinfectants with different chemical compositions, we selected the
product Incidin OxyFoam S, as it has a declared sporicidal action and a stabilized hydrogen
peroxide content of 1.5 g per 100 g of liquid. The results showed that this disinfectant
product, following the manufacturer’s declaration, has antimicrobial effects on vegetative
forms of P. larvae after just one minute of exposure in both suspension and surface tests.
Additionally, the sporicidal action of Incidin OxyFoam S was determined to reduce by
six Log after 30 min of contact.

A previously published study revealed that a 7% solution of hydrogen peroxide can
inactivate spores of bacteria after six hours of exposure [30]. In another study, authors
found that spores of Bacillus spp. exposed to 10% hydrogen peroxide for one hour were
unable to germinate [31]. However, these studies were conducted using hydrogen peroxide
that was not mixed with other substances or auxiliary agents, which is different from our
research. No formulations of hydrogen peroxide that are stabilized and contain additional
agents for oxidation and enhanced action have been patented and proven to be more
effective. They act on the proteins from spore sheaths, create hydroxyl free radicals, and
oxidize membrane lipids, enabling the disinfectant to act inside the cell, affecting vegetative
forms of bacteria.
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Hydrogen peroxide is highly effective in killing bacteria and spores in different envi-
ronments, such as hospitals and industrial settings. It is used in the form of gas through
dispersing and nebulization devices, either alone or in combination with silver. Although
the mechanism of inactivation of bacteria and spores by hydrogen peroxide gas is complex
and not fully understood, research has shown that the gas penetrates deeper into spore
structures, leading to the oxidation of essential amino acids required for spore germina-
tion [32].

In the domestic market, only one product has been declared safe for bees and used
in beekeeping. This study focuses on two available products—Despadac and Despadac
Secure—both of which contain didecyl-dimethyl ammonium chloride (as quaternary am-
monium salts of the 3rd generation; 1955) and glutaraldehyde as active components.
Quaternary ammonium salts have been in use for many years in hand antiseptics, disin-
fectants, and preservatives in wood processing or for the preparation of eye drops. They
have a wide range of possible chemical structures that can effectively reduce the number of
bacteria or inhibit and suppress their reproduction. The findings of this study indicate that
the Despadac product line exhibited bactericidal properties after the bacteria were exposed
for 30 min to this disinfectant.

However, there was only a slight decrease in the number of germinating spores of
P. larvae, ranging from one or two logarithms. Such a result is not entirely satisfactory
for disinfection purposes, but it may suggest that Despadac products could be used for
sanitation. Similarly, a previous study showed that 0.06% of third-generation quartile
ammonium salt in the Carrier test did not have a disinfectant effect on the spores Bacillus
stearothermophilus [33]. This suggests that dodecyl-dimethyl may not be effective against
spores, as the spore sheath is composed of proteins, such as keratin and biguanides, on
which quartile ammonium chloride does not act [18]. Quaternary ammonium salts are used
as biocides, and they work by interacting with the cytoplasmic membrane of bacteria. This
interaction results in a range of processes, such as adsorption on the cell wall, penetration
into the cell, reaction with the cytoplasmic membrane (lipid or protein), and disorganization
of the membrane. These processes lead to leakage of intracellular material, degradation of
proteins and nucleic acids, and ultimately, cell wall lysis caused by autolytic enzymes [34]. It
has been shown that the selection of formulations and methods of application of disinfection
affects the effectiveness of quaternary ammonium salts, and relatively few studies have
been conducted in which their effectiveness is evaluated in practical conditions. In addition,
we should consider the possible determination of chemical residues (ecological dynamics)
and the emergence of resistance to repeatedly applied disinfectants [35]. However, the
research objectives did not meaningfully confirm the possible occurrence of resistance to
the action of quaternary ammonium salts because they do not have fully comparable data,
as quaternary ammonium salts exist today in seven generations and, in combination with
other substances (commercial preparations), can have a changed effect.

According to Regulation (EC) No 396/2005 of the European Parliament and the
Council [36] (ANON, 2005), didecyldimethylammonium-chloride has been authorized
as an active substance in plant protection products for use only on ornamental plants.
However, its authorization has been revoked, as its use may lead to the appearance of
residues in food for humans and animals. As it has been observed that their use in plant
protection products leads to the appearance of residues in food, minimum residue levels
have been proposed. Considering that disinfectant products used in beekeeping must be
safe because honeybee colonies produce food that must not contain residues of a chemical
origin, we believe that Despadac products are not a suitable choice for disinfection in
beekeeping. Moreover, we have not found any record of these products being registered as
biocides in the Republic of Croatia, raising questions about their regular distribution that
require further investigation. In addition, this active substance is not listed in the regulation
(EU) No 528/2012 of the European Parliament and the Council [37] concerning making
biocidal products available on the market.
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The study indicates that disinfectants containing peracetic acid are the most effective
against vegetative forms and spores of P. larvae bacteria. These disinfectants have been
tested in independent microbiological laboratories and have shown bactericidal properties
compared to rod bacteria, as well as sporicidal action in relatively short exposures. Peracetic
acid is a potent biocide even at low concentrations ranging from 0.0001% to 0.2%.

Peracetic acid shows an advantage over other types of active substance disinfectants
because it remains effective even in the presence of organic residues and is broken down
into non-toxic and non-mutagenic substances—acetic acid and oxygen. Thus, it ensures
a high degree of disinfection effect in a short contact period. We used these desirable
properties of disinfectants, along with the stability of the prepared solution over a long
period, to investigate the effect of two commercial products on the vegetative forms of
P. larvae and their spores. Notably, researchers found that the action of peracetic acid
as a disinfectant is not dependent on the temperature of the environment, although, at
higher temperatures, the results are manifested by weaker antimicrobial activity [38]. The
results from the same study showed that, during the entire experimental period of 24 days,
Sekusept Aktiv solution had the same disinfection potential for at least four consecutive
days. Studies have also shown that the effectiveness of peracetic acid is different depending
on whether the microorganisms are in suspension or on the surface, which was not the
case in our research. Kunigk et al., (2001) determined that the kinetics of bacterial cell
destruction are twofold and may correspond to the contact time of peracetic acid from 2 to
25 min, and the other 25 to 35 min of contact [39]. Similar to ours is a study in which the
effectiveness of peracetic acid was shown, which was constant in the first 30 min of contact
of disinfectant with bacteria, but subsequently increased [40].

Sekusept Aktiv is a powder used in human medicine to disinfect instruments; however,
in veterinary medicine, it is not yet widely used. Unlike this product, and the same active
component, Ecocid S, produced by the Slovenian company Krka, has been present on the
market for many years, and as such it is relatively often used as a disinfectant in veterinary
medicine. Research shows that bactericidal concentrations of Ecocid S disinfectant cause
the destruction of the cell wall and cytoplasmic membrane of mycobacteria, as synonymous
with a microorganism with very high resistance to disinfectants and external factors. The
results also showed that Ecocid S causes decay of the granular components of the cytoplasm
with the formation of fine granular inclusions and vacuoles. These irreversible changes in
the structural elements of mycobacteria led to the deterioration of bacterial cells [41].

The study of Kiriamburi et al., aimed to examine and compare the biocidal effect of
two disinfectant products: “Disinfection for beekeeping” (DFB) (Swienty, Sønderborg, Den-
mark) and Virkon S (Lanxess, Berlin, Germany) on P. larvae spores [22]. Previous studies
have shown that the 1% solution of Virkon (active ingredient potassium peroxymono-
sulfate) has a bactericidal effect on Pseudomonas aeruginosa, Escherichia coli, Staphylococcus
aureus, Enterococcus hirae and Mycobacterium smegmatis in suspension tests and Carrier
tests on P. aeruginosa, E. coli, S. aureus and E. hirae. However, this same concentration of
Virkon did not show an inhibitory effect on spores and fungi, i.e., research has shown that
the concentration and required time are not following the guidelines for sporicidal and
fungicidal action [42]. In their paper, the same authors concluded that 1% Virkon is effective
only against vegetative bacteria, yeasts, and viruses, and should therefore be considered
a low-level disinfectant [42]. The improved formulation of Virkon S has been shown in
studies to kill up to 80% of P. larvae spores [6]; however, in the Kiriamburi et al., study, the
biocidal effect ranged from 88.6 to 96.8% after 30 min of treatment duration [22].

The suspension test showed that Bee protect H forte had a bactericidal effect, but the
test on surfaces did not show the same effect. Additionally, the Bee protect products did
not meet the set standards for an overall sporicidal effect in the suspension test. Although
these products can increase the effect with the time of exposure of bacteria to disinfectant,
they are not recommended for use in the final disinfection of equipment, accessories, and
apiary after the sanitation of clinically visible AFB. However, they can be used as an aid in
disinfection despite being declared as food supplements for bees.
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It should be emphasized that, in disinfecting terms, reducing the number of spores of
P. larvae by two logarithms (99%) does not represent a sufficient degree of disinfection due
to the presence of a large number of spores. In addition, by reducing their number, it may
be possible to reduce the extent of infection and/or the rate of development of the disease
within one honeybee colony, but it certainly does not lead to a significant reduction in the
incidence of the disease.

Effective microorganisms (EMRO, Kishaba, Japan) contain dozens of strains of microor-
ganisms (bacteria, fungi, and mold) that are considered both beneficial for the physiological
functioning of the organism and achieving balance in the environment and nature. Ef-
fective microorganisms are used in agriculture, forestry, animal husbandry, aquaculture,
beekeeping, environmental protection and medicine [43–46]. The benefit of microorgan-
isms in water purification have been documented for many years [43], as well as in the
reduction in unpleasant odors on farms [47]. It has also been shown that this formulation
of microorganisms applied in tumor cell culture leads to cell apoptosis [48]. In this study,
the effect was investigated by using a dietary supplement for bees EM® PROBIOTIC FOR
BEES. The achieved inhibitory effect was minimal, and therefore this product cannot be
considered to be a disinfectant or biocide. However, the action of effective microorganisms
in a living organism is multifaceted, as this product works to preserve normal microflora in
the gastrointestinal system of mammals and insects based on the exclusion of pathogenic
microorganisms and competitive antagonistic action [49] by changing metabolic pathways
through enhancing the action of digestive enzymes while reducing the activity of bacterial
enzymes and ammonia formation [50] and having positive effects on the immune system
and gut microbiome of bees [51].

5. Conclusions

The products Incidin OxyFoam S and Sekusept Aktiv (when used at a concentration
of 2%) have demonstrated a satisfactory sporicidal effect on all four genotypes (ERIC I to
ERIC IV) of P. larvae. However, Despadac and Despadac Secure showed a bactericidal effect,
but their sporicidal effect is not as satisfactory as that of Genox. On the other hand, the
product Genoll with foam does not exhibit any sporicidal effect; additionally, the products
Ecocide S at a concentration of 1%, as well as Bee protect H forte and Bee protect F, did not
exhibit a satisfactory sporicidal effect on P. larvae. The food additive EM® PROBIOTIC FOR
BEES did not exhibit a bactericidal effect. Therefore, we strongly recommend considering
the effectiveness of a disinfectant before use and choosing an appropriate option to reduce
the reoccurrence of a disease in apiary.
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Simple Summary: Nosema ceranae affects honey bee (Apis mellifera L.) causing nosemosis disease that
often induces serious problems in apiculture. Antibiotic fumagillin is the only licenced treatment
against nosemosis, but its effectiveness is questioned and its usage associated with risk of bee
mortality and appearance of residues in bee products. In search for alternative treatment for the
control of nosemosis, water crude extract of Agaricus bisporus was tested on bees in laboratory (cage)
experiments. Bee survival and food consumption were monitored together with Nosema infection
level and expression of five genes (abaecin, hymenoptaecin, defensin, apidaecin, and vitellogenin)
were evaluated in bees sampled on days 7 and 15. Apart from the gene for defensin, the expression of
all tested genes was up-regulated in bees supplemented with A. bisporus extract. Both anti-Nosema and
immune protective effects of A. bisporus extract were observed when supplementation started at the
moment of N. ceranae infection or preventively (before or simultaneously with the Nosema infection).

Abstract: Agaricus bisporus water crude extract was tested on honey bees for the first time. The
first part of the cage experiment was set for selecting one concentration of the A. bisporus extract.
Concentration of 200 μg/g was further tested in the second part of the experiment where bee survival
and food consumption were monitored together with Nosema infection level and expression of five
genes (abaecin, hymenoptaecin, defensin, apidaecin, and vitellogenin) that were evaluated in bees
sampled on days 7 and 15. Survival rate of Nosema-infected bees was significantly greater in groups
fed with A. bisporus-enriched syrup compared to those fed with a pure sucrose syrup. Besides,
the anti-Nosema effect of A. bisporus extract was greatest when applied from the third day which
coincides with the time of infection with N. ceranae. Daily food consumption did not differ between
the groups indicating good acceptability and palatability of the extract. A. bisporus extract showed a
stimulative effect on four out of five monitored genes. Both anti-Nosema and nutrigenomic effects of
A. bisporus extract were observed when supplementation started at the moment of N. ceranae infection
or preventively (before or simultaneously with the infection).

Keywords: honey bee; Nosema ceranae; mushroom extract; Agaricus bisporus; immune-related gene
expression

1. Introduction

The honey bee (Apis mellifera L. (Hymenoptera: Apidae)) is a pollinator important
for agricultural production [1] and providing essential macro- and micronutrients [2].
Considerable colony losses in the United States and Europe have significant negative
economic and environmental consequences, and can be caused by many factors, most
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often pathogens and parasites, environmental pollution, nutritional stress, and inadequate
beekeeping management [3–5].

One of the most common diseases of honey bees is nosemosis caused by microsporidia
of the genus Nosema [3] with three species that may affect A. mellifera: N. ceranae, N. apis,
and N. neummani. Currently, N. ceranae is one of the most widespread microsporidium
causing infections in honey bees [6] with the different symptoms compared with those
induced with N. apis [7]. N. ceranae is primarily a pathogen of honey bee midgut. However,
this endoparasite or its DNA was also found in other tissues [8–10] and hemolymph [11].
Pathological changes in the epithelial cells of the midgut lead to digestive and metabolic
disorders causing malnutrition in adult bees [12], diarrhea, decreased honey production,
and increased mortality in winter bees [13]. There are reports that N. ceranae induces
changes in the carbohydrate metabolism [14–17], which may increase nutritional and
energetic stress [3,15–20]. Infection with N. ceranae compromises immunity [21] and induces
oxidative stress in bees [5], especially in combination with pesticides [22,23]. It has also been
shown that infection of bees with Nosema spp. can reduce the effectiveness of acaricides
used for the control of honey bee mite Varroa destructor [24]. In addition to bee diseases,
many problems in beekeeping are caused by chemical substances used in the control of
bee pathogens due to the many side effects on adult worker bees (increased mortality,
shortened lifespan, down-regulation of immune-related genes, induction of toxic stress and
up-regulation of detoxification-related genes, decreased worker mobility, learning, memory
and trophallaxis, increased Nosema ceranae infection rate), bee brood (increased egg, larval
and pupal mortality, reduced brood survival and brood area, delayed larval development,
delayed adult emergence), reproduction (reduced drone production, longevity and weight,
decreased number and viability of drone sperm, increased queen mortality, failure in
queen’s development, reduced queen mating success, queen pupal weight, queen adult
weight, queen cell acceptance), consequently leading to weakening of bee colonies and
increase in susceptibility to diseases even if used at recommended doses (reviewed in [25]).

The control of nosemosis includes a wide range of beekeeping practices [3] and appli-
cation of chemicals, such as fumagillin, an antibiotic derived from the fungus Aspergillus
fumigatus [26,27]. Although fumagillin use is prohibited in most of European countries due
to risk of its commercial formulations (Fumagilin-B, Fumidil-B,) to leave residues in bee
products [28–30], to affect food safety [31,32], and to increase bee mortality [30], however,
it is still licensed in the United States [33], Canada [34], and Argentina [35]. Moreover, its
effectiveness has been questioned [28], imposing a constant effort of scientists to discover
alternative substances, which would be effective against Nosema spp. Among many natural
compounds tested [5,36–47], some of them showed promising anti-Nosema effects such
as algae and fungus extracts [5,22,36–39], chitosan and peptidoglycan [40], naringenin,
sulforaphane and carvacrol [41], probiotics [42,46], natural substances from Brassicaceae
defatted seed meals [43], and natural-based commercial formulations [5,44,47,48]. Diet
with the addition of plant-based, amino acid and vitamin supplements, led to reduction of
N. ceranae spore number [5,48], immunostimulation, and reduction of oxidative stress in
N. ceranae-infected bees [5], and consequently to the improved condition of bees. Interest
in mushrooms has been increasing among researchers due to their nutritional and medic-
inal properties; mushrooms of the genus Agaricus contain numerous biologically-active
substances (such as glucans, mannan, lentinan, schizophyllan, scleroglucan) with certain
antitumor, antidiabetic, and immunostimulatory effects [49–56]. Stevanovic et al. [38]
observed a favorable effect of A. blazei extract on the strength parameters of bee colonies
in a field experiment, while Glavinic et al. [5] revealed the positive effect of A. blazei ex-
tract in laboratory experiment. The extract stimulated the expression of genes important
for immunity, reducing oxidative stress caused by N. ceranae and consequently reducing
N. ceranae infection. Beneficial effects on honey bees were observed for other mushroom
species, too; extracts derived from the mycelia of Fomes fomentarius, Ganoderma applanatum,
G. Resinaceum, and Trametes versicolor demonstrated strong anti-viral efficacy against two
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bee viruses (deformed wing virus—DWV) and Lake Sinai virus—LSV) in both laboratory
and field trials [57].

Having in mind the described positive effects of A. blazei on honey bees and its
potential in Nosema control, we decided to assess the effect of A. bisporus extract on bee
survival, Nosema infection, and the expression of genes important for bee immunity in a
laboratory experiment. A. bisporus is the most cultivated mushroom species among Western
countries which makes this research and its application in beekeeping more cost-effective
compared to the research and application of A. blazei.

2. Materials and Methods

2.1. Agaricus bisporus Extract Preparation

Water extract of the commercially-cultivated white button mushroom (Agaricus bis-
porus, strain A15) was prepared according to the procedure described by Klaus et al. [58].
In summary, dry powdered fruit bodies of mushrooms were extracted with distilled water
at 121 ◦C, 1.2 bar, for 60 min. After being filtered, the liquid part was evaporated up to
1/3 of its volume and precipitated with 96% ethanol overnight. The material was then
centrifuged, dried at 40 ◦C, powdered, and kept in the refrigerator (RK6333W, Gorenje,
Velenje, Slovenia) before analysis.

2.2. Bees and the Design of Cage Experiment

During April 2020, frames containing areas with sealed brood were taken from three
honey bee colonies at the experimental apiary of the Faculty of Veterinary Medicine,
University of Belgrade. The frames were placed in net bags (to prevent the dissipation of
hatched bees) and kept overnight in a preset incubator (Inkubatori, Pozarevac, Serbia) at
the temperature 34 ± 1 ◦C and humidity 66 ± 1%. The next morning, the newly emerged
worker bees were collected from the frames and transferred to experimental cages (60 bees
per experimental cage: 10 bees were sampled for the RNA extraction, 20 for Nosema spore
counting and the remaining 30 bees served for monitoring the survival) and each group
comprised three cages (replicates). Cages were specifically designed by Glavinic et al. [21]
for this experiment. Briefly, a plastic jar was punched to allow entry of air, placed with the
lid down, and equipped with a plastic strainer inserted in the center of the lid allowing
bees to take the syrup from the small petri dish placed below. The whole experiment was
repeated, and the results were merged into a single dataset.

2.3. The Selection of an Appropriate Extract Concentration

To determine the optimal concentration of the extract, only the survival of bees was
monitored in the first part of the experiment. Newly emerged bees were divided into four
experimental groups. The control group (C group) received pure sucrose syrup (50% w/v).
The remaining three groups (Table 1) received sucrose syrup (50% w/v) supplemented
with A. bisporus extract at concentrations of 100 μg/g (Abs-100 group), 200 μg/g (Abs-200
group) and 400 μg/g (Abs-400 group). The experiment lasted 15 days. The dead bees were
counted and removed from the cages on a daily basis.

Table 1. Experimental design.

GROUP 1 Day of Starting the
Treatment 2

N. ceranae Infection
Day 2 Sampling Day 2

NI – – 7 15
I – 3 7 15

Abs 1 – 7 15
I-Abs1 1 3 7 15
I-Abs3 3 3 7 15
I-Abs6 6 3 7 15

1 Bees were non-infected (NI) or infected with N. ceranae (I) and treated with A. bisporus extract (Abs). 2 Days after
bee emergence.
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2.4. Effects of A. bisporus Extract on Nosema Infection

In the second part of the cage experiment, the effect of A. bisporus extract at a concen-
tration of 200 μg/g was evaluated. Six groups were established and all were fed with 50%
(w/v) sucrose syrup. There were two control groups: non-infected (NI) and infected with
N. ceranae (I). The remaining four experimental groups received sucrose syrup enriched
with A. bisporus extract either from the first day (in group Abs, those are non-infected and
in Nosema-infected, group I-Abs1), or from the third or sixth day (groups I-Abs3 and I-Abs6,
respectively, both Nosema-infected (Table 1)).

2.5. Inoculum Preparation, Experimental Infection, and Bee Sampling

Inoculum preparation and experimental infection of bees were performed according
to the previously described methodology [5,21]. Briefly, the inoculum was prepared by
crushing the abdomens of N. ceranae-infected bees in distilled water. Number of spores
were determined according to Cantwell [59]. Freshly-prepared spore suspension with
99% viability, assessed with 4% trypan blue (Sigma–Aldrich, Steinheim, Germany), mixed
with 50% sucrose (Centrohem, Stara Pazova, Serbia) solution was used to obtain 1 × 106

spores/mL final concentration. Bees in the infected control group (I) and treated groups
(I-Abs1, I-Abs3, and I-Abs6) were infected with N. ceranae spores on day 3 [5]. From each
cage, on days 7 and 15, bees were sampled for counting Nosema spores and gene expression
analysis (Table 1). The remaining bees from the cage were used to determine the survival
rate. Dead bees were removed from the cage and counted daily. During the experiment,
syrup consumption was measured by weighing the food before and after the bees had been
fed for 24 h [60]. According to these data, average consumption/bee/day was calculated.

2.6. Nosema Spore Counting

On the day of sampling (day 7 and day 15), 10 bees were taken from each cage. The
abdomen of each bee was placed in a 1.5 mL tube and macerated in 1 mL of distilled water
in Tissue Lyser II (QIAGEN, Hilden, Germany) for 1 min at 25 Hz. The number of N. ceranae
spores was determined using a hemocytometer described in Cantwell [59] and OIE [61],
and used also in our previous studies [5,21–23].

2.7. RNA Extraction and cDNA Synthesis

The total RNA was extracted with Quick-RNA MiniPrep Kit (Zymo Research, Irvine,
CA, USA). A single bee was placed in a 1.5 mL tube with 500 μL of Genomic Lysis Buffer.
Homogenization was performed in a TissueLyser II (QIAGEN, Germany) for 1 min at
25 Hz using a 3 mm tungsten carbide bead (Qiagen, Hilden, Germany). Other extraction
steps were performed according to the manufacturer’s instructions. In-column DNase
treatment (treatment with DNase I Reaction Mix) was applied for all samples during the
extraction process with the aim to remove contaminating DNA. cDNA was immediately
generated from extracted RNA using the RevertAid™ First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Vilnius, Lithuania).

2.8. Real-Time Quantitative PCR

SYBR green method was used for real-time PCR (qPCR) amplification in a 20 μL reac-
tion mixture with “FastGene® IC Green 2 x qPCR Universal Mix” (Nippon Genetics, Düren,
Germany) according to instructions of the manufacturer and modifications described by
Glavinic et al. [5]. A specific primer pair was used for each gene (Table 2). The qPCR
reactions were performed in a Rotor-Gene Q 5 plex (Qiagen, Valencia, CA, USA). Gene
expression level of abaecin, hymenoptaecin, defensin, apidaecin, and vitellogenin was
determined using the 2−ΔΔCT method described in Galvinic et al. [5] while β-actin was
used as an internal control for normalization of each gene expression.
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Table 2. Primer used for qPCR analysis.

Primer Sequence 5′–3′ Reference

Beta actin-F TTGTATGCCAACACTGTCCTTT
[62]Beta actin-R TGGCGCGATGATCTTAATTT

Abaecin-F CAGCATTCGCATACGTACCA
[63]Abaecin-R GACCAGGAAACGTTGGAAAC

Hymenopt-F CTCTTCTGTGCCGTTGCATA
[63]Hymenopt-R GCGTCTCCTGTCATTCCATT

Defensin-F TGCGCTGCTAACTGTCTCAG
[63]Defensin-R AATGGCACTTAACCGAAACG

ApidNT-F TTTTGCCTTAGCAATTCTTGTTG
[62]ApidNT-R GTAGGTCGAGTAGGCGGATCT

VgMC-F AGTTCCGACCGACGACGA
[62]VgMC-R TTCCCTCCCACGGAGTCC

3. Statistical Methods

The survival of bees was monitored by the number of dead bees per day in each
experimental group. The data on the survival distribution obtained in the Kaplan–Meier
survival estimator were compared in the log-rank test. The results for N. ceranae spores
and gene expression were tested for normality by using Shapiro–Wilk’s test. Due to the
normal distribution of data (Shapiro–Wilk’s test, p > 0.05), groups were compared in two-
way ANOVA with repeated measures in one factor, followed by Tukey’s test within and
Sidak’s test between groups over time. The levels of significance below 0.05 (p < 0.05) were
considered significant. The analyses were done using GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA, USA).

4. Results

4.1. Bee Survival and Food Consumption

In the first part of the experiment, which was conducted to determine the optimal
concentration of the extract for further investigation, no significant differences in bee
survival (p > 0.05) were detected between all groups (Figure 1). The lowest number of dead
bees was in the group treated with 200 μg/g of A. bisporus extract (Abs-200). Consequently,
this concentration was used in the second part of the experiment.

Figure 1. Survival of bees treated with A. bisporus extract: 100 μg/g (Abs-100), 200 μg/g (Abs-200), 400 μg/g (Abs-400), and
control (C) group.

The number of dead bees in the second part of the experiment (Figure 2) was signifi-
cantly higher in the infected control group (I) compared to NI (p = 0.009), Abs (p = 0.003),
I-Abs1 (p = 0.036), I-Abs3 (p = 0.018), and not significantly different (p = 0.185) in compar-
ison with group I-Abs6 (log-rank test). The survival of bees in the non-infected control
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group (NI) did not differ statistically compared to the groups of Abs (p = 0.714), I-Abs1
(p = 0.552), I-Abs3 (p = 0.760), and I-Abs6 (p = 0.173).

Figure 2. Survival of bees infected with N. ceranae (I), non-infected but treated with A. bisporus extract (Abs), bees infected
with N. ceranae and treated with A. bisporus extract from day 1 (group I-Abs1), day 3 (I-Abs3), and day 6 (I-Abs6), as well as
bees from the control non-infected (NI) group.

There were no differences in daily food consumption between the control group
and all treatment groups. Mean consumption across all groups was 121.63 mg/bee/day
(Figure S1).

4.2. Quantification of N. ceranae Spores

In samples of bees from the control non-infected group (NI) and non-infected but
treated with A. bisporus extract (Abs), no spores of N. ceranae were detected at any time of
sampling. By comparing the number of spores in groups infected with N. ceranae on the 7th
and 15th day of sampling, Shidak’s multiple comparison test showed a significantly higher
(p < 0.001) number of spores on day 15 compared to day 7. In bee samples from day 7 of
the experiment, the Tukey test revealed no significant differences in the number of spores
among all groups (p > 0.05). In contrast, on day 15 (Figure 3), the number of spores was
significantly higher in group I compared to all other groups (p < 0.001). The lowest number
of spores was detected in group I-Abs3, significantly lower than in groups I and I-Abs6
(p < 0.001) and I-Abs1 (p < 0.05).

Figure 3. Number of N. ceranae spores in infected group (I) and groups of bees infected with N. ceranae
and treated with A. bisporus extract from day 1 (I-Abs1), day 3 (I-Abs3), and day 6 (I-Abs6). * p < 0.05.
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4.3. Gene Expression Analyses

On day 7, the highest expression levels for the majority of monitored genes were in
groups Abs and I-Abs6, in contrast to the infected control (I) group where the lowest gene
expression was detected (Figure 4). However, the most important and most significant
changes in expression levels were obtained on day 15 (Figures 4 and 5). According to
the Tukey test, abaecin expression levels (Figure 5A) were significantly lower in group I
compared to all other groups (p < 0.001), but also in group I-Abs6 compared to I-Abs1
(p < 0.05). Gene expression for hymenoptaecin (Figure 5B), on day 15 of the experiment, was
significantly lower in group I (p < 0.001) compared to all other groups. However, pairwise
comparisons of all treated groups revealed that the expression of the hymenoptaecin gene
was significantly higher in the I-Abs1 group compared to I-Abs3 (p < 0.001) and I-Abs6
(p < 0.01). The expression of apidaecin (Figure 5C) and vitellogenin (Figure 5D) was also
found to be lower in the control infected group (I) compared to all other groups (p < 0.01).
The expression of the gene for apidaecin did not differ among the groups treated with
A. bisporus extract, while the level for vitellogenin was higher (p < 0.01) in the group I-Abs3
compared to the groups I-Abs1 and Abs. Regarding gene expression for defensin, although
the lowest level was in the group I (Figure 5E), the Tukey test showed no significant
differences between the experimental groups.

Figure 4. Heatmap of immune−related genes (means of Log2 of relative expression ratios for abaecin,
hymenoptaecin, defensin, apidaecin and vitellogenin) at different time points in experimental groups.
N. ceranae infected control (I), group treated with extract (Abs), and groups infected and treated
with A. bisporus extract from day 1 (I-Abs1), day 3 (I-Abs3), and day 6 (I-Abs6). Range log2 value of
relative expression ratio is given in the legend on the right indicating up- or down-regulation of the
expression. Group names are indicated in Table 1.
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Figure 5. Gene expression levels for abaecin (A), hymenoptaecin (B), apidaecin (C), vitellogenin (D), and defensin (E) in
bees infected with N. cerane (I), non−infected but treated with A. bisporus extract (Abs), as well as bees infected with N. cerane
and treated with A. bisporus extract from day 1 (I-Abs1), day 3 (I-Abs3) and day 6 (I-Abs6) of the experiment. * p < 0.05.

5. Discussion

Nosemosis is a common and widespread disease that negatively affects adult bees [37].
Infection with N. ceranae is especially dangerous due to its implied role in colony losses [3].
There is a relatively small number of safe preparations used as alternatives to fumagillin
in nosemosis control. Thus, there is a constant effort of scientists to discover new natural
substances with beneficial effects in the control of this disease [5,36–47].

This is the first study in which A. bisporus extract was tested on honey bees. In the
first part of the experiment, none of the tested concentrations of A. bisporus extract (100,
200, and 400 μg/g) increased bee mortality compared to control. This has been expected,
bearing in mind already reported beneficial effects of other Agaricus spp. extracts on
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bees [5,38] as well as of other natural-based dietary supplements [21,48,64–67]. Despite
the absence of significant differences among groups, the lowest number of dead bees
was in the group fed with 200 μg/g of A. bisporus extract. This result, along with the
economic aspect (optimal ratio between the extract amount and the benefit), led us to
choose this concentration for further testing. In this experiment, a significantly lower
survival rate in the group of infected bees (I) compared to the non-infected group (Figure 2)
suggests undoubted fatal effects of N. ceranae infection, which is consistent with previous
studies [5,21,68,69]. However, feeding bees with the addition of A. bisporus extract starting
from day 1 and 3 at a concentration of 200 μg/g significantly increased the survival
rate of infected bees compared to infected bees (group I) fed without the addition of
mushroom extract (Figure 2). This result is in accordance with our previous findings
where an extract of related fungus A. blazei induced better bee survival [5]. In a field
experiment, Stevanović et al. [38] revealed the beneficial impact of A. blazei extract on the
strength of honey bee colonies. However, when the extract was applied to infected bees
starting from day 6, it did not contribute significantly to mortality decrease compared to
group I (Figure 2). This finding indicates a better protective-preventive effect (application
before or at the moment of infection) compared to the effect obtained by post-infection
application. Having in mind that the main action of medicinal mushroom metabolites
is immunomodulation [70], this result was expected. In addition, the extract used in
this study was rich in polysaccharides (more than 68%) which are the most reported
immunomodulatory compounds from mushrooms [71,72]. The absence of significant
differences in bee mortality between the control non-infected group (NI) and all groups
that received A. bisporus extract in the diet (Abs, I-Abs1, I-Abs3, and I-Abs6) is an additional
confirmation of the extract’s positive effects on bee survival regardless of the application
period, similarly as previously reported for A. blazei extract [5], plant extracts (Aristotelia
chilensis, Ugni molinae, Gevuina avellan), and propolis [73].

The level of nosema infection was monitored by counting spores on days 7 and 15
of the experiment. The presence of spores in infected groups, and its absence in non-
infected groups (NI and Abs) suggest that there was no cross-contamination between the
experimental groups, and the design of the cage [21] is adequate for such research. This
confirms that the experiment has been performed accurately and in line with COLOSS
BEEBOOK recommendations [74]. A significantly higher number of spores was detected
on day 15 compared to day 7 in all infected groups. Analysis of the number of spores in
the samples collected on day 7 did not reveal significant difference among infected groups.
This finding was expected since the infection was still in the initial stage [75]. In contrast,
on day 15, a significantly higher number of spores was in group I (Figure 3) compared to
all other groups that received the extract. Comparing groups infected with the Nosema and
treated with A. bisporus extract (I-Abs1, I-Abs3, and I-Abs6), the lowest spore number was
detected in the group I-Abs3 (Figure 3). Thus, we can conclude that the extract of white
button mushroom has a noticeable anti-Nosema effect. Moreover, this effect is the highest
when applied to start from the third day which coincides with the time of infection with
N. ceranae. Such effects have already been demonstrated for A. blazei [5], algae extract also
rich in polysaccharides [37], and other supplements [21,73]. Hayman et al. [76] explained
microsporidia reduction by inhibition of adhesion to the target cells. Vunduk et al. [77] also
showed that mushroom extract exhibits antiadhesion and biofilm formation effect against
foodborne bacteria. The extract’s more beneficial effect in groups IAbs-1 and I-Abs3 could
be explained by the absence of infected epithelial cells with N. ceranae [75], which gives a
better opportunity for more efficient action (adhesion inhibition) of the extract.

Infection with N. ceranae suppressed most of the immune-related genes examined
in this study (Figures 4 and 5), which is in line with previous reports of the immunosup-
pressive effect of this endoparasite [5,21,78–80]. The expression level of all genes, except
defensin, was significantly lower in group I compared to all other experimental groups
(Figures 4 and 5). This result is not surprising considering the amount of N. ceranae spores
detected at the end of the experiment (highest spore load in group I—Figure 3) but also
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the bee mortality (highest number of dead bees in group I—Figure 2). The gene expres-
sion levels in all the groups supplemented with A. bisporus extract (Abs, I-Abs1, I-Abs3,
and I-Abs6) indicate its stimulatory effect on the expression of all monitored immune
genes except defensin (Figures 4 and 5). This finding is consistent with the previous study
demonstrating the stimulating effect of A. blazei on honey bee immunity [5,39]. Higher
levels of immune-related gene expression in infected and treated groups compared to
the infected control group (I) indicate the immunoprotective and immunomodulating
effect of A. bisporus extract. Moreover, higher gene expression levels (Figures 4 and 5) in
infected and treated groups, and lower spore loads in those groups (Figure 3) revealed
an inverse correlation between spore loads and levels of immune-related gene expression.
Gene expression levels on day 15 compared to day 7 were significantly higher for all tested
genes in group I-Abs3 (except the one for defensin); significantly higher for all tested genes
in group I-Abs1 (except those for defensin and apidaecin); significantly higher only for
vitellogenin gene in I-Abs6 group (Figure 4), and significantly lower for all tested genes
in the infected control group (I). Greater stimulation of gene expression in group I-Abs1
and I-Abs3 compared to I-Abs6 indicates better efficacy of the extract before and at the
moment of infection with N. ceranae. A better protective effect is expected as the extract is
rich in polysaccharides [5,36–38], while the anti-Nosema effect is more typical for antibiotics
such as fumagillin [5,29,30,33–35]. Moreover, we used crude water extract which, besides
polysaccharides (almost 70%), contains proteins (5.31%) and phenolic compounds (2.7%) as
well [71,81]. These metabolites express different modes of action. Proteins are often bound
to polysaccharides and cumulative immunomodulatory effect can be expected. Phenolics,
as fungal secondary metabolites, mainly act as antioxidants, and can be important in the
early stage of infection development [82].

6. Conclusions

This is the first study of the effects of A. bisporus extract on honey bees that showed the
potential for improving the survival and the immunity of bees infected with N. ceranae. The
effect on immunity has been demonstrated through increased expression of immune-related
genes in both non-infected bees and bees infected with N. ceranae. Besides, A. bisporus
extract was effective in reducing the number of Nosema spores. The best results were
observed when the extract was applied at the moment of infection or preventively (before
or simultaneously with the Nosema infection). Finally, the tested extract has a strong
stimulatory effect on gene expression in both N. ceranae-infected and uninfected bees. In
the absence of adequate and safe natural-based therapy for nosemosis, we can conclude
that A. bisporus extract has a great potential for use in the control of this bee disease and
needs to be further investigated in the field experiments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/insects12100915/s1, Figure S1: Daily food consumption per bee in the non-infected
group (NI), infected group (I) and the groups infected with N. ceranae and treated with A. bisporus
extract from the day 1 (I-Abs1), day 3 (I-Abs3) and day 6 (I-Abs6).

Author Contributions: Conceptualization: Z.S., U.G., and I.M.; Design of experiment and methodol-
ogy: U.G., and Z.S.; Laboratory analysis: U.G., J.V., M.R., and B.V.; Data curation: U.G., M.R., and
B.V.; Writing, review and editing: U.G., M.R., Z.S., J.S., J.V., B.V., and I.M. All authors have read and
agreed to the published version of the manuscript.

Funding: The study was supported by the Ministry of Education, Science and Technological De-
velopment of the Republic of Serbia (contract no. 451-03-9/2021-14/200143 for the project led by
Zoran Stanimirovic).

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to the study of invertebrates only (honey bees are exempted from ethical review).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the excessive data size.

123



Insects 2021, 12, 915

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Burnham, A.J. Scientific Advances in Controlling Nosema ceranae (Microsporidia) Infections in Honey Bees (Apis mellifera). Front.
Vet. Sci. 2019, 6, 79. [CrossRef]

2. Reeves, A.M.; O’Neal, S.T.; Fell, R.D.; Brewster, C.C.; Anderson, T.D. In-Hive Acaricides Alter Biochemical and Morphological
Indicators of Honey Bee Nutrition, Immunity, and Development. J. Insect Sci. 2018, 18. [CrossRef]
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81. Djekic, I.; Vunduk, J.; Tomašević, I.; Kozarski, M.; Petrovic, P.; Niksic, M.; Pudja, P.; Klaus, A. Total quality index of Agaricus
bisporus mushrooms packed in modified atmosphere. J. Sci. Food Agric. 2017, 97, 3013–3021. [CrossRef] [PubMed]

82. Kozarski, M.; Klaus, A.; Jakovljevic, D.; Todorovic, N.; Vunduk, J.; Petrović, P.; Niksic, M.; Vrvic, M.M.; Van Griensven, L.
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Simple Summary: The collapse of the honey bee colonies is a complex phenomenon in which
different factors may participate in an interrelated manner (e.g., pathogen interactions, exposure
to chemicals, beekeeping practices, climatology, etc.). In light of the current debate regarding the
interpretation of field and monitoring studies in prospective risk assessments, here we studied
how exposure to thiamethoxam affects honey bee colonies in Central Spain when applied as a seed
treatment to winter oilseed rape, according to the good agricultural practice in place prior to the EU
restrictions. Under the experimental conditions, exposure to thiamethoxam, alone or in combination
with other stressors, did not generate and maintain sufficient chronic stress as to provoke honey
bee colony collapse. The stress derived from exposure to thiamethoxam and honey bee pathogens
was compensated by adjustments in the colony’s dynamics, and by an increase in the worker bee
population, a behavior known as hormesis. An analysis of the factors underlying this phenomenon
should be incorporated into the prospective risk assessment of plant protection products in order to
improve the future interpretation of field studies and management practices.

Abstract: To study the influence of thiamethoxam exposure on colony strength and pathogen preva-
lence, an apiary (5 colonies) was placed in front of a plot sown with winter oilseed rape (wOSR), just
before the flowering phase. Before sowing, the seeds were treated with an equivalent application of
18 g thiamethoxam/ha. For comparison, a second apiary (5 colonies) was located in front of a separate
750 m plot sown with untreated wOSR. Dead foragers at the entrance of hives were assessed every
2–3 days throughout the exposure period, while the colony strength (number of combs covered with
adult honey bees and brood) and pathogens were monitored each month until the following spring.
Foraging on the wOSR crop was confirmed by melissopalynology determination of the corbicular
pollen collected periodically, while the chemical analysis showed that exposure to thiamethoxam
was mainly through nectar. There was an increase in the accumulation of dead bees in the apiary
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exposed to thiamethoxam relating with the control, which was coped with an increment of bee
brood surface and adult bee population. However, we did not find statistically significant differences
between apiaries (α = 0.05) in terms of the evolution of pathogens. We discuss these results under
hormesis perspective.

Keywords: honey bees; Spain; thiamethoxam; Nosema ceranae; hormesis; Brassica napus; oilseed rape;
seed treatment; EPPO; viruses

1. Introduction

In the past decade, significant losses of honey bee colonies have been reported, mainly
in Europe and North America [1–11]. The consensus is that several factors are involved in
this phenomenon: nutritional stress, pathogens, hive management practices, exposure to
multiple xenobiotic residues (pesticides and veterinary drugs), invasive species, seasonal
weather changes and genetic variability [7,12–19]. However, exposure to chemicals and the
most prevalent pathogens are without doubt the main drivers in the phenomenon of honey
bee colony loss [20].

Among the most relevant chemicals, much attention has been paid to neonicoti-
noids [21] in recent years due to their widespread use [22–25]. These pesticides selectively
act on the insect’s central nervous system (CNS) as they are agonists of post-synaptic
acetylcholine receptors [26–29]. Neonicotinoids have a low molecular weight, they are
moderately-to-highly water soluble and they have a low octanol:water partitioning coeffi-
cient. These physico-chemical properties favor the efficient translocation of these chem-
icals through the plant xylem, such that they can systemically control piercing-sucking
insects [24]. However, these characteristics also mean they have a high capacity for en-
vironmental transport [30–32]. Depending on the toxophore, these compounds are clas-
sified as N-nitroguanidines (imidacloprid, thiamethoxam, clothianidin and dinotefuran),
nitromethylenes (nitenpyram), or N-cyano-amidines (acetamiprid and thiacloprid) neon-
icotinoids, with the former representing the class that has produced most concern for
bees [33]. Many sub-lethal effects of N-nitroguanidine neonicotinoids have been identi-
fied in bees, influencing on orientation and olfactory learning, flight, queen performance,
honey bee colony physiology and the bee’s immune system [34–47]. In particular, thi-
amethoxam (TMX) causes damage in the midgut, brain cells and Malpighian tubules of
bees [48–50], affecting several biological process such as oxidative phosphorylation and
tyrosine metabolism [51], as well as altering the gut microflora [52].

On the other hand, Nosema ceranae and Varroa destructor have been intensively studied
in relation to the phenomenon of honey bee colony losses. N. ceranae is found world-
wide [14,53,54], it has a high pathogenic capacity [55,56] and it is transmitted horizontally
in the colony, through food, water, trophallaxis and cleaning duties (reviewed in [54]). It is
an obligate intracellular parasite that depends on the host’s energy for reproduction, and
it alters the physiology and behavior of its host to ensure conditions are optimal for it to
complete its biological cycle (reviewed in [54]). As such, Apis mellifera individuals infected
by N. ceranae experience: (1) a strong carbohydrate demand; (2) altered lipid and amino
acid metabolism; (3) an altered vitellogenin/juvenile hormone equilibrium; (4) a reduction
in hexamerins and major royal jelly proteins; (5) an upregulation of the octampamide path-
way; (6) a suppressed immune response; (7) impaired apoptosis of ventricular epithelial
cells [54,57,58], and (8) changes in midgut microbiota [52]. As a consequence of all these
alterations, N. ceranae will perturb colony homeostasis if the infection is maintained over
time [59]. In this way, infected bees generate higher Ethyl Olate (EO) titers and undertake
more flight activity than non-infected bees [60]. The constant reduction in bee number
due to the tissue damage, energetic stress, and altered flight behavior due to infection
accelerates age polyethism in young bees to cover the energy demands of the colony [61,62].
However, precocious foragers (FBs) are less effective, so higher number of FBs will be
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needed to fulfil the colony’s demands, reducing the time each bee can dedicate to hive
tasks. Thus, if the buffering capacity of the colony is exceeded then there is a strong risk of
collapse [54].

For its part, V. destructor, one of the most important pathogens of honey bees [63–65],
not only damages the bee by feeding on its hemolymph and fat body [66,67] but also, it acts
as a vector for a number of viruses [68]. As a result, this pathogen impairs the responses of
the immune system [69] and affects the nervous system [70,71].

Honey bees exposed to neonicotinoids may be more susceptible to N. ceranae and
V. destructor infections and that of other viruses [72]. Indeed, N. ceranae-infected honey bees
suffer increased mortality under laboratory conditions when exposed to sub-lethal con-
centrations of imidacloprid [73,74], thiacloprid [75,76] or TMX [77]. Similarly, the damage
caused by N. ceranae in midgut cells [78] may make infected honey bees more susceptible
to neonicotinoid exposure. The negative synergistic effects of Varroa and neonicotinoid
insecticides have been related to immune suppression, which impairs antiviral immune
barriers [47] and memory retention [79].

However, as all these effects are rarely observed under real world conditions [80,81],
they remain somewhat controversial.

Here, we present the results of a field study undertaken in accordance with good
beekeeping practice (prior to European restrictions) in Central Spain that set out to de-
termine the evolution of honey bee colonies and the prevalence of pathogens following
exposure to TMX through the pollen and nectar of seed-treated oilseed rape. The stress
provoked by both TMX and pathogens was compensated by the dynamics of the colonies,
mainly through an increase in the bee population. We discuss the possible reasons for
these responses from the hormesis point of view and in the context of the prospective risk
assessment of plant protection protocols.

2. Materials and Methods

2.1. Experimental Design

The experiments were designed in accordance with the EPPO 170 standards [82].
Colonies of Apis mellifera iberiensis from the same apiary located at the ‘Centro de Inves-
tigación Apícola y Agroambiental” (CIAPA, Marchamalo, Guadalajara, Spain) and with
naturally mated sister queens of the same age, were used to monitor the presence of queens,
and to analyze and control the sanitary status of the colonies in order to ensure the colony’s
strength at the beginning of the study (10 brood chamber combs covered by bees). The
experimental colonies were randomly divided into two groups of five colonies each, and
they were placed in front of two plots of 2 ha (750 m apart), that were sown with winter
oilseed rape (wOSR, Ginfizz variety), just before their flowering phase (Figure 1).

Sowing took place on 29 October 2014 at a density of 75 seeds m−2. In one plot, the
seeds were treated with Cruiser 350 FS© before sowing (TMX 35% p/v FS, 1200 mL/100 kg
seed), while both fields were treated with Butisan S© (metazachlor 50% p/v SC) at 1.5 L/ha
on 31 November, receiving no further phytosanitary treatments during the study. The fields
were not treated with plant protection products for at least 2 years and before sowing, the
soil of the plots was sampled and characterized as described in Section 2.2.

The exposure phase lasted from 8 April to 11 May 2015, at the beginning of which an
upper box was placed in each hive, which contained empty combs ready to be used by the
honey bees. The stored pollen (beebread) and honey in the brood chambers was removed
to stimulate foraging activity during the exposure period, and to ensure that the pollen and
nectar came from the experimental plots [83]. After the exposure phase, the colonies were
placed 35 km away from the area of exposure in order to monitor them until the following
spring (Figure 1).
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Figure 1. Site of the experimental study: (a) Map of Spain with the Province of Guadalajara high-
lighted in green; (b) Location of the apiaries during (A: Marchamalo) and after (B: Fuentelahiguera
de Albatages) the exposure phase; (c) Detailed location of the apiaries during the exposure period in
Marchamalo (C: control, T: treatment); (d) Detailed location of the apiaries after the exposure period
in Fuentelahiguera de Albatages (B).

To avoid winter collapse due to nosemosis C, the colonies were treated exceptionally
with Fumidil B on 17 September 2015 under controlled conditions. The treatment con-
sisted of 4 doses of 30 mg fumagillin per colony dissolved in 250 cc of sugar syrup (50%
sugar/distilled water), administered in plastic bags placed over the brood at one-week
intervals to ensure full consumption. This posology was effective without leaving residues
in the honey [84]. V. destructor was controlled at the beginning of September with Apitraz©
(amitraz a.m.), employed at the recommended dose and in accordance with current Spanish
legislation [85].

2.2. Soil Characterization and Climatological Data

The soil surface layer (0–20 cm) was characterized following ISRIC protocols [86] and
using three samples gathered randomly in each plot. The anion analysis (F−, Cl−, NO2

−,
NO3

−, PO4
3−, SO4

2−) was carried out at room temperature using a Metrohm Compact
IC model 761 ion chromatograph (Metrohm, Herisau, Switzerland). Na+ and K+ were
measured using a flame photometry SHERWOOD 410 apparatus, and Ca2+ and Mg2+ using
atomic absorption spectrophotometry (ANALYTIKJENA NOVAA 300). Electrical conduc-
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tivity (EC), pH, and humidity were measured with an EC meter CRISON micro CM2000,
a pH meter CRISON GLP 21, and a thermogravimetric balance KERN DBS, respectively.
Bouyoucos’ densitometry method was followed to characterize the soil texture [87], and
the organic matter and carbonate content was determined with the Walkley–Black and acid
neutralization methods [86], respectively.

A Walter–Lieth diagram [88] was developed with historical weather data obtained
from the meteorological station at Marchamalo from the regional Irrigation Advisory Ser-
vice (SIAR-CREA) network to compare it with data during the period of study. These
diagrams illustrate the rainfall and temperature changes throughout the year in standard-
ized charts which provide brief summaries of the average climatic variables and their time
course. The diagrams were drawn up with the diagnostic tool of the Worldwide Bioclimatic
Classification System, 1996–2021 [89].

2.3. Sampling Schedule

The number of dead worker bees was counted in box dead-bee traps [90] at the
entrance of hives every 2–3 days throughout the exposure period. Colony strength was
checked by determining the number of combs covered by brood and bees once every two
months [59]. The honey production in each colony was evaluated in the harvesting season
as the difference in the weight of the combs before and after honey extraction [91].

Corbicular pollen loads were collected using standard traps, activated for 24 h at the
beginning (8 April), in the middle (15 April), and at the end of blooming (29 April). For
melissopalynological and chemical analyses, at the end of the exposure period, beebread
and honey samples were collected individually from one frame of the brood chambers and
the upper boxes, respectively. Beebread was extracted aseptically, removing the wax from
the combs as described previously [92–94], and storing the samples at −80 ◦C in the dark
until they were analyzed. The honey was sampled using a sterile spatula and stored at
−20 ◦C.

To identify viruses and quantify the Nosema spp. parasitic load in the colonies, both
non-foragers, (IBs, bees sampled from no-brood combs, n > 60), and foragers (FBs, bees
arriving at the colony after closing the hive entrance for 30 min, n > 60) were collected
separately from each colony (Table 1) and frozen (−20 ◦C).

Table 1. Field schedule.

Sampling Date
Forager
Death

Colony
Strength

Pathogens Bee Pollen Beebread Honey

30 March 2015 X X X
8 April 2015 X X
10 April 2015 X
13 April 2015 X X X
15 April 2015 X
17 April 2015 X
20 April 2015 X
22 April 2015 X
24 April 2015 X
27 April 2015 X
29 April 2015 X X
4 May 2015 X
6 May 2015 X
8 May 2015 X
11 May 2015 X X X X X
15 July 2015 X X
15 September 2015 X X
17 September 2015
15 November 2015 X X
15 March 2016 X X
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2.4. Palynological and Melissopalynological Assessment

To confirm the type of foraging flora, corbicular pollen, beebread and honey samples
were analyzed according to previously described methods [95,96]. Corbicular pollen
samples were weighed and stored at −20 ± 2 ◦C until further analysis. Pollen loads were
separated based on color and texture to identify and determine the contribution of each
botanical type into the samples. The pollen grains were isolated from each sample and
cleaned using the Erdtam method [97]. One aliquot from each of the ten pollen loads of
the same “color-texture” class was placed onto a slide in glycerin jelly mounting medium
and examined microscopically in order to ensure the homogeneity of identification. The
proportion of each pollen type was calculated by dividing the weight obtained for each
color fraction by the overall weight of the sample analyzed [95].

Pollen was extracted from the beebread by diluting 0.5 g in 10 mL of 0.5% acidulated
water (96% sulfuric acid) and centrifuging at 2500 r.p.m. for 15 min. The pellet was washed
with double-distilled water and centrifuged twice, and the sediment was placed onto a
slide in glycerin jelly mounting medium and examined microscopically to identify the
pollen. The frequency of Brassica type pollen grains (Brassica t. pollen) was expressed as a
percentage of the total pollen grains.

The honey samples were treated chemically with 0.5% acidified water (sulfuric acid
96%), and a qualitative and quantitative analysis was performed on the sediment recovered
from 5 g aliquots [98]. Between 300 and 1200 pollen grains were counted in each sample,
and the pollen grains were identified and classified on the basis of the identification
keys [99,100]. All the reference collection pollen slides used were available at the honey
laboratory at the CIAPA.

2.5. Chemical Analysis

Chemical analyses were carried out as described elsewhere [101–103]. FLUKA-
PESTANAL analytical standards of clothianidin (CLO; purity 99.9%), TMX (purity 99.6%),
and TMX-d3 (isotope-labeled standard; purity ≥ 98.0%) were purchased from Sigma-
Aldrich Laborchemikalien (Seelze, Germany). LC grade methanol (MeOH), and acetonitrile
(ACN) were supplied by Lab Scan Ltd. (Dublin, Ireland). Formic acid (FA), ammonium for-
mate, and ethyl acetate (EA) were obtained from Sigma-Aldrich Chemie Gbmh (Steinheim,
Germany); sodium chloride, trisodium citrate dihydrate, and trisodium citrate sesquihy-
drate were supplied by Panreac (Barcelona, Spain). Meanwhile, primary secondary amine
(PSA) and octadecylsilane (C18) were provided by Supelco (Bellefonte, PA, USA). Finally,
ultrapure water was obtained using Milipore Mili-RO plus and Mili-Q systems (Bedford,
MA, USA). All chemicals used were of analytical grade.

Briefly, to quantify the levels of TMX and its metabolite clothianidin (CLO) in the
seeds [101], insecticides were extracted with a mixture of acetonitrile (ACN) and sodium
chloride (60:40, v/v). After centrifugation (5810 R refrigerated bench-top Eppendorf cen-
trifuge; Hamburg, Germany), the supernatant was collected and concentrated at 60 ◦C
(R-210/215 rotary evaporator from Buchi, Flawil, Switzerland). The dry extract was re-
constituted with 1 mL of a mixture of 0.1% (v/v) FA in ACN and 0.1% (v/v) FA in water
(25:75, v/v). The extract was filtered and injected onto a liquid chromatography coupled
to a diode array detector (DAD; Agilent Technologies 1200 series; Palo Alto, Santa Clara,
CA, USA) column (Kinetex C18, 150 × 4.6 mm, 2.6 μm, 100 Å; Phenomenex, Torrance, CA,
USA) system. The limits of quantifications (LOQs) were set at 0.11 and 0.15 g/kg for TMX
and CLO, respectively [101].

In relation to the analysis in bee pollen, it was employed as a sample treatment modi-
fied QuEChERS (quick, easy, cheap, effective, rugged, and safe) method. A representative
amount of sample (1.0 g) was mixed with 2 mL of water and 6 mL of ACN, and the re-
sulting mixture was shaken. Then, magnesium sulfate (1.0 g), sodium chloride (0.5 g),
and tri-sodium citrate dihydrate (0.8 g) was added to the mixture, and after centrifugation
(10,000 rpm, 10 ◦C, 5 min), 2 mL of the supernatant was transferred to an Eppendorf tube.
After that, magnesium sulfate (150 mg), PSA (25 mg), and C18 (25 mg) were added to the
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tube, which was again centrifuged. Supernatant (1 mL) was collected and evaporated to
dryness (60 ◦C). A further reconstitution of the dry extract was performed with 1 mL of a
MeOH and water (80:20, v/v) mixture, and the resulting extract was filtered and analyzed
by using an ultra-high performance liquid chromatography (UHPLC; ACQUITY, Waters,
Milford, MA, USA) coupled to quadrupole time-of-flight mass spectrometry (qTOF; maXis
impact, Bruker Daltonik GmbH, Bremen, Germany) system equipped with an electrospray
interface (ESI), which was operated in positive mode. The obtained LOQs were 2.1 ng/g
for TMX and 3.9 ng/g for CLO [102].

Finally, two different sample treatments were employed when determining TMX and
CLO depending on the botanical origin of honey. Insecticides were extracted from light
color honeys (multifloral and rosemary) by using a modified QuEChERS protocol. Briefly,
5.0 g of honey was mixed with 10 mL of water and 10 mL of an ACN and EA (70:30,
v/v) mixture, and after shaking, different amounts of magnesium sulfate (2.0 g), sodium
acetate (1.0 g), trisodium citrate dihydrate (1.5 g), and trisodium citrate sesquihydrate
were added. Then, the mixture was shaken in an ultrasound device (J.P. Selecta S.A.,
Barcelona, Spain), centrifuged (10,000 rpm, 10 ◦C, 5 min); the supernatant was collected
and evaporated to dryness (60 ◦C), while the dry extract was reconstituted with 1 mL of a
MeOH and water (80:20, v/v) mixture, being the resulting extract filtered and analyzed
by an ACQUITY UHPLC (Waters) coupled to a Xevo TQ-S (triple quadrupole, QqQ) mass
spectrometer (Waters) equipped with an ESI interface (positive mode). The obtained LOQs
were 0.06 ng/g for TMX and 0.20 ng/g for CLO [102]. On the other hand, dark honeys
(heather) required a solid-phase extraction (SPE) procedure. A representative amount of
dark honey (5.0 g) was diluted in 10 mL of ammonium formate (10 mmol/L) in water. The
resulting mixture was loaded onto a polymeric SPE cartridge (Strata® X; Phenomenex),
which was previously conditioned with 5 mL of MeOH and 5 mL of water. Then, after
5 min of drying time, the insecticides were eluted from the cartridge with 4 mL of an ACN
and EA (80:20, v/v) mixture. The extract was evaporated to dryness, and the dry residue
reconstituted with 1 mL of a MeOH and water (80:20, v/v) mixture, filtered and analyzed
by using the same UHPLC-QqQ system that was employed for analyzing light honeys. The
LOQs were 0.06 ng/g for TMX and 0.20 ng/g for CLO [103].

2.6. Identification of Pathogens
2.6.1. Detection of Varroa Mites

At each sampling time, a total of 60 FBs and 60 IBs were examined individually
per colony, using sterile tweezers to detect malformations and collect parasitic mites to
be identified macroscopically. A honey bee colony was considered to be infested with
V. destructor when at least 1 Varroa mite was found in the sample. The rate of infestation
of the bee colony was estimated by assessing the number of Varroa mites relative to the
number of adult bees in each sample, and it was expressed as the number of Varroa
mites/100 bees/sample.

2.6.2. Pathogen Screening

DNA and RNA were extracted at each sampling time (see Table 1) as described
previously [104]. In summary, the abdomen was removed from 30 FB and 30 IB bees in
each colony, placing them individually in a well of a 96-well plate containing glass beads
(2 mm: Sigma®, St. Louis, MO, USA). The tissue was macerated in AL buffer (Qiagen®

19075, Hilden, Germany) and incubated with proteinase K under the same conditions
as described in [104]. DNA and RNA purification were performed simultaneously in
a Biosprint 96 workstation (Quiagen®, Hilden, Germany) according to the BS96 DNA
Tissue extraction protocol. Total nucleic acids (RNA and DNA) were eluted in 100 μL of
elution buffer.

An aliquot of 75 μL was used to detect Nosema spp. according to an earlier proce-
dure [105]. To identify N. ceranae and N. apis, an internal control (IPC) based on mitochon-
drial cytochrome oxidase subunit I (COI) was used as a target in the triplex PCR assay [105].
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The percentage of FBs or IBs parasitized by Nosema was estimated as 100 × number of
positives/30.

The remaining 25 μL aliquots of the total nucleic acids eluted from each FB and IB
sample from each colony and sampling time were pooled immediately and subjected to
DNase I digestion to remove DNA (Quiagen® kit 79254), as described previously [104].
The total RNA recovered was used immediately to generate first strand cDNA with the
iScriptTM cDNA Synthesis Kit (Biorad®, Hercules, CA, USA). The resultant cDNA was
used to analyze the viruses present. Black Queen Cell Virus (BQCV) and Deformed Wings
Virus (DWV) were detected by Real Time-PCR as detailed in [104], and using the primers
and probes described by [106]. The Acute Bee Paralysis Virus-Kashmir Bee Virus-Israeli
Acute Paralysis Virus (AKI) complex was detected by following the procedure described
in [107]. In all cases, negative and positive controls were run in parallel for each step (sample
processing, nucleic acid extraction, reverse transcription, and RT-PCR and PCR analysis).

2.7. Statistical Analysis

The statistical analysis was made according to the recommendations in [108,109].
Colony strength or pathogen parameters were compared between the two groups of
colonies at the end of the exposure period (n(control) = n(TMX) = 5) with a one tailed
Mann–Whitney U test (exact approach, alpha = 0.05). The Mann–Whitney U test compares
the distribution of the ranks of the two populations, and to interpret this as a comparison of
medians, the distributions of the two populations are assumed to be the same shape [110].
Moreover, we reported the effect size for non-parametric tests following the approach given
elsewhere [111]. Mann–Whitney U tests and effect sizes were generated using the Real
Statistics Resource Pack software [112] and transformed to the Cohen’s d coefficient as
described previously [113]. Finally, we used G-Power 3.1.9.6 [114] to estimate the power
(1-β) of the statistical tests.

To explore the evolution of the percentage of Nosema spp. infection in each honey
bee colony, we used a Friedman test. This test is the non-parametric alternative to one-
way ANOVA with repeated measures [115] and it was implemented with Statgraphics
Centurion 18.

3. Results

3.1. Soil Characterization and Climatic Conditions

The 0–20 cm soil horizons of the control and treatment plots were classified as slightly
acid clay and neutral clay loam, respectively, in both cases with low organic matter content
and soil conductivity. The chemical characterization of the soil showed the CEC is domi-
nated by Ca2+ (Table S1). The soils are derived from Miocene-tertiary aged fluvio-alluvial
sediments from Henares River Basin [116], and following the classification criteria of the
World Reference Base (WRB) for Soil Resources [117], they could tentatively be classified as
calcic luvisols.

Based on 12 years of climatological data (period 2010–2021) from the nearest station
to the experimental plots (Figure S1a), and on the bioclimatic indices estimated with the
diagnostic tool of the Worldwide Bioclimatic Classification System [89], the climate in the
experimental plots falls into the Upper Mesomediterranean Low Dry Blioclimatic belt, with
a freezing period extending from December to March. During the period of exposure, the
mean temperature was 13.0 ± 2.0 ◦C in April and 17.8 ± 2.5 ◦C in May 2015. The relative
humidity ranged from 38.8 to 92.9 (mean = 61.58 ± 13.33) and the total rainfall was 29.3 mm,
concentrated in 9 days and with 52.56% of the precipitation falling on 26 April 2015.

When compared to historic average climate data (Figure S1a), the Walter–Lieth dia-
grams show that autumn 2014 (Figure S1b) was wetter than the mean values for the period
between 2010 and 2021. However, 2015 was characterized as being dryer and hotter than
average, and with a wider range of temperatures (Figure S1c). By contrast, spring 2016 was
more temperate and significantly wetter, especially in April (Figure S1d).
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3.2. Palynological and Melissopalynological Assessments

The Brassica t. pollen content varied in the corbicular pollen sampled in April
(Figure 2a). In addition to Brassica t. pollen, Prunus t. and Cistus t. pollens were also
predominant in the samples at the beginning of the month. These taxa are typical of
regression succession steps of the chorological series Bupleuro rigidi-Querceto rotundifoliae
sigmetum in the Castellano-Maestrazgo-Manchega province [118]. In the middle of April,
Brassica t. pollen was replaced by pollen from the surroundings, mainly Cistus t pollen,
which was in turn replaced by Brassica t. pollen at the end of the month. At the end of the
exposure period, the Brassica t. pollen content in the beebread was above 50% in all the
colonies except two (C-01 and C-08), and the Brassica t. content of the honey in the cells of
the frame introduced at the beginning of the exposure period ranged from 50.3% to 94.2%
(Figure 2b).

Figure 2. Melissopalynological analysis: (a) The % (w/w) Brassica t. loads in corbicular pollen at
the beginning (8 April 2015), middle (13 April 2015), and end (29 April 2015) of winter oilseed rape

(wOSR) flowering; (b) The frequency (%) of Brassica t. pollen in beebread and honey : C-01 to
C-05 = Control hives; C-06 to C-10 = hives exposed to TMX.

3.3. Chemical Analysis

The chemical analyses revealed the level of TMX residues in treated seeds was
4660 mg/kg seed, equivalent to an application of 18 g TMX/ha. The TMX residues in
bee pollen (corbicular pollen) were below the LOQ in all samples, while in the honey
samples, it varied between below the limit of detection (<LOD) and 144 μg/kg (Table S13
in [103]).

3.4. Field Monitoring of the Honey Bee Colonies

During the exposure period, the accumulated honey bee death was higher in the
treatment apiary (TMX) as the combs became covered with worker honey bees and brood
(Figure 2, Table 2). Subsequently, both the worker honey bee population and the brood
balanced out in both apiaries (Figure 3).

The mean number of dead bees was 127.6 ± 44.1 and 214.4 ± 116.5 in the control
and treatment (TMX) apiaries, respectively. Likewise, the average number of combs
covered with adult honey bees and honey bee brood was 12.2 ± 1.095 and 9 ± 4.96 in
the controls, respectively, and 15.2 ± 2.05 and 11 ± 1.82 in the treatment apiaries. The
same trend was observed in terms of production over the period of exposure, reaching
24.75 ± 15.05 (control) and 31.98 ± 12.21 kg (TMX) at the end of the exposure phase,
respectively (Table 2).
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Table 2. Descriptive statistics of the variables of strength in control and treatment (TMX) apiaries at
the end of the exposure period.

Variable Descriptive Statistics Control (n = 5) TMX (n = 5)

Accumulated deaths

Min 80 92
Max 192 394

Median 129 214
Mean 127.6 214.4

Standard deviation (SD) 44.106 116.468
Variation coefficient (%) 34.565 54.323

Mean 95% confidence interval [72.836; 182.364] [69.785; 359.015]
Power (1-β) 0.379
Cohen’s d 0.863

Number of combs with worker bees

Min 11 11
Max 14 16

Median 12 16
Mean 12.2 15

Standard deviation (SD) 1.095 2.236
Mean 95% confidence interval [10.84; 13.56] [12.22; 17.77]

Variation coefficient (%) 8.979 14.907
Power (1-β) 0.541
Cohen’s d 1.245

Number of combs with brood

Min 2 9
Max 13 13

Median 10.5 11.0
Mean 9.0 11.0

Standard deviation (SD) 4.966 1.826
Variation coefficient (%) 55.184 16.598

Mean 95% confidence interval [1.097; 16.903] [8.095; 13.905]
Power (1-β) 0.103
Cohen’s d 0.310

Honey production (kg)

Min 10.24 13.02
Max 45.22 45.58

Median 16.204 32.034
Mean 24.755 31.977

Standard deviation (SD) 15.075 12.21
Variation coefficient (%) 60.894 38.184

Mean 95% confidence interval [6.038; 43.473] [16.816; 47.137]
Power (1-β) 0.165
Cohen’s d 0.475

Due to the high dispersion of the data within the apiaries (Table 2), at the end of the
exposure period, a one-tailed Mann–Whitney U test did not find significant differences in
the dead bees accumulated (Mann–Whitney U = 6; p-value = 0.111), the number of combs
with bee brood (U = 6.5; p-value = 0.343) or in the honey produced (U = 9; p-value = 0.274).
As such, the statistical power varied between 0.183 and 0.397 (Table 2). Regarding the
number of combs covered with bees, the test did reveal a significant difference (U = 4.5;
p-value = 0.048; 1-β = 0.72).

3.5. Identification of Pathogens

While N. apis was not detected in the colonies at any point in the study, the percentage
of infection of N. ceranae increased in both non-forager (IB) and forager bee (FB) popu-
lations until fumagillin treatment was applied (Figure 4). The percentage of infection
was significantly different between the distinct honey bee populations (Friedman Test
statistic = 71.4394; p-value = 1.132 10–14) but not between apiaries. The maximum per-
centage infection was observed at the end of summer, with a mean of 62.6 ± 10.6% of FBs
infected and a mean of 17.6 ± 5.06% of IBs.
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Figure 3. Colony strength parameters throughout the study in control and treatment (TMX) apiaries:
mean accumulated dead bees at the entrance of the colonies (— •— control; — TMX) and mean
number of combs covered with bees (—• — control;—TMX) or brood (—• — control;— TMX).

Figure 4. Box and Whisker plots of N. ceranae infection in non-forager honey bees (IB; control;
TMX) and forager honey bees (FB; control; TMX).

Varroa mite was not detected in any honey bee sampled and DWV was found at a low
frequency until the end of the summer, yet it was detected in all the colonies just before
wintering (Table 3). By contrast, BQCV was detected throughout the experiment (Table 3),
whereas the AKI complex was not identified in any sample.
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Table 3. Detections of Black queen cell virus (BQCV) and Deformed wing virus (DWV) during the
study in non-forager (IB) and forager bees (FB).

Hive
30 March

2015
11 May

2015
15 July

2015
15 September

2015
17 November

2015
15 March 2016

IB FB IB FB IB FB IB FB IB FB IB FB

C 01 BQCV - BQCV BQCV BQCV BQCV - - DWV DWV DWV DWV

C 02 BQCV - BQCV - BQCV BQCV BQCV - BQCV
DWV DWV - -

C 03 BQCV BQCV-DWV BQCV BQCV BQCV BQCV - BQCV BQCV-DWV DWV - -
C 04 BQCV BQCV-DWV BQCV DWV BQCV BQCV BQCV BQCV BQCV-DWV DWV BQCV -
C 05 DWV BQCV BQCV-DWV - DWV BQCV BQCV - BQCV-DWV DWV BQCV -
C 06 BQCV BQCV BQCV - BQCV BQCV - - BQCV-DWV DWV BQCV -
C 07 BQCV - BQCV - BQCV BQCV - BQCV BQCV-DWV DWV BQCV -
C 08 BQCV - BQCV BQCV BQCV BQCV - - BQCV-DWV DWV - DWV
C 09 - BQCV - - BQCV BQCV BQCV - BQCV-DWV DWV - -
C 10 - BQCV-DWV - BQCV BQCV BQCV BQCV - BQCV-DWV DWV - -

4. Discussion

The foraging activity of honey bees in the experimental fields was guaranteed dur-
ing the period of exposure due to the melliferous potential of the oilseed rape crop. Its
attractiveness to honey bees is derived from the features of its flowers, their fragrance
and nutritive nectar, and the high flower density of its plants, opening successively for
3–4 weeks [119]. The amount of Brassica t. in the bee pollen varied throughout the month of
April, decreasing in the middle of April when the bulk flowering of other species took place,
such as the plants of the genus Cistus [120,121], a producer of high quality pollen [122,123].
The chemical analysis confirmed that the honey bees were exposed to TMX through nectar
rather than pollen [103]. The levels of residues in wOSR plants may have been influenced
by the time between the sowing (Autumn 2014) and the exposure time (Spring 2015), and
possibly due to soil leaching. Given their physico-chemical properties [24], TMX and its
metabolite chlothianidin have high potential for lixiviation. This fact, together with the
precipitation that fell in the days following drilling and the low organic matter content of
the soils, may have favored the low retention of the residues of these chemicals in soils.

Several detections above LOQ were found in the honey samples of the control api-
ary [103], however, this does not invalidate the results. Thus, an increment on the mean
accumulated deaths in the apiary located in front of the treated plot was observed when
compared with the control at the end of the exposure period. Taking into account that
exposure during foraging is not a discrete process but distributional [124], the mean colony
exposure remained low even though effects were seen in a number of bees. The loss of
forager bees can accelerate behavioral changes aimed at increasing food gathering in order
to maintain the energy balance within the colony [125]. These changes bring about an
increase in bee brood to compensate the interactions within the colony [126], referred to as a
hormetic-like effect [127–130]. Hormesis is common in arthropods [131,132] and it is a dose-
dependent phenomenon where exposure to high levels of a stressor are inhibitory, whereas
low doses are stimulatory [133]. Such effects have been considered to be an example of
evolutionary fitness [134] whereby organisms undergo metabolic adaptations in response
to the interactions between the diverse stressors they are exposed to. Indeed, it has been
postulated that such responses may be driven by antioxidants and oxidative stress [135].
Chronic stress on the colony has an important influence on colony dynamics [136], and if it
surpasses a threshold, there is a risk of a destructive response, in this case, derived from
the less efficient foraging of young bees [137]. This imbalance in the colony can drive the
queen towards the limits of her egg-laying capacity [138], which may be accelerated by the
interaction of several stressors. This behavior is similar to the Allee effect, which is related
to the extinction of populations [139–141].

In terms of neonicotinoids, a significant increase in capped bee brood has been docu-
mented recently in small nucleus colonies exposed to low concentrations of chlothianidin
over a period of 7 weeks [126]. It was reported that colonies needed to produce 1.57-fold
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more larvae to maintain a stable population when exposed to a concentration of 1 μg chloth-
ianidin/L syrup, and that this effort increases as does exposure. Alternatively, effects that
compensate nosemosis C [59] were evident in colonies during phase 2 of the disease, but if
this does not control the stress provoked by the parasite in phase 3, it can eventually lead
to colony collapse. Under the conditions of our field study, N. ceranae infection developed
similarly over time in the FB and IB populations in both apiaries, with a relative infection
below 5% at the end of the exposure period. The infection in the colonies had evolved
to phase 2 (replacement) of nosemosis C by the end of the summer season [59]. Similar
behavior has been described in colonies affected by varroosis, which might fail to survive
because of their effort to redress the disturbed homeostasis [81]. Nevertheless, the pressure
exerted by V. destructor was sufficiently well-controlled in the present study through the
mandatory autumn treatment. In fact, according to the Spanish Ministry of Agriculture’s
monitoring program, the prevalence of V. destructor was <1% in more than 80% of the
colonies sampled in Castilla la Mancha in autumn 2014 and spring 2015 [142].

Immune defenses are costly to the individual, entering into a trade-off with other
life-history traits such as reproduction, growth, and self-maintenance [134,143]. Suppres-
sion of the immune system may be favored by the interaction of several stressors, such as
N. ceranae and TMX [77,144], and by high environmental temperatures [145], which could
explain the prevalence of the BQCV virus in the colonies throughout the study. Significant
increases in DWV loads have been documented in honey bees exposed to clothianidin,
the metabolite of TMX, which has been related to inhibition of dorsal-1a gene transcrip-
tion [36]. However, this increment was not observed here, with an increase in DWV only
apparent in the autumn. These results are consistent with previous data [146] and they
may be related to potential routes of transmission other than the main one through Varroa
mite [147,148]. Moreover, the high environmental temperature in the spring and summer
of 2015, together with a possible increase in thermogenesis due to exposure to TMX, might
influence the inhibition of DWV reproduction, in part due to the host synthesis of heat
shock proteins [149–153] and possibly by exceeding the optimal growth temperature range
of this virus [154]. Nevertheless, further research is needed to understand the influence
of high temperatures on the complex relationships between different traits of honey bee
colonies and their pathogens.

Hormetic effects may not be statistically significant at the field level, in part because of
their low magnitude and in part because of inadequate replication in experiments [155].
However, the difference between statistical significance and the biological relevance of an
effect are not necessarily linked. Significance is a statistical measure reflecting whether
an observed effect is likely to have occurred by chance alone [156]. EPPO standards
(170) mean that statistical analysis may not be feasible in field studies due to the inherent
variability of the end-points assessed and the limitations on replication [82]. Based on
a Cohen’s d of 0.310, the lowest of our experimental results, it would be necessary to
analyze 99 colonies/treatment to increase the statistical power up to 80%. Considering the
possibility of establishing 8 hives/plot, this means a total of 12–13 plots per treatment. With
this design, and according to the analysis carried out recently by the European Food Safety
Authority [157], a significant effect between 7–8% could be detected. Few field studies in
the literature follow such an exhaustive study design and they have generally failed to
find deleterious effects at a colony level as a result of the use of neonicotinoids under good
agricultural practices [158–163]. However, an increase in colony size is not always found as
a result of neonicotinoid use, as observed here, suggesting that environmental conditions
could play a key role in colony behavior.

5. Conclusions

Hormesis is common in arthropods and should be integrated into the dose response
model as a continuum. However, the cost of the compensatory behavior adopted by the
honey bee colonies over the long term is difficult to assess from an ecological point of view
due to the complex relationships between the different traits affected. Further research
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is needed to understand the mechanisms underlining these compensation events, and
the influence of environmental conditions on them, in order to define more appropriate
management programs for this key pollinator.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects13040371/s1, Table S1: Characteristics of the soil at the
experimental plots (mean ± sd, n = 3), Figure S1: Walter–Lieth diagrams for the period 2010–2021 (a),
2014 (b), 2015 (c), and 2016 (d), data taken from the Marchamalo meteorological station (40◦40′ N
3◦12′ W).
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thiamethoxam and its interaction with Nosema ceranae infection in adult honey bees. Environ. Pollut. 2020, 256, 113443. [CrossRef]

78. Dussaubat, C.; Brunet, J.-L.; Higes, M.; Colbourne, J.K.; Lopez, J.; Choi, J.-H.; Martín-Hernández, R.; Botías, C.; Cousin, M.;
McDonnell, C.; et al. Gut pathology and responses to the microsporidium Nosema ceranae in the honey bee Apis mellifera. PLoS
ONE 2012, 7, e37017. [CrossRef]

79. Morfin, N.; Goodwin, P.H.; Guzman-Novoa, E. The combined effects of Varroa destructor parasitism and exposure to neonicotinoids
affects honey bee (Apis mellifera L.) Memory and Gene Expression. Biology 2020, 9, 237. [CrossRef]

80. Odemer, R. Effects of Chronic Pesticide and Pathogen Exposure on Honey Bee (Apis mellifera L.) Health at the Colony Level; Kommunika-
tions, Informations und Medienzentrum der Universität Hohenheim: Stuttgart, Germany, 2018.

81. Van Dooremalen, C.; Cornelissen, B.; Poleij-Hok-Ahin, C.; Blacquière, T. Single and interactive effects of Varroa destructor, Nosema
spp., and imidacloprid on honey bee colonies (Apis mellifera). Ecosphere 2018, 9, e02378. [CrossRef]

82. European and Mediterranean Plant Protection Organization. PP 1/170 (4): Side-effects on honeybees. EPPO Bull. 2010, 40, 313–319.
[CrossRef]

83. Schulz, D.J.; Huang, Z.-Y.; Robinson, G.E. Effects of colony food shortage on behavioral development in honey bees. Behav. Ecol.
Sociobiol. 1998, 42, 295–303. [CrossRef]

84. Higes, M.; Nozal, M.J.; Alvaro, A.; Barrios, L.; Meana, A.; Martín-Hernández, R.; Bernal, J.L.; Bernal, J. The stability and
effectiveness of fumagillin in controlling Nosema ceranae (Microsporidia) infection in honey bees (Apis mellifera) under laboratory
and field conditions. Apidologie 2011, 42, 364–377. [CrossRef]

85. Ministerio de Agricultura, Pesca y Alimentación. Real Decreto 608/2006, de 19 de Mayo, por el que se Establece y Regula un Programa
Nacional de Lucha y Control de las Enfermedades de las Abejas de la Miel; Ministerio de Agricultura: Madrid, Spain, 2006.

86. International Soil Reference and Information Centre. Procedures for Soil Analysis, 6th ed.; van Reeuwijk, L., Ed.; ISRIC: Wageningen,
The Netherlands, 2002.

87. Bouyoucos, G.J. A Recalibration of the Hydrometer Method for Making Mechanical Analysis of Soils1. Agron. J. 1951, 43, 434–438.
[CrossRef]

88. Walter, H.; Lieth, H. Klimadiagramm—Weltatlas; VEB Gustav Fisher: Jena, Germany, 1967.

144



Insects 2022, 13, 371

89. Rivas-Martinez, S. Worldwide Bioclimatic Classification System, 1996–2021. Available online: http://www.globalbioclimatics.
org/default.htm (accessed on 7 July 2021).

90. Pérez, J.L.; Higes, M.; Suárez, M.; Llorente, J.; Meana, A. Easy ways to determine honey bee mortality using dead-bee traps.
J. Apic. Res. 2001, 40, 25–28. [CrossRef]

91. Botías, C.; Martín-Hernández, R.; Días, J.; García-Palencia, P.; Matabuena, M.; Juarranz, Á.; Barrios, L.; Meana, A.; Nanetti, A.;
Higes, M. The effect of induced queen replacement on Nosema spp. infection in honey bee (Apis mellifera iberiensis) colonies.
Environ. Microbiol. 2012, 14, 845–859. [CrossRef] [PubMed]

92. Bernal, J.; Garrido-Bailón, E.; Del Nozal, M.J.; González-Porto, A.V.; Martín-Hernández, R.; Diego, J.C.; Jiménez, J.J.; Bernal, J.L.;
Higes, M. Overview of pesticide residues in stored pollen and their potential effect on bee colony (Apis mellifera) losses in Spain.
J. Econ. Entomol. 2010, 103, 1964–1971. [CrossRef] [PubMed]

93. Cepero, A.; Ravoet, J.; Gómez-Moracho, T.; Bernal, J.L.; Del Nozal, M.J.; Bartolomé, C.; Maside, X.; Meana, A.; González-Porto,
A.V.; de Graaf, D.C.; et al. Holistic screening of collapsing honey bee colonies in Spain: A case study. BMC Res. Notes 2014, 7, 649.
[CrossRef]

94. Higes, M.; Martín-Hernández, R.; Garrido-Bailón, E.; González-Porto, A.V.; García-Palencia, P.; Meana, A.; Del Nozal, M.J.; Mayo,
R.; Bernal, J.L. Honeybee colony collapse due to Nosema ceranae in professional apiaries. Environ. Microbiol. Rep. 2009, 1, 110–113.
[CrossRef]

95. Hidalgo, M.I.B.; Pacheco, M.L.; Pacheco, J. Origen floral de las cargas de polen recogidas por Apis mellifera L. en Álora (Málaga,
España). Acta Bot. Malacit. 1990, 15, 33–44. [CrossRef]

96. Louveaux, J.; Maurizio, A.; Vorwohl, G. Methods of Melissopalynology. Bee World 1978, 59, 139–157. [CrossRef]
97. Erdtman, G. Morphology—Taxonomy—Ecology. An Introduction to the Study of Pollen Grains and Spores. In Handbook of

Palynology; Munksgaard: Copenhagen, Denmark, 1969.
98. Ohe, W.V.D.; Oddo, L.P.; Piana, M.L.; Morlot, M.; Martin, P. Harmonized methods of melissopalynology. Apidologie 2004,

35, S18–S25.
99. Faegri, K.; Iversen, J. Textbook of Pollen Analysis, 4th ed.; John Wiley & Sons: Chichester, UK, 1989.
100. Valdés, B.; Fernández, I.D.M.J. Atlas Polínico de Andalucía Occidental; Instituto de Desarrollo Regional de la Universidad de Sevilla

y Excma, Diputación de Cádiz: Sevilla, Spain, 1987.
101. Valverde, S.; Ares, A.M.; Bernal, J.L.; Nozal, M.J.; Bernal, J. Effect of the Storage Conditions (Light and Temperature) on the

Detection of Thiamethoxam and Clothianidin Content in Rapeseeds by LC-DAD. Food Anal. Methods 2018, 11, 161–169. [CrossRef]
102. Valverde, S.; Bernal, J.L.; Martín, M.T.; Nozal, M.J.; Bernal, J. Fast determination of neonicotinoid insecticides in bee pollen

using QuEChERS and ultra-high performance liquid chromatography coupled to quadrupole time-of-flight mass spectrometry.
Electrophoresis 2016, 37, 2470–2477. [CrossRef] [PubMed]

103. Valverde, S.; Ibáñez, M.; Bernal, J.L.; Nozal, M.J.; Hernández, F.; Bernal, J. Development and validation of ultra high performance-
liquid chromatography–tandem mass spectrometry based methods for the determination of neonicotinoid insecticides in honey.
Food Chem. 2018, 266, 215–222. [CrossRef]

104. Jara, L.; Ruiz, C.; Martín-Hernández, R.; Muñoz, I.; Higes, M.; Serrano, J.; De la Rúa, P. The Effect of Migratory Beekeeping on the
Infestation Rate of Parasites in Honey Bee (Apis mellifera) Colonies and on Their Genetic Variability. Microorganisms 2021, 9, 22.
[CrossRef]

105. Martín-Hernández, R.; Botías, C.; Bailón, E.G.; Martínez-Salvador, A.; Prieto, L.; Meana, A.; Higes, M. Microsporidia infecting
Apis mellifera: Coexistence or competition. Is Nosema ceranae replacing Nosema apis? Environ. Microbiol. 2012, 14, 2127–2138.
[CrossRef]

106. Chantawannakul, P.; Ward, L.; Boonham, N.; Brown, M. A scientific note on the detection of honeybee viruses using real-time
PCR (TaqMan) in Varroa mites collected from a Thai honeybee (Apis mellifera) apiary. J. Invertebr. Pathol. 2006, 91, 69–73. [CrossRef]

107. Francis, R.; Kryger, P. Single Assay Detection of Acute Bee Paralysis Virus, Kashmir Bee Virus and Israeli Acute Paralysis Virus.
J. Apic. Sci. 2012, 56, 137–146. [CrossRef]

108. Medrzycki, P.; Giffard, H.; Aupinel, P.; Belzunces, L.P.; Chauzat, M.-P.; Claßen, C.; Colin, M.E.; Dupont, T.; Girolami, V.;
Johnson, R.; et al. Standard methods for toxicology research in Apis mellifera. J. Apic. Res. 2013, 52, 1–60. [CrossRef]

109. Pirk, C.W.W.; de Miranda, J.R.; Kramer, M.; Murray, T.E.; Nazzi, F.; Shutler, D.; van der Steen, J.J.M.; van Dooremalen, C. Statistical
guidelines for Apis mellifera research. J. Apic. Res. 2013, 52, 1–24. [CrossRef]

110. Divine, G.W.; Norton, H.J.; Barón, A.E.; Juarez-Colunga, E. The Wilcoxon–Mann–Whitney Procedure Fails as a Test of Medians.
Am. Stat. 2018, 72, 278–286. [CrossRef]

111. Fritz, C.O.; Morris, P.E.; Richler, J.J. Effect size estimates: Current use, calculations, and interpretation. J. Exp. Psychol. Gen. 2012,
141, 2–18. [CrossRef] [PubMed]

112. Zaiontz, C. Real Statistics Using Excel. Available online: www.real-statistics.com (accessed on 15 March 2021).
113. Lenhard, W.; Lenhard, A. Calculation of Effect Sizes. Available online: https://www.psychometrica.de/effect_size.html (accessed

on 6 June 2021).
114. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,

and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]
115. Friedman, M. The Use of Ranks to Avoid the Assumption of Normality Implicit in the Analysis of Variance. J. Am. Stat. Assoc.

1937, 32, 675–701. [CrossRef]

145



Insects 2022, 13, 371

116. Instituto Geológico y Minero de España. IGME_Geode_50 (MapServer): Continuous Digital Geological Map of Spain, Scale 1:50.000;
Instituto Geológico y Minero de España: Madrid, Spain, 2014.

117. World Reference Base, I.W.G. World Reference Base for Soil Resources 2014, Update 2015 International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps; FAO: Rome, Italy, 2015; Volume 106.

118. Rivas-Martinez, S. Memoria del Mapa de Series de Vegetación de España; Serie Técnica; Ministerio de Agricultura, Pesca y Ali-
mentación; I.C.O.N.A: Madrid, Spain, 1987.
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Simple Summary: Worldwide, mass losses of honey bee colonies are being observed more frequently
in recent times. Except for the overuse of pesticides, one of the main reasons for high honey bee
colony collapse is diseases. For this reason, nationwide screening of common pathogens involving
viruses, bacterial, fungal, and protozoa pathogens was performed in three different types of habitat
including agroecosystems, towns, and national parks. The most frequent eukaryotic pathogens
were Trypanosomatids and N. ceranae and in the case of viruses DWV-A and ABPV. In addition, the
association between the occurrence of particular pathogens and winter colony losses was found.
Although the differences in mortality between individual habitats were not significant, results of this
study suggest a significant correlation between DWV-B and DWC-C occurrence and mortality of bee
colonies, despite their relatively low occurrence.

Abstract: Western honey bee (Apis mellifera) is one of the most important pollinators in the world.
Thus, a recent honey bee health decline and frequent honey bee mass losses have drawn attention and
concern. Honey bee fitness is primarily reduced by pathogens, parasites, and viral load, exposure to
pesticides and their residues, and inadequate nutrition from both the quality and amount of food
resources. This study evaluated the prevalence of the most common honey bee pathogens and viruses
in different habitats across the Czech Republic. The agroecosystems, urban ecosystems, and national
park were chosen for sampling from 250 colonies in 50 apiaries. Surprisingly, the most prevalent
honey bee pathogens belong to the family Trypanosomatidae including Lotmaria passim and Crithidia
mellificae. As expected, the most prevalent viruses were DWV, followed by ABPV. Additionally, the
occurrence of DWV-B and DWV-C were correlated with honey bee colony mortality. From the habitat
point of view, most pathogens occurred in the town habitat, less in the agroecosystem and least
in the national park. The opposite trend was observed in the occurrence of viruses. However, the
prevalence of viruses was not affected by habitat.

Keywords: Apis mellifera; deformed wing virus; screening; trypanosomatids

1. Introduction

The western honey bee (Apis mellifera) is one of the most important pollinators of
many agricultural crops and wild plants worldwide. Overall, annual economic evaluation
of the pollination service was quantified in 2005 to 153 billion euros, representing a yield of
about 10% of global agriculture production [1]. Considering the ecological and economical
importance of pollination, the widespread honey bee colony losses are a worrying phe-
nomenon [2]. Researchers have found many factors that are a potential cause of honey
bee collapse including viral [3], fungal [4], and bacterial diseases [5] together with the use
of pesticides [6]. Other factors leading to the collapse of honey bee colonies are parasites,
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chemical treatments (amitraz, tau-fluvalinate, coumaphos, antibiotics), nutritional stress
(pollen monodiete), and others [7,8]. Some stressors act synergistically such as Nosema apis
and some pesticides [9]. The collapse of honey bee colonies is thus probably caused by
combinations of multiple factors. Therefore, it is necessary to look at and deal with the
health of honey bee colonies comprehensively [10].

Recently, however, viral diseases have largely contributed to bee colony losses. The
most common and most dangerous virus is a deformed wing virus (DWV). This single-
stranded RNA virus is a member of Iflaviridae [11] and creates highly genetically hetero-
geneous forms known as quasispecies, which can exist as several master variants [12].
One of them is type A (DWV-A), which has been attributed to the global decline in honey
bees [13–15]. Another variant is type B (DWV-B), known as Varroa destructor virus-1
(VDV-1) [16,17], since it was isolated from the Varroa mite for the first time [18]. The third
master variant is type C (DWV-C). However, its impact on honey bees is still unclear [12].
Other common honey bee viruses are slow bee paralysis virus (SBPV), acute bee paralysis
virus (ABPV), chronic bee paralysis virus (CBPV), black queen cell virus (BQCV), sacbrood
virus (SBV), Lake Sinai virus (LSV), and Macula-like virus (MLV) [19]. Their increasing
distribution is mainly due to the ubiquity of the Varroa destructor mite, which serves as a
vector and transmits viruses [10], both directly on honey bees and indirectly on other insect
pollinators [20].

Another dangerous pathogen is the bacteria Paenibacillus larvae causing the disease
called American foulbrood (AFB). Several genotypes (ERIC I-V) of this bacteria are known,
and each has its specific properties such as virulence or distribution area [21]. American
foulbrood is one of the most infectious honeybee diseases spread worldwide [22]. In
some countries (USA, Canada, Argentina), it is allowed to use antibiotics against AFB.
However, antibiotic treatment can only mitigate the symptoms but not eliminate the
disease. Moreover, the antibiotics leave residues in the honey and their use in beekeeping is
prohibited in many countries [23]. Given that the spores of this bacterium are very resilient
and remain viable for more than 35 years, the only effective provision against the spread of
P. larvae is to burn the infected hives together with combustible beekeeping equipment. It
is essential to monitor infected habitats and their surroundings for a long time [5].

The bacterium Melissococcus plutonius, the causal agent for European foulbrood, has
a similar infection course and method of control. It often appears together with other
bacteria, so-called secondary invaders. This pathogen causes great problems, especially
in the UK and Switzerland [24,25]. However, M. plutonius has been recorded in the Czech
Republic in 2015 after a long time [26].

Important parasites are also pathogenic fungi Nosema apis and Nosema ceranae, which
cause disease of the digestive tract of adult honey bees. At present, this disease is considered
one of the main causes of the collapse of honey bee colonies during the winter period [10,27].

So far, less attention has been drawn to fungal diseases such as chalkbrood disease
caused by entomopathogenic fungus Ascosphaera apis [28]. It causes mummification of bee
larvae in the hive, resulting in weakening the colony and increasing susceptibility to other
pathogens. Under suitable environmental conditions, the reproductive potential of the
pathogen increases [29]. In some cases, it can even cause the death of bee colonies [30]. In
addition, its worldwide distribution and its frequent occurrence make it an economically
significant disease on a global scale [31,32].

Recently, of concern is also an infection by parasitic protozoa Crithidia mellificae and
Lotmaria passim belonging to the order Trypanosomatida [33], which were previously
considered relatively harmless [34]. However, it turns out that they can cause significant
losses of honey bee colonies, especially with co-infection with Nosema ceranae [35–37].
Castelli et al. [38] also reported an association between the infected colonies and higher
level of V. destructor infestation. Furthermore, honey bees have a highly conserved and
specialized intestinal microbiome [39] that might be disrupted by trypanosomatids [40].
L. passim species has only recently been described [33] and now represents the dominant
trypanosomatids species [37], which has already been detected in the Czech Republic [40].
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All of the above-mentioned pathogens contribute to the deaths of honey bee colonies.
In particular, they have a significant negative effect on the bees’ winter generation, which,
due to stronger immunity and longevity, ensures the survival of honey bee colonies during
winter. However, since the winter generation of bees is weakened, the length of their lives
is significantly reduced, which might subsequently lead to honey bee colony losses [41].

To inhibit pathogens within the congenital and social immunity and for the proper
development of honey bee brood, the quality of honey bee nutrition represented by pollen
is crucial. In particular, its diverse composition with a broader range of biologically active
substances significantly contributes to strengthening the bee detoxification capacity [42],
immunity, and resistance to overcome some diseases [43] or viral infections [44]. In contrast,
the low diversity of food resources can cause malnutrition and, together with the cocktail of
pesticides applicable on the fields, can shorten the life of the winter generation of bees. This
can disrupt the immune response of bees, which are then more susceptible to pathogens,
parasites, and other stressors. This situation occurs more often in intensively cultivated
agricultural areas where a significant change in the landscape has been made, leading to a
reduction in biodiversity [45]. Very specific are urban areas, which have recently become
increasingly popular for beekeeping. These are mainly characterized by a built-up area
and high human disturbances. Nevertheless, urban areas also contain parks, gardens,
and other seminatural areas, which provide honey bees with continual nectar and pollen
flow [46]. Protected areas are represented by a less anthropogenically influenced landscape
characterized by a high diversity of vegetation providing rich food resources and a low
level of chemical contamination [47].

This study aims to evaluate the prevalence of the main honey bee pathogens in the
Czech Republic, depending on different types of habitats representing various anthro-
pogenic burdens as well as to determine the possible impact of individual pathogens and
their co-infection on the honey bee colony losses during the winter period.

2. Materials and Methods

2.1. Sampling

Samplings were carried out from selected apiaries placed in different landscapes across
the Czech Republic in the fall of 2019. Agroecosystems, urban ecosystems, and national
parks were chosen concerning different urban burdens to sample biological material from
250 hives in 50 apiaries (22 apiaries in agroecosystems, 22 apiaries in urban ecosystems,
and six apiaries in the national park). From each apiary, five beehives were randomly
chosen. Approximately 50 honey bees were collected from the brood frame of each beehive
and immediately frozen on dry ice. The samples were stored at −80 ◦C until processing.
All brood frames from the tested colonies were checked for symptoms of bacterial bee
brood diseases. The colony losses were assessed in spring 2020 (the percentage of collapsed
colonies of the whole apiaries).

2.2. Characterization of Different Types of Habitat

The town habitat in the Czech Republic involves especially built-up area of towns with
houses and factories and is affected by increased industrial contamination and high levels
of traffic. Therefore, it represents the highest urban burdens. This habitat also includes
town parks and gardens. The agroecosystems are characterized by large areas of fields
with agricultural crops, especially monocultures, a high rate of landscape fragmentation
and agrochemical contamination. In addition, low diversity of bee food sources as well as
short-term availability of food due to intensive agricultural management is typical. Na-
tional parks, as the most potential honey bee-friendly environment with minimal human
disturbance is characterized by flowery meadows, pastures, and forests. Habitat is char-
acterized by an absence of industry, a low degree of landscape fragmentation, and a rich
diversity of flowers, which are a good source of food for bees. Agricultural management is
possible only through an ecological approach without the use of pesticides.
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2.3. Sample Preparation and Nucleic Acid Purification

Samples for RNA (detection of DWV-A, DWV-B, DWV-C, BQCV, CBPV, ABPV, SBV,
LSV, MLV) and DNA (detection of Nosema apis, Nosema ceranae, Paenibacillus larvae, Melis-
sococcus plutonius, Ascosphaera apis, Crithidia mellificae, Lotmaria passim) purification were
collected as a bulk of approximately 250 bees from five hives in each location, frozen in dry
ice, and stored at −80 ◦C. After homogenization in liquid nitrogen, aliquotes for separate
RNA and DNA purification were made.

According to the manufacturer’s instructions, total RNA was extracted using the TRI
Reagent (MRC, Montgomery, OH, USA). Contaminating DNA was removed using the
DNA-free TM Kit (Ambion, supplied by ThermoFisher Scientific, Loughborough, UK).
BioSpec Nano (Shimadzu, Nakagyo-ku, Kyoto, Japan) was used to quantify RNA (OD260)
and to assess sufficient quality (OD260/280 ratio and OD260/230 ratio). cDNA templates
were prepared using a Standard Reverse Transcription Protocol (Promega, Madison, WI,
USA) and OligodT primer and stored at −20 ◦C until use.

DNA was extracted using a modified CTAB method. Homogenized tissue was resus-
pended in CTAB buffer (2% CTAB, 100 mM Tris pH 8.0, 20 mM EDTA pH 7.8, 1.4 M NaCl)
with 1% β-mercaptoethanol and incubated at 65 ◦C for 10 min. The solution was extracted
with 500 μL chloroform:isoamylalcohol (24:1) and precipitated in 250 μL of 2-propanol at
−20 ◦C for 30 min. After washing with 1 mL of 70% ethanol, the pellet was resuspended in
150 μL of TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 7.8) and stored in 4 ◦C until use.

2.4. PCR Conditions

The RT-PCR (detection of DWV-A, DWV-B, DWV-C, BQCV, CBPV, ABPV, SBV, LSV,
MLV) was performed on the QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosys-
tems, supplied by ThermoFisher scientific, Loughborough, UK) using Power SYBR® Green
PCR Master Mix (Applied Biosystems, supplied by ThermoFisher Scientific, Loughborough,
UK) in a 96-well reaction plate using parameters recommended by the manufacturer (2 min
at 50 ◦C, 10 min at 95 ◦C, and 40 cycles of 15 s 95 ◦C, 1 min of 60 ◦C, 15 s at 95 ◦C, 1 min at
60 ◦C, and 15 s at 95 ◦C). The no-template controls were included. Positive samples were
considered a true positive using a Ct cutoff of 36 cycles. The specificity of amplification was
determined by dissociation curve analyses and sequencing of randomly selected positive
samples. The sequence of the primer, orientation, annealing temperature, and references
are shown in Table 1.

The PCR (detection of Nosema apis, Nosema ceranae, Paenibacillus larvae, Melissococcus
plutonius, Ascosphaera apis, Crithidia mellificae, Lotmaria passim) was performed on the Ep-
pendorf Mastercycler PRO system (Eppendorf, Hamburg, DE) in 25 μL volume containing
1× PPP Master Mix (Top-Bio, Vestec, Czech Republic), 10 pmol each forward and backward
primer, and 2 μL of DNA template using the following cycling conditions: denaturation
at 95 ◦C for 5 min, 40 cycles of 30 s 95 ◦C, 45 s of TA, 1 min at 72 ◦C; and a final extension
at 72 ◦C for 10 min. PCR products were visualized by 1.5% agarose gel electrophoresis
and stained with ethidium bromide solution (Merck Life Science, Darmstadt, Germany).
The specificity of amplification was determined by sequencing randomly selected positive
samples. The sequence of the primer, orientation, annealing temperature, and references
are shown in Table 1.
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Table 1. Primers for PCR analysis.

Gene Sequences 5′-3′ TA [◦C] Reference

Nosema apis F: GGGGGCATGTCTTTGACGTACTATGTA
R: GGGGGGCGTTTAAAATGTGAAACAACTATG 62 [48]

Nosema ceranae F: CGGCGACGATGTGATATGAAAATATTAA
R: CCCGGTCATTCTCAAACAAAAAACCG 62 [48]

Paenibacillus larvae F: GCTCTGTTGCCAAGGAAGAA
R: AGGCGGAATGCTTACTGTGT 55 [49]

Melissococcus plutonius F: GAAGAGGAGTTAAAAGGCGC
R: TTATCTCTAAGGCGTTCAAAGG 55 [50]

Ascosphaera apis F: TGTGTCTGTGCGGCTAGGTG
R: GCTAGCCAGGGGGGAACTAA 60 [51]

Crithidia mellificae F: AGTTTGAGCTGTTGGATTTGTT
R: AACCTATTACAGGCACAGTTGC 56 [52]

Lotmaria passim F: TGACTTGAATTAGCAAGCATGGGATAACA
R: CCTTTAGGCTACCGTTTCGGCTTTTGTTGGT 60 [53]

DWV-A
F: CGTCGGCCTATCAAAG
R: CTTTTCTAATTCAACTTCACC 60 [54]

DWV-B
F: GCCCTGTTCAAGAACATG
R: CTTTTCTAATTCAACTTCACC 60 [54]

DWV-C
F: TACTAGTGCTGGTTTTCCTTT
R: ATAAGTTGCGTGGTTGAC 60 [54]

BQCV
F: GGACGAAAGGAAGCCTAAAC
R: ACTAGGAAGAGACTTGCACC 48 [48]

CBPV
F: AACCTGCCTCAACACAGGCAAC
R: ACATCTCTTCTTCGGTGTCAGCC 60 [55]

ABPV
F: TGAGAACACCTGTAATGTGG
R: ACCAGAGGGTTGACTGTGTG 48 [56]

SBV
F: GGATGAAAGGAAATTACCAG
R: CCACTAGGTGATCCACACT 48 [56]

LSV
F: CKTGCGGNCCTCATTTCTTCATGTC
R: CATGAATCCAAKGTCAAAGGTRTCGT 60 [57]

MLV
F: ATCCCTTTTCAGTTCGCT
R: AGAAGAGACTTCAAGGAC 60 [58]

2.5. Statistical Analysis

To evaluate whether pathogen occurrence and species richness differ among honey
bee colonies and habitat types, we used separate generalized liner mixed-effects models
(GLMM) [59]. In the case when species richness was used as dependent variable, GLMM
with a Gaussian error distribution was used. When the pathogen occurrence or honey bee
mortality rate was used as the dependent variable, binomial error distribution with logit
link function was used. In each model, we specify habitat types and pathogen species as
fixed factors and the owner of the honey bee colony was used as a factor with a random
intercept effect. To compare the means within a particular fixed factor, the Tukey multiple
comparison test with Bonferroni adjustment of p-values was used. Data were analyzed in
the R program (R Development Core Team 2020).

To visualize and test the association between the mortality rate of honey bees and
species composition of pathogens, partial canonical correspondence analysis (pCCA) was
used with the habitat type as the covariable. We used this type of covariable to eliminate
the possible confounding effect of habitat type on the mortality of honey bees regardless of
the pathogen species composition. The significance of the canonical axis was tested with a
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restricted Monte Carlo permutation test for the time series with 2000 permutations. All
ordination analyses were conducted by the statistical software CANOCO, v. 5 [60].

3. Results

The proportion of eukaryotic pathogen occurrence significantly differs between town
habitat and national park, whereas the lowest rate of pathogen occurrence has been ob-
served in the national park and the highest in the towns. A moderate rate of pathogen
burden has been observed in agroecosystems. However, this habitat did not differ signifi-
cantly between urban areas or national parks (Figure 1a, Table 2). The species richness of
eukaryotic honey bee pathogens did not significantly differ between the tested habitats
(Figure 1b, Table 2).

 

(a) (b)       

Figure 1. (a) The proportion of eukaryotic pathogen occurrence in different types of habitats and (b) the proportion of
eukaryotic pathogen richness in different types of habitats. Black squares represent means and the error bars represent 95%
confidence intervals. Significant differences (<0.05) are indicated by different letters.

Table 2. The results of the analysis of deviance (likelihood-ratio test) testing the partial effect of
habitat type and pathogen species identity on the species richness and occurrence of pathogens in
the honey bee colonies. Likelihood-ratio analysis testing of whether the Akaike information criterion
(AIC) of the full model significantly increased after a particular explanatory variable was excluded
from the model.

Df. AIC LRT Pr (Chi)

Dependent variable: species occurrence
Full model 243.68
Eukaryote 4 332.25 96.570 <0.0001

Habitat 2 246.76 7.081 0.02899
Full model 398.26

Virus 9 494.96 114.695 <0.0001
Habitat 2 396.69 2.423 0.2977

Dependent variable: number of eukaryotic species
Full model 156.78

Habitat 2 157.23 4.453 0.107

Dependent variable: number of virus types
Full model 181.88

Habitat 2 180.52 2.642 0.267

In all types of habitat, the same species of eukaryotic pathogens dominated. In all
cases, the most dominant species were L. passim and N. ceranae, followed by C. mellificae,
and the lowest occurrence rate had M. plutonius and P. larvae. No clinical symptoms of

153



Insects 2021, 12, 1051

bacterial brood diseases were observed. In contrast, A. apis and N. apis were not detected at
all (Figure 2).

Figure 2. The comparison of proportion of eukaryotic pathogen occurrence regardless of habitat.
Black squares represent means and the error bars represent 95% confidence intervals. Significant
differences (<0.05) are indicated by different letters.

In the case of individual habitats, all five tested pathogens were detected in a town
habitat. The most prevalent pathogens were L. passim and N. ceranae, followed by C. melli-
ficae. Bacteria P. larvae and M. plutonius only had a low prevalence. The most dominated
species in the agroecosystems were N. ceranae, L. passim, and C. mellificae. M. plutonius
occurred significantly less and P. larvae were not detected at all. In the case of national
parks, only L. passim and N. ceranae were detected (Figure 3).

Figure 3. The comparison of proportion of eukaryotic pathogen occurrence within each habitat type.
Black squares represent means and the error bars represent 95% confidence intervals. Significant
differences (<0.05) are indicated by different letters.

Viral pathogen occurrence and species richness did not significantly differ between
individual habitats (Figure 4 and Table 2). Generally, the most abundant viruses were
DWV-A and ABPV, followed by DWV-B and LSV. Less frequent viruses were MLV, SBV,
CBPV, DWV-C, and BQCV (Figure 5). A similar pattern was observed in all types of
habitats. Only DWV-A dominated in the agroecosystems (Figure 6).
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(a) (b) 

Figure 4. (a) The proportion of viral pathogens occurrence in different types of habitats and (b) comparison of species
richness of viral pathogens between different types of habitats. Black squares represent means and the error bars represent
95% confidence intervals. Significant differences (<0.05) are indicated by different letters.

Figure 5. The comparison of proportion of viral pathogen occurrence regardless of habitat. Black
squares represent means and the error bars represent 95% confidence intervals. Significant differences
(<0.05) are indicated by different letters.

 

Figure 6. The comparison of proportion of viral pathogen occurrence within each habitat type. Black
squares represent means and the error bars represent 95% confidence intervals. Significant differences
(<0.05) are indicated by different letters.

Differences winter mortality rates in honey bee colonies between habitats were not
statistically significant (Figure 7) due to a small number of samples from national parks
and high confidence interval from the data. However, the average winter mortality in
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town (24.51%) and agroecosystem (21.50%) habitats were twice as high as in national
parks (11.11%).

 

Figure 7. The comparison of honey bee winter mortality rate according to type of habitat. Black
squares represent means and the error bars represent 95% confidence intervals.

Based on the results of pCCA species, structures of all pathogens (i.e., species com-
position and their abundances) were significantly associated with honey bee mortality
(pseudo-F = 1.8, p = 0.053, test of all canonical axes, R2 = 3.73%). In the separate pCCA anal-
yses evaluating association only between viruses and honey bee mortality, we found that
the assemblage composed only with viruses (pseudo-F = 2.2, p = 0.037, test of all canonical
axes, R2 = 5.28%) had a closer relationship to mortality than the assemblage composed
only with eukaryotes (pseudo-F = 0.3, p = 0.881, test of all canonical axes, R2 = 0.80%). The
pCCA diagram revealed that the closest association with honey bee mortality was shown
by DWV-C and DWV-B viruses (Figure 8).

 
Figure 8. Partial canonical correspondence analysis biplot with the habitat type as a covariable
showing the strength of the association of individual pathogens with the mortality rate.
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4. Discussion

In the study, the prevalence of several honey bee pathogens was detected including
viruses, fungal, protozoa, and bacterial pathogens on different types of habitats. The most
frequently detected pathogens belonged to the family Trypanosomatida, in particular,
Lotmaria passim (72%) and Crithidia mellificae (38%). Both protozoa significantly shorten the
life of bees and are therefore thought to cause significant bee colony losses [61]. Of even
more concern is that trypanosomatids affect the composition of the symbiotic bacterial
taxa of bees [40]. However, little is known about the full extent of the harmfulness and
mechanism of pathogenesis of these two pathogens [38,62]. Other studies have shown
an even higher risk of trypanosomatids when co-infected with N. ceranae [35–37]. In
addition, it led to a reduction in immune gene expression [37]. The high incidence of
trypanosomatids is similar in other European countries [36,62].

The prevalent pathogen is also Nosema ceranae (64%), often associated with colony
losses, especially in Mediterranean areas [4,63,64]. However, its occurrence has also been
recorded in the temperate zone to a lesser extent [10] and with less impact [65,66]. In this
study, N. ceranae has not been significantly associated with colony losses (Figure 8). This
pathogen occurred independently of the habitat type observed. On the other hand, Nosema
apis was not detected at all. The decline in N. apis and the spread of N. ceranae is a well-
known and long-lasting trend taking place globally [67–71]. However, the complete absence
of N. apis in the nationwide screening is a novelty. We attribute this to the displacement
of the more aggressive N. ceranae due to its higher virulence [68,69]. Ascosphaera apis was
also not been detected. It is an opportunistic pathogen that occurs in the colony, especially
in stressful situations such as thermal discomfort [29]. Higher prevalence was recorded
in humid areas, and, for example, in China [72] and northern Thailand [30], the fungal
pathogen causes great damage.

Bacterial diseases occurred only to a lesser extent and only in urban areas (P. larvae and
M. plutonius) and agroecosystems (M. plutonius). They did not occur in the national parks
at all. P. larvae commonly occurs across the whole Czech Republic, especially in Moravia,
and the dominant genotype is ERIC II (80.4%) over ERIC I (19.4%) [73]. The outbreak of
European foulbrood caused by M. plutonius was observed in 2015 after 40 years in the
Czech Republic. Since then, the occurrence persists, but with a very low prevalence [74].
In contrast, in some countries such as England [75], France [76], and Switzerland [77],
bacterial disease very often occurs. These two bacterial diseases are very infectious and
can cause great economic losses. Therefore, the government often monitors its prevalence,
and in many cases, there is an effort to eliminate them through strict rules.

In the case of viral diseases, at least one of the tested honey bee viruses were detected in
74% of cases, while two or more viruses were present in one-third of the tested apiaries. The
most prevalent honey bee virus was the deformed wing virus (DWV). There are multiple
variants of DWV that include type A [11], type B (Varroa destructor virus-1 (VDV-1) [14,18],
and type C [12]. These variants have a different impact on honey bee colonies, and their
virulence is not clear. Whereas some studies claim DWV-A has higher virulence [16,78,79],
other studies claim DWV-B has the same or even higher virulence [17,80–82]. Since the
variant DWV-B can replicate in Varroa mites, the viral load is usually higher in honey bee
tissues than in other DWV variants [78,83]. DWV-C is associated with DWV-A and has been
indicated as a contributing factor in overwintering losses of honey bee colonies [78,79]. Our
study reports DWV-A as the most frequent variant (60%) in the Czech Republic (Figure 5).
Surprisingly, similar results where variant DWV-A dominated have been reported from
the USA [79,83], whereas variant B dominated in Europe [78,80,84]. However, despite their
low prevalence, only DWV-B (26%) and C (6%) variants were significantly associated with
the overwintering losses (Figure 8). Other authors have also concluded that these variants
are associated with winter colony losses [17,85].

The second most prevalent virus was ABPV, which was detected in half of the tested
colonies. This virus has commonly been detected in Germany [10], the USA [3], Switzer-
land [86], and Belgium [87] and its co-infection with DWV is attributed to overwintering
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losses [10]. The LSV (24%) virus is also a major concern, especially in the USA [88]. How-
ever, its prevalence is also high in Europe [36]. One of the recently identified honey bee
viruses is MLV (16%), which is associated with the mite V. destructor [89]. However, its
virulence and impact on honey bees are still unclear [90]. Its high prevalence has been
observed in France [89], Belgium [36], and Syria [91]. The occurrence of SBV (10%), CBPV
(8%), and BQVC (2%) was only minor, especially in urban areas and agroecosystems. The
presences of these viruses were not significantly related to the decline of honey bee colonies
in the Czech Republic.

The lowest occurrence of eukaryotic pathogens was detected in the national parks,
higher occurrence in the agroecosystems, and the highest occurrence in town habitats
(Figure 1). This probably corresponds with a high density of bee colonies in the land-
scape [92] because the number of bee colonies per km2 in the Czech Republic is one of the
highest in the world (>8 honey bee colonies/km2) [93]. According to these results, Taric [94]
also found a higher parasitic burden in commercially kept colonies than traditionally kept
colonies, which are mostly situated in natural areas. The richness of individual pathogens
was in the same trend, where only two eukaryotic pathogens were present in the national
parks. At the same time, four of them occurred in the agroecosystems and five in the towns.

The opposite trend was observed for viruses. All nine tested viruses were present in
the national parks, while in agroecosystems and towns, there were eight species. However,
these differences were not statistically significant. The study shows that the occurrence of
honey bee pathogens, and especially viruses, did not differ between the tested habitats. In
addition, the viruses also spread quickly among other species of wild pollinators, which
can cause problems with species composition and affect trophic bonds and ecosystem
stability [20,84,95].

Differences in the mortality between habitats were not statistically significant. The
results were not significant probably due to the low number of samples from the national
parks. One of the reasons for colony mortality in national parks is probably due to the high
prevalence of viruses as in other habitats (DWV-B and DWV-C), which were associated
with colony mortality. The next issue is the trading of bee queens or whole colonies and
the migratory management of colonies [96]. This is connected with colony density, which
is usually lower in natural parks. This might be another reason for lower honey bee
eukaryotic pathogen occurrence in natural parks. At localities with a high bee density, bee
colonies cannot avoid sharing food resources, which represent hotspots of infections [97].

5. Conclusions

The most prevalent eukaryotic pathogens in the population of A. mellifera in the Czech
Republic were L. passim and N. ceranae, followed by C. mellificae. This trend was valid in
all types of monitored habitats. In contrast, P. larvae and M. plutonius were detected only
sporadically. N. apis and A. apis were not detected at all.

The most prevalent viruses were DWV-A and ABPV in all types of tested habitats. On
the other hand, BCQV, SBV, and DWV-C were the least prevalent, except in national parks,
where the occurrence of all the monitored viruses was relatively uniform.

Of all the monitored eukaryotic and viral pathogens, only DWV-C and DWV-B were
significantly associated with colony mortality.
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Simple Summary: Aethina tumida, also called the Small Hive Beetle, is an insect that multiplies
primarily in honeybee hives, causing honey losses and weakening colonies. It is native to sub-
Saharan Africa and was introduced into different countries and continents over the last 20 years,
posing a threat to beekeeping internationally. In case of introduction into a new area, officially
approved laboratories (certified by government services) carry out analyses to confirm the outbreak.
The reliability of the results is essential in the implementation of management measures. Therefore, a
study was organised at the European level to compare the results between official laboratories for
two types of methods, used routinely for the identification of A. tumida: morphological examination
(form and structure) and DNA testing (genetics). The 22 participants analysed in a blinded way a
panel of 12 samples (positive and negative samples). The results were very satisfactory, with the
exception of one participant who encountered several anomalies for negative samples and especially
for DNA tests, probably related to his inexperience with the method. This study proved the ability of
laboratories and analytical methods to identify A. tumida, which is a key element in monitoring and
managing this risk.

Abstract: The Small Hive Beetle (Aethina tumida Murray, 1867) is an invasive scavenger of honeybees.
Originally endemic in sub-Saharan Africa, it is regulated internationally in order to preserve the areas
still free from this species. To ensure the reliability of official diagnoses in case of introduction, an
inter-laboratory comparison was organised on the identification of A. tumida by morphology and
real-time PCR. Twenty-two National Reference Laboratories in Europe participated in the study and
analysed 12 samples with adult coleopterans and insect larvae. The performance of the laboratories
was evaluated in terms of sensitivity and specificity. Sensitivity was satisfactory for all the participants
and both types of methods, thus fully meeting the diagnostic challenge of confirming all truly positive
cases as positive. Two participants encountered specificity problems. For one, the anomaly was minor
whereas, for the other, the issues concerned a larger number of results, especially real-time PCR,
which probably were related to inexperience with this technique. The comparison demonstrated the
reliability of official diagnosis, including the entire analytical process of A. tumida identification: from
the first step of the analysis to the expression of opinions. The performed diagnostic tools, in parallel
with field surveillance, are essential to managing A. tumida introduction.

Keywords: diagnosis; inter-laboratory comparison; morphology; real-time PCR; honey bee; Aethina
tumida; Small Hive Beetle
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1. Introduction

The Small Hive Beetle (SHB), Aethina tumida Murray, 1867 (Coleoptera: Nitidulidae),
is an invasive scavenger of honeybee colonies native to sub-Saharan Africa [1]. Part of its
biological cycle takes place in Apis mellifera colonies and part in the soil. Adult beetles,
attracted by the smell of the hive, enter it to reproduce. They lay masses of eggs in wood
crevices or inside combs that hatch into larvae. The predatory larvae grow by feeding
on bee brood, pollen and honey. Their faeces cause fermentation processes in the hive,
making the honey unfit for human consumption. Once they have grown to a sufficient
size, after a few weeks, the larvae leave the hive to begin their pupation in the soil. The
development of larvae in the hive may cause significant damage for beekeeping, which
can, in the most severe cases, result in loss of the entire bee colony and harvest losses [2].
Cases of infestation of bumblebee colonies (Bombus spp.) and of solitary bee nests were
also reported, but data are still lacking on the impact of A. tumida on these species [3,4].
Outside host nests, adult SHBs can feed on alternative sources, such as fruits or foraging
on flowers [4,5].

The SHB disperses naturally by flight over unknown distances (possibly more than
10 km) [6]. However, over the last twenty years, it was introduced to different continents
outside its natural range [6,7]. Migratory beekeeping, globalisation and international trade
play a major role in its spread over long distances [8]. Trade-in wax could facilitate SHB
invasion [9]. Therefore, in order to protect A. tumida-free areas, infestation by the SHB
is regulated at the international level and it is listed as a notifiable disease to the World
Organisation for Animal Health (OIE) [10].

In the European Union (EU), the first case of introduction was reported in Portugal in
2004, following the import of a bee queen from Texas, United States [11]. Early detection
and effective control measures enabled eradication [12]. Ten years later, in September 2014,
the presence of SHB was confirmed in the region of Calabria, in southern Italy [13,14].
Control measures were set up immediately, but visits to the apiaries in the same areas
demonstrated that A. tumida had spread in this region [15], where it can now be considered
as established. So far, containment measures have prevented the spread of SHB to the rest of
the EU, which remains free of this parasite. In order to limit the spread of SHB and further
introductions into the EU, infestation by A. tumida is subject to compulsory surveillance
and notification according to the “Animal Health Law”. Moreover, regulations apply to
intra-EU trade and to imports from non-EU countries [16,17] to prevent SHB introduction.

Detection of A. tumida in apiaries relies mainly on inspection of honeybee colonies
and installation of traps [18]. These two approaches enable the visual detection of adult
coleopterans and larvae. Molecular analysis of hive debris is also an alternative way to
detect the presence of SHB DNA [19], although the method needs to be validated in field
conditions to better evaluate its sensitivity [3]. When suspicious specimens are detected, a
differential diagnosis should be established with other beetles and insects living in the hive
environment. Particularly, a distinction should be made with other beetles belonging to the
Nitidulidae family, such as Cychramus luteus Fabricius, 1787 [20] and Carpophilus lugubris
Murray, 1864 [21], which do not have a detrimental effect on bees but seek refuge in the
hive and feed on pollen or debris. The larva of A. tumida can also be mistaken for larvae
of the lesser wax moth, Achroia grisella Fabricius, 1794 (Lepidoptera: Pyralidae), as well
as for the honeycomb moth, Galleria mellonella Linnaeus, 1758 (Lepidoptera: Pyralidae).
These Lepidoptera are frequently found in colonies and on beekeeping equipment. They
can cause damage to the combs of weak colonies and on frames that are not properly
stored [22].

In case of suspicion, laboratory diagnosis is crucial to reliably and rapidly identify
A. tumida and confirm the outbreak. This diagnosis is supported by the quality of the
methods and by the competence of the laboratories officially approved to carry out analyses
(i.e., certified by government services). Two types of methods are routinely used and
recommended in the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals of the
OIE for the identification of A. tumida [7]: (i) morphological examination, which provides
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a result in a short amount of time through a low-cost technique and which is therefore
particularly indicated for first-line diagnosis, and (ii) PCR, which is more sensitive and
specific, and which is generally used as a second step.

In response to diagnostic issues and to ensure the quality of the analytical results
obtained within the EU, the European Union Reference Laboratory (EURL) for Bee Health,
located in the laboratory of the French Agency for Food, Environmental and Occupational
Health and Safety (ANSES) in Sophia-Antipolis (France), organised an inter-laboratory
comparison using morphology and molecular identification of A. tumida in October 2020.
This was the first trial organised using these methods. All the EU National Reference
Laboratories (NRLs) were invited to participate. Non-EU countries that were interested
in the comparison were also included. The evaluation was supported by a blind analysis
of a panel of 12 insect samples. The objective was to evaluate the sensitivity, specificity
and accuracy of the results obtained by the laboratories with the analytical methods they
routinely use for an official diagnosis.

2. Materials and Methods

2.1. Participating Laboratories

Twenty-two NRLs for Bee Health took part in the inter-laboratory comparison, 21 from
EU member states and one from another European country (Table A4). Sixteen participants
used morphological and PCR identification methods, whereas six used morphological
identification only, depending on their diagnostic possibilities. Importantly, the latter have
not yet implemented real-time PCR for the identification of A. tumida, and refer to another
official laboratory, competent for this method, if confirmation is required.

2.2. Reference Methods for Panel Sample Characterisation

Two reference methods were used by the EURL to characterise and to check the
homogeneity and the stability of the samples for comparison: (i) the morphological method
(EURL procedure, also published in the OIE Manual), and (ii) the PCR method (EURL
procedure, also published in the OIE Manual) [7,23,24]. The EURL is accredited by the
French Accreditation Committee (COFRAC) for these two methods, in compliance with the
international standard NF EN ISO/IEC 17025 on “General requirements for the competence
of testing and calibration laboratories” [25]. Moreover, sequencing of the COI gene was
also performed to determine or confirm the species of the panel specimens.

The morphological method consists of the visual examination of individuals (adults
and/or larvae) with recording of specific morphological characteristics and, if necessary,
comparison of the sample to be identified with a reference sample or detailed photographs.
The identification relies on the assessment of eight criteria for the adult and three criteria for
the larva (Table 1). A stereomicroscope (and/or magnifier) (minimum 40 × magnification)
is used during the analysis. For the adult, if all the criteria are present, the final result of the
examination is “positive”. For the larva, as the number of criteria is limited, the presence of
all the criteria should be considered a “suspicion” and must always be confirmed by PCR.
If at least one criterion is absent, the result of the analysis is “negative”. Finally, in some
cases (e.g., damaged specimen) the result can be inconclusive because it is not possible to
assess the presence of certain morphological identification criteria. In this situation, PCR
identification must systematically be performed.
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Table 1. Morphological identification of Aethina tumida Murray–Criteria for adult and larva diagnosis [7,23].

Criteria Adult Form

1 Body divided into three parts: head, thorax and abdomen.
2 Three pairs of legs.
3 Presence of elytra 1.

4 Elytra not covering the entire abdomen: some abdominal segments are apparent in
dorsal view.

5 Overall uniform body colour (no spots), light brown to black 2.

6
Antenna tips with compact, almost rounded club ends. The three terminal articles of
the antennae, corresponding to the “clubs” 3, are narrowed between them, and their

length is almost equal to their width.
7 Sharp latero-posterior tips of the pronotum 4.
8 Dimensions. Length: 4 to 7 mm (±1 mm). Width: 3 mm (±1 mm).

Larval form

1 Three pairs of legs, one on each of the anterior segments, corresponding to the larva
thorax.

2 All of the abdominal segments are bare and have no false legs (also called
pseudopods) on their ventral part.

3
From the mesothorax 5, presence on each segment, of two dorsal tubercles on either
side of the midline. These tubercles are finished with a short fine seta. They look like

“spines”.
1 Elytra are sclerotised (meaning thickened) forewings covering the hind wings at rest in beetles and some
other insects. 2. Depending on the maturity of the specimen, the colour of adult A. tumida varies from light
brown/red brown after emergence to dark brown to black when fully mature. 3 In some beetle families, such as
the Nitidulidae, the terminal articles of the antennae are larger and club-shaped. 4 The pronotum is the dorsal
part of the first segment of the thorax. The first segment of the thorax, called the «prothorax», carries the first pair
of legs on the ventral side. 5 The mesothorax corresponds to the second thoracic segment of the larva. It carries
the second pair of legs. The prothorax corresponds to the first thoracic segment; it does not have a tubercle, its
dorsal part (tergum) is sclerotised.

Real-time PCR was used to confirm specimen identification, using species-specific
primers designed by Ward et al. [19] for the COI region of A. tumida. Briefly, specimens
(adult or larva) are ground manually in an appropriate volume of phosphate buffer (1 mL
for one adult specimen, 200 μL for one larva) after a rinse with the same buffer (as specimens
are preserved in 70% ethanol). Eighty μL of the crushed suspension is used to extract DNA
using a QIAamp DNA Mini kit (Qiagen, Hilden, Germany). The extracted DNA is eluted
in 200 μL of elution buffer, according to the manufacturer’s recommendations and stored at
−20 ◦C ± 5 ◦C until further analysis. The realtime PCR is performed in a 25 μL reaction sys-
tem containing 2x SsoAdvanced Universal Probes Supermix (Bio-Rad, Marnes-La-Coquette,
France) 12.5 μL, forward (5′-TCTAAATACTACTTTCTTCGACCCATCR-3′) and reverse
(5′-TCCTGGTAGAATTAAAATATAAACTTCTGG-3′) primers (100 μM) 0.4 μL, TaqMan®

probe (5′-ATCCAATCCTATACCAACACTTATTTTGATTCTTCGGAC-3′) (50 μM) 0.05 μL,
TaqMan® Exogenous Internal Positive Control Mixture (Applied Biosystems, Waltham, MA,
USA) 2.5 μL, 50× Internal Positive Control (IPC) DNA (Applied Biosystems, Waltham, MA,
USA) 0.05 μL, nuclease-free H2O 4.1 μL and 5 μL of DNA template. The PCR runs consist of
an initial step of 3 min at 95 ◦C, followed by 40 successive cycles of 10 s at 95 ◦C and 30 s at
60 ◦C. The reaction is run on a CFX96 RealTime PCR system (Bio-Rad, Marnes-La-Coquette,
France). DNA detection is expressed in Ct values. Positive and negative controls are used
in each DNA extraction and PCR session and in every run, the non-template controls and
the positive controls should have the expected results. The success of the amplification and
the absence of inhibition is verified by the result of an exogenous IPC. The specific limit
of positivity was characterised during the validation process. Thus, it was defined that a
result is positive when the Ct value (cycle threshold) is under 35.

Sequencing of the mitochondrial cytochrome oxidase subunit I (COI) gene was per-
formed on specimens to determine or confirm the species. A fragment of 710 bp was
amplified with universal primers LCO1499 (5′-GGTCAACAAATCATAAAGATATTGG-
3′)/HCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′) [26]. The amplification
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products were sequenced by the Sanger method, using the two primers previously men-
tioned. From the consensus sequences, a query of the NCBI databases using a Basic Local
Alignment Search Tool (blast.ncbi.nlm.nih.gov) was performed.

2.3. Selection of Inter-Comparison Samples

The panel included two types of samples: (i) positive samples, i.e., adult and larval
specimens of A. tumida Murray species (Coleoptera, Nitidulidae family), and (ii) negative
samples, i.e., adult and larva specimens of insect species other than A. tumida.

The adult A. tumida specimens (A-POS) were obtained experimentally in the confined
laboratory of Fera Science, Ltd. in 2019 (York, UK), whereas the A. tumida larvae (L-POS)
were collected in Maryland (Beltsville, MD, USA) in 2013.

The negative species were selected based on different criteria of interest:

• The fact that the coleopteran species belong to the Nitidulidae family (i.e., same family
as A. tumida), and therefore have similar morphological and molecular characteristics,
and/or,

• The fact that the species were likely to be found in the honeybee hive environment,
and/or,

• The fact that the species presented morphological features close to A. tumida, and,
• The availability of specimens in sufficient numbers to constitute the panels and to

carry out homogeneity and stability tests.

Thus, four different adult species were selected (Table 2): Tenebrio molitor (A-NEG1),
Alphitobius diaperinus (A-NEG2), Epuraea luteola (A-NEG3), and Cryptolaemus montrouzieri (A-
NEG4). The negative larvae belonged to three different species: Tenebrio molitor (L-NEG1),
Galleria mellonella (L-NEG2), and Carpophilus dimidiatus (L-NEG3).

Table 2. Nature and origin of the different specimens included in the sample panel for comparison.
(Se: Sensitivity; Sp: Specificity; Ac: Accuracy).

Sample Code Species Origin Criteria Evaluated

ADULTS

A-POS Aethina tumida
(Murray, 1867)

Coleoptera
Nitidulidae
Nitidulinae

Specimens
obtained

experimentally in
the confined

laboratory of Fera
Science, Ltd. in

2019

Se, Ac

A-NEG1

Tenebrio molitor
(Linnaeus, 1758)

“Mealworm
Beetle”

Coleoptera
Tenebrionidae
Tenebrioninae

Specimens
obtained in 2018 by

the company
MICRONUTRIS
providing insects

for human
consumption

Sp, Ac

A-NEG2
Alphitobius
diaperinus

(Panzer, 1797)

Coleoptera
Tenebrionidae
Tenebrioninae

Specimens
collected in 2018

on the frame lid of
honeybee hives
located near a
rabbit farm in

Vendée (France)

Sp, Ac
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Table 2. Cont.

Sample Code Species Origin Criteria Evaluated

A-NEG3 Epuraea luteola
(Erichson, 1843)

Coleoptera
Nitidulidae
Epuraeinae

Specimens
collected in 2018
on Citrus sinensis

in Corsica (France)
and provided by
the Plant Health

Laboratory
(ANSES,

Montpellier,
France)

Sp, Ac

A-NEG4

Cryptolaemus
montrouzieri

(Mulsant, 1853)
“Ladybug”

Coleoptera
Coccinellidae
Coccinellidae

Specimens
obtained in 2019 by

the company
BIOLINE

AGROSCIENCES
providing insects

for biological
control in the plant

field

Sp, Ac

LARVAE

L-POS Aethina tumida
(Murray, 1867)

Coleoptera
Nitidulidae
Nitidulinae

Specimens
collected in 2013 in
Maryland (United

States) and
provided by J.S.

Pettis

Se, Ac

L-NEG1
Tenebrio molitor

(Linnaeus, 1758)
“Mealworm beetle”

Coleoptera
Tenebrionidae
Tenebrioninae

Specimens
obtained in 2018 by

the company
MICRONUTRIS
providing insects

for human
consumption

Sp, Ac

L-NEG2

Galleria mel-
lonella(Linnaeus,

1758)
“Wax moth”

Lepidoptera
Pyralidae

Galleriinae

Specimens
obtained

experimentally in
2019 by the EURL,
from hive frames
coming from the
EURL apiary and
naturally infested

by wax moth

Sp, Ac

L-NEG3

Carpophilus
dimidiatus

(Fabricius, 1792)
“Sap Beetle”

Coleoptera
Nitidulidae

Carpophilinae

Specimens
collected in 2018
on crops (Prunus

dulcis) in Côte-d’Or
(France), provided
by the Plant Health

Laboratory
(ANSES,

Montpellier,
France)

Sp, Ac
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Each batch of samples was characterised at the EURL by the two independent accred-
ited methods described in Section 2.2 (morphology and PCR), and sequencing of the COI
gene was performed for the negative specimens to determine the species.

In total, the panel distributed to the participants contained 12 samples for comparison:
two positive and four negative adult coleopterans, two positive and three negative insect
larvae, and a “lure”, which was either positive or negative. The “lure” sample was not
evaluated and was included in the panel to limit the risk of collusion.

Each sample in the panel consisted of one specimen (one adult or one larva) which
was packaged in a 2 mL micro-tube, filled with non-denatured ethanol 70%. During the
packaging process, the integrity of each specimen was visually controlled. When detected,
damaged specimens (e.g., specimens with broken legs, incomplete abdomen segments
or broken antennae) were excluded from the assay. The samples were stored at room
temperature until shipment.

2.4. Homogeneity and Stability Tests

The homogeneity study was performed for all the sample batches packed in micro-
tubes from December 2019 to January 2020. Considering the characteristics of the batches
(origin of the specimens particularly) and the number of specimens prepared, the number
of samples to be taken was defined specifically for each batch.

For the A-NEG2 and the L-POS batches, which were collected in the field and with
a risk of non-homogeneity, the protocol strictly followed the recommendations of the
international standard NF ISO 13528 on “Statistical methods for use in proficiency testing by
interlaboratory comparisons” [27], which specifies that 10 samples are to be randomly taken
per batch and analysed in duplicate. For the other batches, the risk of non-homogeneity
was considered low, taking into consideration the following aspects:

• The specimens from batches A-POS, A-NEG1, L-NEG1, A-NEG4 were produced
artificially in a controlled environment;

• The specimens from batches L-NEG3 and A-NEG3 were provided and previously
analysed by specialised entomologists;

• The EURL produced the G. mellonella larvae (L-NEG2) artificially from combs coming
from the ANSES apiary in Sophia-Antipolis (territory officially free from A. tumida at
sampling date in 2019);

• The results of the homogeneity tests of a preliminary study carried out in 2018 were
satisfactory for A. tumida specimens (A-POS) and T. molitor specimens (A-NEG1 and
L-NEG1), of the same origin;

• The specimens were visually controlled when the tubes were prepared.

For these samples, the sampling strategy was designed according to the International
Laboratory Accreditation Cooperation (ILAC) recommendation [28] and based on the
number of samples prepared (Table A1). This protocol made it possible to reduce the
sample size and to address the lack of availability of some specimens. The tubes were
analysed, first by morphological examination, and then by molecular identification. The
samples were analysed in duplicate by PCR (i.e., by analysing two collections per sample).
All the results met the expected values of 100% positive results for positive samples, and
100% negative results for negative samples, which validated the homogeneity study.

Results from analyses carried out on samples coming from the EURL entomological
collection and from preliminary data showed that the samples were stable in 70% ethanol at
room temperature for several years. In order to confirm the stability of the samples during
the assay, tests were also performed at the deadline for reporting the results. In compliance
with standard NF ISO 13528, three samples from each batch were randomly taken and
analysed by the two reference methods of the comparison (morphology and PCR, with
a duplicate analysis for the latter). The results were consistent with the expected values,
which confirmed the stability of the samples.
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2.5. Process for the Interlaboratory Comparison

The trial was organised in compliance with the quality requirements described in
international standard NF EN ISO/IEC 17043 on “General requirements for proficiency
testing” [29]. The samples were packed and shipped between the EURL and NRLs in
compliance with the International Air Transport Association (IATA) regulation for shipping
and handling dangerous goods.

Each participating laboratory was anonymously coded with a 1- or 2-digit random
number to ensure confidentiality of the results. Each sample included in the blind-test
panel was coded with the attribution of a random number between 1 and 12. Participating
laboratories received inter-comparison samples with a laboratory code on each tube. After
receiving the package, the laboratories were required to store the samples at room tempera-
ture until analysis and to send back their results within 24 days after the shipment date of
the panel samples.

They were asked to report the qualitative results corresponding to one or both of the
methods used to analyse the samples. For morphology, three types of values could be rendered:
“positive” (or “suspicion” for larvae), “negative” and “inconclusive” (i.e., impossibility to
confirm the presence or absence of certain characteristics). For PCR, there were also three
modalities: “positive”, “negative” and “inhibited” (i.e., PCR reaction inhibited).

In order to conclude on the results of different analyses performed (morphology and
PCR), guidelines were given for expressing opinions. They were based on the decision
rules described in Table 3. In particular, these opinions allow for consideration of cases
where the results are “inconclusive” in morphology or/and “inhibited” in PCR. These
opinions are important for health authorities who must then decide what control measures
to implement based on the analytical results.

Table 3. Decision rules for expressing opinions, taking into consideration morphology and PCR results.

Morphology Result
PCR Result

Analysis Not Performed Positive Negative Inhibited

ADULT

Positive (1) (1) (3) (1)
Negative (2) (3) (2) (2)

Inconclusive (4) (1) (2) (4)

LARVA

Suspicion (3) (1) (2) (4)
Negative (2) (3) (2) (2)

Inconclusive (4) (1) (2) (4)

Opinion

(1) Positive identification of the Small Hive Beetle, A. tumida.
(2) Negative identification of the Small Hive Beetle, A. tumida.

(3) Suspected identification of the Small Hive Beetle, A. tumida. Further analysis is required to
ascertain the identification.

(4) Inconclusive result of A. tumida identification.

For each analytical method, three criteria of performance were assessed by adding the
scores obtained for the different samples:

1. Sensitivity, i.e., the ability of the laboratory to give a positive result for a positive
sample [30];

2. Specificity, i.e., the ability of the laboratory to give a negative result for a negative
sample [30];

3. Accuracy, i.e., the closeness of agreement between the obtained results and the as-
signed values, definition adapted from international standard NF EN ISO 16140 [31].
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The analytical conclusion was not evaluated but was analysed as complementary
information.

2.6. Results Evaluation

First, the coherence of the inter-laboratory comparison was checked by analysing the
raw results of all the participants. In a second step, the EURL assessed the individual
performance of the laboratories and the overall performance of the NRL network.

The assigned values were designated beforehand in compliance with international
standard NF ISO 13528. They were based on expert judgement and on the knowledge of
the origin and the preparation of the specimens. Moreover, the status of the samples was
controlled according to the two independent reference methods (morphology and PCR).

For each analytical method, the results of the participants were evaluated in compli-
ance with international standard NF ISO 13528, by scoring each single result based on
the assigned value Then, the three criteria for performance (sensitivity, specificity and
accuracy) were assessed by summing, for each method and participant, the scores obtained
for the different samples (Table A2). For each performance criterion, a total score of “0” was
considered “satisfactory”, whereas a total score of “1” was considered a “warning signal”
and a total score “≥2” was considered an “action signal”, requiring the implementation of
corrective actions.

The overall performance of the network was assessed taking into account all the
results of the laboratories. The rate of sensitivity was calculated, corresponding to the
percentage of true positive results obtained by all participating laboratories out of the
total number of positive samples distributed and evaluated (i.e., with a positive assigned
value). The rate of specificity was also evaluated corresponding to the percentage of
true negative results obtained by all participating laboratories out of the total number of
negative samples distributed and evaluated (i.e., with a negative assigned value). Finally,
the rate of accuracy corresponded to the percentage of accurate results (true positives and
true negatives) obtained by all participating laboratories out of the total number of samples
distributed and evaluated. We calculated these rates for the two different techniques and
for the analytical conclusion, applying the formulas given by international standard NF
EN ISO 22117 on “Microbiology of the food chain-Specific requirements and guidance for
proficiency testing by interlaboratory comparison” [30].

2.7. Information on Analytical Methods Employed by the Participants

The participants were asked about the analytical methods they used for the trial. They
had to specify the reference of their methods (i.e., the official method disseminated by the
EURL that is also published in the OIE Manual or another one, which could for example
be published in the literature). If they used the EURL reference method for morphology,
detailed results of the examination of each criterion (Table 1) had to be rendered. For PCR,
laboratories were requested to report technical information on their extraction method,
amplification kit and thermocycler used. In addition, they were asked to provide the Ct
value obtained for each sample.

3. Results

3.1. Individual Laboratory Performance for the Morphological Identification of A. tumida

The results showed good consistency for all samples in the panel (Figure A1). They
complied overall with the expected values. We observed a few disparities for three negative
samples (A-NEG4, L-NEG2 and L-NEG3), but they concerned a limited number of laboratories.

Sensitivity was satisfactory for all the participants (score of 0) (Table A3). However,
two laboratories encountered problems regarding specificity. Laboratory No. 11 gave a
positive result for a negative larva sample (L-NEG2), leading to a score of 2, considered an
“action signal”. Laboratory No. 6 gave an inconclusive result for the negative larva sample
L-NEG3, leading to a score of 1, considering the fact that one morphological criterion was
mis-assessed. This score was considered a “warning signal”.
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Laboratories No. 9 and No. 16 also gave inconclusive results for samples A-NEG4
and L-NEG3, respectively as they were not able to assess the presence of a morphological
criterion. However, the results were considered acceptable, given the explanation reported
by the participants and the relevant results of the evaluation for the other criteria assessed.
Thus, they were given a score of 0 for these samples.

3.2. Individual Laboratory Performance for PCR Identification of A. tumida

The PCR results also showed good consistency (Figure A2). With the exception of one
laboratory, they complied with the expected values.

Sensitivity was satisfactory for all the participants (score of 0) (Table A3). One labora-
tory experienced problems regarding specificity. Laboratory No. 11 gave positive results
for two negative adult samples (A-NEG1 and A-NEG4) and two negative larva samples
(L-NEG1 and L-NEG3), leading to a total score of 8, considered an “action signal”.

3.3. Individual Laboratory Performance for Expressing Opinions

The instructions specified that a conclusion had to be given for each sample, based on
the results of the analyses carried out (Table 2).

The analytical conclusions were overall satisfactory for the positive and negative samples
(Figure 1). However, it should be noted that three participants (Nos. 7, 8 and 20) that only used
morphological identification concluded, for the positive larvae, “positive identification of SHB,
Aethina tumida”, whereas the expected answer was more precisely: “suspected identification
of SHB, Aethina tumida. Further analysis is required to ascertain the identification”. In this
case, molecular identification is necessary to confirm the morphology result. For negative
specimens, three laboratories (Nos. 6, 11 and 16) could not conclude with certainty on some
samples because of the anomalies observed with their analytical results.

Figure 1. Analytical conclusions. * For larvae: “Positive identification of the Small Hive Beetle, A.
tumida”, instead of “Suspected identification of the Small Hive Beetle, A. tumida. Further analysis is
required to ascertain the identification”, as precisely expected in this case, where identification was
based on morphology only. ** “Suspected, further analysis required in confirmation”, whereas the
specimen was negative.

3.4. Overall Performance of the Participants

The overall performance of the participants for morphological analysis reached a rate
of 100% for sensitivity, 98.7% for specificity, and an overall accuracy rate of 99.2% (Table 4).
The PCR results were also very satisfactory, with 100% sensitivity, 97.4% specificity and
98.3% accuracy. For the analytical conclusion, the rates ranged from 93.2% to 96.1%, due
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to the minor anomalies observed for the positive larvae, and to the problems regarding
specificity identified for some negative specimens.

Table 4. Overall performance of the official laboratory network.

Predicted Result

Morphology PCR Analytical Conclusion

Compliant
Results

Non-
Compliant

Results

Compliant
Results

Non-
Compliant

Results

Compliant
Results

Non-
Compliant

Results

Positive 88 0 88 0 88 82
Negative 152 2 150 4 148 6

Sensitivity 100% (88/88) 100% (88/88) 93.2% (82/88)
Specificity 98.7% (152/154) 97.4% (150/154) 96.1% (148/154)
Accuracy 99.2% ((88 + 152)/(88 + 154)) 98.3% (88 + 150)/(88 + 154) 95.0% (88 + 148)/(88 + 154)

3.5. Performance of the Methods Used for the Official Diagnosis of A. tumida

The 22 participants used the EURL protocol for morphological identification, which is
also published in the OIE Manual [7,23].

Out of 16 participants who performed the PCR method to confirm the morphology
results, 14 participants used the EURL protocol based on the publication by Ward, et al. [19],
which is also referenced in the OIE Manual [7]. However, none of them used the same
experimental conditions as those of the EURL in terms of the combination of extraction
kit, amplification kit and thermocycler used. The Ct values obtained for the adult SHB
specimens ranged from 21.3 to 30.8, and for the larva SHB specimens from 16.4 to 30.5.
As mentioned above, one participant (No. 11) reported four positive results on negative
specimens (Ct values ranging from 30.9 to 34.9). The other two participants (No. 10 and
No. 18) used the PCR method described by Silacci, et al. [32]. The Ct values obtained
for the adult SHB specimens ranged from 22 to 39.8, and for the larva SHB specimens
from 16.4 to 30.5. The two participants who used this method had different results on the
negative specimens. For one of them, no amplification was observed, while for the other Ct
values ranging from 34.8 to 40.2 were reported. However, the analytical conclusion of this
participant was in accordance with the expected identification. The Ct differences observed in
the participants may be due to more or less efficient rinsing of the specimens and to the DNA
extraction method. The evaluation of the participants was based on the complete process.

4. Discussion

In general, the surveillance of exotic diseases, also called epidemio-vigilance, aims
to detect diseases as early as possible [33,34]. Thus, in a country (or a zone) free from A.
tumida, the objective is usually to detect any outbreak at an early stage in order to increase
the chances of eradication [18]. In this context, it is essential that the performance of
official laboratories and tests are appropriate for this intended surveillance and/or control
objectives [35]. Sensitivity and specificity are the two main criteria for the evaluation
of this performance [33]. For an exotic pathogen and a high-risk disease, the need to
have a high level of sensitivity is even more essential because the challenge is to confirm
all truly positive cases as positive, and thus avoid missing the detection of a possible
introduction [34]. The results of the inter-laboratory comparison showed that sensitivity
was satisfactory (overall performance of 100%) for all 22 participants and for both types of
methods, morphology and PCR), therefore fully meeting this diagnostic challenge.

Specificity is also an important criterion to eliminate the possibility of false-positive
results and thus, to avoid false health alerts and unnecessary destruction of honeybee
colonies [34]. The overall performance of the network was 98.9% for morphology and
97.4% for PCR. Two laboratories encountered problems with specificity. Laboratory No.
6 obtained a “warning signal” for their morphological identification (specificity score of
1) due to a misjudgement of criterion 3 on sample L-NEG3, corresponding to a larva of C.

173



Insects 2022, 13, 33

dimidiatus. The “spines” are indeed absent in this species. Following the inter-laboratory
comparison, the laboratory explained that they damaged the specimen when they took it
out of the tube. The specimen was in fact stuck to the wall of the tube, and during removal,
it was crushed and cut into two pieces. Therefore, the participant could not properly
evaluate the morphological criteria. Analysing the cause showed that this anomaly has a
very limited impact and can be evaluated as minor. However, this highlights that specimen
handling is a critical point in the analysis. To detach the specimens from the tube, ethanol
(70%) can be poured into the tube to loosen the specimen from the wall, possibly by closing
the tube and shaking it gently. In addition, in case of mishandling, PCR remains the tool of
choice to confirm the result of the morphological analysis. Laboratory No. 11 experienced
specificity issues resulting in an “action signal” in both microscopy and PCR (specificity
scores of 2 and 8, respectively). The larva sample L-NEG 2 was found to be positive after
morphological identification, whereas the expected value was negative (and the PCR result
was also negative). The specimen was a wax moth larva with “false legs” on its posterior
segments (criterion 2 absent) and had no dorsal “spines” (criterion 3 absent). Moreover,
the PCR results were positive for the four negative samples A-NEG1, A-NEG4, L-NEG1
and L-NEG3, whereas their morphological results were negative. The participant indicated
that they were inexperienced and that they performed the PCR method for the first time.
Furthermore, the participant mentioned that the method used did follow the guidelines
described by the EURL; however, the combination of extraction method and reagents used
for PCR had not yet been tested against the reference materials. The evaluation of sensitivity
had therefore not been defined under the conditions described by this participant. These
results demonstrate that the validation and adoption stages of the methods are crucial to
ensure the reliability of the analytical results. These steps include participation in training
and the use of reference materials [36]. In the framework of the EU network of NRLs,
the EURL for Bee Health has organised two training courses to support laboratories in
the adoption of the reference methods for A. tumida identification: one in 2014 on the
morphological identification of A. tumida, and a more general one in 2016 on PCR diagnosis
of honeybee diseases. Following this training, reference specimens and PCR-positive
controls were distributed to laboratories. The inter-laboratory comparison organised in
2020 proved that the adoption process was an overall success for the participants, with the
exception of one laboratory for which support (e.g., additional training) will be given.

The results of the comparison confirmed the reproducibility of the official methods for
the morphological and molecular identification of A. tumida. All the participants strictly
used the EURL reference method (OIE method) for morphological identification [7,23]. This
method is suitable and reliable for routine official diagnosis in reference laboratories for bee
diseases, but not necessarily for specialists when it comes to morphological identification of
Coleoptera, which is a field that in itself requires specific skills and equipment. The precise
morphological identification of Aethina species relies on the use of identification keys and
on the expertise of entomologists specialising in Coleoptera, and in the family Nitidulidae
itself [37]. Thus, the method may have limited performance for accurate identification of
Aethina spp. in a research setting, but is highly suitable for diagnostic purposes and meets
the operational requirements of international reference laboratories [35]. Diagnosis through
PCR technology can be used to confirm the precise identification of the species in case
of doubt. However, when a first case is detected in a territory, it would be advisable to
implement PCR systematically to avoid any uncertainty or doubt.

The 87% of the laboratories that applied the PCR method corresponding to the EURL
reference method (i.e., based on Ward, et al. [19] and also referenced by the OIE) used
different types of experimental conditions. Eight different DNA extraction and eleven
different PCR mix methods were used by the participating laboratories. This led to the use
of 22 different protocols. The diversity of the experimental conditions used in this trial
did not, however, affect the PCR result (93% satisfactory results), thus demonstrating the
robustness of this method.
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The comparison also included a part concerning the expression of opinions. The
outcomes were satisfactory and correlated well with the analytical results. This aspect is
crucial because it is on this basis that health authorities make decisions on the surveillance
or control measures to be applied. However, it should be mentioned that while laboratory
diagnostic performance is an important component of A. tumida surveillance, it is also
essential to combine it with good sampling and thus with high sensitivity of field detection
methods [38]. The OIE Manual describes several approaches based on the visual inspection
of colonies and the use of traps [7], but they still need to be standardised. In addition, there
is a lack of knowledge on their performance level in low-infested colonies. The sensitivity of
these field methods may also vary depending on seasons, climate, environment conditions
and colony strength [6,39]. Concerning the molecular approach, a method for the detection
and the identification of A. tumida DNA in hive debris is described [19]. However, again,
validation data are lacking to characterise its performance in the field in the context of low
infestation rates [3].

Lastly, the assay demonstrated the feasibility of an inter-laboratory comparison or-
ganised at the international level on the official diagnosis of A. tumida, which is to our
knowledge the first in this field. The comparison aimed to include the whole analytical
process: the first step of morphological examination of the specimen, the PCR step in
confirmation, and finally the expression of opinions. The samples were prepared and
stored in ethanol (70%) at room temperature, as expected in routine analysis. The objective
was to match the reality of analyses as closely as possible. Thus, the comparison allowed
for inconclusive results and therefore a specific scoring system was established to evaluate
participant performance, taking into account that specimens could be damaged or that
the PCR could be inhibited. In addition, this original scoring system, based on the rec-
ommendations of international standard NF ISO 13528 [27], made it possible to prioritise
the performance results and translate them into action or warning signals, similar to the
calculation of the z-score, which is applied for quantitative trials.

The availability of relevant specimens is a difficulty in organising this type of trial.
Specimens of A. tumida can quite easily be collected in infested areas or obtained experimen-
tally. The cost to recover these specimens remains significant, however. The most difficult
part is to get an appropriate amount and variety of negative specimens to include in the test.
It would have been interesting to include more specimens of Nitidulidae, and particularly,
some more morphologically close to A. tumida, or even other species of beetles frequently
found in hives. The challenge is to have a sufficient number of them to constitute all the
panels and to perform the homogeneity and stability tests. This practical constraint makes
it necessary to adopt the recommendations of NF ISO 13528 for testing the homogeneity of
the samples for comparison. Like in the field of plant health comparisons, a relevant risk
analysis has to be performed to reduce the number of samples to be analysed according
to this standard [40]. This was carried out specifically for each batch of samples, taking
into consideration appropriate data available. Finally, it should be mentioned that one of
the critical points for the organisation of this type of comparison, including morphological
analysis, is the preparation of the samples. Careful examination of the specimens is clearly
necessary to eliminate, as far as possible, those that are damaged and for which evaluation
of all the criteria may not be possible.

5. Conclusions

In this study, we compared the performances of laboratories in identification methods
of Aethina tumida across 22 European countries. This inter-laboratory comparison is, to our
knowledge, the first organised at the international level on the official diagnosis of A. tumida.

It demonstrated the reliability of the reference methods, including the whole analytical
process (morphology, PCR confirmation and opinions). These diagnostic tools are essential
in the surveillance and management of A. tumida introductions in countries where its
presence has not yet been shown and where early detection is crucial.
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Avenues for improvement were identified, especially the inclusion of Coleoptera species
more similar to A. tumida among the samples to be blind tested. However, in view of the
difficulties encountered, in particular in constituting the sample panel, the study proved the
feasibility of organising an international inter-laboratory comparison in this field.
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Appendix A. Information on Homogeneity Tests

Table A1. Sampling strategy for homogeneity tests and results.

Code Species
Number of

Samples
Prepared

Number of
Samples Tested

Results

A-POS Aethina tumida 115 10 100% Pos.
A-NEG1 Tenebrio molitor 60 7 100% Neg.

A-NEG2 Alphitobius
diaperinus 60 10 100% Neg.

A-NEG3 Epuraea luteola 50 5 100% Neg.

A-NEG4 Cryptolaemus
montrouzieri 60 7 100% Neg.

L-POS Aethina tumida 115 10 100% Pos.
L-NEG1 Tenebrio molitor 75 7 100% Neg.
L-NEG2 Galleria mellonella 60 7 100% Neg.

L-NEG3 Carpophilus
dimidiatus 60 7 100% Neg.

Appendix B. Scoring Individual Performance

Table A2. Methodology of the score evaluation.

Step 1–Scoring of Each Single Results, According to the Following Process

Score of “0”

Results that matched the assigned values exactly:

- “Positive” result of the participant for a positive sample,
- “Negative” result for a negative sample,
- Or “inconclusive” result instead of positive or negative as

assigned values, AND with justification (i.e., explanations
and if possible, photos) regarding the state of the damaged
sample.
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Table A2. Cont.

Step 1–Scoring of Each Single Results, According to the Following Process

Score of “1”

Results that did not match the assigned values exactly:

- For morphological analysis, “inconclusive” result instead of
positive or negative (as assigned values) AND without any
justification regarding the state of the sample,

- For PCR: “Inhibited” result instead of positive or negative
(as assigned values).

Score of “2”
Results that did not match the assigned values:

- “Positive” result of the participant instead of negative,
- Or “Negative” result instead of positive.

Step 2–Assessment of the three criteria for individual performance

Sensitivity Sum of the scores obtained for all the positive samples of the
panel.

Specificity Sum of the scores obtained for all the negative samples of the
panel.

Accuracy Sum of the scores obtained for all the samples of the panel
(positive and negative).

Step 3–Final performance evaluation

For each performance criterion:

- A total score of “0” is “Satisfactory”,
- A total score of “1” is a “warning signal”,
- A total score “≥ 2” is an “action signal”, requiring the implementation of corrective actions.

Appendix C. Detailed Results of the Participants

Figure A1. Consistency of the morphology results.
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Figure A2. Consistency of the PCR results.

Table A3. Individual performance scores for morphology and PCR.

Morphology PCR

Lab Code Acc 1 Se 2 Sp 3 Acc 1 Se 2 Sp 3

1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 0
4 0 0 0 0 0 0
5 0 0 0 0 0 0
6 1 0 1 0 0 0
7 0 0 0 NP NP NP
8 0 0 0 NP NP NP
9 0 0 0 0 0 0

10 0 0 0 0 0 0
11 2 0 2 8 0 8
12 0 0 0 NP NP NP
13 0 0 0 0 0 0
14 0 0 0 0 0 0
15 0 0 0 0 0 0
16 0 0 0 0 0 0
17 0 0 0 NP NP NP
18 0 0 0 0 0 0
19 0 0 0 0 0 0
20 0 0 0 NP NP NP
21 0 0 0 0 0 0
22 0 0 0 NP NP NP

1 Accuracy; 2 Sensitivity; 3 Specificity. NP = Not performed. A total score of 0 correspond to satisfactory/acceptable
results, a score of 1 to a warning signal, and a score ≥ 2 to an action signal. Unsatisfactory or partially satisfactory
scores (i.e., “warning signal” or “action signal”) are highlighted in bold.
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Appendix D. Members of the ILC Consortium

Table A4. Complete membership of the ILC Consortium (names listed in alphabetical order).

Name Institute Email

Rosen Aleksandrov

National Diagnostic and Research
Veterinary Medical Institute,

Aquaculture, Fish and Bee Diseases, NRL
for Bee Diseases, 1040 Sofia, Bulgaria

rosen_angelov1989@abv.bg

Gabriela Chioveanu
Institute for Diagnosis and Animal

Health, NRL for Animal Health, 50557
Bucharest, Romania

gabriela.chioveanu@idah.ro

Mary Coffey
Department of Agriculture, Food and the
Marine, Plant Health Laboratories, W23

X3PH Celbridge, Ireland
MaryF.Coffey@agriculture.gov.ie

Benjamin Dainat Agroscope Liebefeld, Swiss Bee Research
Centre, 3003 Bern, Switzerland benjamin.dainat@agroscope.admin.ch

María Pilar Fernández Somalo

Laboratorio Central de Veterinaria,
Ministerio de Agricultura, Pesca y

Alimentación (Gobierno de España), D.G.
Sanidad de la Producción Primaria, S.D.G.
Sanidad e Higiene Animal y Trazabilidad,

28110 Algete (Madrid), Spain

mfsomalo@mapa.es

Miriam Filipova

Department of Molecular Biology and
Epizootiology, Veterinary and Food

Institute in Dolny Kubin, State Veterinary
and Food Institute, NRL for Honeybee
Health, 026 01 Dolny Kubin, Slovakia

miriam.filipova@svpu.sk

Heather Graham

Wageningen Bioveterinary Research,
Wageningen University and Research,

NRL for Bee Diseases, 8221 RA Lelystad,
The Netherlands

heather.graham@wur.nl

Anna Granato
Istituto Zooprofilattico Sperimentale

delle Venezie, NRL for Honey Bee Health,
35020 Legnaro (PD), Italy

agranato@izsvenezie.it

Sirpa Heinikainen

Kuopio laboratory, Veterinary
Bacteriology and Pathology Unit,

Laboratory and Research Division,
Finnish Food Authority, 70210 Kuopio,

Finland

sirpa.heinikainen@ruokavirasto.fi

Hemma Köglberger

Department for Apiculture and Bee
protection, Ages-Austrian Agency for
Health and Food Safety, 1220 Vienna,

Austria

hemma.koeglberger@ages.at

Nóra Krejczinger

National Food Chain Safety Office, Food
Chain Safety Laboratory Directorate,

NRL of Parasitology, Fish and Bee
Diseases, 1095 Budapest, Hungary

krnori@gmail.com

Merle Kuus Veterinary and Food Laboratory, 51006
Tartu, Estonia merle.kuus@vetlab.ee

Severine Matthijs Sciensano, Enzootic, Vector-borne and
Bee Diseases, 1180 Brussels, Belgium severine.matthijs@sciensano.be
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Table A4. Cont.

Name Institute Email

Konstantinos Oureilidis

Veterinary Laboratory of Kavala,
Directorate of Veterinary Center of

Thessaloniki, Ministry of Rural
Development and Food, 64012 Kavala,

Greece

ktekav@yahoo.gr

Zanda Ozolina

Parasitology group, Laboratory of
Microbiology and Pathology, Institute of

Food Safety, Animal Health and
Environment “BIOR”, LV-1076, Riga,

Latvia

zanda.ozolina@bior.lv

Metka Pislak Ocepek

National Veterinary Institute, Veterinary
Faculty, University of Ljubljana,
Laboratory for Bee Health Care,

Gerbičeva 60, 1000 Ljubljana, Slovenia

metka.pislakocepek@vf.uni-lj.si

Marc Oliver Schäfer
Friedrich Loeffler Institut-Germany, NRL
for Bee Diseases, 17493 Greifswald-Insel

Riems, Germany
marc.schaefer@fli.de

Emilia Semberg
Swedish University of Agricultural

Sciences, Ecology, NRL for Honey Bee
Health, 75007 Uppsala, Sweden

emilia.semberg@slu.se

Ivana Tlak Gajger

Laboratory for Honeybee Diseases
APISlab, Department for Biology and
Pathology of Fish and Bees, Faculty of

Veterinary Medicine, University of
Zagreb, 10 000 Zagreb, Croatia

ivana.tlak@vef.hr

Maria José Valério

Patologia Apícola, Patologia, Instituto
Nacional de Investigacao Agraria e
Veterinaria, I. P., 2780-157 Oeiras,

Portugal

mjose.valerio@iniav.pt

Sarka Vyroubalova

Department of Pathological Morphology,
State Veterinary Institute Olomouc, NRL

for Honeybee Health, 77900 Olomouc,
Czech Republic

svyroubalova@svuol.cz
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Simple Summary: Chalkbrood is a fungal honey bee disease that effects honey bee larvae. It usually
does not cause colony death. However, it can weaken the colony by reducing the number of bees
and thus reducing chances for colony survival. It is known that poor nutrition can be behind the
onset of honey bee diseases. Until now, the mineral content of larvae and mummies and the onset of
chalkbrood disease have not been linked. Here, we show that there are differences in the elemental
composition of larvae from colonies with different statuses of the chalkbrood disease. Mummies
had higher concentrations of macroelements in comparison to apparently typically developed larvae
from the same hive, while at the same time they had much lower concentrations of microelements
that have known antifungal and antimicrobial activities. It may be that the lack of these elements
contributes to the onset of chalkbrood disease.

Abstract: Chalkbrood is a disease of honey bee brood caused by the fungal parasite Ascosphaera apis.
Many factors such as genetics, temperature, humidity and nutrition influence the appearance of
clinical symptoms. Poor nutrition impairs the immune system, which favors the manifestation of
symptoms of many honey bee diseases. However, a direct link between dietary ingredients and
the symptoms of chalkbrood disease has not yet been established. We show here that the elemental
composition of chalkbrood mummies and healthy larvae from the same infected hives differ, as
well as that mummies differ from larvae from healthy hives. Chalkbrood mummies had the highest
concentration of macroelements such as Na, Mg, P, S, K and Ca and some microelements such as Rb
and Sn, and at the same time the lowest concentration of B, As, Sr, Ag, Cd, Sb, Ba and Pb. Larvae from
infected hives contained less Pb, Ba, Cs, Sb, Cd, Sr, As, Zn, Cu, Ni, Co, Mn, Cr, V and Al in contrast
to healthy larvae from a disease-free apiary. This is the first study to demonstrate such differences,
suggesting that an infection alters the larval nutrition or that nutrition is a predisposition for the
outbreak of a chalkbrood infection. Though, based on results obtained from a case study, rather
than from a controlled experiment, our findings stress the differences in elements of healthy versus
diseased honey bee larvae.

Keywords: Apis mellifera; Ascosphaera apis; element composition; nutrition; feeding

1. Introduction

Honey bees, important pollinators, are threatened by the reduction of the availability
and diversity of pollen and nectar sources due to land-use changes. Malnutrition can
directly contribute to poor bee health, or indirectly effect their immunocompetence [1–3].
Honey bees consume macro- and micronutrients from nectar, pollen and water to ade-
quately meet their nutritional requirements [4]. Feeding a diverse (multifloral) pollen diet
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may be a crucial factor for honey bee health [5–8]. However, the role of micronutrients in
honey bee health is not yet completely understood [9]. Minerals and nutrients are vital
for the reproduction and development of adult bees and larvae. It is known that some
elements are essential to honey bees (Na, K, Ca, Mg, P), while others can be toxic (Al,
Pb, Cd, Ba) [10,11]. Al is not a proven nutrient. It can replace other metals, especially
magnesium, in protein-buried sites and induce conformational defects and changes in the
protonation states of protein sidechains [12]. Pb can influence the activity of enzymes and
antioxidants. It causes oxidative stress and mostly effects the nervous system [13]. Cd
can have a catalytic role in the production of reactive oxygen species, increasing oxidative
stress. It can interfere with DNA-repair mechanisms, ending in cell death [14]. Ba has
a negative influence on K+ accumulation inside the cells, causing hyperkalemia, which
causes the depolarization of membranes [13].

Colonies can be provided with additional essential minerals through supplemental
feeding. However, the definite requirements and optimal amounts that honey bees need
are still mostly unexplored [4,15]. Honey bee larvae are to a certain extend buffered against
the changes in the food supply of the colony [16]. The effects of larval nutrition on the
susceptibility of bees to disease have not been studied [17].

Chalkbrood is a honey bee brood disease caused by the fungus Ascosphaera apis
(Ascomycota: Eurotiomycetes: Ascosphaerales). The disease is widespread worldwide,
and there is evidence that the incidence of chalkbrood may be increasing [18–21]. The
typical symptoms are irregular wax capping over the brood and uncapped cells scattered
over the brood frames. Mummies can often be seen in cells, at the hive entrance or
found on the bottom board, where they are removed by worker bees [22]. At first, dead
larvae are covered by a fluffy white mold and swollen to the hexagonal shape of the cell.
Later they shrink into ‘mummies’, and may become grey/black if spore cysts form [23].
Around 5–37% less honey is produced globally as a result of the disease, due to decreased
productivity in affected bee colonies [24]. This happens due to a reduction in workforce
caused by mycosis [25]. Although it is usually not lethal to the colony, it can hinder its
development by reducing its population [26]. While adult bees are not susceptible to
this pathogen, they can transmit the disease within and between beehives [19]. Inherited
genetic traits, such as hygienic behavior, play a role in preventing the onset of chalkbrood
disease [27]. Temperature and humidity are also factors that contribute to commencement
of this disease [28,29]. The chilling of brood cells 24 h before or after they are sealed is an
important predisposing factor for chalkbrood disease [30]. This fungus is best regarded
as an opportunistic pathogen which is efficiently dispersed and very widespread, and
its presence in the larvae does not necessarily cause the disease to appear; one or more
predisposing conditions must occur at the same time for the disease to develop [23].

The development of healthy honey bee colonies is supported by adequate nutrition [4],
but so far there has been no direct link between poor larval nutrition and chalkbrood
disease in honey bees. As suggested by recent studies, negative effects of infectious viral
and fungal diseases can be increased by the poor nutrition of honey bees [31]. At the
same time, the nutritional physiology of honey bees can be negatively affected by common
bee pathogens and parasites [32,33]. This holds the potential for deleterious feedback
loops between poor nutrition and infectious disease, which may contribute to a spiral of
deteriorating bee health [31]. Here, we investigated whether mummies and larvae from
infected colonies show differences in elemental composition compared to larvae from
healthy honey bee colonies.

2. Materials and Methods

Honey bee larvae and chalkbrood mummies were collected from two apiaries in Vršac,
Serbia. One is positioned in an urban environment (45◦06′35.3′′ N 21◦18′27.0′′ E), and
another one in a rural area (45◦08′14.9′′ N 21◦20′04.2′′ E), with around 3.7 km distance
between them. The urban apiary hosted up to 15 hives, while the rural apiary had more
than 60 hives with at least 100 more hives nearby. The urban apiary is considered disease-
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free, as the chalkbrood disease has not been present in the past ten years, while chalkbrood
was occasionally present in the rural apiary. At the urban apiary, we sampled 25 larvae from
each of three hives on 3 June 2023. From the rural apiary, we sampled 25 mummies and
larvae from each of three hives which had moderate clinical symptoms of chalkbrood, and
25 larvae from each of three hives that did not show any symptoms of disease. Mummies
were easy to spot on the frame, but only a few of them could be spotted on the bottom
or landing board. Sampling was conducted during nectar dearth, and infected hives had
notably smaller honey and pollen reserves in contrast to healthy hives. All sampled larvae
were approximately 5 days old post-hatching and appeared healthy. They were collected
from the comb cells closest to capped brood, and the first signs of the capping process were
visible. Mummies were collected only from frames (not from the bottom board) only from
those cells that were partially opened by bees, with no regard to their color. The samples
were pooled, each containing 75 larvae or mummies, leaving one pooled sample, each of
the following: (1) larvae from the urban disease-free apiary, (2) larvae from rural hives
that do not show symptoms of chalkbrood disease, (3) larvae from rural hives that show
symptoms of chalkbrood disease and (4) mummies from rural colonies with chalkbrood
disease. Each of the pooled samples were analyzed in triplicate, adding up to n = 12.

2.1. Chemicals and Standards

A purification system (Milli-Q, Merck Millipore, Darmstadt, Germany) was used
to provide purified water (18.2 MΩ cm). Nitric acid (HNO3) Rotipuran p. a. ≥ 65%
(Carl Roth, Karlsruhe, Germany) was sub-boiled with an MLS duoPUR (MLS, Leutkirch,
Germany) prior to its use for the preparation of samples. For internal standards and
the preparation of calibration standards, we used ICP Single-Element Standards Certipur
(Merck Millipore, Darmstadt, Germany) and Single Element Standards for ICP (Carl Roth,
Karlsruhe, Germany). Fifteen and fifty mL Cellstar polypropylene tubes (Greiner Bio-One
International GmbH, Kremsmünster, Austria) were used for the preparation of all solutions.

2.2. Sample Preparation

The sample preparation was adopted from [34]. In short, 100 mg of freeze-dried
and homogenized honey bee samples was digested in an ultraCLAVE IV microwave
digestion system (MLS GmbH, Leutkirch, Germany) using 5 mL of concentrated HNO3.
Each digestion was accompanied by three digestion blanks (5 mL conc. HNO3) and three
reference materials BOVM-1 “Bovine muscle powder” (NRC, Ottawa, ON, Canada). After
digestion, samples were left to cool, transferred to 50 mL Cellstar tubes, and diluted with
ultrapure water to a final volume of 50 mL (10% (v/v) nitric acid).

2.3. Determination of Element Concentrations

Element concentrations were determined as described [34] using inductively coupled
plasma mass spectrometry—ICPMS (Agilent ICPMS 7700x, Waldbronn, Germany). We
have used an external calibration curve with six points and four concentration ranges. The
calibration curve was made in 10% HNO3 to match the sample matrix. Calibration curve
ranges (Text S1), the performance of the instrument (Table S1), the selected mass, the tune
mode and internal standard for correction for each element analyzed and the detection
limits (Table S2) are reported in the Supplementary Material.

2.4. Quality Control

Quality control was achieved through the continuous addition of Be, Ge, In and Lu
(200 μg L−1 in 1% v/v HNO3) and analyses of drift standards (after every 10 samples).
Extraction efficiency was evaluated by subjecting BOVM-1: Bovine Muscle Certified Refer-
ence Material for Trace Metals and other Constituents (NRC, Canada) through the same
digestion process as the samples (Table S3). In addition, accuracy was also evaluated using
SRM 1643f Trace elements in natural water (National Institute of Standards & Technology,
Gaithersburg, MD, USA) (Table S4).
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2.5. Statistical Analyses

Microsoft Excel 2021, version 2108 and IBM SPSS Statistics 25 were used to process
the data statistically. Descriptive statistics including mean concentrations and standard
deviations were calculated (Table S5). To assess statistically significant differences between
samples, an ANOVA followed by Tukey’s HSD test was applied to the dataset (Table S5).

3. Results and Discussion

Chalkbrood mummies had higher concentrations of macroelements such as Na, Mg, P,
S, K, Ca and some microelements, like Rb, compared to all other samples (Figure 1a,b,d,
Supplementary Material Table S5). At the same time, the mummies had the lowest con-
centrations of B, As, Sr, Ag, Cd, Sb, Ba and Pb (Figure 1d,e). Mummies and larvae from
infected hives contained statistically less Al, Cr, Mn, Co, Ni, Cu, Zn, As, Sr, Cd, Sb and
Cs compared to larvae from uninfected hives in the same apiary and to larvae from the
disease-free apiary (Figure 1, Table S5).

Figure 1. (a–f) Element concentrations (mg kg−1 dry weight) in mummies, larvae from hives showing
chalkbrood symptoms and larvae from hives not showing chalkbrood symptoms from rural apiary
and larvae from disease-free urban apiary (n = 12); different lower-case letters (a, b, c and d) represent
statistically significant differences in element concentrations between samples.
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This could indicate that the larvae from infected hives consumed a more uniform
diet that is rich in macroelements, but lacking in microelements, compared to larvae from
healthy hives, where the larvae are fed based on diverse food sources. Earlier studies
concluded that the composition of the food is more important than the amount of food
consumed [35]. It could be that honey bees from the infected hives either collected less
pollen or the pollen collected was of a lower diversity. There are a number of reasons for
this, including genetics (pollen-hoarding selection) [27,36], feedback between poor nutrition
and infectious disease or intraspecific competition between honey bee colonies [31,37]. It is
possible that the foragers from infected hives were outcompeted for pollen by honey bees
from nearby, uninfected hives in the same apiary. Previous studies have shown that bees
from different hives in the same apiary accumulate different amounts of elements in them.
In the same study, bees from the same hive also had different element concentrations [34].
Recent studied concluded that most of the elements accumulated in bees originate from
the food they eat [38–40]. This same food is processed and used to feed larvae; hence it is
safe to assume that not all larvae receive the same elemental composition of food. Even
in a normally functioning colony with adequate resources, some larvae are seemingly
stochastically ignored by nurses for sufficient time to result in some amount of “hunger”,
and the deprived larva pheromonally sends a “hunger signal” to positively influence its
chances of being fed [41]. This means that not all larvae are fed equally, hence not receiving
the same quantity and quality of food [42,43]. There is a possibility that the infected
larvae try to compensate for the nutrient deficiency caused by the nutrient consumption of
Ascosphaera apis in the same way in which infected bees try to compensate for the energetic
stress caused by Nosema ceranae, through eating more, by sending more “hunger signal”,
and in this way positively influences its chances to receive more jelly [41,44].

Based on the data presented here, we suggest that the deficiency of some elements
could either be a possible cause contributing to the onset of chalkbrood disease or a
consequence of the infection. Mainly, B, As, Sr, Ag, Cd, Sb, Ba and Pb are interesting
elements, as we found their concentrations in mummies to be much lower than in larvae
from the same colonies (Figure 1). As already mentioned, not all larvae from one colony will
turn into mummies. Only the infected larvae that are mummified have lower concentrations
of the mentioned elements. In addition, larvae and mummies from hives that show
symptoms of chalkbrood had lower concentrations of Al, Cu, Zn, Ni, Cr, Mn, Co, Mo, V and
Cs compared to larvae from hives that did not show the onset of disease and to the larvae
from hives in the disease-free apiary. The fact that larvae contain more macroelements in
healthy colonies in comparison to colonies with chalkbrood symptoms strengthens our
hypothesis that chalkbrood is associated with poor nutrition. Larvae in healthy hives are
generally better fed.

Boron concentration in the mummies is very low in contrast to the larvae from the
infected hives, but also from all other hives. Several boron-containing compounds show
excellent antifungal activity against important fungal pathogens Mycosphaerella fijiensis and
Colletotrichum sublineolum [45]. Low B concentrations in mummies compared to larvae from
the same hive suggests, as already mentioned, that not all larvae are fed food with same
elemental composition. Aluminum and its salts have attracted attention in recent decades
as an alternative to chemical antifungals. It could be referred to as an organic antifungal.
They have been shown to be effective against pathogens from the Ascomycota phylum [46].
Al is mostly excreted by honey bees [47]. This could be the reason it is well tolerated and
why Zaric et al. [48] found levels in live honey bees that are 10-20 times higher than in
previous studies. Our results show a lower zinc content in larvae from infected hives
and mummies compared to larvae from healthy colonies. Zinc supplementation increases
the antioxidant defenses of honey bees [49]. A preference for zinc-treated food has been
observed in Apis mellifera, underlining the importance of zinc for honey bee colonies [50].
Zinc oxide and silver nanoparticles inhibit Ascosphaera apis [51]. We observed a much
lower silver concentration in mummies in contrast to larvae from infected but also from
healthy colonies. Ag is well known to be antimicrobial and antibacterial [52,53]. It is
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possible that only larvae fed a low quantity of certain microelements are mummified while
others are protected by these same elements. Larvae prior to mummification were probably
fed a diet low in this element, lowering its antimicrobial activity and thus providing the
opportunity for the onset of chalkbrood. In addition, most of the elements, including V,
Cr, Mn and Sr, which we found in very low concentrations in mummies and larvae from
infected colonies, are known for their antifungal properties [54–56]. Hence, it could be
hypothesized that a lack of these elements favors the outbreak of chalkbrood; we suggest
further controlled studies.

4. Conclusions

Chalkbrood is caused by Ascosphaera apis spores, which must be present in the colony
before clinical symptoms break out. In an infected colony, some of the larvae develop
into adult bees and some of them die and become mummies. Our data show that some
elements have higher concentrations in mummies compared to healthy larvae from the
same colony, while for other elements the opposite is true. This is possibly the outcome
of the qualitative properties of the food that is fed to these larvae, which dependents on
the pollen composition. Infected larvae that will turn into mummies are most likely fed a
higher quantity of food that is rich in some elements (P, S, K, Na, Mg, Ca, Cu, Zn, Rb, Cr,
Mn, and Mo), while lacking others (Al, B, Ag, Sb, Ba, Pb, As, Sr and Cd), some of which
exhibit antifungal properties. The lack of antifungal elements in the larval diet could be the
reason behind the onset of chalkbrood and the mumification of some larvae within infected
hives. However, sampling more locations and different timepoints as well as different ages
of larvae is needed for a more conclusive conclusion.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/insects15040269/s1, Text S1: Calibration-curve ranges; Table S1.
Performance of the ICPMS; Table S2. Selected mass, tune mode, internal standard and detection limits
(LoD); Table S3. Certified and determined values for elements in NIST SRM 1643f Trace Elements in
Natural Water; Table S4 Certified and determined values for elements in CRM BOVN-1 Bovine Muscle
Powder; Table S5. Descriptive statistics and ANOVA (mg kg−1 dry weight ± standard deviation).
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Simple Summary: Honey bees are key pollinators in agricultural crops. Today, honey bee colonies in
decline are a global concern as a result of various stressors, including pesticides, pathogens, honey
bee health, and parasites. A healthy honey bee colony refers to colonies that are not exposed to biotic
and abiotic stressors. In this study, we examine how thiamethoxam (pesticide) and deformed wing
virus type A (DWV-A) interact in effects on honey bee health. The results revealed that the honey
bees were infected with DWV-A and were additionally exposed to thiamethoxam, showing effects
that increased the mortality rate, and crippled wings in newly emerged adult honey bees. Moreover,
the exposure to thiamethoxam and DWV-A injection resulted in induced expression of immune
genes (hymenoptaecin gene) while downregulation of two apoptosis genes (caspase8-like, caspase9-like
genes). The impact interaction of pesticide and DWV-A have on the expression of apoptosis genes
can directly affect viral susceptibility in the honey bee host.

Abstract: Honey bees are economically important insects for crop pollination. They play a significant
role as pollinators of wild plants and agricultural crops and produce economical products, such as
honey, royal jelly, wax, pollen, propolis, and venom. Despite their ecological and economical impor-
tance, the global honey bee population is in decline due to factors including pathogens, parasites,
intensive agriculture, and pesticides. Moreover, these factors may be interlinked and exacerbate the
loss of honey bees. This study aimed to investigate the interaction between a pesticide, thiamethoxam,
and deformed wing virus type A (DWV-A) to honey bees and the effects on survival rate, wing
characteristics, and expression of immune and apoptosis genes in Apis mellifera. We described the
potential interaction between thiamethoxam and DWV-A on honey bee wing characteristics, DWV-A
loads, and the expressions of immune (defensin, abaecin, and hymenoptaecin) and apoptosis genes (buffy,
apaf1, caspase3-like, caspase8-like, and caspase9-like). Honey bee larvae were fed with three different
thiamethoxam doses (0.001, 1.4, and 14.3 ng/μL of the diet). Then, thiamethoxam-treated white-eyed
pupae were injected with 107 copy numbers/honey bee of the DWV-A genome. The interaction
between thiamethoxam and DWV-A caused a high mortality rate, crippled wings in newly emerged
adult honey bees (100%), and resulted in induced expression of hymenoptaecin gene compared to
the control group, while downregulation of caspase8-like, caspase9-like genes compared to the DWV
injection group. Therefore, the potential interaction between thiamethoxam and DWV-A might have a
deleterious effect on honey bee lifespan. The results from this study could be used as a tool to combat
DWV-A infection and mitigate pesticide usage to alleviate the decrease in the honey bee population.

Keywords: apoptosis; DWV-A; immune; pathogens; pesticides; thiamethoxam
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1. Introduction

The western honey bee, Apis mellifera, is the main pollinator of wild plants and agri-
cultural crops. They also produce honey and other hive products such as royal jelly, wax,
pollen, propolis, and venom [1–3]. The global and rapid loss of honey bee colonies has been
associated with various factors, including pesticides, pathogens, honey bee health, and
parasites [4]. However, these losses are thought to be largely attributed to the pesticide as
well as emergent pathogens, including viruses [5]. Furthermore, viruses and pesticides can
be concurrent threats to honey bee colonies, as honey bees infected with different pathogens
encounter pesticides when collecting pollen and nectar [6,7].

When honey bees forage pollen, pesticide residue in crops up to 10 km away can
pollute collected pollen and nectar and consequently cause pesticide contamination in
colonies. Thiamethoxam (nitro-substituted neonicotinoid) is now the most commonly
used insecticide in crops worldwide for seed coatings or directly sprayed on crops [8,9].
Previous studies have shown that thiamethoxam had negative effects on honey bees in
the larval stage [10–13], pupal stage [14], and adult stage [15–18]. Moreover, neonicotinoid
insecticides are likely to cause changes in honey bee physiology, such as hypopharyn-
geal gland development [19,20], honey bee behavior [21–23], colony development [24],
foraging [25,26], and memory and learning [27–29].

Among honey bee pathogens, viruses have been one of the main culprits associated
with honey bees’ colony decline [30,31]. To date, about 26 honey bee viruses have been
described, most of which are single-stranded RNA viruses, primarily belonging to the
Dicistroviridae and Iflaviridae families [30]. The most common honey bee viruses include
acute bee paralysis virus (ABPV), black queen cell virus (BQCV), chronic bee paralysis virus
(CBPV), deformed wing virus (DWV), Israeli acute bee paralysis virus (IABPV), Kashmir
bee virus (KBV), and sacbrood virus (SBV) were detected in honey bee colonies [5,32]. DWV
is widespread and dominant in A. mellifera, positively correlated with varroa mites and
tropilaelaps mites infestation [32–35]. DWV causes crippled wings and reduced body size
in adult honey bees [36]. Several studies have documented that DWV has been linked to
colony losses [32,37,38]. Three master variants of DWV (DWV-A, DWV-B, and DWV-C)
have been discovered, with DWV-A being the most widespread variant [39–41]

Effects of co-exposure between pesticides and honey bee viruses have already been
reported, resulting in an increase in DWV loads [42], BQCV loads [43], and CBPV loads [44]
in honey bees. The effect of these factors has also been found to cause higher mortality
rates in honey bee larvae [45]. Moreover, the change in gene expression pattern has been
observed in immune and detoxification genes in honey bees [44]. Although the co-exposure
of honey bees to DWV and thiamethoxam were investigated in previous studies [45],
information on the relationship between crippled wings honey bees and gene pattern
is still scarce. In this study, we described the effects of DWV-A infection and different
concentrations of thiamethoxam treatment on the survival, viral loads, wing characteristics,
and expressions of immune and apoptosis genes in newly emerged adult honey bees.

2. Materials and Methods

2.1. Honey Bee Samples

Seven Apis mellifera colonies maintained at Bee Protection Laboratory (BeeP) apiary,
Chiang Mai University, Thailand (18◦48′14.3′′ N 98◦57′22.2′′ E) during 2018–2019 were
used in this study. The crippled honey bees were collected from four colonies kept without
ectoparasitic mites treatment. Three honey bee colonies, no visible clinical symptoms, and
low/no ectoparasitic mites infestation were used for in vitro larval rearing.

2.2. Preparation of Deformed Wing Virus Type A (DWV-A) Lysate

The crippled adult honey bees were collected from A. mellifera colonies to prepare a
DWV-A lysate. Five crippled adult honey bees were frozen in liquid nitrogen and crushed
with a mortar. The ground crippled adult honey bees were suspended in 5 mL of phosphate
buffer solution (pH 7.4) and then centrifuged at 6440× g for 10 min at 4 ◦C (K3 Series,
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Centurion Scientific Ltd., London, UK). The supernatant was collected after centrifugation
and filtered through a 0.2-micron filter (Millipore, Merck, Darmstadt, Germany) to eliminate
bacteria, fungi, and Nosema. The absence of six common honey bee viruses (acute bee
paralysis virus (ABPV) [46], black queen cell virus (BQCV) [46], chronic bee paralysis virus
(CBPV) [46], Israeli acute bee paralysis virus (IABPV) [47], Kashmir bee virus (KBV) [46],
and sacbrood virus (SBV) [46]) in the lysate was confirmed by quantitative real-time PCR
(qRT-PCR). The sequence of primers used is shown in Table S1. Lysate without all six
common honey bee viruses was used for this study. The lysate was kept at −80 ◦C until
use [48]. The level of DWV genome equivalents in the lysate was measured using the same
qRT-PCR technique described later in the Materials and Methods (Sections 2.6 and 2.7).

2.3. Diet and Larval Feeding

The first instar larval stage of A. mellifera was grafted onto an artificial diet plate.
The levels of different sugar and yeast extract concentrations in food were provided for
each developmental larval stage to meet the nutritional requirements. The artificial diet
consisting of 50% w/w of royal jelly and 50% w/w of distilled water that contained either
diet A (12% w/v glucose, 12% w/v fructose, and 2% w/v yeast extract), or diet B (15% w/v
glucose, 15% w/v fructose, and 3% w/v yeast extract), or diet C (18% w/v glucose, 18% w/v
fructose, and 4% w/v yeast extract) was refreshed every day. On the first and second days
of in vitro rearing, each larva was fed with diet A, and then diet B was fed on the third day.
Finally, diet C was fed on the fourth, fifth, and sixth days of the larvae developmental stage.
Plates of larvae were incubated at 34 ± 1 ◦C and 96% RH [49].

2.4. Exposure to Thiamethoxam

Thiamethoxam was mixed in with diet C at three concentrations, including 0.001
(LT group), 1.4 (MT group), and 14.3 (HT group) ng/μL of the diet (note that the con-
centration of 0.001 ng/μL was the equivalent level of residues found in nectar, pollen,
and beebread) [13]. The medium and high concentrations of thiamethoxam were selected
according to a previous study [12], which were the lethal and sub-lethal concentrations of
thiamethoxam to honey bee larvae reared in vitro. Diet C with no thiamethoxam was used
in the control group (C group). The experimental groups were fed with diet C at different
concentrations on the 4th day after grafting. After that, larvae received only food without
the insecticide on the 5th and 6th days. On the 4th, 5th, and 6th days, each larva was
fed 30, 40, and 50 ng/μL of diet C, respectively [12]. Overall, 105 honey bee larvae were
subject to each treatment. Larval mortality was checked individually by observation under
a stereomicroscope (Olympus, Tokyo, Japan) until they developed into the white-eyed
pupae stage.

2.5. Injection of DWV-A to Honey Bee White-Eyed Pupae

The white-eyed pupae were collected and divided into 9 groups. Thiamethoxam-
treated white-eyed pupae were injected laterally between the second and third tergite of the
abdomen with 2 μL per honey bee of PBS containing 107 copy numbers/honey bee of DWV-
A genome. Thiamethoxam-treated white-eyed pupae were divided into six groups: LT/V-
(treated with 0.001 ng/μL thiamethoxam); LT/NC (treated with 0.001 ng/μL thiamethoxam
with PBS injection); LT/V+ (treated 0.001 ng/μL thiamethoxam with DWV-A injection);
MT/V- (treated 1.4 ng/μL thiamethoxam); MT/NC (treated 1.4 ng/μL thiamethoxam
with PBS injection); MT/V+ (treated 1.4 ng/μL thiamethoxam with DWV-A injection).
Thiamethoxam-untreated white-eyed pupae were injected with 2 μL per honey bee of
107 copy numbers/honey bee of DWV-A genome as a positive DWV-A control group (PC
group). White-eyed pupae that were not treated with thiamethoxam and PBS injected were

193



Insects 2022, 13, 515

used as a negative control group (NC group). The PBS injection treatments were used as a
control for the injection [45,50]. White-eyed pupae that were not treated with thiamethoxam
and not injected were used as a handling control group (C group). All white-eyed pupae
were incubated at 34 ± 1 ◦C and 70% RH until developing into newly emerged adult honey
bees [51,52]. The honey bee survival rate was monitored during development.

2.6. RNA Extraction and cDNA Synthesis

Total RNA of adult honey bees was individually extracted by using TRIzol® (Invit-
rogen, Carlsbad, CA, USA) following the manufacturer’s protocol. RNA concentration
and quantity were determined using a BioDrop Duo spectrophotometer (BioDrop Ltd.,
Cambridge, UK). Reverse transcription was performed from 1 μg RNA to cDNA using the
Tetro cDNA synthesis kit (Bioline, Alexandria, NSW, Australia) following the manufac-
turer’s protocol.

2.7. Quantitative Real-Time PCR Parameters

The number of DWV-A genome copies was determined by the absolute quantification
method. The standard curve was established by plotting seven 10-fold dilutions of DWV-A
insert in TOPO ®TA Cloning® plasmid (Invitrogen, Carlsbad, CA, USA). The qRT-PCR
was performed on BioRad iQTM 5 (Bio-Rad Crop., Hercules, CA, USA), using SensiFAST
SYBRR® No-ROX Kit master mix (Bioline, Alexandria, NSW, Australia). The amplification
was performed in a 20 μL reaction volume using SensiFAST SYBR® No-ROX Mix, consisting
of 10 μL of 2x SensiFAST SYBR® No-ROX Mix, 0.8 μL of each 10 μM primer, 1 μL of 10-fold
diluted cDNA and nuclease-free water to adjust the volume to 20 μL. For amplification
step with the following profile was used: 50 ◦C for 30 min and 95 ◦C for 10 min, followed
by 40 cycles of 95 ◦C for 30 s, 55 ◦C for 1 min, and 72 ◦C for 30 s. The melting curve was
generated from 55 ◦C to 95 ◦C in 0.5 ◦C/s increments. The sequence of DWV-A [53], and
housekeeping genes [54,55] primers is described in Table S1.

Relative quantification in real-time PCR was determined in antimicrobial peptides
(AMPs), and apoptosis-related genes [50,56]. Ribosomal protein subunit 5 (RPS5) and
β-actin were used as housekeeping genes for all primers shown in Table S1. qRT-PCR was
performed as described above. All reactions were carried out using a thermal program of
95 ◦C for 30 s followed by 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 1 min. The
final qRT-PCR amplification was confirmed by the analysis of the melting curve generated
from 55 ◦C to 95 ◦C in 0.5 ◦C/s increments. Each experiment was performed in triplicate,
and negative controls (no template) were included in each reaction. Gene expression was
calculated as 2−ΔΔCT [57].

2.8. Statistical Analysis

The survival of white-eyed pupae and newly emerged adult honey bees were es-
tablished using Kaplan–Meier survival statistics with the log-rank test. Log-transformed
DWV-A loads and gene transcripts were analyzed using one-way ANOVA (Welch ANOVA
in cases of unequal variance) followed by the Games-Howell post-hoc t-test. The data were
analyzed using generalized linear models (GLMs) to evaluate significant variations among
treatments and genes, with treatments and genes as fixed factors, and the interaction was
included. p-values less than 0.05 were noted as significant. All statistical analyses were
tested using the SPSS v 25 program (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Effects of Thiamethoxam on Survival of Larvae to White-Eyed Pupae

The cumulative survival curves of A. mellifera white-eyed pupae were significantly
different between the C group (thiamethoxam-untreated) and thiamethoxam-treated groups
after 12 days post feed (Kaplan–Meier log-rank test, x2 = 170.826, p < 0.0001; Figures 1 and S1).
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The survival rate of the C group (90%) was not significantly different compared to the
LT group (70%) (log-rank test, p = 0.059). In addition, the survival rates between MT
(39%) and HT (22%) groups were not significantly different (log-rank test, p = 0.128;
Figures 1 and S1 and Table S2). Honey bees fed with the highest thiamethoxam dose
(14.3 ng/μL; HT group) showed a significantly lower survival rate than the C group (log-
rank test, p < 0.0001), and honey bees fed with 0.001 (LT group), 1.4 (MT group) ng/μL of
thiamethoxam (log-rank test, p = 0.013 and 0.028, respectively) (Figure 1 and Table S2).

Figure 1. Kaplan–Meier survival curve of white-eyed pupae that were treated with three concen-
trations of thiamethoxam (0.001, 1.4, and 14.3 ng/μL) and control (untreated thiamethoxam) in the
larval stage.

3.2. Effects of Co-Exposure of Thiamethoxam and DWV-A on the Survival of White-Eyed Pupae to
Newly Emerged Adult Honey Bees

The cumulative survival curves of A. mellifera newly emerged adult honey bees were
significantly different between the control and treated groups 8 days post injection (Kaplan–
Meier log-rank test, x2 = 131.182, p < 0.0001; Figure 2). There was no significant difference
in cumulative survival rates among the C group (thiamethoxam-untreated with no DWV-A
injection) (89%), NC (thiamethoxam-untreated with PBS injection) (87%), LT/V- (91%),
LT/NC (86%), MT/V- (85%), and MT/NC (83%) (log-rank test, p > 0.05). However, these
treatment groups showed higher cumulative survival rates when compared to groups
injected with DWV-A. The injection with DWV-A-untreated thiamethoxam group (PC
group) and LT/V+, MT/V+, and HT/V+ groups showed survival rates of 61%, 47%, 50%,
and 13%, respectively. The HT/V- and HT/NC groups resulted in survival rates of 13%
and 14%, respectively (at p < 0.05, Figures 2 and S2, and Table S3). Moreover, PC groups
showed higher cumulative survival rate than LT/V+, MT/V+, and HT/V+ groups at
p-value = 0.012, <0.0001, and <0.0001, respectively (Figure 2). A significant effect of
interaction between thiamethoxam and DWV-A on mortality was found in all co-exposure
groups when compared with DWV-A alone or thiamethoxam alone, except for the high
dose thiamethoxam groups (HT/V- and HT/NC).
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Figure 2. Kaplan–Meier survival curve of newly emerged adult honey bees treated with three
concentrations of thiamethoxam (0.001, 1.4, and 14.3 ng/μL) in the larval stage that were injected with
DWV-A, PBS, and control (not treated with thiamethoxam and uninfected group) in the white-eyed
pupal stage.

3.3. Effects of Co-Exposure of Thiamethoxam and DWV-A on Wing Characteristics of Newly
Emerged Adult Honey Bees

All newly emerged adult honey bees showed normal wings in the C group (100%)
and the NC group (96%). Newly emerged adult honey bees that were not treated with
thiamethoxam and injected with DWV-A (PC group) showed both normal and deformed
wings at 5% and 95%, respectively. All thiamethoxam-treated groups were investigated for
the crippled wings. The groups that were subject to 0.001 ng/μL of thiamethoxam (LT/V-
group) and 0.001 ng/μL of thiamethoxam with PBS (LT/NC group) showed normal wing
at 65% and 74%, respectively. The groups that were subject to 1.4 ng/μL of thiamethoxam
(MT/V- group) and 1.4 ng/μL of thiamethoxam with PBS (MT/NC group) showed nor-
mal wing at 73% and 50%, respectively. The results showed that all concentrations of
thiamethoxam treatments that were injected with DWV-A resulted in crippled wings in
newly emerged adult honey bees (100%) (Figure 3). The survival rate of the HT/V+, HT/V-,
and HT/NC groups was very low, and, therefore, the wing characteristic analysis was
not performed.

3.4. DWV-A Loads in Newly Emerged Adult Honey Bees

Low DWV-A loads were detected in C and NC groups in newly emerged adult
honey bees (2.9 × 104 ± 8.0 × 103 and 3.8 × 104 ± 1.6 × 104 copy numbers/honey bee,
respectively). The DWV-A levels of the MT/V- group showed a statistically significant
difference in DWV-A levels compared to the C group (p = 0.031). The PC groups had higher
DWV-A levels compared to the C group and all treatment groups at a p-value less than
0.05, except LT/V+ and MT/V+ groups (Figure 4 and Table S4). Crippled wings honey
bees in the PC, LT/V+, and MT/V+ groups showed DWV-A loads of 1.2 × 108 ± 1.4 × 107,
1.1 × 108 ± 1.1 × 107, and 1.2 × 108 ± 1.9 × 107 copy numbers/honey bee, respectively,
and there was no statistically significant difference in DWV-A loads between each other
(p > 0.05). The interaction between thiamethoxam and DWV-A did not result in a significant
modulation of DWV-A loads.
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Figure 3. Percentages of the normal and crippled wings of newly emerged adult honey bees after
being treated with thiamethoxam at 0.001 and 1.4 ng/μL in the larval stage and injected with DWV-A
and PBS in the white-eyed pupal stage. The untreated and uninjected larvae were used as controls.

Figure 4. DWV-A loads in newly emerged adult honey bees treated with thiamethoxam at 0.001
and 1.4 ng/μL in the larval stage and injected with DWV-A and PBS in the white-eyed pupal stage.
The control group was not treated with thiamethoxam and not injected. Vertical bars represent
means ± SEM. One-way ANOVA with Games–Howell post-hoc test was used. The lowercase letters
indicate significant differences at p-values less than 0.05.
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3.5. Immune- and Apoptosis-Related Gene Expression in Newly Emerged Adult Honey Bees

White-eyed honey bee pupae treated with 0.001 and 1.4 ng/μL thiamethoxam and
control (thiamethoxam-untreated) in the larval stage were injected with PBS and DWV-A.
Three immune (defensin, abaecin, and hymenoptaecin) and five apoptosis-related genes (buffy,
apaf1, caspase3-like, caspase8-like, and caspase9-like) were investigated at the newly emerged
adult honey bee stage. The results showed no significant differences in the expressions of
buffy and apaf1 (Welch ANOVA, p = 0.062 and 0.095, respectively) in all experimental groups.
In contrast, there were statistically significant differences in the expressions of six genes,
including defensin, abaecin, hymenoptaecin, caspase3-like, caspase8-like, and caspase9-like (Welch
ANOVA, all genes, p < 0.01). PC group showed an upregulation in three immune genes,
including defensin, abaecin, and hymenoptaecin, compared to the C group (Games-Howell,
p = 0.003, 0.034, and 0.011, respectively) (Figure 5 and Tables S5–S7). The expressions of two
immune genes (defensin and abaecin) were lower in all groups treated with thiamethoxam
and DWV-A injection than in the PC group, though not significantly different. Only the
hymenoptaecin gene showed slightly higher upregulation in LT/V+ and MT/V+ groups
than in the C group (Games–Howell, p = 0.005 and 0.006, respectively) (Figure 5 and
Table S7). Honey bees that were treated with 1.4 ng/μL thiamethoxam and with DWV-A
injection (MT/V+ group) showed an upregulation of the caspase3-like gene (Games-Howell,
p = 0.008) compared to the PC group (Figure 5 and Table S8). The caspase8-like and caspase9-
like genes showed the highest upregulation in the PC group, but only caspase9-like was
significantly different compared to the control at p = 0.018 (Figure 5 and Tables S9 and S10).
Moreover, the mRNA levels of the two genes were significantly suppressed in LT/V+ and
MT/V+ groups compared to the PC group (Games-Howell, caspase8-like p = 0.046 and 0.031,
respectively, and caspase9-like p = 0.014 and 0.026, respectively).

Gene expression was significantly influenced by treatments and genes, and the interaction
was also significant (GLMs: p < 0.001 for treatments; p < 0.001 for genes; and p < 0.001 for
the interaction).

Figure 5. Heatmap of immune and apoptosis genes expression levels in newly emerged adult honey
bees. A black asterisk (*) indicates a significant difference between the treatment compared to the
control group. A black circle (•) indicates a significant difference between the treatment compared to
the PBS group. A black triangle (�) indicates a significant difference between the treatment compared
to the DWV-A group (p < 0.05; Welch ANOVA and Games-Howell).

198



Insects 2022, 13, 515

4. Discussion

Our study provides an insight into the effects on survival, DWV-A loads, wing charac-
teristic, and expression of immune and apoptosis genes of Apis mellifera after exposure to
different doses of thiamethoxam and DWV-A infection in newly emerged adult honey bees.
Our results are consistent with previous reports, as we found that honey bees exposed to
thiamethoxam in the larval stage had a significantly reduced survival rate in the white-eyed
pupal stage [13,39]. Moreover, the combined effect of thiamethoxam and DWV-A further
decreased the survival rate of newly emerged adult honey bees. Coulon et al. [45] also
reported that a high dosage of thiamethoxam decreased the survival rate of honey bees after
being injected with DWV. In this study, we showed that treatment with a low concentration
of thiamethoxam (environmental dose in the colony) induces increased crippled wings
in newly emerged adult honey bees. Nevertheless, there are limitations in this study that
could be addressed in future research. The study used two high concentrations (1.4 and
14.3 ng/μL) that are not environmentally relevant. These concentrations not only induced
high mortality but also resulted in an uneven number of individual tested.

Previous studies have shown that thiamethoxam caused changes in honey bee physi-
ology [19,20]. Honey bees exposed to pesticides in the larval stage developed deformed
physical characteristics in the adult stage, such as wing malformation, stunted bodies,
and crippled legs [58]. Our study demonstrated that the effects of treatment with only
thiamethoxam induce increased wing deformity in newly emerged adult honey bees. More-
over, numerous studies have also demonstrated that DWV is also the cause of crippled
wings in honey bees [56,59]. Our result showed that honey bees exposed to thiamethoxam
and DWV-A stressors had a high percentage of crippled wings as newly emerged adult
honey bees. As a consequence, exposure to pesticides and DWV-A in honey bee colonies
may impact the ability of adult honey bees to perform duties and forage effectively, leading
to a decreased rate of colony survival.

In the present study, DWV-A levels of honey bees co-exposed to DWV-A and thi-
amethoxam were significantly higher than in treated groups, except for the PC group. Thus,
the combination of neonicotinoid insecticides and DWV infection induced significantly
higher DWV viral loads in honey bees [42]. These results coincide with the low survival
rate of honey bees co-exposed to DWV-A and thiamethoxam, suggesting the effect between
thiamethoxam and DWV-A infection on honey bee survival.

The immune-related gene expressions of honey bees co-exposed to thiamethoxam and
DWV-A were upregulated in newly emerged adult honey bees. However, only the hymenop-
taecin gene was significantly upregulated compared to the control group. The hymenoptaecin
gene is one of the antimicrobial peptides that have been identified in honey bees to be active
against microorganisms [60]. AMPs play a crucial role in the insect immune system and
contribute to individual and social immunity [50,61,62]. Previous studies have indicated
that the expressions of AMP genes in honey bees were upregulated after the invasion of
pathogens, including microsporidian Nosema [63], Paenibacillus larvae [64], viruses [56], and
ectoparasitic mites [65]. Viral infection within the host via viral entry, replication, and
spreading can induce the antiviral innate immune responses [66]. Upregulation of several
AMP genes, including abaecin, hymenoptaecin, and defensin, was also shown in other studies
where honey bees were infected with DWV-A [56]. Treatment with thiamethoxam led
to the downregulation of abaecin and defensin genes in crippled wings adult honey bees.
Interestingly, honey bees exposed to thiamethoxam and DWV-A injection were also found
to downregulate abaecin and defensin genes, implying immunological toxicity.

We found that co-exposure to thiamethoxam and DWV-A decreased the expression of
apoptosis-related genes and significantly down-regulated caspases8-like and caspases9-like genes.
The caspases gene is known to be related to programmed cell death and is associated with the
final proteases in apoptosis [67]. Apoptosis is an important component of various processes,
including normal cell development, embryonic development, function of the immune system,
hormone-dependent atrophy, and chemical-induced cell death [68,69]. Evidence from previous
studies suggested that virus infection induced apoptosis in insects and that the infection
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was mitigated by the elimination of the infected cells [70–72]. Honey bees injected with
DWV had suppressed the expression of caspases in the pupal stage, which likely promoted
the virus survival in hosts [56]. Honey bee co-exposure groups showed a strong alteration
of immune gene expressions and downregulation of two apoptosis genes. Further studies
are needed to investigate in greater detail the mechanisms for the viruses and pesticides
that destroy immune pathways and the ability of viral replication in honey bee hosts.

5. Conclusions

This study showed the combined effect of DWV-A and thiamethoxam on A. mellifera,
resulting in an increased mortality rate, crippled wings, and increased DWV-A loads. Our
finding showed that honey bees exposed to thiamethoxam and DWV-A could intensify
DWV-A infection, which could result in long-term physical deformity and decreased
honey bees’ life span. Data from our investigation revealed that gene expression patterns
changed in each treatment group. The effect of both thiamethoxam and DWV-A results
in the transcriptome imbalance, which may also have an effect on stress recovery and,
subsequently, on honey bees’ survival rate. Therefore, the results of our study could be
explained by a negative interaction between thiamethoxam and DWV-A on honey bee
lifespan in laboratory conditions. Future studies should be undertaken to examine the
effects of pesticide exposure and viral infection occurring under field conditions.
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Simple Summary: Honey is biologically desirable for antioxidant powers and antiradical capacities.
However, pesticide use in farming means that any nearby beehives might become contaminated with
undesirable and often harmful compounds. Apart from considerations for bee and human health,
producing pesticide-free honey is economically important for Chile, the primary export market of
which is the regulation-strict European Union. In the present study, honey and beeswax samples were
collected from the Los Lagos Region of Chile and subjected to chemical profiling (phenol contents via
Folin–Ciocalteu method; antioxidant power via Ferric Reducing Antioxidant Power Assay (FRAP)
antiradical activity via 2,2-Diphenyl-1-picrylhydrazyl Assay (DPPH) and evaluations for pesticide
residues (via HPLC-MS/MS and GS-MS).

Abstract: Forty-two samples of Tiaca Honey (Caldcluvia paniculata) obtained from beehives belonging
to 14 apiaries (three honey samples per apiary) were collected at the end of January near Osorno
(40◦34′ S, 73◦8′ W), Puyehue (40◦40′ S, 72◦37′ W) and Frutillar 41◦7′ S, 72◦59′ W) covering an area
of 1240 km2. They presented the highest phenol contents (0.36 mg gallic acid equivalent/kg) and
antioxidant power (1.27 mM equivalent of Fe+2/g of sample), and were among the highest for
antiradical activity. Phenol contents and antioxidant power (r = 0.72, p-value < 0.01) and total
phenol contents and antiradical activity (r = 0.69; p-value < 0.01) displayed linear correlations.
Only two beeswax samples showed residues of the pesticide fenhexamid. The respective sites
(Purranque [40◦55′ S, 73◦10′ W] and Coligual [40◦49′ S, 72◦54′ W]) were the only areas located near
active farms. Additionally, the m/z value 163.1091 was found as an element to identify honeys.
Data were used to construct a mapped suitability index ranking for pesticide-free areas with high
biological quality. The provided chemical profiles will aid local beekeepers in obtaining international
certifications, particularly for the EU market. In turn, the constructed maps indicate suitable areas for
apiculture expansion, while differentiated pesticide detection in honey and beeswax requires further
comparative research.

Keywords: honey; beeswax; apiculture; pesticides; antioxidants; phenols

1. Introduction

Pesticides play an important role in farming, with primary positive benefits, such as
pest control, helping to improve crop yields [1,2]. However, pesticides also present several
widely described negative effects for the environment and human health [3–6]. Estimates
indicate that more than 98% of insecticides do not reach their destination [7], which is why
these products are frequently found in the water, soil, atmosphere, and farmed crops [8].

Insecticide use has shifted over the last 20 years from organophosphates and car-
bamates to neonicotinoids [9]. Neonicotinoids are acetylcholine agonists that bind to
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nicotinic acetylcholine receptors, thereby triggering continuous signaling and causing
insect death [10]. Due to the high persistence of pesticides in the environment, these
compounds can be transferred to honey and other apicultural products either directly or
indirectly by bees during production [11–14]. A lack of regulations and appropriate over-
sight have resulted in an indiscriminate use of pesticides, thus potentiating the lethal effects
for populations that should not be exterminated, such as bees [15]. For this pollinating
insect, the median lethal dose (LD50) of neonicotinoids is 0.003–0.006 μg/bee via oral inges-
tion [16]. Furthermore, damage is induced in proportion to the amount of insecticide [17].
Sublethal neonicotinoid doses consequently provoke nervous system disorders in bees
that result in disorientation, memory loss, behavioral changes, communication difficulties,
and an inability to carry out pollinating functions [9,18,19]. Neonicotinoids can also cause
immunodeficiency, which is one of the causes for colony collapse disorder [20]. In the
same way, pesticides residues detected in bee product samples offer a wide spectrum of
risk for health of consumers, from slight allergenic reaction after exposure to carcinogenic
effect [21]. Although, there are several sources of pollution, in many instances the presence
of varroacides compounds is related to beekeeping regular activities, and thus, it is up to
appropriate application of products. This explains the differences among honeys produced
in the same apiary and samples from one country to another [22,23].

The European Union (EU) is one of the primary worldwide importers of honey and
is the main market for Chilean honey, with 96% of national honey exports destined for
EU countries [24]. The EU is one of the most stringent markets in terms of sustainable
production and is particularly concerned about the negative consequences of pesticides,
among other farming practices [25]. In 2013, the European Food Safety Authority identi-
fied at least three high-risk neonicotinoids for bees, especially regarding colony survival
and development: clothianidin, imidacloprid, and thiamethoxam. As such, use of these
insecticides is restricted by the EU [26–28].

It is worth highlighting that in addition to neonicotinoids, other pesticides used in
farming, such as organophosphates, can also affect bees and, consequently, honey produc-
tion [29]. In the interest of sustainable apicultural practices, current research interests in the
area include determining the possible routes through pesticides affect honey, beeswax, bee
pollen, and propolis, as well as establishing if there is a relationship of any effects with farm-
ing activities near hives [30]. Therefore, the objectives of this study were to (i) characterize
the phenolic, antioxidant, antiradical profiles, calories and content of total carbohydrates,
and ashes of honey samples. Likewise, pesticides residues in honey and beeswax samples
and (ii) use the obtained data to establish suitable geographical areas in Chile for the
pesticide-free production of honey and other biologically valuable apicultural products.

2. Materials and Methods

2.1. Honey and Beeswax Samples

The sampled beehives (n = 14) were in the Los Lagos Region of southern Chile (39◦16′ S
to 44◦04′ S). Three samples of honey and a single sample of beeswax were collected from
each beehive. All samples were collected during the summer (January–February 2016).
Immediately after collection, the samples were transported to the laboratory for posterior
analyses. Information regarding bee deaths in the colonies was gathered through interviews
with local beekeepers.

2.2. Mellisopalynological Analysis for Determining the Botanical Origin of Honey Samples

The botanical composition of honey samples was quantitatively counted follow-
ing methods described by Louveaux, Maurizio, and Vorwohl (1978) [31]. Briefly, honey
(20 g) was placed on acetolyzed slides (Montenegro, Gómez, Díaz-Forestier, and Pizarro,
2008) [32]. Then, a sample aliquot was diluted with warm distilled water (20 mL at 40 ◦C),
and the solution was transferred to an appropriate tube and centrifuged at 3500 rpm for
10 min. The supernatant was discarded, and the pollen residue was deposited at the bottom
of the tube for resuspension in distilled water (100 μL). An aliquot (20 μL) was then taken
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and added to a slide together with Calberla’s solution (10 μL), which was either basic
fuchsine or diamond. The slide was gently dried. Finally, melted glycerinated gelatin
(15 μL) was added to the mixture. For each sample, pollen grain residues were identified
using an optical microscope at 400 and 1000× magnifications.

2.3. Preparation of Honey Solutions

First, honey samples (50 g) were mixed with distilled water (100 mL) acidified with
HCl (pH = 2). The mixture was placed in a volumetric flask, and water was added until
reaching a final volume of 250 mL. The extract was then filtered with cotton. Phenolic
compounds were separated by column chromatography using the Amberlite XAD-2 resin
(250 mm height, 20 mm diameter, 2 mL/min drop speed; Sigma-Aldrich, St. Louis, MO,
USA). The column was washed with acid water (100 mL, pH = 2) and, subsequently, neutral
distilled water (200 mL). Phenolic compounds were eluted with methanol p.a EMSURE®

Merck Darmstadt, Germany (300 mL) The phenolic extract was collected and concentrated
in vacuo to dryness at 45 ◦C. The dry residue was resuspended in distilled water (5 mL).
The suspension was put in a decantation funnel, and diethyl ether (5 mL) was added. The
organic phase was collected and washed twice with diethyl ether p.a EMSURE ® Merck
(5 mL). The solution was concentrated to dryness in vacuo at 45 ◦C. The residual was
resuspended in 2 mL of high-performance liquid chromatography (HPLC) grade methanol
(Merck LiChrosolv Darmstadt, Germany), filtered (0.45 μm pore size), and stored at −20 ◦C
until analysis. The extract was weighed prior to storage.

2.4. Colorimetric Assays for Determining Total Phenolic Compounds

The procedure described by Singleton and Rossi [33] and Buratti et al. [34] was used
with minor modifications. Briefly, honey solution (200 μL) was mixed with the Folin–
Ciocalteu reagent (50 μL—Merck KGaA, Darmstadt, Germany) and, subsequently, 20%
Na2CO3 (150 μL). Distilled water was then added to a total volume of 1 mL. Absorbance
was read at 765 nm after 30 min in a DLab SP—UV 1000 spectrophotometer (Beijing, China).
Gallic acid (Sigma-Aldrich, St. Louis, MO, USA) was used as a standard to derive the
calibration curve (0–150 mg/mL). The results defined the phenolic contents, which were
expressed as the g equivalent of gallic acid/kg of sample.

2.5. Ferric Reducing/Antioxidant Power (FRAP) Assays for Determining Antioxidant Power

FRAP assays were performed according to Bertoncelj et al. [35]. The FRAP reagent
was prepared by mixing 2,4,6-Tris(2-pyridyl)-s-triazine Sigma-Aldrich (2.5 mL; 10 mM
2,4,6-Tris(2-pyridyl)-s-triazine/40 mM of HCl) with 20 mM FeCl3 (2.5 mL). Finally, 0.3 M
acetate buffer (25 mL, pH = 3.6) was added to the mixture. The FRAP reagent was prepared
just prior to each assay run. Antioxidant power was determined by mixing honey solution
(0.2 mL) with the FRAP reagent (1.8 mL). Absorbance was read at 593 nm after 10 min.
FeSO4 7H2O was used as a standard to derive the calibration curve (50–1000 mM). Values
were expressed as the mM equivalent of Fe+2/g of sample. Assays were performed at
room temperature.

2.6. Determinations of Antiradical Activity

The procedure described by Meda et al. [36] and modified by Mejías and Montene-
gro [37] was followed to determine antiradical activity. The 1,1-diphenyl-2-picrylhydrazyl
radical DPPH (Calbiochem, Darmstadt, Germany) assay was used to determine the an-
tiradical properties of the chemical compounds in honey by inhibiting or decreasing the
oxidant activity of DPPH. For this, honey solutions (750 μL) were mixed with the DPPH
radical (1.5 mL) in methanol (0.02 mg DPPH/mL MeOH). Absorbance was read at 517 nm
after 15 min. A blank sample was prepared with methanol. Ascorbic acid (Calbiochem,
Darmstadt, Germany) was used as a standard to derive the calibration curve (1–10 mg/mL).
The values for antiradical activity were expressed as mg equivalent of ascorbic acid/g
of sample.
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2.7. Determination of Total Carbohydrate Content in Honey Samples

The total carbohydrate percentage of each honey was previously measured by refrac-
tometry (w/w percentage). Next, 15 g of honey were weighed and mixed with 10 mL of
water. The pH of the resulting solution was adjusted to 1.0 by adding HCl 1.2 M from an
automatic titrator, provided by a combined pH electrode. The total carbohydrate percent-
age was then reduced to a final value of 40.0%, w/w, by dilution with acidified water at
pH 1.5. The total carbohydrate percentage of pure honeys is in average 80%, w/w [38].

2.8. Determinations of Total Ash Content in Honey Samples

The ash content was determined according to the methods of AOAC 2000 [39] with
modifications. First, 10 g of honey were placed in combustion pots, which required
preheating to darkness with a gas flame to prevent honey foaming. Thereafter, the samples
were incinerated at 600 ◦C in a burning muffle for 5 h. After cooling at room temperature,
the obtained ash was weighed.

2.9. Direct Sample Analysis-Time of Flight-Mass Spectrometry (DSA-TOF-MS) for Determining
Chromatography Profiles

For direct sample analysis-time of flight-mass spectrometry, HPLC grade water con-
taining 0.1 M NaOH was added to honey (500 mg). The liquid sample (10 μL) was
placed in a mesh holder for analysis. Assays were run on a direct sample analysis-time
of flight-mass spectrometry (DSA-TOF-MS, Perkin Elmer, Waltham, MA, USA) using the
following conditions: corona current = 30 μA; heater temperature = 300 ◦C; auxiliary gas
(N2) flow = 4 L/min; nebulizer gas (N2) pressure = 80 psi; drying gas (N2) flow = 3 L/min;
and drying gas (N2) temperature = 25 ◦C. The DSA-TOF-MS was run in positive ionization
mode with a flight tube voltage of −10,000 V. The capillary exit voltage was set to 100 V
for normal MS analysis and 155 V for collision induced dissociation analysis. Mass spectra
were acquired with a mass range of 100–3000 m/z and acquisition rate of 1 spectra/s.
To maintain mass accuracy, five lock mass ions were used (m/z 121.0509, m/z 622.0299,
m/z 922.0119, m/z 1521.9771, and m/z 2121.9405). All samples were analyzed for only 10 s.

2.10. Extraction Methodologies
2.10.1. Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS)

QuEChERS extraction was performed following methodology proposed by Bargan-
ska et al. [11], with certain modifications. Briefly, honey (2 g) samples were dissolved with
15 mL of a solution of 1% acetic acid in acetonitrile. This mixture was transferred to the
Extraction Tube containing the salt kit provided with the Dispersive QuEChERS (DisQuE)
was added (Cat. No. 176001903; Waters, Milford, MA, USA). The composition of this
kit included 4 g MgSO4, 1 g NaCl, 1 g trisodium citrate dehydrate, and 0.5 g disodium
hydrogen citrate sesquihydrate. Internal standards (50 μL; triphenyl phosphate 100 μg/mL)
were subsequently added to the mixture. The samples were shaken vigorously for 1 min
and centrifuged at 4400 rpm for 5 min. Samples were further cleaned by transferring the
obtained supernatant (4 mL) to a dispersive sample preparation extraction tube, which
was then shaken for 45 s. Thereafter, the tube was centrifuged at 5000 rpm for 2 min. The
resulting supernatant was used for chromatographic analysis. Samples were cleaned using
MgSO4 (150 mg), primary–secondary amine (PSA; 25 mg), and a C18 (PSA) sorbent (25 mg).
The above methodology was also applied to beeswax samples, excepting the dissolution of
beeswax (1 g) with chloroform (5 mL) in the initial steps.

2.10.2. Solid-Phase Extraction

Pesticides were extracted and identified from honey samples using the methodology
proposed by Bohm et al. [40], with modifications. Briefly, honey samples (2 g) were
homogenized with a citrate buffer solution (10 mL, pH 4.0). After agitation for 15 min, the
mixture was centrifuged (4000 × RPM, 5 min, 5 ◦C) and filtered. The entire supernatant
was transferred to the Oasis HLB 3 cc Vac Cartridge (Cat. No. WAT 094226; Waters, Milford,
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MA, USA) for sample preparation extraction on a vacuum station previously conditioned
with MeOH (6 mL) and water (6 mL). The extracts were rinsed and then eluted with a
solution (5 mL) containing 3% formic acid in MeOH. Finally, the elutions were concentrated
to dryness. Dry residues were reconstituted in a mobile phase solution A (750 μL; see
below for details) and filtered for further analysis via liquid chromatography tandem-
mass spectrometry (LC-MS/MS). Beeswax samples (2 g) were dissolved by vigorous
agitation with 3:1 chloroform/MeOH (5 mL). The homogenized solution was mixed with
96% MeOH (5 mL) and centrifuged. The entire supernatant was transferred onto an
OASIS HLB cartridge. All subsequent steps for beeswax processing were the same as with
honey processing.

2.11. Chromatography

A total of 242 pesticides from the following groups were analyzed: organochlorines,
organophosphates, carbamates, thiocarbamates, pyrethroids, and neonicotinoids. Re-
garding neonicotinoids, acetamiprid, imidacloprid, thiamethoxam, and thiacloprid were
considered (Supporting Material Table S1).

2.11.1. LC-MS/MS Analysis

Honey and beeswax were analyzed by UPLC–MS/MS using a XEVO Triple Quadrupole
Tandem Mass Spectrometer (ACQUITY UPLC H-Class System; Waters Corp., Milford, MA,
USA). Separation was facilitated by using an Acquity- Ethylene Bridged Hybrid (BEH)
C18 column (1.7 lm, 2.1 9 50 mm; Waters Corp., Milford, MA, USA). A mobile phase
gradient was composed of solutions A and B. Solution A was comprised by 5 mM of
10% ammonium formate in 10% methanol and 90% HPLC grade water. Solution B was
comprised by 5 mM ammonium formate in 90% methanol and 10% HPLC grade water.
The oven temperature was 30 ◦C, with an injection volume of 10 μL. The following MS/MS
parameters were used: ionization mode = positive; scan type = MRM; dwell-time = 20 ms;
ion spray voltage = 5.500 V; source = 300 ◦C; and analysis time = 21 min.

2.11.2. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

Chromatography analyses were conducted in an Agilent 7890A GC-MS (Santa Clara,
CA, USA) with solvent vent-mode injection using a programmable temperature vapor-
ization inlet with the 5975C Mass Selective Detector (Agilent, Santa Clara, CA, USA).
Chromatography conditions were as follows: injector temperature = 250 ◦C; column
temperature = 40 ◦C for 5 min, then increased to 240 ◦C at a speed of 3 ◦C/min, and finally
240 ◦C for 10 min; carrier gas = helium at 20 mL/min flow rate; and column = Zebron
ZB-5ms 30 m × 0.24 mm × 0.25 mm (Phenomenex, Torrance, CA, USA). Mass detec-
tor conditions were as follows: transference line temperature = 260 ◦C; ionization trap
temperature = 17 ◦C; ion impact energy = 70 eV; and analysis time = 37.5 min. The used
pesticide standards were from Dr. Ehrenstorfer GmBH (Augsburg, Germany). Stock solu-
tions were prepared at a concentration of 400 μg mL−1 in ethyl acetate and were stored at
−20 ◦C in amber vials. All solvents and reagents used were HPLC grade (Merck Millipore,
Darmstadt, Germany).

2.12. Suitability Index

The values obtained for each analyzed honey sample in relation to total phenols,
antioxidant power, and antiradical activity were separately calculated in decreasing order
for each georeferenced location. From this, an increasing scale of 1 to 3 was used to rank
each variable from lowest to highest. The remaining numbers in the series were calculated
proportional to the following parameterization (e.g., for total phenols [TP]):

TPnew scale =
TPoriginal scale − min

(
TPoriginal scale

)

max
(

TPoriginal scale

)
− min

(
TPoriginal scale

) × (3 − 1) + 1
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where TPnew scale is expressed in the original units of measurement for total phenols, i.e.,
g equivalent of gallic acid/kg and min (TPoriginal scale) was defined as the smallest Total
Phenolic value observed among all honeys.

This new parameterization methodology was applied to obtain values for total phenols
(TP), antioxidant power (AP), antiradical activity (AA), Total Carbohydrate Content (TC)
and Total Ash (TA). Additionally, there is a set of Energy values obtained from TC. TC may
be alternatively replaced by Energy when these data are available. To construct a suitability
index for each location, the respective scores were added in such a way that sample XX met
the following:

Sample XX: [(X(TP); Z(AP); Y(AA); W(TC);T(TA)] where 1 < T, W, X, Y, Z < 3
Finally, the suitability index (SI) for location i was calculated as follows:

SIi = ∑(Ti + Wi + Xi + Yi + Zi) 5 ≤ SIi ≤ 15

2.13. Statistical Analysis

All assays for each honey and beeswax sample were performed in triplicate. An
exploratory analysis of the data was conducted to evaluate assumptions of normality and
to select appropriate statistical methodologies. All calculations and map constructions
were performed in the R v.3.2.5. software (2016) with the ggmap and ggplot2 packages.
Furthermore, all statistical analyses followed methodological guidelines for reproducible
research using the knitr library. The source code in R can be requested from the correspond-
ing author.

For the comparison between the different honeys, an analysis of variance (ANOVA)
was carried out for each of the variables studied. Tukey’s multiple comparisons test
was carried out to evaluate the statistical significance of the differences between honeys.
The assumptions of the ANOVA test were corroborated by residual analysis: normality,
independence and homoscedasticity. The statistical significance of the correlations was
evaluated using Pearson’s correlation test. The normality of the data was assessed using
Shapiro’s test and QQ normality plots.

3. Results

3.1. Botanical Origin and Chemical Analyses of Honey Samples

The botanical origins of the studied honey samples are indicated in Table 1, which also
shows the percentage of the three most predominant botanical species found in analyses.

Table 1. Predominant botanical species (%) found in each honey sample.

Apiary (*)-Total
Pollen Grains

Caldcluvia
paniculata Luma/Myrceugenia Weinmannia

trichosperma Other Species

A (1.851) 35 ± 0.02 h 0 0 65
B (1.908) 72 ± 0.02 c 5 ± 0.01 b 6 ± 0.01 b 17
C (2.232) 52 ± 0.03 f 2 ± 0.01 c 0 46
D (2.241) 33 ± 0.02 h 0 0 67
E (1.836) 85 ± 0.04 a 6 ± 0.02 b 6 ± 0.01 b 3
F (1.986) 81 ± 0.04 a 7 ± 0.01 a 5 ± 0.01 b 7
G (1.968) 28 ± 0.03 i 0 0 72
H (1.953) 58 ± 0.02 e 2 ± 0.02 c 2 ± 0.01 c 38
I (2.049) 75 ± 0.01 b 5 ± 0.02 b 5 ± 0.02 b 15
J (2.169) 63 ± 0.02 d 2 ± 0.01 c 2 ± 0.01 c 33
K (1.965) 70 ± 0.03 c 6 ± 0.01 b 7 ± 0.02 a 17
L (2.073) 71 ± 0.02 c 5 ± 0.02 b 6 ± 0.01 b 18
M (2.001) 48 ± 0.03 f 0 0 52
N (1.827) 43 ± 0.03 g 0 0 57

Values represent the mean of triplicate samples. The means reported in the same column are significantly different
according to Tukey’s test. (p < 0.05) if denoted by these letters. (*). Three honey samples were taken from each
apiary. The number of pollen grains corresponds to the sum of the total number of grains of the 3 honeys from
each apiary.
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Overall results for total phenol contents, antioxidant power, and antiradical activity are
shown in Table 2. The index of each component was also calculated for posterior suitability
index determinations for the assessed areas. More specifically, total phenol contents were
established based on a gallic acid standard (i.e., mg gallic acid equivalent/kg of sample;
Figure 1). Honey sample E, collected in proximity to Puyehue (40◦40′ S, 72◦37′ W), pre-
sented the highest phenol contents (i.e., 0.36 mg/kg). Similarly, honey sample E presented
the highest antioxidant power (1.27 mm equivalent of Fe+2/g of sample; Figure 2), as
established by FRAP analyses. Finally, antiradical activity was measured as the ability to
inhibit or decrease the oxidizing effect of DPPH (Figure 3). Honey samples E, F, and L,
respectively located in proximity to Puyehue (40◦40′ S, 72◦37′ W), Purranque (40◦55′ S,
73◦10′ W), and Fresia (41◦09′ S, 73◦27′ W), had the highest antiradical activities.

Table 2. DSA-TOF-MS signals for analyzed honeys. ND: Not Detected.

Sample m/z

A 105.0708 ND 121.0497 163.1091 207.1680 322.0545
B 105.0709 120.0804 ND 163.0613 ND 322.0544
C 105.0389 120.0804 121.0499 163.0617 207.1767 322.0553
D 105.0399 120.0807 121.0529 163.0618 207.1399 322.0501
E 105.0709 120.0804 121.0618 163.1095 207.1445 322.0500
F 105.0422 ND ND 163.1094 207.1399 322.0494
G 105.0710 ND 121.0520 163.1096 ND 322.0549
H 105.0708 ND 121.0499 163.0614 207.1667 322.0502
I 105.0709 ND 121.0475 163.0704 207.1666 322.0501
J 105.0708 120.0807 121.1037 163.1093 207.1635 322.0506
K 105.0709 ND 121.0501 163.0615 ND 322.0506
L 105.0709 ND 121.0500 163.0615 207.1569 322.0509
M 105.0709 ND 121.0499 163.0616 207.1666 322.0508
N 105.0709 ND ND 163.0616 ND 322.0511

Z (CONTROL) ND ND ND 163.0465 ND ND

Notably, results for phenol contents, antioxidant power, and antiradical activity coin-
cided for honey sample E (Table 3, Figures 1–3). Furthermore, positive linear correlations
were found among all evaluated honeys for total phenol contents and antioxidant power
(r = 0.72, p-value < 0.01), as well as for total phenol contents and antiradical activity (r = 69;
p-value < 0.01). These results suggest that biological antioxidant activity primarily de-
pends on the phenol contents of the honey sample, which would be inherited from the
predominant nectar-containing plants, as established through botanical origin analyses
(Table 1).
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Figure 1. Map of the Los Lagos Region (Chile, 39◦16′ S to 44◦04′ S) indicating the sampled hive
locations and respective phenol contents in honey samples. Contents concentration is indicated by a
color scale going from blue (lower contents) to red (higher contents).

Figure 2. Map of the Los Lagos Region (Chile, 39◦16′ S to 44◦04′ S) indicating the sampled hive
locations and respective antioxidant power of honey samples (mg of ascorbic acid equivalents/g of
sample). Antioxidant power is indicated by a color scale going from light orange (lower power) to
dark orange (higher power).
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Figure 3. Map of the Los Lagos Region (Chile, 39◦16′ S to 44◦04′ S) indicating the sampled hive
locations and respective antiradical activity of honey samples. Antiradical activity is indicated by a
color scale going from green (lower activity) to red (higher activity).

3.2. MS Analysis of Honey Samples

Direct sample analysis-time of flight-mass spectrometry for the collected honey sam-
ples was performed between 100 and 3000 m/z. Signals were principally distributed
between 100 and 350 m/z, and the calibration process resulted in residues with less than
0.0006 m/z. The calibrating volume used during analysis was 20 μL. Direct sample analysis
is a source of ambient ionization. Ambient mass spectrometry can sample and ionize
analyte molecules directly from surfaces with little to no preparation. Direct sample anal-
ysis operates on the principles of atmospheric pressure chemical ionization. Therefore,
m/z values obtained via direct sample analysis-time of flight-mass spectrometry can be
interpreted as honey fingerprints showing a distribution pattern that should be related to
botanical origin.

In this study, six signals were regularly detected for the honeys analyzed. However,
three of these were observed without exception in all honeys. Likewise, the obtained mass
spectrometry signals for the control sample differed from honey samples A–N. For example,
an m/z value of 105.0708 was detected in honey samples A–N, but not in honey sample
Z (control). The same case was noted for m/z values of 322.0545. In addition to this, the
signal corresponding to the m/z value 163.1093 was observed both in the selected honeys
and in the control sample. This suggests the presence of a signal that could be an element
to identify honeys independently of their geographical origin (Table 2).

For example, honey samples A-N originated from the same region and harvested in the
same period, and all contained the evergreen species Caldcluvia paniculata (Figure 4). The
m/z values also indicated distribution similarities among certain samples, such as honey
samples C-D-E-J, which were collected from proximal beehives (Figure 4). These samples
showed a presence of C. paniculata (Table 1) and similar composition percentages for the
other two identified botanical species (i.e., Luma/Myrceugenia and Weinmannia trichosperma).
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Figure 4. Spectroscopic profiles for phenolic compounds in 14 honey samples (A–N) obtained from
the Las Lagos Region (Chile, 40◦15′ S to 44◦14′ S), as well as in 1 sample (Z) obtained from the
Araucanía Region (Chile, 37◦35′ S to 39◦37′ S).

In turn, honey sample Z was collected as a control from the Araucanía Region (38◦45′ S
72◦40′ W), located approximately 310 km from the other sampled beehives. The obtained
mass spectrometry signals for the control sample differed from honey samples A-N.
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3.3. Presence of Pesticides in Honey/Beeswax Samples

No residues of the 242 evaluated pesticides were found for 14 of the 16 assessed
beehives. However, fenhexamid was detected in beeswax samples collected in proximity
to Purranque (40◦55′ S, 73◦10′ W) and Coligual (40◦49′ S, 72◦54′ W) (Figure 5). These two
localities were the only sites with nearby farming activities (e.g., berries and raps).

Figure 5. Map of the Los Lagos Region (Chile, 39◦16′ S to 44◦04′ S) indicating the two hive locations
where beeswax samples tested positive for the pesticide fenhexamid.

3.4. Suitable Areas for the Pesticide-Free Production of Honey and Beeswax

From the chemical profile and pesticide residue results, as well as information pro-
vided by beekeepers, a map was constructed indicating the most suitable zones for apicul-
tural activities in the Los Lagos Region of Chile (Figure 6). Area suitability for honey and
beeswax production was established based on biological attributes, indicators of quality,
and the absence of pesticides (Table 3). The area proximal to Puyehue (40◦40′ S, 72◦37′ W)
presented a suitability index value of 7.95, which was significantly higher than the other
assessed areas. Honey and beeswax samples from this area also had the highest total
phenol contents and antiradical activities (Figures 1 and 2), as well as a lack of pesticide
residues (Figure 5).
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Figure 6. Map of the Los Lagos Region (Chile, 39◦16′ S to 44◦04′ S) indicating the most suitable areas
for apiculture. The suitability index is indicated by a color scale going from blue (more suitable) to
red (less suitable).

4. Discussion

The highly variable environments of the Los Lagos Region (Chile) give rise to wide flo-
ral diversity. Distinguishable among this diversity are two large plant formations, temperate
laurel forests (Wintero-Nothofagetea) and sub-Antarctic deciduous forests (Nothofagetea
pumilionis antarcticae) [41]. Laurel forests are composed of three forest subtypes: Valdivian
or evergreen forests (38–43◦ S), north-Patagonian forests (43–47◦ S), and sub-Antarctic
forests (47–55◦ S) [42]. Environmental floral components include species of liverworts,
mosses, ferns, and gymnosperms, such as Pilgerodendron uviferum (Guaitecas cypres),
Podocarpus nubigenus (Chilean podocarp), Saxegothaea conspicua (female maniu), Drimys win-
teri (winter’s bark), Eucryphia cordifolia (Ulmo), Gevuina avellana (Chilean hazel), Laureliopsis
philippiana (tepa), Luma apiculata (Chilean myrtle), Nothofagus sp. (coihue), Berberis buxifolia
(Magellan barberry), Pernettya sp. (chaura), and Ugni molinae (Chilean guava), among
others; as well as monocotyledon species such as Philesia magellanica (Chilean bellflower),
Chusquea quila (colihue cane), Luzuriaga sp. (coralito), Carex sp. (sedges), Codonorchis lessonii
(field lily), Juncus sp. (rushes), and Uncinia sp. (clin-clín), among others [43]. Nearly all
of these species are endemic to the Los Lagos Region, meaning unique representation in
south-central Chilean Patagonia and the extreme south of Argentina [42]. Other species
found in the humid woodlands of the Chilean and Argentinean Mountain ranges are the
native evergreen C. paniculata (tiaca) and endemic Cunoniaceae evergreen W. trichosperma
(tineo), both of which serve as an important source of nectar for honey production [44].
All the assessed samples showed a presence of C. paniculata, which is consistent with the
geographical origin of the collected honey samples. Similarly, this result coincided with the
harvest date (January), which aligned with the peak flowering period for this species in the
region where the sampled colonies were located [45].
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The chemical composition of honey varies according to the floral origin from which
bees collect nectar. Consequently, the properties of honey, such as antibacterial, antioxidant,
or antidiabetic activities depend on geographical location and respective flora [37,45,46].
Different chemical compounds have been found in honey and can be related to floral
origin, such as volatile aromatic compounds, derived from carotenes; amino acids and
respective derivatives; aromatic acids and respective esters; aromatic aldehydes; and
phenolic compounds [47]. In fact, many of these phenolic and aromatic compounds are
used as markers of floral origin for honey and other apicultural products [44,48–50]. This
would explain the similarity in spectroscopic profiles obtained for the 14 honey samples
collected from the Los Lagos Region and the calibrating variations detected for the control
honey sample obtained 310 km from the other colonies (Figure 4).

The antioxidant and antiradical abilities of honey are highly related to the presence and
types of phenolic compounds [35,51–53]. Furthermore, antioxidant power depends on the
number and position of OH- groups present on flavonoid structures [54]. In turn, antiradi-
cal ability, evaluated through a FRAP assay, is based on the capacity to reduce Fe3+ to Fe2+

in the presence of 2,4,6-Tris(2-pyridyl)-s-triazine [55]. Regarding the presently obtained
results for these traits, honey samples collected in proximity to Puyehue showed signif-
icantly greater total phenol contents (Figure 1) and higher antioxidant power (Figure 2).
Furthermore, linear and positive correlations were found between total phenols and antiox-
idant power (r = 0.72; p-value < 0.01) and between total phenols and antiradical activity
(r = 0.69; p-value < 0.01). These results are indicative of honey quality recommended for
human consumption, particularly as oxidative stress would induce cell-level damage, such
as lipoperoxidation, protein damage, and nucleic acid, all of which would give rise to bio-
logical complications such as carcinogenesis, mutagenesis, aging, and arteriosclerosis [56].

Honey and beeswax samples were tested for 242 pesticides, including organochlorines,
organophosphates, carbamates, thiocarbamates, pyrethroids, and neonicotinoids. No traces
of these pesticide groups were found in 14 of the evaluated honey samples. However,
fenhexamid was detected in two beeswax samples originating from near Purranque and
Coligual (Figure 6). Fenhexamid is a widely used fungicide with site-specific actions that
inhibit the 3-ketoreductase enzyme, which is involved in C-4 demethylation during the
biosynthesis of ergosterol, a cellular membrane component of fungi [57]. This fungicide
has an LD50 > 215 μg/bee depending on exposure contact [58]. Fenhexamid is frequently
used to control Botrytis cinerea, translating into a commonplace presence of this fungicide in
farming sectors [57,59–61]. This finding aligns with some reports provided by beekeepers
with colonies located near sites with a known presence of fenhexamid. Namely, berry farms
affected by B. cinerea existed in the same area as the bee colonies with detected pesticide
residues. Interestingly, although some local beekeepers have reported decreased colony
populations, the present results may indicate that this phenomenon might be due to disease
in the bees (e.g., varroasis or nosema) rather than an improper use of pesticides; however,
bee population can decrease and still not find pesticide residues in honey.

Chilean honey exports have increased in recent years. The primary buyer of this
national product is the EU, accounting for 96% of honey exports. This market is very
strict regarding sustainable and environmentally friendly productive practices [25]. In
the EU, pesticide risks for bees are evaluated according to European and Mediterranean
Plant Protection Organization guidelines. Consequently, the use of various pesticides is
restricted because of risks to the environment and human health [58]. These economic and
regulatory factors highlight the need to identify adequate areas for apiculture in Chile. In
that way, the absence of pesticides in all honey samples despite the nearby crops gives good
confirmation about good agricultural practices fulfillment [62]. Although in the south of
Chile, a great number of native melliferous species are found [63], beekeeping is involved
in pollination of fruits, as it occurs in other places along the country and the continent [64].
For this reason, the risk of exposure to one toxic compound or a mixture of them increase
concerns of beekeepers [15]. Additionally, changes observed on the original and natural
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properties of honeys are detected when pesticides are present at the same time in the final
content of these samples [65].

5. Conclusions

To this end, the present study is the first to provide a suitability index map for
apiculture sites in the Los Lagos Region (Figure 6). This map establishes areas free of
242 pesticides and with honey of interesting biological quality. The developed maps and
calculated data will aid local beekeepers in obtaining certifications as to the quality and
safety of their products. Finally, the differentiated concentration of pesticides in honey and
beeswax highlights the need for further comparative studies in order to apply this model
to other regions of the country.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/insects13010031/s1, supporting Table S1: List of pesticides analyzed in honey and beeswax samples.

Author Contributions: Conceptualization, E.M.; Formal analysis, E.M., C.G. and T.G.; Funding
acquisition, E.M.; Investigation, E.M. and T.G.; Methodology, E.M., C.G. and T.G.; Validation, C.G.;
Writing—review & editing, E.M. and T.G. All authors have read and agreed to the published version
of the manuscript.

Funding: Funding by ANID—PAI/Inserción sector productivo, 1era conv. 2019, Grant num-
ber I7819010001.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Carvalho, F.P. Pesticides, environment, and food safety. Food Energy Secur. 2017, 6, 48–60. [CrossRef]
2. Cooper, J.; Dobson, H. The benefits of pesticides to mankind and the environment. Crop. Prot. 2007, 26, 1337–1348. [CrossRef]
3. Garrido-Reyes, T.I.; Mendoza-Crisosto, J.E.; Varela-Echeverría, P.S.; Mejias-Barrios, E.G.; Alvarez-Salgado, X.A. Interaction

between polychlorinated biphenyls and dissolved organic matter of different molecular weights from natural and anthropic
sources. J. Environ. Manag. 2021, 299, 113645. [CrossRef]

4. Bonmatin, J.M.; Giorio, C.; Girolami, V.; Goulson, D.; Kreutzweiser, D.P.; Krupke, C. Environmental fate and exposure; neonico-
tinoids and fipronil. Environ. Sci. Pollut. Res. 2015, 22, 35–67. [CrossRef]

5. Cimino, A.M.; Boyles, A.L.; Thayer, K.A.; Perry, M.J. Effects of Neonicotinoid Pesticide Exposure on Human Health: A Systematic
Review. Environ. Health Perspect. 2015, 125, 155–162. [CrossRef]

6. Hernández, A.F.; Parrón, T.; Tsatsakis, A.M.; Requena, M.; Alarcón, R.; López-Guarnido, O. Toxic effects of pesticide mixtures at a
molecular level: Their relevance to human health. Toxicology 2012, 307, 136–145. [CrossRef] [PubMed]

7. Llorent-Martínez, E.J.; Ortega-Barrales, P.; Fernández-de Córdova, M.L.; Ruiz-Medina, A. Trends in flow-based analytical methods
applied to pesticide detection: A review. Anal. Chim. Acta 2011, 684, 30–39. [CrossRef] [PubMed]

8. Souza Tette, P.A.; Guidi, L.R.; De Abreu Glória, M.B.; Fernandes, C. Pesticides in honey: A review on chromatographic analytical
methods. Talanta 2016, 149, 124–141. [CrossRef]

9. Williamson, S.; Wright, A. Exposure to multiple cholinergic pesticides impairs olfatory learning and memory in honeybees. J. Exp.
Biol. 2013, 216, 1799–1807.

10. Tomizawa, M.; Casida, J.E. Neonicotinoid Insecticide Toxicology: Mechanisms of Selective Action. Annu. Rev. Pharm. Toxicol.
2005, 45, 247–268. [CrossRef]

11. Barganska, Z.; Slebioda, M.; Namiesnik, J. Pesticide residues levels in honey from apiaries located of Northern Poland. Food
Control 2013, 31, 196–201. [CrossRef]

12. Codling, G.; Al Naggar, Y.; Giesy, J.P.; Robertson, A.J. Concentrations of neonicotinoid insecticides in honey, pollen and honey
bees (Apis mellifera L.) in central Saskatchewan, Canada. Chemosphere 2016, 144, 2321–2328. [CrossRef]

13. Kasiotis, K.M.; Anagnostopoulos, C.; Anastasiadou, P.; Machera, K. Pesticide residues in honeybees, honey and bee pollen by
LC-MS/MS screening: Reported death incidents in honeybees. Sci. Total Environ. 2014, 485–486, 633–642. [CrossRef] [PubMed]

14. Mitchell, E.A.D.; Mulhauser, B.; Mulot, M.; Mutabazi, A.; Glauser, G.; Aebi, A. A worldwide survey of neonicotinoids in honey.
Science 2017, 358, 109–111. [CrossRef] [PubMed]

15. Rodríguez López, D.; Ahumada, D.A.; Díaz, A.C.; Guerrero, J.A. Evaluation of pesticide residues in honey from different
geographic regions of Colombia. Food Control 2014, 37, 33–40. [CrossRef]

220



Insects 2022, 13, 31

16. Boily, M.; Sarrasin, B.; DeBlois, C.; Aras, P.; Chagnon, M. Acetylcholinesterase in honey bees (Apis mellifera) exposed to neonico-
tinoids, atrazine and glyphosate: Laboratory and field experiments. Environ. Sci. Pollut. Res. 2013, 20, 5603–5614. [CrossRef]
[PubMed]

17. Tosi, S.; Demares, F.; Nicolson, S.; Medrzycki, P.; Pirk, C.; Human, H. Effects of a neonicotinoid pesticide on thermoregulation of
African honey bees (Apis mellifera scutellata). J. Insect Physiol. 2016, 93–94, 56–63. [CrossRef]

18. Aliouane, Y.; El Hassani, A.K.; Gary, V.; Armengaud, C.; Lambin, M.; Gauthier, M. Subchronic Exposure of Honeybees to Sublethal
Doses of Pesticides: Effects on Behavior. Environ. Toxicol. Chem. 2009, 28, 113. [CrossRef]

19. El Hassani, A.K.; Dacher, M.; Gary, V.; Lambin, M.; Gauthier, M.; Armengaud, C. Effects of sublethal doses of acetamiprid and
thiamethoxam on the behavior of the honeybee (Apis mellifera). Arch. Environ. Contam. Toxicol. 2008, 54, 653–661. [CrossRef]

20. vanEngelsdorp, D.; Evans, J.D.; Saegerman, C.; Mullin, C.; Haubruge, E.; Nguyen, B.K. Colony collapse disorder: A descriptive
study. PLoS ONE 2009, 4, e6481. [CrossRef]

21. Al-Waili, N.; Salom, K.; Al-Ghamdi, A.; Javed Ansari, M. Antibiotic, Pesticide, and Microbial Contaminants of Honey: Human
Health Hazards. Sci. World J. 2012, 11, 930849. [CrossRef] [PubMed]

22. Bogdanov, S. Contaminants of bee products. Apidologie 2006, 37, 1–18. [CrossRef]
23. Choudhary, A.; Sharma, D.C. Pesticide Residues in Honey Samples from Himachal Pradesh (India). Bull. Environ. Contam. Toxicol.

2008, 80, 417–422. [CrossRef]
24. Oficina de Estudios y Políticas Agrarias; Ministerio de Agricultura de Chile. Apicultura Chilena: Actualización de Mercado y

Estadísticas Sectoriales. 2018. Available online: https://www.odepa.gob.cl/publicaciones/apicultura-chilena-actualizacion-de-
mercado-y-estadisticas-sectoriales-octubre-de-2018 (accessed on 26 November 2021).

25. Lamichhane, J.R.; Dachbrodt-Saaydeh, S.; Kudsk, P.; Messéan, A. Toward a reduce reliance on conventional pesticides in European
agriculture. Plant Dis. 2015, 100, 10–24. [CrossRef]

26. EFSA. Conclusion on the peer review of the pesticide risk assessment for bees for the active substance imidacloprid. EFSA J. 2013,
11, 1–55.

27. EFSA. Conclusion on the peer review of the pesticide risk assessment for bees for the active substance thiamethoxam. EFSA J.
2013, 11, 12–68.

28. EFSA. Conclusion on the peer review of the pesticide risk assessment for bees for Clothianidin. EFSA J. 2013, 11, 1–58.
29. Eissa, F.; El-Sawi, S.; Zidan, N.E.-H. Determining Pesticide Residues in Honey and their Potential Risk to Consumers. Pol. J.

Environ. Stud. 2014, 23, 1573–1580.
30. Krupke, C.H.; Hunt, G.J.; Eitzer, B.D.; Andino, G.; Given, K. Multiple routes of pesticide exposure for honey bees living near

ag-ricultural fields. PLoS ONE 2012, 7, e29268.
31. Louveaux, J.; Maurizio, A.; Vorwohl, G. Methods of melissopalynology. Bee World 1978, 59, 139–157. [CrossRef]
32. Montenegro, G.; Gómez, M.; Díaz-Forestier, J.; Pizarro, R. Aplicación de la Norma Chilena Oficial de denominación de origen

botánico de la miel para la caracterización de la producción apícola. Cienc. Investig. Agrar. 2008, 35, 181–190. [CrossRef]
33. Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.

Vitic. 1965, 16, 144–158.
34. Buratti, S.; Benedetti, S.; Cosio, M.S. Evaluation of the antioxidant power of honey, propolis and royal jelly by amperometric flow

injection analysis. Talanta 2007, 71, 1387–1392. [CrossRef] [PubMed]
35. Bertoncelj, J.; Doberšek, U.; Jamnik, M.; Golob, T. Evaluation of the phenolic content, antioxidant activity and colour of Slovenian

honey. Food Chem. 2007, 105, 822–828. [CrossRef]
36. Meda, A.; Lamien, C.E.; Romito, M.; Millogo, J.; Nacoulma, O.G. Determination of the total phenolic, flavonoid and proline

contents in Burkina Fasan honey, as well as their radical scavenging activity. Food Chem. 2005, 91, 571–577. [CrossRef]
37. Mejías, E.; Montenegro, G. The Antioxidant Activity of Chilean Honey and Bee Pollen Produced in the Llaima Volcano’s Zones. J.

Food Qual. 2012, 35, 315–322. [CrossRef]
38. del Campo, G.; Zuriarrain, J.; Zuriarrain, A.; Berregi, I. Quantitative determination of carboxylic acids, amino acids, carbohydrates,

ethanol and hydroxymethylfurfural in honey by 1H NMR. Food Chem. 2016, 196, 1031–1039. [CrossRef]
39. Association of Official Analytical Chemists. Official Methods of Analysis of the AOAC, 17th ed.; Association of Official Analytical

Chemists: Gaithersburgs, MD, USA, 2000.
40. Bohm, D.A.; Stachel, C.S.; Gowik, P. Confirmatory method for the determination of streptomycin and dihydrostreptomycin in

honey by LC–MS/MS. Food Addit. Contam. Part A 2012, 29, 189–196. [CrossRef]
41. Borsdorf, A.; Marchant, C.; Rovira, A.; Sánchez, R. Chile cambiando. In Revisitando la Geografía Regional de Wolfgang Weischet; Serie

GEOlibros N◦36; Instituto de Geografía, Pontificia Universidad Católica de Chile/Instituto de Ciencias Ambientales y Evolutivas,
Facultad de Ciencias, Universidad Austral de Chile: Santiago, Chile, 2020; pp. 123–144.

42. Gayoso, J.; Iroume, A. Impacto del manejo de plantaciones sobre el ambiente físico. Bosque 1995, 16, 3–12. [CrossRef]
43. Meneses, M.; Gayoso, J. Estudio de Impacto Ambiental Proyecto Forestal de los Predios Tepuhueico y El Canelo; Golden Spring Forestal:

Santiago, Chile, 1995.
44. Montenegro, G.; Díaz-Forestier, J.; Fredes, C.; Rodríguez, S. Phenolic profiles of nectar and honey of Quillaja saponaria Mol.

(Quillajaceae) as potential chemical markers. Biol. Res. 2013, 46, 177–182. [CrossRef]
45. Viteri, R.; Zacconi, F.; Montenegro, G.; Giordano, A. Bioactive compounds in Apis mellifera monofloral honeys. J. Food Sci. 2021, 86,

1552–1582. [CrossRef]

221



Insects 2022, 13, 31

46. Cuevas-Glory, L.F.; Pino, J.A.; Santiago, L.S.; Sauri-Duch, E. A review of volatile analytical methods for determining the botanical
origin of honey. Food Chem. 2007, 103, 1032–1043. [CrossRef]

47. Tomás-Barberán, F.A.; Martos, I.; Ferreres, F.; Radovic, B.S.; Anklam, E. HPLC flavonoid profiles as markers for the botanical
origin of European unifloral honeys. J. Sci. Food Agric. 2001, 81, 485–496. [CrossRef]

48. Cabras, P.; Angioni, A.; Tuberoso, C.; Floris, I.; Reniero, F.; Guillou, C. Homogentisic acid: A phenolic acid as a marker of
straw-berry-tree (Arbutus unedo) honey. J. Agric. Food Chem. 1999, 47, 4064–4067. [CrossRef]

49. Ferreres, F.; García-Viguera, C.; Tomás-Lorente, F.; Tomás-Barberán, F.A. Hesperetin: A marker of the floral origin of citrus honey.
J. Sci. Food Agric. 1993, 61, 121–123. [CrossRef]

50. Kaškoniene, V.; Venskutonis, P.R. Floral Markers in Honey of Various Botanical and Geographic Origins: A Review. Compr. Rev.
Food Sci. Food Saf. 2010, 9, 620–634. [CrossRef]
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Simple Summary: Worldwide, mass losses of honey bee colonies are being observed more frequently.
Poor nutrition may cause honey bees to be more susceptible to pesticides and more vulnerable to
diseases, and as a direct result of this, honey bee colonies can collapse. Another cause of mass
bee colony collapse that is no less important is the use of pesticides. The level of toxicity of most
pesticides is greatly affected by nutrient uptake. In addition, the honey bee genome is known to be
specific for a significantly lower number of genes associated with detoxification compared with other
insect species. Intake of phenolic and flavonoid substances in food can lead to increased expression
of genes encoding detoxification enzymes in bees. Therefore, in this study, we evaluated in vitro the
effect of phenolic and flavonoid substances on bee mortality and food consumption in the case of
intoxication by pesticide thiacloprid. The results of this study showed a significant positive effect on
honey bee survival rate as well as increased food intake. In addition, the expression level of genes
encoding detoxification enzymes was determined.

Abstract: Malnutrition is one of the main problems related to the global mass collapse of honey bee
colonies, because in honey bees, malnutrition is associated with deterioration of the immune system
and increased pesticide susceptibility. Another important cause of mass bee colonies losses is the
use of pesticides. Therefore, the goal of this study was to verify the influence of polyphenols on
longevity, food consumption, and cytochrome P450 gene expression in worker bees intoxicated by
thiacloprid. The tests were carried out in vitro under artificial conditions (caged bees). A conclusively
lower mortality rate and, in parallel, a higher average food intake, were observed in intoxicated bees
treated using a mixture of phenolic acids and flavonoids compared to untreated intoxicated bees.
This was probably caused by increased detoxification capacity caused by increased expression level
of genes encoding the cytochrome P450 enzyme in the bees. Therefore, the addition of polyphenols
into bee nutrition is probably able to positively affect the detoxification capacity of bees, which is
often reduced by the impact of malnutrition resulting from degradation of the environment and
common beekeeping management.

Keywords: cage experiments; cytochrome P450; detoxification; food intake; mortality rate

Insects 2021, 12, 572. https://doi.org/10.3390/insects12070572 https://www.mdpi.com/journal/insects223



Insects 2021, 12, 572

1. Introduction

One of the most worrying phenomena is the global mass losses of honey bee colonies,
including in Europe and the USA [1,2]. Along with diseases, nutrition stress and malnutri-
tion appears to be one of the main causes of bee mortality [3–5]. The healthy development
and survival of bee colonies depends to a large extent on the availability and quality of
nutrients in the environment [3,6]. However, the availability and diversity of bee food
resources are steadily declining due to the ever-increasing intensification of agriculture
and the associated changes in the landscape, leading to a decrease in environmental sus-
tainability [7]. As a result, there has been a decrease in the diversity of flowering plants,
and low species diversity of blooming plants means reduced availability and diversity
of macro- and microelements in bee nutrition [4,8], which, in the end, negatively affects
bee populations [7,9]. The lack of nutrients is also the result of inefficient beekeeping
practices; when replenishing winter supplies, bees are often provided only with a solution
of sugar and artificial pollen substitutes. These food supplements usually lack nutrients
that are naturally occurring in bees’ natural diets [10]. Consequently, bee colonies are not
provided with full-value nutrition [11]. Poor nutrition may cause greater susceptibility
to pesticides [12], more vulnerability to diseases [13], and, as a direct result of this, the
number of honey bee colonies may be decreasing [14].

Another cause of mass bee colony collapse that is no less important is the use
of pesticides [15,16], which can act synergistically with other pesticides [17] or with
pathogens [18,19]. The level of toxicity of most pesticides varies depending on many
factors, including the means of exposure, the age of the bees, the fitness of the colonies
or bee subspecies [20,21], and the optimal nutrient distribution [4,22]. In addition, the
degree of toxicity of different pesticides may vary depending on whether they are tested
on individual bees or on whole colonies. In vitro tests often show high pesticide toxicity
and associated negative effects on bees [17,18,23]; in contrast, entire colonies appear to
be relatively less susceptible to pesticides [24]. A similar trend can be observed in other
social bees such as bumblebees [25]. In a broader context, some bee species may even be
advantaged in anthropogenic areas such as agricultural land or urban areas [26]. However,
the results of the study by Alburaka et al. [27] suggest that, while neonicotinoids do not
directly affect the health and strength of bee colonies, they indirectly weaken bee health by
inducing physiological stress and increasing the burden of pathogens.

However, the bee genome is known to be specific for a significantly lower number of
genes associated with detoxification compared to other insect species. Where the honey
bee has only 46 genes encoding the cytochrome P450 enzyme, which is thought to be the
major enzyme responsible for detoxification, other insect species have around 80 or more
genes encoding the cytochrome P450 enzyme [28]. There are several honey bee cytochrome
P450 genes that have defined functions, including CYP9Q1, CYP9Q2, and CYP9Q3. These
genes metabolize both natural and synthetic xenobiotics [29].

The intake of phenolic and flavonoid substances, which are commonly found in
honey and, to a greater extent, in pollen, via food can lead to an increased expression of
genes encoding cytochrome P450 enzyme in bees. The amount and proportion can vary
significantly depending on food sources [30]. Of these, the highest efficacies have been
observed for p-coumaric acid and quercetin [31]. The natural diet of bees usually contains a
large amount and great diversity of phenolic acids, flavonoids and their derivatives [32,33]
and it is their different amounts and proportions that influence the detoxifying effects [31].

The first goal of this study was to determine the real effect of phenolic acids and
flavonoids in vitro on the mortality of bees intoxicated by thiacloprid, one of the most
widely used neonicotinoids. The second aim was to determine the effect of phenolic
substances on the rate of food intake by bees; and the last target, although no less impor-
tant, was to determine the expression level of several genes potentially responsible for
detoxification via the enzyme cytochrome P450.
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2. Materials and Methods

The experiment was carried out at the beginning of the summer of 2019 in Brno (South
Moravia, Czech Republic)

2.1. Bees

The honey bees used in this study were obtained from the experimental apiary of
Mendel University in Brno. Honey bees from four colonies were used (one frame with
hatching bees per colony). The colonies were maintained following standard beekeeping
practices. In all the bee colonies, inseminated queens belonging to Apis mellifera carnica
were used. As a result, the genetic variability of bees in individual colonies was reduced so
that the average coefficient of relatedness between workers from one colony was r = 0.5.

The brood frames with hatching bees (one from each colony) were incubated at 35 ◦C
and 65–80% relative humidity for 12 h. This allowed bees of the same age ± 12 h to be
obtained. Then the frames were brushed, and all bees were mixed together and divided
into four groups according to the treatment with three replications (three cages each). There
were 40 bees of the same age in each cage. The cages were maintained for 2 weeks in the
thermostat with conditions 30 ◦C and 65–70% relative humidity [34]. The bee mortality and
food consumption were noted down every day and dead bees were continuously removed
from the cages.

2.2. Chemicals

The sucrose solution consisted of 50% (w/v) sucrose and distilled water. A dosage of
thiacloprid was mixed with the sucrose solution in two different concentrations, 35 mL/L
or 70 mg/L, depending on the treatment [19].

The mixture of phenolic compounds consisted of 200 mg/kg of phenolic acids and
10 mg/kg of flavonoids in proportions based on the real concentrations found in common
honey [33]. The concentration of p-Coumaric acid was scaled up on the basis of Mao
et al. [30]. The final contain of phenolic compounds is in Table 1. The thiacloprid and
sucrose were purchased from Sigma Aldrich (Schnelldorf, BO, Germany), phenolic acids
and flavonoids were purchased from Alfa Aestar (Kandel, RP, Germany).

Table 1. Content of phenolic acids and flavonoids used in the phenolic mixture.

Phenolic Substance Classification Phenolic Substance Name Amount (%) Amount (mg/kg)

Phenolic acids

caffeic acid 10 20

benzoic acid 20 40

gallic acid 7.5 15

ferulic acid 20 40

p-Coumaric acid 35 70

vanillic acid 7.5 15

Flavonoids

rutin 25 2.5

quercetin 25 2.5

naringin 25 2.5

hesperidin 25 2.5

2.3. Design of the Experiment

The bees in cages were fed with two top feeders with scales (ad libitum) per cage,
enabling measurement of the daily food consumption. The rate of consumption of a
prequantified amount by a set number of live bees was evaluated over a set time period.
The experimental groups were set up as follows:

1. Treatment TL—sucrose solution with a low dosage of Thiacloprid (35 mg/L).
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2. Treatment FTL—sucrose solution (50% w/v) with a mixture of phenolic compounds
and low dosage of Thiacloprid (35 mg/L).

3. Treatment TH—sucrose solution (50% w/v) with high dosage of Thiacloprid (70 mg/L).
4. Treatment FTH—sucrose solution (50% w/v) with a mixture of phenolic compounds

and a high dosage of Thiacloprid (70 mg/L).
5. Treatment F—sucrose solution (50% w/v) and a mixture of phenolic compounds.
6. Treatment C—sucrose solution (50% w/v).

2.4. RNA Isolation and RT-qPCR

Samples for studying gene expression were collected as a bulk of three bees and frozen
immediately in liquid nitrogen, and were stored at −80 ◦C. Total RNA was extracted using
the TRI Reagent (MRC, Montgomery, OH, USA) according to manufacturer’s instructions.
Contaminating DNA was removed using the DNA-freeTMKit (Ambion, supplied by Ther-
moFisher scientific, Loughborough, UK). BioSpec Nano (Shimadzu, Nakagyo-ku, Kyoto,
Japan) was used to quantify RNA (OD260) and to assess sufficient quality (OD260/280 ra-
tio and OD260/230 ratio). cDNA templates were prepared using a Standard Reverse
Transcription Protocol (Promega, Madison, WI, USA) and stored at −20 ◦C until use.

The RT-qPCR was performed on the QuantStudio™ 6 Flex Real-Time PCR System
(Applied Biosystems, supplied by ThermoFisher scientific, Loughborough, UK) using
Power SYBR® Green PCR Master Mix (Applied Biosystems, supplied by ThermoFisher
scientific, Loughborough, UK) in a 96-well reaction plate using parameters recommended
by the manufacturer (2 min at 50 ◦C, 10 min at 95 ◦C and 40 cycles of 15 s 95 ◦C, 1 min of
60 ◦C, 15 s at 95 ◦C, 1 min at 60 ◦C and 15 s at 95 ◦C). The three replicates and no-template
controls were included. The specificity of amplification was determined by dissociation
curve analyses. A comparative threshold cycle method was applied to determine relative
concentrations of mRNA. The primers used are shown in Table 2. All the gene expression
levels were normalized to Am Rp49 gene expression, as a reference gene [35], and the
obtained data were normalized to Am Rp49 using the ΔΔCT method according to Livak,
Schmittgen [36].

Table 2. Primers for qPCR analysis.

Gene Sequences 5′-3′ Reference

Cyp9q1 F: TCGAGAAGTTTTTCCACCG
R: CTCTTTCCTCCTCGATTG Mao et al. [37]

Cyp9q2 F: GATTATCGCCTATTATTA
R: GTTCTCCTTCCCTCTGAT Mao et al. [37]

Cyp4g11 F: AATGCGAGAAGTGTCGTCGA
R: AGCGGTTTCCAGAAGGATGT Calla et al. [38]

AmRp49 F: CGTCATATGTTGCCAACTGGT
R: TTGAGCACGTTCAACAATGG Tesovnik et al. [39]

2.5. Data Analyses

The survival curves were fitted by the Kaplan-Meier method. On the basis of this
method, the survival probability for each tested treatment during 14 days of observation
was estimated [40]. The conclusive difference between each survival curve was evaluated
by log-rank test [41]. The log-rank test compares a monitored case number with the case
number that would have been expected under the null hypothesis (i.e., identical survival
curves). All data were analyzed using the R statistical program (R Core Team, 2017).

Daily food intake was analyzed using the statistical program Statistica 12. The effect
of fed substances on the rate of diet consumption was tested by the analysis of variance
procedure ANOVA (post hoc analysis using Tukey test), preceded by a normality test.
Statistical significance was tested at a level of significance α = 0.05.
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3. Results

The bee survival rate corresponding fed treatment is presented in Table 3 and Figure 1.
The FTH group exhibited a significantly lower mortality rate than group TH (p < 0.001),
but a higher mortality rate than the control groups C and F (p < 0.001 for both). Compara-
tively lower mortality rates were observed in the treatment FTL than in the treatment TL
(p < 0.001), although the mortality rate was higher than in the control group C (p = 0.03), but
no significant differences were observed in comparison with group F (p = 0.17). Addition-
ally, no significant differences were registered between control groups C and F (p = 0.44).
Significant differences were also observed between TH and C, TH and F, TL and C, and TL
and F (p < 0.001 in all cases).

Table 3. The results of the log-rank test, which was used to compare different treatment groups of
bees treated using various chemical substances.

Treatment Degrees of Freedom Chi-Square Statistic p-Value

TH/C 1 310 <0.001
TH/F 1 270 <0.001

FTH/TH 1 72 <0.001
FTH/C 1 62.9 <0.001
FTH/F 1 51.2 <0.001
FTL/TL 1 6 0.01

TL/C 1 5.7 0.01
FTL/C 1 4.6 0.03
FTL/F 1 1.8 0.17

F/C 1 0.6 0.44

Figure 1. The relationship between the bee mortality and the treatments over 14 days (Kaplan-
Maier survival analyses). Legend: TH—sucrose solution (50% w/v) with high dosage of Thiacloprid
(70 mg/L), FTH—sucrose solution (50% w/v) with a mixture of phenolic compounds and a high
dosage of Thiacloprid (70 mg/L), TL—sucrose solution with a low dosage of Thiacloprid (35 mg/L),
FTL—sucrose solution (50 w/v) with a mixture of phenolic compounds and low dosage of Thiacloprid
(35 mg/L), F—sucrose solution (50% w/v) and a mixture of phenolic compounds, C—sucrose solution
(50% w/v).

The food intake was dependent on the treatment (Figure 2). The amount of diet
consumed was higher in groups C and F than in any of the other groups, whereas the food
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consumption was higher in group F than in group C. In group FTL, higher food intake was
observed than in group TL. The same trend was observed in the case of the FTH and TH
groups. The lowest food consumption was observed in groups TH and TL.

 

Figure 2. The daily average of the food intake per 1 bee over 14 days. Significant differences (p < 0.05)
in food consumption between treatments are indicated by different letters.

The expression of CYP9Q1 (Figure 3a), CYP9Q2 (Figure 3b), CYP9Q3 (Figure 3c) and
CYP4G11 (Figure 3d) genes was analyzed using RT-qPCR. Differences in gene expression
between the testing groups were not statistically significant. However, despite that, some
trends in the levels of expression were noted between the testing groups. The relative
expression of the CYP9Q1 gene decreased in bees fed with sucrose solution enriched by
phenolic compounds, irrespective of thiacloprid intoxification (F, FTL, FTH) in comparison
with the C group after 7 days of treatment. In bees from groups TL and TH, the relative
gene expression of this gene was comparable with its expression in the C group after 7 days.
After 14 days of treatment, the relative expression of CYP9Q1 was increased in bees from
group TH. In other groups, the relative gene expression of this gene was comparable with
its expression in the C group.

After 7 days of treatment, the relative expression of CYP9Q2 in bees from groups F and
FTL was comparable with the C group. In groups FTH, TL and TH, it was slightly increased
in comparison with the C group. After 14 days of treatment, the relative expression of this
gene was increased in groups F, FTL and FTH. In groups TH and TL it was comparable
with group C.

The relative expression of CYP9Q3 was higher in the TL group after 7 days of treatment
and also in the FTH and TL groups after 14 days of treatment. In other groups, the relative
expression of this gene was comparable with group C.

After 7 days of treatment, the relative expression of the CYP4G11 gene was comparable
in bees fed with sucrose solution enriched by phenolic compounds regardless of whether
they were intoxicated with thiacloprid (F, FTL, FTH) and in bees from C group. In groups
TL and TH, it was increased in comparison with C. After 14 days of treatment, the relative
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expression of this gene was increased in the FTH, TL and TH groups in comparison to the
C group. In the F and FTL groups it was comparable with the C group.

 

Figure 3. Cont.
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Figure 3. Relative expressions of four cytochrome P450 genes in bee workers depending on treatment
at the 7th and 14th days of the experiment. Error bars denote two technical replications of three
samples. (a) CYP9Q1 gene, (b)CYP9Q2 gene, (c) CYP9Q3 gene, (d) CYP4G11 genes.

4. Discussion

As expected, significantly higher mortality was observed in the treatment groups
containing thiaclopride (TL, TH) compared to thiacloprid-free groups (C, F). This is con-
sistent with the findings reported by Retschnig et al. [19]. However, Retschnig et al. [19]
observed significantly lower mortality levels in bees intoxicated with high doses of thia-
cloprid than those observed in this study (TH). This difference may be due to different
levels of sensitivity between bee subtaxons [20]. On the other hand, a low level of bee
mortality was observed in group F, which did not differ from group C, indicating the safety
of phenolic compounds for bees, which is in accordance with the results of Liao et al. [31].
Conversely, a statistically significant decrease was observed in the mortality rate of the
group FTL in comparison with group TL, as well as in FTH compared to TH, which was
probably caused by the increased detoxification capacity [30] and antioxidant activity [33]
of the experimental bees due to phenolic-enriched diets [31]. The fact that with the addition
of phenolic compounds (FTL), the mortality of intoxicated bees decreased significantly
compared to the TL group, but did not reach the same level as in non-intoxicated bees
(C), indicates the limited detoxification capacity in honey bees [28,42]. This trend was
even more pronounced in the groups with a high dose of thiacloprid. A very significant
reduction in mortality was observed with the addition of phenolic compounds (FTH) in
comparison with the group without phenolic compounds (TH), but losses were still higher
than in all other groups. The relationship between the experimental groups FTL, F and C
seems to be an interesting phenomenon. No statistically significant difference in mortality
was observed between the FTL and F groups, but there was a difference between the FTL
and C groups. This can be explained by the probable increase of metabolic load caused by
increased flavonoid levels [43].

The food consumption in the group containing phenolic compounds (F) was higher
than in the group fed only with sucrose solution (C). Similar results were obtained by
Porrini et al. [44]. They observed increased food intake when feeding bees with the
addition of essential oils that contained phenolic compounds as their main components.
Nevertheless, in their study, the rate of food consumption was lower in the control group,
as well as in the experimental groups, compared to our study. This difference was probably
caused by the difference in the carbohydrate concentration of the feed solution. A higher
concentration of sugars in the feed leads to lower feed consumption, and vice versa [45].

230



Insects 2021, 12, 572

On the other hand, in groups C and F, the food consumption rate was significantly higher
than the groups with the addition of pesticide (TL and TH). This is consistent with the
findings of Gregorc et al. [46] and Tosi et al. [47]. This was probably caused by increased
levels of stress as a result of the addition of pesticides in the food [45]. However, in the case
of intoxicated groups fed food enriched with phenolic compounds, the rate of food intake
was significantly increased compared with groups without phenolic compounds, both
in the case of low amounts of pesticide (FTL) and the case of high amounts of pesticide
(FTH). This trend may be explained by the increased detoxification capacity [30] and
antioxidant activity [33] caused by phenolic compounds in the food [31]. Differences in
food consumption between TL and TH were not observed, nor were they observed between
FTL and FTH. Therefore, the amount of pesticide in the food did not affect the level of
consumption, which is consistent with the results of Retschnig et al. [19].

The relative expression of CYP9Q1, CYP9Q2, CYP9Q3 and CYP4G11 genes was an-
alyzed using RT-qPCR. The cytochrome P450 enzyme group was chosen as the main
endpoint in the detoxification process because it is responsible for the activity of the detoxi-
fication pathways of neonicotinoids [17]. The gene expression of four genes responsible for
detoxication was analyzed after 7 and 14 days of treatment. In previous studies [30,37,48],
bees were fed once with pesticide at the beginning of the experiment, and then the mor-
tality and gene expression were analyzed in the first days after treatment. Conversely,
in this study, a long-term experiment with long-term exposition to the tested substances
was performed, with bees being fed continuously throughout the whole experiment. The
expression levels of detoxification genes are highly dependent on time after pesticide treat-
ment [49]. Therefore, the time of collection of genetic material could be the main reason
why differences in detoxification gene expressions between experimental groups were not
conclusive, and that the expression levels did not differ significantly between groups. Our
results suggest a trend in which the expression in the F, FTL and C groups was comparable,
and the gene expression in other intoxicated groups was increased. This could indicate that
increased expression probably took place at the beginning of experiment, and that in the
first days of bee sampling, the level of enzymes cytochrome P450 were already increased.
However, better explanation of this issue could be provided by quantification of expressed
protein. It would be suitable to carry out this investigation in future experiments.

Wheeler and Robinson [50] point out the problem that beekeepers use artificial bee
food for bees, which, however, usually does not contain certain ingredients with high
nutritional value and importance that are natural components of honey and pollen. Thus, it
is clear that in addition to macronutrients (carbohydrates and proteins), the bee diet should
also contain other elements (such as phenolic compounds) that have a conclusive impact
on their detoxification capacity [30,31]. Based on the results of this study, we suggest that
the addition of phenolic compounds to bee nutrition could to some extent increase the
detoxification capacity of bees [30,31], which is often reduced due to malnutrition caused
by degradation of the environment and the associated loss and contamination of food
resources, as well as factors related to routine beekeeping management [4,50]. In addition,
according to Mao et al. [29], some phenolic substances have an effect on the suppression of
ovarian development, suggesting that phenolic substances could be used in the future to
solve other problems in beekeeping practice.

5. Conclusions

Phenolic compounds, as natural components of the bee diet, have been demonstrated
to have a positive impact on the longevity of honey bees intoxicated by thiacloprid, as well
as their food intake.

The results of the experiments suggest that by adding phenolic substances to bee
nutrition, the risks associated with the intoxication of bees can be reduced.

The expression levels of detoxification genes alone, depending on the treatment, may not
be sufficient, and it is appropriate to support this with quantification of expressed proteins.
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J.Š. and T.K.; Funding acquisition, V.Č. and A.B.; Investigation, P.M. and A.B.; Methodology, M.H. and
I.H.; Project administration, A.B. and T.K.; Supervision, V.Č.; Validation, J.Š.; Writing—original draft,
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39. Tesovnik, T.; Cizelj, I.; Zorc, M.; Čitar, M.; Božič, J.; Glavan, G.; Narat, M. Immune Related Gene Expression in Worker Honey Bee
(Apis mellifera Carnica) Pupae Exposed to Neonicotinoid Thiamethoxam and Varroa Mites (Varroa Destructor). PLoS ONE 2017,
12, e0187079. [CrossRef] [PubMed]

40. Kaplan, E.L.; Meier, P. Nonparametric Estimation from Incomplete Observations. J. Am. Stat. Assoc. 1958, 53, 457–481. [CrossRef]
41. Therneau, T.M.; Grambsch, P.M. The cox model. In Modeling Survival Data: Extending the Cox Model; Springer: New York, NY,

USA, 2000; pp. 39–77.
42. Yu, S.J. Interactions of Allelochemicals with Detoxication Enzymes of Insecticide-Susceptible and Resistant Fall Armyworms.

Pestic. Biochem. Physiol. 1984, 22, 60–68. [CrossRef]
43. Mao, W.; Schuler, M.A.; Berenbaum, M.R. Disruption of Quercetin Metabolism by Fungicide Affects Energy Production in Honey

Bees (Apis mellifera). Proc. Natl. Acad. Sci. USA 2017, 114, 2538–2543. [CrossRef] [PubMed]
44. Porrini, M.P.; Fernández, N.J.; Garrido, P.M.; Gende, L.B.; Medici, S.K.; Eguaras, M.J. In Vivo Evaluation of Antiparasitic Activity

of Plant Extracts on Nosema Ceranae (Microsporidia). Apidologie 2011, 42, 700–707. [CrossRef]
45. Tong, L.; Nieh, J.C.; Tosi, S. Combined Nutritional Stress and a New Systemic Pesticide (Flupyradifurone, Sivanto®) Reduce Bee

Survival, Food Consumption, Flight Success, and Thermoregulation. Chemosphere 2019, 237, 124408. [CrossRef]
46. Gregorc, A.; Alburaki, M.; Rinderer, N.; Sampson, B.; Knight, P.R.; Karim, S.; Adamczyk, J. Effects of Coumaphos and Imidacloprid

on Honey Bee (Hymenoptera: Apidae) Lifespan and Antioxidant Gene Regulations in Laboratory Experiments. Sci. Rep. 2018,
8, 15003. [CrossRef]

47. Tosi, S.; Nieh, J.C.; Sgolastra, F.; Cabbri, R.; Medrzycki, P. Neonicotinoid Pesticides and Nutritional Stress Synergistically Reduce
Survival in Honey Bees. Proc. R. Soc. B 2017, 284, 20171711. [CrossRef] [PubMed]

48. Manjon, C.; Troczka, B.J.; Zaworra, M.; Beadle, K.; Randall, E.; Hertlein, G.; Kumar, S.S.; Nauen, R. Unravelling the Molecular
Determinants of Bee Sensitivity to Neonicotinoid Insecticides. Curr. Biol. 2018, 28, 1137–1143. [CrossRef]

233



Insects 2021, 12, 572

49. Alptekin, S.; Bass, C.; Nicholls, C.; Paine, M.J.; Clark, S.J.; Field, L.; Moores, G.D. Induced Thiacloprid Insensitivity in Honeybees
(Apis mellifera L.) Is Assoc. with Up-regulation of Detoxification Genes. Insect Mol. Biol. 2016, 25, 171–180. [CrossRef]

50. Wheeler, M.M.; Robinson, G.E. Diet-Dependent Gene Expression in Honey Bees: Honey vs. Sucrose or High Fructose Corn Syrup.
Sci. Rep. 2014, 4, 5726. [CrossRef] [PubMed]

234



Citation: Raimets, R.; Naudi, S.;

Mänd, M.; Bartkevičs, V.; Smagghe,
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Simple Summary: Numerous pesticide residues have been found in bee products. It is unclear
whether and to what degree pesticides migrate between different bee matrices. Even though the
use of many common insecticides is strictly regulated, fungicide residues are still ubiquitous in bee
matrices and data regarding this problem are still insufficient. The aim of this work was to determine
the migration of fungicide tebuconazole between bee matrices and to assess its potential risk to honey
bee queens. We found that tebuconazole mixed into wax has the potential to migrate into royal jelly
(RJ), but no residues were found in honey bee queen larvae and newly emerged queens. The residues
of tebuconazole found in queen cell cups and RJ decreased over time and probably posed no direct
lethal threat to queens. Nevertheless, sub-lethal effects of tebuconazole on honey bee queens might
occur even at low concentrations.

Abstract: Various pesticide residues can be found in different bee colony components. The queen
larvae of honey bee (Apis mellifera L.) receive non-contaminated food from nurse bees. However,
there is little knowledge about how pesticide residues affect developing bees. Additionally, little
is known about the migration of lipophilic pesticides between bee matrices. While wax, royal jelly
(RJ), and bee larvae are chemically distinct, they all contain lipids and we expected the lipophilic
fungicide tebuconazole to be absorbed by different contacting materials. Our aim was to analyze the
translocation of tebuconazole residues from queen cell wax to RJ, queen larvae, and newly emerged
queens and to evaluate its potential risk to queens. We demonstrated the potential for the migration
of tebuconazole from wax to RJ, with a strong dilution effect from the original contamination source.
No residues were detected in queen bee larvae and newly emerged queens, indicating that the
migration of tebuconazole probably did not directly endanger the queen bee, but there was some risk
that tebuconazole might still affect the homeostasis of developing bees.

Keywords: translocation of pesticides; wax; hazard quotient; tebuconazole; honey bee queen

1. Introduction

Pesticides are known to be amplify all stress elements related to honey bee colony
losses [1]. Various pesticides accumulate in different bee products [2,3] and often beeswax
is the most contaminated bee product [3–5]. Most of the conducted studies have been
focused on insecticide effects on bees, while fungicides have gained little attention. Never-
theless, it has been shown that at least azole type fungicides can potentiate the toxicity of
insecticides [6–8].

Azole fungicides are among the highest volume fungicides used against fungal dis-
eases of agricultural crops [9]. Among other azole fungicides, tebuconazole is very com-
monly used and its residues have been found in bee matrices [2,10,11]. Tebuconazole has
synergistic negative effects on honey bees together with insecticides [10]. Additionally,
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it can separately affect microbial communities in different environments, including those in
insect guts [11,12].

The large majority of bee toxicology studies have been focused on the impact of
pesticide residues on worker bees [13–15], while queens have received little attention. The
main task of a mated queen is to sustain colony development and survival via laying
eggs [16]. During their lifetime, queens are fed pure royal jelly (RJ) secreted by nurse
bees [17] that feed on nectar, pollen, and beebread, which can be contaminated by various
pesticides [3,18–20]. Contaminated pollen and nectar can lead to contamination of beeswax,
which absorbs lipophilic compounds well [3,5,21,22]. This may pose long-term risk to the
viability of a beehive. Although the queen bee is protected from xenobiotic compounds due
to feeding solely on RJ, it spends most of its life on or in wax combs. It has been shown that
honey bee larvae can suffer morphological changes when grown on contaminated wax [23].
The same changes may occur in queen larvae, because the ambient conditions are the same
during queen development.

Long-term contact with pesticide residues exposes bees to a certain risk. One way to
quantify the potential risk is to calculate a hazard quotient (HQ) [21]. HQ is calculated by
dividing the concentration of contaminant in wax with the LD50 value (the concentration
that would kill 50% of the test group individuals) of the substance. HQ simply evaluates
the risk of individual contaminants to bees. However, depending on their specific tasks in
colony, the individual honey bees are in contact with different materials [3]. In the case of
multiple contaminants, the calculation of HQ still helps to understand the contribution of
individual contaminants to the overall risk.

The contaminating molecules are able to migrate between materials inside the hive [22].
The migration ability depends on the chemical nature of the contaminant, on the chemical
and physical characteristics of the material.

The information of pesticide migration among bee products is still scarce. For instance,
Böhme et al. showed that RJ is not contaminated [24], despite the contaminated pollen they
were fed with. Similar results were shown by Johnson and Percel, where nurse bees that
were fed contaminated pollen secreted pure RJ [25]. However, contamination of RJ can
occur via exposure to wax comb cells.

The purpose of this study was to test whether tebuconazole residues mixed into honey
bee wax migrate from one bee product to another (RJ; queen bee larvae; newly emerged
queens). The aim thereafter was to evaluate the potential hazard to queens.

2. Materials and Methods

2.1. Honey Bees Used

The experiments were conducted in summer 2020 at a single apiary (OÜ R-honey)
located in the Eastern region of Estonia. Queens (Apis mellifera ligustica) were bred in the
experiment from one-day old larvae originating from a single queen. Queenright normal-
sized honey bee colony (50 Langstroth frames) was used as a cell builder. An egg laying
queen was allocated to the first Langstroth box on the hive bottom and separated with
queen excluder. In addition, an extra flight entrance was installed above the queen excluder
to encourage building up the queen cells by nurse bees. Honey supers were allocated
on the extra flight entrance and the grafted queen cells with open brood frames were all
inserted into the top box.

2.2. Exposure to Tebuconazole

Wax obtained from a local organic beekeeping operation was used for making queen
cell cups. The active ingredient tebuconazole (purity 99.3%) was purchased from Sigma
Aldrich. Tebuconazole was dissolved in acetone and incorporated into molten wax. The
tebuconazole concentration mixed into wax was 412 μg kg−1. Field-realistic pesticide con-
centration was selected based on the analysis of Estonian bee products by Raimets et al. [26].
In addition, tebuconazole has been found in honey bee wax in other studies [2,3,6].
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Immediately after the mixing of tebuconazole into molten wax, queen cell cups were
prepared using special wooden dowel to shape the cup. Separate dowels were used for the
control and test group cups. It is a common procedure in beekeeping to make queen cell
cups from molten wax [26]. One-day-old honey bee worker larvae were grafted into the
newly made cups. A frame with the grafted cups (control cups (n = 20)) and tebuconazole
spiked cups (n = 20) was inserted into queenright cell builder colony. After 24 h, the queen
cell acceptance by nurse bees was controlled visually.

The closest conventionally managed agricultural crops were located 5.4 km away.
The experiment was conducted in July, which is the main honey flow period in Estonia.
At that time, there is abundance of plants blooming in the wild. Considering the distance
between the apiary and conventional farming fields, it is very unlikely that the bees visited
conventional farming fields and were exposed to tebuconazole from outside environment.

2.3. Pesticide Residues in Bee Matrices

In order to investigate whether tebuconazole can migrate from one bee product to
another, we collected queen cell cups, RJ, accepted queen larvae, and newly emerged queens.
RJ and larvae were collected from cups 3 days after the acceptance. RJ was collected using
micropipette and larvae were taken from the cells using a special spatula. Adult queens
and built-up queen cell cups were taken for pesticide residue analysis on the day of their
emergence. All the samples were put into freezer (−20 ◦C) immediately after the collection.
While large volume experiments with honey bee queens are difficult, we could not split
the individually treated cells into several groups to obtain the required minimal sample
mass (2 g) for pesticide residue analyses. Therefore, the samples were pooled according to
the types of bee matrices. The pooled samples were sent to a laboratory (Institute of Food
Safety, Animal Health and Environment “BIOR”, Riga, Latvia) for pesticide analysis.

2.4. Pesticide Residue Analyses from Bee Matrices

Tebuconazole residues from honey bee matrices were analyzed at the Institute of
Food Safety, Animal Health and Environment “BIOR”. The UHPLC-MS/MS assay was
performed using an Ultimate 3000 high performance liquid chromatograph (Thermo Scien-
tific, MA, USA) coupled to TSQ Quantiva tandem mass spectrometer (Thermo Scientific,
MA, USA).

2.5. Chemicals and Materials Used in Pesticide Residue Analyses

Pesticide reference standards were supplied by Dr. Ehrenstorfer (Germany). Methanol
and HPLC grade acetonitrile were acquired from Merck Millipore (Darmstadt, Germany).
Ammonium formate (99%), acetic acid (glacial, >99.85%), and ACS grade formic acid
(>96.0%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure deionized
water was prepared by using a Millipore Milli-Q™ system (Billerica, MA, USA). The
following substances were purchased from Phenomenex (Torrance, CA, USA): buffer salt
mixture (1 g trisodium citrate dihydrate, 1 g sodium chloride, 0.5 g disodium hydrogen
citrate sesquihydrate, and 4 g of anhydrous magnesium sulphate) and a mixture of dSPE
(900 mg anhydrous magnesium sulphate, 150 mg PSA, and 150 mg C18E). Stock solutions
(approximately 1000 mg L−1) were made by weighing 10 mg of standard in a 10 mL
graduated flask and then dissolving in acetonitrile. While preparing the standard solutions
of final concentration, the purity of standard was taken into account. In order to prepare a
working standard solution with a concentration of 0.01 mg L−1, the appropriate volume of
stock solution was diluted with acetonitrile. The prepared solutions were stored at 20 ◦C.

2.5.1. Sample Preparation

The sample (2.0 ± 0.1 g) was weighed into a 50 mL centrifuge tube. The standard
solutions were added at the appropriate spiking level in order to prepare calibration and
quality control samples. Acetonitrile (10 mL) and deionized water (10 mL) were both added
and the tubes were shaken vigorously by hand for 1 min. Then, a mixture of trisodium
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citrate dihydrate (1 g), sodium chloride (1 g), disodium hydrogen citrate sesquihydrate
(0.5 g), and anhydrous magnesium sulphate (4 g) was added, the tubes were closed, shaken
for 10 min, and centrifuged for 10 min at 3500 rpm.

The supernatant was transferred into a 15 mL PP centrifuge tube and frozen out
at −70 ◦C for 30 min using a Heto Ultra freeze (Thermo Fisher Scientific, MA, USA),
followed by centrifugation of the resulting organic sample fraction for 10 min at 3500 rpm.
For further clean-up procedure, 6 mL of the extract was transferred into 15 mL PP tubes,
each containing anhydrous magnesium sulphate (900 mg), PSA (150 mg), and C18 sorbent
(150 mg). The tubes were shaken vigorously by hand for 30 s and then centrifuged for 10
min at 3500 rpm. A 250 μL aliquot of the purified extract was mixed with 500 μL of the
mobile phase A, consisting of 5 mM ammonium formate and 0.1% formic in water and
filtered through a 0.22 μm PVDF membrane centrifuge filter. An aliquot of the extract was
transferred to an autosampler vial for UHPLC-MS/MS analysis.

2.5.2. UHPLC-MS/MS Analysis

For pesticide analyses in samples, an UltiMate 3000 high performance liquid chromato-
graph coupled to a TSQ Quantiva tandem mass spectrometer equipped with an electrospray
ionization source was applied. The parameters of the ion source were the following: va-
porizer temperature was adjusted at 450 ◦C and ion transfer capillary at 320 ◦C, ion spray
voltage 3.5 kV (positive mode), sheath gas 45 arbitrary units (arb), auxiliary gas 25 arb,
and sweep gas 4 arb. The analysis was performed by multiple reaction monitoring (MRM)
in the positive ionization mode. Table 1 lists the analyte-dependent parameters: MRM
transitions and collision energies (CE).

Table 1. Instrumental parameters of the applied method.

Pesticide Molecular Ion, Da Daughter Ion, Da Collision Energy, eV

Tebuconazole
308 70 21

308 125 34

Chromatographic separation was performed on a Kinetex C18 analytical column
(50 × 3.0 mm, 1.7 mm) from Phenomenex. The mobile phase A consisting of 5 mM
ammonium formate and 0.1% formic in water and acetonitrile (mobile phase B) were
delivered at the flow rate of 0.4 mL min−1. A gradient program was used: 20% of mobile
phase B was used from 0 to 1.0 min, 20% (B) to 90% (B) from 1.0 to 10.0 min, maintained
at 90% (B) for 1 min, then decreased back to 20% (B) at 11.0 min and finally the column
was re-equilibrated with 20% (B) from 11.0 to 15.0 min. A 10 μL aliquot of the extract was
injected. The column and autosampler were maintained at 30 ◦C and 10 ◦C, respectively.

2.6. Statistical Analysis

For calculating the hazard quotient (HQ), the wax toxicity calculation tool (Bee Tox
Wax) was used [21]. The aim of HQ was to evaluate the potential exposure to a pesticide
and to set a level at which no adverse effect is expected. When using the “Bee Tox Wax”
tool, the median lethal dose (LD50) is a quantitative indicator of the pesticide toxicity. In this
case, HQ values under 250 were shown to be slightly toxic to bees and the wax can be
re-used.

3. Results

3.1. The Residues Detected

UHPLC-MS/MS assay showed that tebuconazole was present in certain bee matrices
(Table 2). Tebuconazole residues were found in the entire queen cell wax (0.19 mg kg−1),
indicating that this substance was incorporated into wax during the experiment. The
residues were also found in RJ samples but already at lower concentrations. The tebucona-
zole concentration found in RJ was 0.08 mg kg−1 (0.08 μg per bee), which was 2.4 times
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lower than found in wax and probably should not pose a risk to the survival of honey bee
queens. Despite the fact that tebuconazole was present in queen cell cups and RJ, its residues
were not found in honey bee queen larvae and newly emerged queens. It could be assumed
that queen larvae and adult queens metabolised tebuconazole and thus no residues were
found. Nevertheless, the results show the potential for tebuconazole migration from wax
to RJ.

Table 2. Tebuconazole residues detected in bee matrices after spiking queen cell cup wax with
tebuconazole at the concentration of 0.412 mg kg−1. Additionally, the HQ values of tebuconazole
residue in wax are shown. According to the “Bee Tox Wax“ tool data, a HQ value under 250 indicates
low wax contamination rate [21].

Bee Matrix.
Control

(Tebuco-Nazole
Found (mg kg−1)

Tebuco-Nazole
Found

(mg kg−1)

% Left from
Spiking

Concentra-Tion

Tebucona-Zole Contact
LD50 to Honey Bees 48 h

(mg kg−1)

Dose (μg) per
Bee Found

HQ
Value

Queen cells <0.01 0.19 ± 0.09 46.1 0.2 0.19 1
Royal jelly <0.01 0.08 ± 0.04 19.4 0.2 0.08

Larvae <0.01 <0.01 0 0.2 0
Queens <0.01 <0.01 0 0.2 0

3.2. Hazard Quotient

According to the findings of tebuconazole residues in wax, the Hazard Quotient (HQ)
was used to determine its potential toxicity level to honey bee queens. The HQ value of
initial concentration mixed into wax was 1.

The tebuconazole concentration found in queen cells was 0.19 mg kg−1 (0.19 μg per
bee), which means that it should not cause direct mortality of bees, but this sub-lethal
concentration may have significant negative effect on queen homeostasis. In the case of
tebuconazole, 200 μg per bee has been shown to be the acute lethal contact dose after 48 h.
The HQ value in our case was 1, which means that the wax was slightly contaminated and
it can be used in beekeeping and recycling. According to the Bee Tox Wax tool, any HQ
value under 250 is considered to be low-polluted and the wax could be used and recycled
in beekeeping operations [21]. At the same time, it should be taken into account that the
risk for bees will increase with increasing number and levels of different contaminants.

4. Discussion

This study has demonstrated the migration of tebuconazole from wax to RJ. The only
source of tebuconazole was the addition of this xenobiotic compound to molten wax.
However, further migration from RJ to queen larvae or newly emerged queens did not
occur. Despite the high initial concentration, the content of tebuconazole detected from the
entire queen cell wax was lower.

Lipophilic pesticides like tebuconazole can accumulate in wax [3,27] and, due to
continuous agricultural application, the amount of residues in bee matrices can be expected
to increase with time. Little is known about the effects of certain pesticides on queen
bee performance. In addition, various studies show that different pesticides can cause
synergistic effects in bees. Raimets et al. showed that azole fungicide imazalil had a
synergistic effect with three insecticides on the mortality of bumble bee (Bombus terrestris) [6].
Besides, Vandame and Belzunces showed that insecticide deltamethrin had a synergistic
effect with azole fungicides, causing changes in bee thermoregulation [28]. Azole fungicides
inhibit cytochrome P450 detoxification system in bees [7] and thus the bees are more
vulnerable to other pesticides.

The octanol-water partition coefficient of tebuconazole (Log POW) has been shown to
be 3.7 [29], which means that this compound has lipophilic properties and can concentrate
in lipophilic bee matrices. In addition, tebuconazole is quite stable at elevated temperatures
and its melting point is 102.4 ◦C [29], while beeswax melting point is about 63–65 ◦C [30].
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This also confirms that tebuconazole incorporation into molten wax is possible without
degradation.

It is vital to understand whether pesticide residues from wax can be taken up by
developing honey bees. Medici et al. showed that the presence of insecticides in wax
negatively affected honey bee brood survival [31]. There have been only a few studies
focused on the migration of pesticides from wax to bees, especially to queen bees. A study
conducted by Böhme et al. showed that some pesticide residues (with different Log
p values) can be found in RJ, though in apparently negligible concentrations (the highest
concentration found was 0.016% of the original concentration fed to the nurse bees) [24].
In another experimental study, hives were treated with known amounts of tau-fluvalinate
via contaminated plywood inserts, and no residues were detected in RJ [32]. On the
contrary, our study revealed that fungicide tebuconazole was translocated from polluted
wax to RJ. Nevertheless, tebuconazole concentration found in RJ was 2.4 times lower than
in wax. Another study showed that nurse bees fed on contaminated pollen and nectar
produced uncontaminated RJ for honey bee queens [33]. Our study revealed that RJ can be
contaminated via exposure to residues in wax. Our results are in accordance with Milone
and Tarpy who showed that different pesticides mixed into queen cell cups successfully
migrated to RJ [34].

Larval feeding pattern performed by nurse bees is different among honey bee castes
and sexes (workers, drones, queens). In the case of queen larvae, feeding was performed
by nurse bees within relatively short visits and the content of RJ remained almost constant,
while worker larvae received longer feeding periods after 48 h [35]. In addition, Dietz and
Lambremont showed that honey bee queen larvae consume 13% more food than worker
larvae within first the 3 days of larval development [36]. Thus, the higher food consumption
by queen bee larvae may simultaneously increase the amount of ingested pesticide residues
in the case if RJ is contaminated.

Tebuconazole concentrations found in bee matrices are related to the lipophilicity
of this compound, which tends to accumulate in nonpolar media. This tendency was
demonstrated in our experiments where the highest concentration was revealed in wax
(very non-polar matrix), lower concentration was detected in RJ (up to 6% of fats), and the
lowest content in larvae (mostly water-protein sample). Due to the chemical and physical
properties of tebuconazole, it preferentially remained in the samples with the highest
lipid content. Additionally, tebuconazole has been shown to be persistent in soil (aerobic
metabolism T1/2 in soils is 796 days) [37]. Even under hydrolytic conditions, it was stable
for >28 days. Therefore, the most probable reason for the occurrence of tebuconazole in
certain bee products is related to its tendency to stay in a lipophilic environment.

It is noteworthy that there was no conventional farming within 5.4 km radius in our
study, which excludes the possibility of bee exposure from agricultural use of tebuconazole.
Morales et al. showed that pesticides used on the fields, as well as in apiculture, can
move from beeswax to honey bee brood [38]. Interestingly, our results did not indicate
tebuconazole residues in the sampled honey bee queen larvae and newly emerged queens.
We saw rapid dilution of tebuconazole through different matrices. Compared to the cell cup
wax, the whole queen cells contained less than one half the concentration of tebuconazole.
Due to the dilution with newly added wax, the initial concentration mixed into queen cell
cups had decreased 2.2 times. In addition, the concentration of tebuconazole decreased
2.4 times when comparing RJ to wax. However, if the apiary had been located next to
conventional farming lands, the amount of tebuconazole residues in bee matrices could be
considerably higher due to the agricultural use of tebuconazole.

Besides chemical decomposition of pesticide molecules over time, the individual bee
organisms are also capable of detoxification [39]. In addition, Berenbaum and Johnson have
proposed that detoxification of xenobiotic compounds among eusocial honey bees may be
complemented by a “social detoxification system”, which includes colony food processing
via microbial fermentation, dilution by pollen mixing, and worker discrimination [40].
Without detoxification, the effects of pesticides on honey bee health could be more severe.
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Some studies have shown that pesticides may have effects on the longevity, olfactory
functions, and water consumption by bees during long-term exposure [41,42]. Nevertheless,
in our case, the concentration of tebuconazole after 3 days of exposure was not observed,
probably due to the inability of this lipophilic contaminant to migrate from wax to biological
tissues of larvae and queen bees.

Tebuconazole concentrations found in bee products in our study probably do not
possess any direct lethal effect to developing queens. Still, pesticides even at low concentra-
tions have been shown to cause sub-lethal effects in bees [43]. Fungicide tebuconazole is
considered to have low toxicity to bees [44]. Despite the fact that tebuconazole probably
does not kill bees directly, it might cause changes in bee homeostasis. As it is known, there
are eight different dominant bacterial species in honey bee gut and they tend to exhibit
strain diversity according to differences in tolerance of pesticide exposure and metabolic
capability [45]. Tebuconazole at high concentrations (5, 50, and 500 mg kg−1) has been
shown to decrease soil microbial biomass and activity but, interestingly, no clear effect
of different concentrations was found [11]. In addition, tebuconazole reduced gut fungal
diversity in brown planthopper (Nilaparvata lugens Stål). Interestingly, a study conducted
by Powell et al. showed that newly emerged honey bees are lacking gut bacteria and their
gut is colonized 4–6 days after the emergence via contacts with other workers [46]. Even
though tebuconazole does not spread from RJ to bee larvae, a possibility of tebuconazole ex-
posure inside the hive (contaminated pollen, beebread, etc.) cannot be completely excluded.
Changes in bee gut microbiota are shown to increase the susceptibility to diseases [47] and
bee mortality may be increased due to different sub-lethal effects [45].

5. Conclusions

The current pilot study demonstrated the migration of a single pesticide from one
bee product to another. Further studies are needed to investigate the potential for the
migration of multiple pesticides among bee products, with the goal to identify and quantify
the impact on bees associated with possible synergistic and sub-lethal effects.
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Simple Summary: Several neonicotinoid insecticides that were once widely used for pest control
are currently banned for outdoor use in the European Union (EU) because they pose a risk to
bees. This restriction meant that farmers had to look for alternatives for pest management and
use known insecticides or new substances with supposedly more bee-friendly characteristics. We
evaluated the toxicity of six insecticides on buff-tailed bumblebee workers (Bombus terrestris): two
banned neonicotinoids (imidacloprid, thiacloprid), two pyrethroids (deltamethrin, esfenvalerate),
one sulfoximine (sulfoxaflor) and a microbial insecticide based on Bacillus thuringiensis toxins, which
are present in genetically modified (Bt) maize. The results obtained show that certain insecticides in
use have higher acute toxicity to B. terrestris than some of the banned neonicotinoids.

Abstract: Systemic insecticides are recognized as one of the drivers of the worldwide bee decline as
they are exposed to them through multiple pathways. Specifically, neonicotinoids, some of which
are banned for outdoor use in the European Union (EU), have been pointed out as a major cause
of bee collapse. Thus, farmers have had to look for alternatives for pest control and use known
insecticides or new substances reportedly less harmful to bees. We evaluated the oral acute toxicity of
six insecticides (three of them systemic: imidacloprid, thiacloprid and sulfoxaflor) with four different
modes of action on buff-tailed bumblebee workers (Bombus terrestris): two banned neonicotinoids
(imidacloprid, thiacloprid), two pyrethroids (deltamethrin, esfenvalerate), one sulfoximine (sulfox-
aflor) and a microbial insecticide based on Bacillus thuringiensis toxins, present in genetically modified
(Bt) maize. The microbial insecticide only caused mortality to bumblebee workers at extremely high
concentrations, so it is expected that Bt maize does not pose a risk to them. The toxicity of the other
five insecticides on bumblebees was, from highest to lowest: imidacloprid, sulfoxaflor, deltamethrin,
esfenvalerate and thiacloprid. This outcome suggests that certain insecticides in use are more toxic
to B. terrestris than some banned neonicotinoids. Further chronic toxicity studies, under realistic
conditions, are necessary for a proper risk assessment.

Keywords: pollinators; neonicotinoids; imidacloprid; thiacloprid; pyrethroids; deltamethrin; esfen-
valerate; sulfoxaflor; Bacillus thuringiensis; Cry1Ab; acute toxicity; bioassays; commercial hives

1. Introduction

The genus Bombus Latreille, with a wide world distribution that includes Europe,
Asia, North America, parts of South America and North Africa [1], is highly efficient for
pollinating not only a wide variety of wild plants but also crops [2,3]. Within this genus,
the Bombus terrestris L./Bombus lucorum L. complex is the first in the ranking list of the
most important crop pollinators in Europe, with a mean contributed value of USD 425 per
hectare [4]. The different subspecies of B. terrestris are originally distributed throughout
Eurasia and North Africa [5], and their characteristics as pollinators, together with the
relative ease of rearing them in captivity, have led to their domestication for use in the
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pollination of horticultural, fruit and seed crops, with particular importance in tomato and
berry greenhouses [2,3].

Since the mid-1980s, a severe decline in managed honey bee populations has been
observed in Europe and the US [6–9]. Furthermore, where evidence is available, such as
the UK, Netherlands, Belgium or the US, it has been demonstrated that the abundance
and diversity of non-Apis bees, including bumblebees, were also being affected [6,10–14].
Although there is no single cause responsible for this decline, agricultural intensification
has been cited as one of the most important threats to pollinators [15,16]. Pesticides (and
particularly insecticides) have been the subject of debate ever since the collapse in bee
populations was observed [17], although the neonicotinoids are the ones that have mainly
been in the focus for years. Since their launch in the 1990s, neonicotinoids have become one
of the most widespread classes of insecticides globally, to such an extent that in 2014 they
accounted for 25% of the insecticide market [18]. This success has been mainly due to their
effectiveness in controlling a number of important pests and their versatility in application
(soil and seed treatments and foliar spray) [19]. One of their most valuable characteristics is
their systemic nature, which allows them to reach all plant tissues and organs. However, it
is precisely their systemicity, together with their toxicity on invertebrates, persistence and
environmental impact, that makes them potentially harmful to a wide range of non-target
organisms [20].

Various laboratory and semi-field trials have reported that dietary neonicotinoids
produce harmful sublethal effects on honey bees and non-Apis bees [21–24]. These negative
effects have also been reported in different studies conducted under field conditions, in
which bumblebees and solitary bees were exposed to several neonicotinoids by different
routes, leading to important sublethal effects, such as reduced solitary bee nesting and
reproductive success and bumblebee colony growth and reproduction [25–27]. Nowadays,
systemic insecticides are recognized as one of the drivers of worldwide honey and wild
bee declines as they are exposed to them when they collect crop pollen and nectar [28–30].
Despite the large number of studies conducted to assess the effects of neonicotinoids
on bees, numerous gaps have been identified in the methodology used and the subjects
studied in relation to this issue, and further research using species other than the honey
bee Apis mellifera L. has been recommended to improve laboratory, semi-field and field
tests [31–33].

In 2013, in the light of scientific and technical evidences, the European Commission
considered that the active substances clothianidin, thiamethoxam and imidacloprid posed
a high risk to bees, so restrictions on their use were imposed in the European Union (EU),
mainly affecting maize, sunflower and oilseed rape [34]. Due to extensive evidence from
scientific research on the detrimental effects of neonicotinoids on bees, in May 2018 the
Commission definitively banned the outdoor use of these three neonicotinoids based on
risk assessment and scientific data [35–37]). This ban meant that farmers had to look
for alternatives for pest management. The first option was to replace them with other
neonicotinoids with a similar mode of action, such as acetamiprid or thiacloprid, the latter
mainly applied to seed in the case of maize and sunflower, or by foliar spray in sunflower
and rapeseed [38]. However, an application to renew the approval of thiacloprid was
rejected by the European Commission in January 2020. Another option was to replace the
banned neonicotinoids with other broad-spectrum and widely used chemical insecticides,
mainly pyrethroids [38,39]. A third avenue for the replacement of neonicotinoids was to
explore promising new active substances that are supposedly less aggressive towards non-
target pests. One example is the active substance sulfoxaflor, belonging to the sulfoximine
family, which was authorized in 2015 in the EU. It is a systemic insecticide with translaminar
movement and acts mainly by ingestion and contact. It has been proposed as an alternative
to neonicotinoids given its lower toxicity to bees and better ecological and human health
profile, among other reasons [40,41].

In addition to insecticides sprayed on crops, bumblebees may also be exposed to other
insecticidal substances, such as the toxin Cry1Ab from Bacillus thuringiensis, expressed in
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genetically modified maize varieties derived from the MON810 event (Bt maize). It has
been found that maize pollen can be attractive for honey bees during dry growing seasons
or periods when more favorable protein sources may not be available [42,43]. Furthermore,
in agricultural landscapes with large-scale monocultures, pollen foragers might be forced
to almost exclusively collect pollen from a single source, even from wind pollinated crops
such as maize [44]. Thus, in areas where its level of adoption is high, exposure to Cry1Ab
protein could represent a risk to bees. It has been demonstrated that the pollen from Bt
crops can contain significant amounts of Cry toxin, although the toxin levels found differed
depending on the study [45–47]. Information on the toxic effects of Cry1Ab toxin on bees
is scarce and sometimes contradictory. Some studies indicate that it does not cause acute
or chronic toxic effects on honey bees (A. mellifera) or bumblebees [46,48]. However, it has
been shown that it can cause sublethal effects on honey bees by affecting their foraging
behavior or feeding [49,50].

The aim of this study is to evaluate the oral acute toxicity of six insecticides with four
different modes of action on the bumblebee Bombus terrestris: two neonicotinoids (imidaclo-
prid and thiacloprid), two pyrethroids (deltamethrin and esfenvalerate), one sulfoximine
(sulfoxaflor) and a microbial insecticide based on Cry toxins from Bacillus thuringiensis.
The possible implications of the results obtained, following the restriction of the use of
neonicotinoids in the EU, are discussed.

2. Materials and Methods

2.1. Maintenance of the Hives

Workers of the buff-tailed bumblebee B. terrestris were used to carry out the bioassays
with insecticides. The workers came from hives supplied by the company Agrobío S.L
(Almería, Spain), consisting of a fertilized queen, 20–40 workers and a nest with larvae and
eggs. Twenty-one commercial hives were used to perform the bioassays (Table S1). Once in
the laboratory, they were kept in a chamber at a constant temperature of 25 ± 1 ◦C, relative
humidity of 60 ± 5% and in conditions of complete darkness, illuminating the chamber
with red light only when it was necessary for handling or for picking up individuals. The
bees were provided ad libitum with syrup (Api 65®, Agrobío S.L., Almería, Spain) and
food balls, prepared with dry pollen, artificial syrup and distilled water. Workers for the
bioassays were extracted at the moment of exponential growth of the hive.

2.2. Insecticides

We selected six different active ingredients for bioassays: (i) two neonicotinoids, imi-
dacloprid (Confidor® SL 20% W/V, Bayer S.A.S., Lyon, France) and thiacloprid (Calypso®

SC, 48% W/V, Bayer CropScience, S.L., Valencia, Spain), both currently restricted in the
EU; (ii) two pyrethroids, deltamethrin (Decis Protech® EW, 1.5% W/V, Bayer CropScience
S.L., Valencia, Spain) and esfenvalerate (Sumifive® Plus EW, 5% W/V, Kenogard, S.A.,
Madrid, Spain), belonging to a new generation of pyrethroids, which show a higher ef-
fectiveness than the previous ones and widely used on a large number of crops for the
control of different pests; (iii) the sulfoximine-based pesticide sulfoxaflor (Closer® SC EW
11.43% W/W, Dow Agrosciences Iberica S.A., Seville, Spain) for being a relatively new
systemic insecticide, proposed as a candidate for replacement of the neonicotinoids [51];
(iv) the selective biological insecticide Bacillus thuringiensis ssp. kurstaki (Btk) (DiPel® DF
WG, 54% W/W, strain ABTS-351 (32 mill. CLU/g), Kenogard, S.A., Valent BioScience LLC,
Libertyville, IL, USA), containing four insecticide Cry toxins, one of which (Cry1Ab) is
expressed in the genetically modified maize cultivated in the European Union. All insec-
ticide concentrations were prepared in Api 65® artificial syrup with the exception of the
insecticide DiPel® DF, which was previously diluted in 0.1% Triton® X-100 (Sigma-Aldrich,
St. Louis, MO, USA).
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2.3. Bioassays

The methodology used to carry out the bioassays was almost entirely in line with
that recommended for studying the acute oral toxicity of insecticides in bumblebees, with
some modifications [52]. Concentration–response bioassays were conducted on individu-
alized B. terrestris workers. Each bioassay consisted of treating individual workers with
5–7 increasing nominal test concentrations of insecticide diluted in 2 mL of artificial nectar.
The range of nominal test concentrations of each of the insecticides used in the bioassays
was decided after preliminary trials in order to obtain a response (mortality) between
10% and 90%. Once the extreme concentrations were defined, intermediate concentra-
tions were determined on a logarithmic scale. A negative control was added consisting of
2 mL of artificial nectar without insecticide treatment and a positive control consisting of
2 mL of artificial nectar treated with 80 ppm (W/V) of the pyrethroid lambda-cyhalothrin
(Karate Zeon® 10% W/V CS Syngenta S.A., Madrid, Spain), previously known to be toxic to
bumblebees [53].

Bees between 1 and 4 days old were selected for the bioassays. Newly emerged
workers, distinguishable by the absence of pigmentation and the shape of the wings yet
to unfold, were removed from the hives and separated into groups of five bees of similar
size and same hive of origin. They were placed in round transparent plastic boxes (11.5 cm
diameter, 5 cm high and 450 mL capacity) with a lid fitted with a ventilation grid and the
base covered with filter paper. Each box contained a jar (2.5 cm in diameter, 1.3 cm high
and 3 mL capacity) with pollen similar to that used to feed the hives, and another jar with
absorbent cotton impregnated with Apis 65® artificial nectar (Agrobío S.L., Almería, Spain).
The bees were kept in these conditions for 24 h. After this time, their condition was
evaluated to assess their inclusion in the bioassay, using only those that were in optimal
conditions. We evaluated whether there was a relationship between the weight of the
bees and the volume of artificial nectar consumed, which could affect the outcome of the
bioassays. For this purpose, 40 bees from 10 different hives were selected and fed for
48 h with untreated nectar. After this time, the bees were weighed and the weight of food
consumed per bee was calculated. Once the weights of the bees were known, the weight of
the workers used in the bioassays was standardized for each of the hives. Thus, those bees
whose weight was not within 2 standard deviations of the mean weight were discarded.

The bioassay was performed by placing individual bees, previously anaesthetized
with CO2 for 10 s, in queen cages to which an empty 10 mL plastic syringe was attached.
The bees were starved for 3 h. After this period they were weighed with a balance (LPW-
523i, VWR, Milan, Italy) to determine their initial weight and the empty syringes were
replaced with pre-weighed syringes containing the different treatments. To enable the
treatment to be taken, the tip of the syringes was cut off, and to ensure that the liquid
was accessible throughout the bioassay, they were placed with a slight inclination. Once
the treatment syringe was attached, each bee was checked for feeding. In each bioassay,
between 2 and 6 replicates were carried out, where a replicate is defined as the set of treated
bees from each commercial hive. At least 4 bees from the same source hive were assigned
to each of the concentrations and controls.

The bioassays lasted for 48 h or until the bees died. The condition of each worker bee
at 2, 4, 24 and 48 h after the start of the bioassay was assessed according to the responses
to mechanical stimuli (gentle blows on the cage containing the bee) and light stimuli
(illuminating each bee with white light for a few seconds). The bees were given a numerical
value according to the following scale: 0 (dead bee that does not react to any stimulus),
1 (bee in ataxia state that does not move, but abdominal or limb movements are observed),
2 (bee that moves awkwardly but can access the food source) and 3 (bee that is in an optimal
state and is able to move without difficulty through the cylinder and reach the food source).
After 48 h, or when the bees died, they were reweighed. For mortality purposes, bees
whose status was 0 and 1 at the end of the bioassay were taken into account.

To determine how much the workers had consumed in each of the treatments, the
syringes with the unconsumed treatment inside were reweighed when the bees died or at
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the end of the bioassay. In this way, the weight of the consumed treatment was calculated
by subtracting the final weight of the syringes from the initial weight. The value obtained
was corrected for the weight loss of the treatments caused by evaporation. To calculate this
weight loss, 3 to 10 syringes containing 2 mL of each insecticide concentration, as well as
both controls in each bioassay, were attached to empty queen cages and kept in the same
conditions and for the same period of time as the bioassay syringes, and the mean value
of weight lost due to evaporation was subtracted from the consumption value. To obtain
the daily consumption/bee, the corrected weight of treated nectar consumed was divided
by the number of days the bee was able to access the food source (stages 2 and 3 of the
numerical scale).

2.4. Maximum Exposure of Bumblebee Workers in the Field

Numerous studies carried out with different methodologies have identified a large
number of pesticide residues in pollen, nectar and honey samples. Taking into account the
available information, we estimated the maximum dose to which bumblebee workers could
be exposed in the field in a worst case scenario. For this purpose, we used values of maxi-
mum daily nectar consumption of bumblebee workers in our bioassays (554 mg/bee/day)
and values of the maximum concentration detected in nectar or honey of each of the active
substances evaluated in the bioassays [54,55]. In the case of esfenvalerate, as no published
data on residues in nectar or honey were found, the value of fenvalerate residue in honey
was taken, as esfenvalerate is an isomer (2S, αS) of fenvalerate.

2.5. Statistical Analyses

To test whether there was a relationship between the weight of the workers and the
amount of food ingested in B. terrestris, a Pearson correlation was performed with the
values of the weight of the workers after feeding on nectar for 48 h and the amount of
nectar consumed by each one of them. SPSS (IBM© SPSS© Statistics, Version 25.0, 2017)
was used to perform this analysis, and a significance level of α = 0.05 was set.

Mortality data from the concentration–response bioassays for each of the insecticides
were analyzed by probit analysis. The PoloPlus program (LeOra Software, 2002–2019) was
used, which calculates a concentration–response regression line on a logarithmic scale. To
determine the susceptibility of B. terrestris workers to the different insecticides, the LC50
and LC90 values (concentration that causes mortality at 50% and 90% of the population,
respectively), as well as their 95% confidence intervals, were calculated for each of the
insecticides. The dose (μg active ingredient/bee) was calculated taking into account the
daily amount of insecticide-treated nectar consumed by each bee. Once the insecticide
doses were obtained, the LD50 and LD90 values were calculated (dose that causes 50% and
90% mortality in the population, respectively) together with their 95% confidence intervals.
Significant differences in the susceptibility of workers to the different insecticides were
tested using the 95% confidence intervals of the lethal concentration ratio (LCR) and lethal
dose ratio (LDR) at the LC50 and LD50 point, respectively. Confidence intervals including
value 1 indicate that there are no significant differences between the values compared [56].

The survival rate of the workers at the different applied concentrations of each insec-
ticide was calculated using the Kaplan–Meier method, and the differences between the
survival probabilities at each concentration were analyzed using the Mantel–Cox log-rank
test, setting a significance level of α = 0.05. The probability of survival (%) was defined
as the probability that an individual survives longer than time “t”. These analyses were
carried out with GraphPad Prism 5.01 software.

3. Results

3.1. Relationship between Worker Weight and Nectar Consumed

Forty workers with a mean (±SE) weight of 247.4 ± 12.8 mg (range: 60–418 mg)
were used to evaluate the relationship between the bee weight and the amount of food
consumed. They consumed an average of 302.6 ± 15.2 mg of artificial nectar in 48 h.
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Pearson’s correlation showed a moderate positive relationship between both variables
(r = 0.474; p = 0.002), indicating that nectar consumption was higher with increasing bee
size (Figure 1). Therefore, the acute toxicity of the insecticides was evaluated by selecting
workers of similar size within each hive.

Figure 1. Correlation between the weight of B. terrestris workers fed with untreated artificial nectar
and the amount of food consumed.

3.2. Intake of Treated Artificial Nectar

We observed a hive effect in the amount of nectar consumed by worker bumblebees.
The values of untreated nectar consumption of the controls ranged from 150 to 250 mg,
except for the workers used in the deltamethrin bioassays, whose consumption was al-
most double (467 ± 31) (Figure 2). In general, the intake of insecticide-treated nectar was
irregular, although with the pyrethroids and sulfoxaflor a trend of decreasing consump-
tion was observed as the concentration of insecticide in the nectar increased (Figure 2).
Workers exposed to nectar containing thiacloprid showed a drastic reduction in nectar
ingestion compared to controls. Likewise, a very sharp decrease in insecticide consumption
of artificial nectar treated with B. thuringiensis was observed at the three highest concen-
trations of the four tested (Figure 2), which in this case corresponded to those used in the
preliminary trial.

3.3. Toxicity of Insecticides on Bumblebee Workers

In all bioassays of the six insecticides tested, the mortality of the positive controls was
100%, while no bees died in the negative controls, except in the case of sulfoxaflor where
there were two dead bees (9.1% mortality). A total of 149 bees weighing 240.5 ± 8.9 mg
from five commercial hives were fed for 48 h with concentrations of the neonicotinoid
imidacloprid ranging between 0.05 and 3 ppm. Fitting the mortality data to the probit
model resulted in an LC50 of 0.38 (0.22–0.76) ppm and LD50 of 0.13 (0.08–0.24) μg a.i./bee
(Table 1). For thiacloprid, 95 workers weighing 225.2 ± 7.9 mg extracted from two hives
were treated with increasing concentrations of thiacloprid, from 150 to 800 ppm. The toxicity
of this insecticide to B. terrestris workers gave values of LC50 of 424 (296–815) ppm and
LD50 of 90.5 (58.8–172.7) μg a.i./bee (Table 1). The deltamethrin bioassay was conducted
with 99 workers with an average weight of 251.8 ± 8.1 mg from two commercial hives. The
concentrations used ranged between 2.04 and 73.53 ppm, and mortality resulted in LC50
of 7.1 (3.3–11.9) ppm and LD50 of 3.65 (2.19–5.11) μg a.i./bee (Table 1). Seven commercial
hives were used to carry out the bioassay with the insecticide esfenvalerate, with a total of
191 bees weighing on average 205.4 ± 5.6 mg. The concentrations used for this insecticide
were between 5.6 and 56.2 ppm, and its toxicity gave values of LC50 of 17.8 (14.4–22.4)
ppm and LD50 of 5.52 (4.55–6.70) μg a.i./bee (Table 1). A total of 126 workers with a mean
weight of 245.2 ± 5.3 mg from five hives were treated with increasing concentrations of
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sulfoxaflor ranging between 0.9 and 3 ppm. Fitting the mortality data to the probit model
resulted in an LC50 of 2.22 (1.76–3.85) ppm and LD50 of 0.71 (0.56–1.01) μg a.i./bee (Table 1).
In all cases with these five insecticides, the χ2 values of the probit analyses performed for
the calculation of the LC and LD values did not exceed the tabular values corresponding to
the degrees of freedom in each case, indicating a good fit of the models.

Figure 2. Average daily consumption per bee of artificial nectar treated with different concentrations
of the insecticides imidacloprid (a), thiacloprid (b), deltamethrin (c), esfenvalerate (d), sulfoxaflor
(e) and B. thuringiensis (f). Values expressed in mg of nectar consumed/bee/day. Average values of
untreated nectar consumed daily by control bees in each bioassay are: 153.1 ± 20.3 (imidacloprid),
234.7 ± 44.3 (thiacloprid), 466.8 ± 31.5 (deltamethrin), 204.9 ± 13.9 (esfenvalerate), 177.6 ± 15.5
(sulfoxaflor) and 225.1 ± 17.3 (B. thuringiensis).

Four commercial hives were used to carry out the bioassays with the microbial insecti-
cide B. thuringiensis, with a total of 94 bumblebee workers weighing 267.9 ± 5.3 mg. The
range of concentrations used in the preliminary bioassay was between 54 and 54,000 ppm,
the latter being the maximum concentration that could be prepared with the commercial in-
secticide DiPel® DF. It was not possible to fit the mortality data to the probit model because
responses between 10% and 90% were not achieved. Mortality was only recorded in the
group of workers treated with the 54,000 ppm concentration, which caused 73.7% mortality.
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3.4. Survival Probability after Insecticide Treatment

The Kaplan–Meier survival test was performed for the six insecticides tested. The
probability of survival was below 20% by 24 h after starting treatment with the highest
concentrations tested, except for sulfoxaflor and B. thuringiensis. In these two cases, the
survival probability with all concentrations was higher than 20% at the end of the treatment
(48 h) (Figure 3).

Figure 3. Kaplan–Meier survival analyses for B. terrestris workers when they were exposed for 48 h
to different concentrations of the insecticides imidacloprid, thiacloprid, deltamethrin, esfenvalerate,
sulfoxaflor and B. thuringiensis. Concentrations are represented by different colors and are expressed
in ppm (W/V). The probability of survival (%) is defined as the probability that an individual survives
longer than time “t”.

3.5. Maximum Exposure of Bumblebee Workers in the Field

Of the five insecticides studied, neonicotinoids were found to be those to which B. ter-
restris workers were most exposed (first thiacloprid and secondly imidacloprid, with 115.7
and 40.3 ng a.i./bee/day, respectively), taking into account the residues found in nectar and
the amount of nectar they can ingest (Table 2), followed by sulfoxaflor and deltamethrin.
Taking into account the LD values obtained in our bioassays, with imidacloprid a bumble-
bee worker would need only 3.2 days of maximum ingestion of the highest concentration
of insecticide found in the residue (worst case scenario) to reach the LD50 value (0.13 μg
a.i./bee). This result contrasts with 92.9 days to reach the corresponding LD50 value in the
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case of sulfoxaflor, and almost 800 days for the other neonicotinoid, thiacloprid. Pyrethroids
showed the longest time to reach the LD50 values in a worst case scenario. (Table 2).

Table 2. Maximum exposure dose of B. terrestris workers to insecticides based on the maximum
insecticide residues found in nectar or honey.

Max. Residue (ppb) a LD50

(μg a.i./Bee)
Max. Exposure Dose

(ng a.i./Bee/Day) c

No. Days a Worker Needs
to Reach the LD50

(Worst Case Scenario) d

Imidacloprid 72.8 0.13 40.3 3.2
Thiacloprid 208.8 90.5 115.7 782.3

Deltamethrin 6.7 3.65 3.7 983.8
Esfenvalerate 0.7 b 5.52 0.39 14,234.1

Sulfoxaflor 13.8 0.71 7.6 92.9
a Maximum insecticide residues detected in nectar or honey for imidacloprid, thiacloprid, deltamethrin, fenvaler-
ate [54] and sulfoxaflor [55]. b This value corresponds to maximum fenvalerate residue found in honey, as no
published data on esfenvalerate residue were found. c Maximum dose of insecticide consumed per bee and day,
assuming that each bee consumes 554 mg of nectar per day (maximum consumption value). d Number of days a
worker needs to reach the LD50 after maximum consumption of the highest concentration of insecticide found
in residue.

4. Discussion

We have evaluated the oral acute toxicity of six insecticide active substances in the
buff-tailed bumblebee B. terrestris, one of most economically important pollinator species.
Of the insecticides evaluated, both neonicotinoids are currently restricted for use in the
EU (imidacloprid since 2018 and thiacloprid since 2021), and the rest (two pyrethroids,
sulfoxaflor and B. thuringiensis) are used on many crops in the EU for the control of a wide
range of pests.

The intake of insecticide-treated nectar did not show a dependence on the concentra-
tion used, except in the cases of deltamethrin and sulfoxaflor. With the two pyrethroids
evaluated, deltamethrin and esfenvalerate, a trend towards reduced feeding with increasing
insecticide concentration was observed. This could be an indication of a repellency effect,
such as it was observed with deltamethrin in B. terrestris [57], or with alpha-cypermethrin
and lambda-cyhalothrin in A. mellifera [58]. However, apart from a possible deterrent effect,
it could also be an indication that the insecticide in the diet reduces the bees’ ability or
need to forage [59], which cannot be ruled out. Some studies have suggested that some
neonicotinoids, such as imidacloprid, may have an antifeedant effect on B. terrestris [22,60].
On the contrary, two-choice feeding assays showed that B. terrestris preferred to eat more
of sucrose solutions laced with the neonicotinoids imidacloprid and thiametoxam than
sucrose alone [61]. Our results with the insecticides imidacloprid and thiacloprid do not
match either of these two cases, as no concentration-dependent reduction or increase in
consumption was observed.

The results obtained with both LC50 and LD50 reveal that the acute toxicity levels of the
different insecticides that caused mortality to bumblebees followed the following sequence:
imidacloprid > sulfoxaflor > deltamethrin > esfenvalerate > thiacloprid. Particularly re-
markable is the large difference in toxicity found between the two neonicotinoids. The
differential toxicity observed in these insecticides within the same class (almost 700 times
more toxic imidacloprid than thiacloprid in terms of LD50 and 275 times in terms of LC50)
were likewise noticed for buff-tailed bumblebees in other studies where LD50 of imida-
cloprid resulted in being 518 times lower than that of thiacloprid [62,63]. Similar results
had also been obtained previously in A. mellifera. In this species, the acute toxicity of
imidacloprid expressed in LD50 was 884 [64] or 815 [65] times higher than thiacloprid,
or six times more toxic considering LC50 values [66]. The differences observed in bee
toxicity between the two neonicotinoids tested seem to be caused by the different chemical
structure of these two compounds, despite having the same mode of action. Thus, the
nitro-substituted neonicotinoids (clothianidin, dinotefuran, imidacloprid and its metabo-
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lites, thiamethoxam, nitenpyram) are much more toxic to bees than the cyano-substituted
neonicotinoids (acetamiprid and thiacloprid), which exhibit a much lower toxicity [67]. In
addition, in both honey bees and bumblebees, it has been found that sensitivity to nitro-
and cyano-substituted neonicotinoids are associated to differences in their detoxification by
P450 enzymes, demonstrating that both pollinators have biochemical defense systems that
define their sensitivity to insecticides [62]. The results of our experiment with imidacloprid
showed a somewhat lower survival probability than previously observed in B. terrestris
workers, which was 75% after four days of oral exposure at 0.1 ppm [60]. However, in
our study, the probability of survival was about the same only two days after an exposure
at that concentration, so a lower survival would be expected if the treatment had been
continued for two more days.

Typically, acute toxicity risk is considered for direct oral or contact exposure of bees
to insecticides due to spray drift. However, an important part of the toxicity to which
bees are subjected in crop fields comes from the insecticide residues to which they are
exposed through multiple pathways, not only within the crop but also in the surrounding
area [68–70]. In general, residues can be found in pollen and nectar after spray treat-
ments [54]. Bees may also be exposed to residues through guttation droplets, as is the case
with neonicotinoids in maize crops [71,72], and by dust drift from sowing treated seeds,
especially significant in many neonicotinoids [73]. Neonicotinoids, as systemic insecticides,
can be present in nectar and pollen, so it is easy for pollinators to be exposed to them [74,75].
Thiacloprid is in residues much more than imidacloprid [54,76]. Our results show that the
maximum exposure dose of bumblebee workers to thiacloprid in a worst case scenario is
almost three times higher than that of imidacloprid. Despite this, as thiacloprid has a much
lower acute oral toxicity, it can be observed that in this scenario, a worker would need
about 800 days to reach the LD50 value after maximum ingestion of contaminated nectar,
compared to 3 days for imidacloprid.

Despite the differential toxicity shown by imidacloprid and thiacloprid, as well as their
different residual presence in pollen and nectar, there were various reasons related to their
environmental risk that led to the banning of both in the EU. Following their withdrawal, it
is likely that other insecticides, particularly pyrethroids, will take their place in agricultural
pest control [38,39]. We have found that two of them, deltamethrin and esfenvalerate, have
intermediate toxicity on bumblebee workers, between the two neonicotinoids, in terms of
LC50 and LD50 values, although our deltamethrin LD50 result was higher (lower toxicity)
than a previous observation with the same product [57]. All pyrethroids have been found to
be potentially toxic towards B. terrestris [77]. On the other hand, pyrethroids are lipophilic
insecticides and very easily degraded in the natural environment. This characteristic
means that many of them, such as esfenvalerate, are not normally present in nectar or
honey after field treatments at recommended dosages [54,76]. We used deltamethrin and
fenvalerate to evaluate the maximum exposure to these insecticides in a worst case scenario,
and we found that it was very low for bumblebee workers, indicating that the nectar
residue levels of these pyrethroids in nectar would be below the acute toxicity levels for
B. terrestris. This result coincides with that found in A. mellifera, where it was observed
that despite the presence of insecticide residues in honey and nectar, these were below
the acute oral toxicity for this species [76]. If pyrethroids are finally the insecticides that
will mainly replace neonicotinoids, it is important that acute oral toxicity studies on buff-
tailed bumblebee are complemented by other studies of contact toxicity, chronic exposure
and effects on larvae, as well as possible synergies and/or additive effects with other
substances. Chronic treatment with the pyrethroid λ-cyhalothrin resulted in B. terrestris
workers with a significantly lower body mass, although this did not affect the reproductive
output of colonies or survival [78]. However, chronic dietary λ-cyhalothrin exposure
caused severe decreases in survival, food consumption and reproduction of the same
species [79]. Moreover, chronic exposure of bumblebees to imidacloprid and λ-cyhalothrin
at concentrations that could approximate field-level exposure affected foraging behaviour
and increased worker mortality, leading to significant reductions in brood development
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and colony success [53]. Available information indicates much variability in the toxicity of
pyrethroids, which depends on the study subject, the active ingredient used and the type
of bioassay performed to assess toxicity, so that risk assessment should be analyzed on a
case-by-case basis. In addition, from the point of view of environmental and health risks, it
should be considered that, sometimes, pyrethroid metabolites or photodegradates are just
as or more harmful than parent compounds for non-target organisms, including mammals
and the environment [80].

The sulfoximine sulfoxaflor was the second most toxic insecticide to buff-tailed bum-
blebee workers of the six tested in terms of LC50 and LD50, behind only imidacloprid. It
belongs to the group of competitive modulators of the nicotinic receptor of acetylcholine,
and it is a systemic insecticide that acts mainly by ingestion and contact but with lower
toxicity to bees, so it was proposed as an alternative to neonicotinoids [40]. The data avail-
able so far on its effects on B. terrestris seem to indicate that chronic exposure of colonies
to sulfoxaflor may have important sublethal effects, such as reduction in egg laying and
larval and worker production, leading to fewer reproductive offspring [51,81], which may
also be aggravated by different stressors [82]. A recent study found sulfoxaflor to be about
ten times more toxic after 48 h treatment than we observed [83]. However, our results
are consistent with those of this study, which suggests that sulfoxaflor was less toxic than
imidacloprid for B. terrestris but more toxic than the recently banned thiacloprid. Sulfox-
aflor has also been found to appear residually in nectar or honey after field treatments,
although in smaller quantities, in general, than neonicotinoids [54,55], but it is highly
soluble, allowing it to reach wild plants near the treated crop, which could pose a risk factor
for visiting pollinators [84]. We have found that the maximum exposure dose of sulfoxaflor
for bumblebees in a worst case scenario is higher that the two pyrethroids but lower than
the neonicotinoids. It could then be considered that it is a relatively safe insecticide for
pollinators as far as its presence in nectar residue is concerned, but its sublethal effects after
chronic exposures should be carefully considered. Despite this, in the USA, it is used in a
large number of crops for the control of different pests, and, recently, the Environmental
Protection Agency has announced that it poses a lower risk to non-target wildlife, including
pollinators, than other registered alternative products if used according to the label [41].

The microbial insecticide formulated from the Cry insecticidal toxins of B. thuringiensis
was the only one of the six insecticides tested with which no acute toxicity was observed
in buff-tailed bumblebee workers. Nectar consumption was 5–7 times lower in the three
highest concentrations tested (540, 5,400 and 54,000 ppm) than in the control, most likely
due to the texture resulting from the dilution of the insecticide, which considerably thick-
ened the treated artificial nectar, and this low consumption could have affected the toxicity
results. Even so, workers were only affected at the highest concentration. Although the
quantity of nectar consumed was small, there was nectar intake in all three concentrations,
comparable to the amount of treated nectar consumed at certain concentrations in thia-
cloprid, deltamethrin or esfenvalerate bioassays, where the probability of the survival of
workers was much below 50% after 48 h (Figure 3). Thus, if Bt were toxic, it would be at
significantly lower levels than the other insecticides because we did not find differences in
the probability of survival with respect to the control. Given the results of nectar intake in
this bioassay, the commercial formulation of Bt used is not appropriate, so it would be con-
venient to use other sources of Cry toxin to make a more accurate assessment of its toxicity.
Spain is the European leading country in the cultivation of maize expressing the insecticidal
Cry1Ab toxin of B. thuringiensis (MON810 Bt maize), with 98,152 ha grown in 2020 (95%
of the total in the EU). This area of Bt crop could pose a problem for pollinators visiting
it. Even though maize does not require pollinating insects, they may occasionally use this
pollen as a resource [42–44], thus being exposed to the insecticidal protein. However, it has
been determined that pollen is the maize tissue in which the lowest levels of the Cry1Ab
insecticidal toxin is found [45,47]. On the basis of the levels of Cry1Ab measured by these
authors, it follows that the maximum concentration we have tested is about 105 times more
concentrated than the maximum concentration of toxin detected in the pollen of MON810
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maize grown in the EU. Thus, Bt maize would not be expected to be a source of toxicity
for B. terrestris. Toxic effects have also not been found in bumblebee workers when eating
Bt maize pollen [50] or following chronic exposure to Cry1Ab toxin [85]. Nevertheless, Bt
maize could represent a cumulative/synergistic stressor since there are evidences that Bt
toxins can pose sublethal effects to honey bees by affecting their foraging behavior [49], so
further studies under realistic Bt maize field conditions are needed to confirm our findings.

5. Conclusions

The withdrawal of neonicotinoids in the EU has been the subject of debate and
controversy [86,87]. Our results support that these systemic insecticides show differential
toxicity to buff-tailed bumblebees. The neonicotinoid imidacloprid, banned for use in
the EU since 2018, caused high mortality in B. terrestris workers, while thiacloprid, also
currently banned, showed significantly less acute toxicity to this species. Pyrethroids, which
are highly probable candidates to replace the banned neonicotinoids, showed intermediate
toxicity between the two neonicotinoids, and there was a tendency for bumblebees to
decrease their consumption with increasing concentrations. Sulfoxaflor, also a systemic
insecticide that has been on the market for only a few years, was found to be the second
most toxic insecticide tested, behind only imidacloprid. Taking into account the presence
of residues in nectar/honey of these five insecticides, under worst case scenario conditions
imidacloprid would have by far the highest risk for this species, followed by sulfoxaflor.
Finally, the microbial insecticide formulated from insecticidal toxins of B. thuringiensis
showed no significant toxicity to this species.

Therefore, the replacement of neonicotinoids by other types of insecticides for pest
control may also have an impact on bee populations as some of the alternatives have
already been shown to be toxic not only to B. terrestris, but also to other bees. It is vital
to strive for a more comprehensive approach to ensure bee health in the broadest sense.
To this end, laboratory studies on acute and chronic toxicity need to be complemented by
studies under realistic natural conditions to allow a proper risk assessment of insecticides
in adults and immatures in managed and wild species [31–33].
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Simple Summary: Most research on radiofrequency electromagnetic fields (RF-EMFs) in honey bees
has studied adult bees under controlled laboratory conditions after direct exposure to devices that
generate RF-EMF. To date, there are many uncertainties about the effects of RF-EMFs on different
developmental stages of honey bees under field conditions. We investigated oxidative stress in larvae,
pupae and adult honey bees after exposure to RF-EMFs originating from phone base station towers
under field conditions. The study was conducted on a total of fifteen honey bee colonies exposed to
RF-EMFs at a frequency of 900 MHz, divided into three locations with different electric field levels.
All the honey bee colonies at the three locations were exposed for one year. Antioxidant parameters
such as glutathione-S-transferase, catalase and superoxide dismutase, as well as the formation of
thiobarbituric acid reactive substances, were measured in samples of larvae, pupae and the midguts
of adult honey bees. Our results show that the activity of antioxidant enzymes changes and that the
level of the analyzed parameters depends on the developmental stage of the honey bee, the level of
the electric field and the exposure time.

Abstract: In this study, oxidative stress and lipid peroxidation in honey bee larvae, pupae and the
midguts of adult bees were investigated during a one-year exposure to radiofrequency electromag-
netic fields (RF-EMFs) at a frequency of 900 MHz under field conditions. The experiment was carried
out on honey bee colonies at three locations with electric field levels of 30 mV m−1, 70 mV m−1 and
1000 mV m−1. Antioxidant enzymes, glutathione-S-transferase (GST), catalase (CAT) and superoxide
dismutase (SOD) and thiobarbituric acid reactive substances (TBARS) as indicators of lipid peroxida-
tion were measured spectrophotometrically. The GST activity within the same developmental stage
showed no significant differences regardless of electric field level or sampling time. The highest GST
activity was found in the pupae, followed by activity in the larvae and midguts. Both CAT activity
and TBARS concentration were the highest in the midguts, regardless of field level and sampling time.
The larvae showed a significantly higher TBARS concentration at the location with an electric field
level of 1000 mV m−1 compared to the locations with lower levels. Our results show that RF-EMFs at
a frequency of 900 MHz can cause oxidative stress in honey bees, with the larval stage being more
sensitive than the pupal stage, but there was no linear relationship between electric field level and
effect in any of the developmental stages.
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1. Introduction

The modern way of life is undoubtedly conditioned by the use of various achievements
of scientific and technological development, among which the application of radiofrequency
communication (RFC) is indispensable. Most sources of RFC were already known and
used in the 20th century; however, their real expansion occurred in the early 1990s, with
the use of mobile phones and wireless communication technologies. In 2022, the number
of mobile–cellular subscriptions exceeded the total world population, and there were
a reported 8.6 billion mobile phone subscriptions worldwide, with the penetration rate
of mobile–broadband subscriptions growing by an enormous 14.8% per year over the
last 10 years [1], and the trend continues to grow. The intensity level of radiofrequency
electromagnetic radiation fields (RF-EMFs) around a frequency of 1 GHz has increased by
about 1018 times compared to natural levels [2].

In addition to the wide use of mobile phones and other sources that generate RF-EMFs,
public concern about harmful effects on human and animal health is also growing. Indeed,
the results of numerous studies have shown that exposure to RF-EMFs at the operating
frequency of wireless devices (mobile phones, routers, base stations) may cause various
non-thermal biological effects such as oxidative stress [3,4], immune system dysfunc-
tion [5,6], genotoxic effects [7–9], effects on reproduction [10] and adverse effects on male
fertility [11,12]. The mentioned biological effects have been proven in vitro and in vivo on
different species of animals including mammals and insects, especially honey bees [13–15].

The honey bee is one of the most important insects for maintaining balance in natural
ecosystems. It is assumed that the honey bee (Apis mellifera) plays the most important role
in the pollination of all insect species from the order Hymenoptera, as it is involved in
almost 80–85% of the pollination of the world’s crops [16–18]. In addition to pollination,
honey bees are also important for the production of apian products (honey, propolis, pollen,
wax, royal jelly and bee venom), which are widely used in human nutrition, medicine and
the pharmaceutical industry.

Previous studies on the effects of RF-EMFs on honey bee colonies mostly examined
adult honey bees in the laboratory or under unnatural conditions, i.e., after direct exposure
to devices emitting radiofrequency electromagnetic radiation such as mobile phones or
Wi-Fi networks [19–22]. Most results showed reduced colony strength and queen laying
rate [22,23] as well as the initiation of “worker piping” [19,24,25] associated with swarming.
The results of some experiments suggest that RF-EMFs generated by mobile phone base
stations or devices equivalent to commercial Wi-Fi devices could actually alter honey bees’
navigational abilities, i.e., reduce foraging success and prevent them from returning to
their hives [26,27]. Behavioral changes and biological activities, as well as oxidative stress
and short-term memory under laboratory conditions in honey bees, have been reported
previously [20,21,28,29].

To date, there remain many uncertainties about the effects of radiofrequency radiation
on honey bee colonies, as there is a lack of studies under field conditions. In view of
this, Vanbergen et al. [30] recommended more field-realistic studies on the exposure of
pollinators to RF-EMFs, and Panagopoulos et al. [31] emphasized that exposure to RF-EMFs
in field conditions is an important aspect of the study of biological effects.

How frequency, electric field strength, modulation and exposure duration, as well
as the developmental stage, can significantly influence biological responses after RF-EMF
exposure [13,32–34], and because currently there is a lack of research on the impact of
RF-EMFs on oxidative stress in different developmental stages of honey bees after being
exposed to RF-EMFs under field conditions, we wanted to investigate the antioxidant
parameters (indicators of antioxidant defenses) in honey bee larvae, pupae and adult
bees exposed to RF-EMFs under field conditions. In this study, honey bee colonies were
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exposed to three electric field levels at a frequency of 900 MHz originating from mobile
phone base stations: (i) electric field level of 1000 mV m−1, the highest value found in the
environment; (ii) 30 mV m−1, the lowest value of electric field found in the environment
and (iii) 70 mV m−1, the value measured at the location of the stationary apiary, to which
the honey bees were continuously exposed for a long time. We would also like to emphasize
that all the electric field levels used in this study correspond to the values found in the
natural environment but with a lower probability of the colonies being exposed to the
chosen highest measured field level, which is almost 30 times higher than the lowest level.

Since changes in the activity of antioxidant enzymes such as catalase (CAT), glu-
tathione S-transferase (GST) and superoxide dismutase (SOD), as well as the formation
of thiobarbituric acid reactive substances (TBARS), as an indicator of oxidative damage
were documented in our previous study [29] on honey bees after exposure to RF-EMR
under laboratory conditions, the aim of this study was to answer the following questions:
(a) Could RF-EMF cause lipid peroxidation and changes in three vital antioxidant enzymes
(CAT, GST and SOD) at different developmental stages of honey bee workers under field
conditions? (b) Is there a possibility of a long-term effect on oxidative stress in honey bees
after one year of exposure?

2. Materials and Methods

2.1. Honey Bee Colonies and Exposure Conditions

The study was conducted on Carniolan honey bees (Apis mellifera carnica, Pollmann,
1879) exposed to RF-EMFs from mobile phone base stations in their natural environment.
A total of fifteen (15) honey bee colonies (Langstroth–Root-type hives) were randomly
selected and equalized after a clinical inspection.

All the experimental colonies had one-year-old queens of the same genetic origin
produced by a registered queen breeder. The experiment was carried out in three different
locations: (I) Five (5) honey bee colonies were located near mobile phone base station
towers with a frequency of 900 MHz and an average environmental electric field level
of 1000 mV m−1, named high intensity (HI). The site determinants were: 43◦23′7.20′′ N;
17◦13′16.97′′ E; 534 m above sea level; and 67.24 m and 159.76 m distance from the mobile
phone base stations (Figure 1a). (II) Five (5) honey bee colonies located at a site with a
frequency of 900 MHz and an average environmental electric field level of 30 mV m−1,
named low intensity (LI), with the site determinants being 43◦22′43.55′′ N; 17◦13′34.55′′ E;
450 m above sea level; and 790 and 700 m distance from mobile phone base stations.
(III) Five (5) honey bee colonies located at a site with a frequency of 900 MHz and an
average environmental electric field level of 70 mV m−1, named stationary location or
medium intensity (MI). The site determinants were 43◦23′717′′ N; 17◦14′30.05′′ E; 277 m
above sea level; and 1630 m and 1520 m distance from the mobile phone base stations. The
honey bee colonies located at MI were used as a control as these 5 colonies were already
stationed at that site before the experiment was carried out, and the other 10 experimental
colonies were formed from colonies located at this site.

The distance between the three locations (honey bee colonies), i.e., HI and LI, HI
and MI and MI and LI was 829.77 m, 1.64 km and 1.44 km, respectively (Figure 1b). All
the honey bee colonies at the three mentioned locations were exposed to the radiofre-
quency electromagnetic field continuously for one year. The average electric field level
and frequency were measured at each site using the portable spectrum analyzer, NARDA
SRM 3000 (Narda Safety Test Solutions GmbH, Pfullingen, Germany). All the collected
samples originated from the worker brood and worker adults. Samples were taken on three
occasions (at 2 weeks, 5 months and 1 year) after the beginning of observation (Table 1).
During the experiment, all the honey bee colonies were treated with the same authorized
and registered veterinary medicine against varroosis at the same time.
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(a) (b) 

Figure 1. Honey bee colonies (Apis mellifera) were exposed to RF-EMFs from mobile phone base
stations (BST1 and BST2) in their natural environment: (a) overview of the location of honey bee
colonies at the site of the high electric field (HI) and the base station towers (BST1 and BST2),
(b) overview of the locations between the honey bee colonies situated at the three sites with different
electric field levels: the high electric field (HI), low electric field (LI) and medium electric field (MI).

Table 1. Meteorological conditions and external temperatures during sampling of worker bee larvae,
pupae and midguts of adult workers.

Sampling Time Weather Conditions Temperature on Sampling Day

2 weeks (April) Cloudy 18 ◦C
5 months (September) Clear 24 ◦C

1 year (April) Clear 17 ◦C

2.2. Sample Preparation and Assays of Oxidative Stress Parameters

Five- to six-day-old larvae, pupae in the stage of purple eyes and the midguts of adult
honey bees were collected from each honey bee colony and placed in five Eppendorf tubes
(6 larvae/tube; 4 pupae/tube; and 10 midguts/tube). The adult bees were forager bees
older than 21 days and were collected by shaking the periphery hive frames. Before the
midgut of an adult bee was dissected, the adult bee was briefly exposed to ice. Dissection:
we pulled out the posterior segment of the abdomen with fine forceps to remove the
intestines from the abdomen. Then, we cut the midgut with a scalpel on a clean surface
and placed it in an Eppendorf tube. The Eppendorf tubes containing the samples were
frozen in liquid nitrogen (−196 ◦C) and delivered to the laboratory where they were stored
at −80 ◦C until biochemical analysis. Immediately prior to biochemical analysis, the
collected tissues were homogenized in a cold potassium phosphate buffer (50 mM, pH 7.0)
containing 0.5 mM EDTA, using QIAGEN’s TissueLyser II apparatus (60 s at 15 Hz) for
sample disruption; the resulting homogenate was centrifuged two times (each at 15,000× g
for 15 min, at 4 ◦C). The supernatants collected in this process were then used for further
biochemical investigations.

The glutathione S-transferase (GST), catalase (CAT) and superoxide dismutase (SOD)
activity, as well as the level of lipid peroxidation (TBARS), were determined in accordance
with our previously published study [29,35].

In brief, the GST activity (EC 1.8.1.7) was measured via the modified method of [36]
using 1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm (ε = 9.6 mM−1 cm−1). The reaction
mixture consisted of 50 μL of the sample, 100 mM of potassium phosphate buffer at a pH
of 6.5, 2 mM of CDNB and 2.5 mM of GSH. The results were expressed in units per mg of
protein, where one unit was defined as the amount of enzyme that produces 1 μmol of GS-
DNB of conjugate per minute under the assay conditions. CAT (EC 1.11.1.6), was measured
using the absorbance decrease at 240 nm (ε = 39.4 M−1 cm−1) as per Aebi [37]. The reaction
mixture consisted of 25 μL of the sample and 50 mM of potassium phosphate buffer, at a pH
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of 7.0, with the addition of 10 mM H2O2. The CAT activity was presented in units per mg
of protein. One unit was defined as the amount of enzyme that hydrolyzes 1 μmol of H2O2
per minute at 25 ◦C and a pH of 7.0. For the determination of SOD activity (EC 1.15.1.1), the
reaction mixture consisted of 0.5 mM of xanthine and 0.01 mM of cytochrome c in 50 mM of
potassium phosphate buffer, at a pH of 7.8, containing 0.01 mM of EDTA. This was used in a
modified xanthine oxidase/cytochrome c method, according to McCord and Fridovich [38],
after enough xanthine oxidase was added to cause a change in absorbance of 0.025 per min.
The results were expressed in arbitrary units, where one unit was defined as inhibiting
the rate of cytochrome reduction in the coupled xanthine–xanthine oxidase system by 50%
at a pH of 7.8 and 25 ◦C. The level of lipid peroxidation was measured as the formation
of thiobarbituric acid reactive substances (TBARS), a byproduct of lipid peroxidation that
reacts with thiobarbituric acid [39]. The supernatants (300 μL) were mixed with 200 μL of
cold 20% (w/v) trichloroacetic acid to precipitate the proteins. The precipitate was pelleted
by centrifugation (10,000× g for 15 min at 4 ◦C), and the supernatant obtained was reacted
with 400 μL of 1% (w/v) thiobarbituric acid prepared in 20% TCA. After heating at 95 ◦C
for 30 min, the mixture was cooled in an ice bath. Supernatant absorbance at 532 nm
was measured, and the results were corrected for nonspecific turbidity by subtracting the
absorbance at 600 nm. The TBARS content, expressed per mg of protein, was obtained
using an extinction coefficient of 155 mM−1 cm−1.

The concentration of protein in the supernatants was determined according to Brad-
ford [40], taking bovine serum albumin as a standard.

2.3. Statistical Analysis

All the results were expressed as the mean (M) and standard error (SEM) of 30 larvae,
20 pupae and 50 midguts. A 12 Software package (StatSoft, Inc., Tulsa, OK, USA) was
used for the statistical analysis. Normality was tested with the Kolmogorov–Smirnov
test. After the Kolmogorov–Smirnov test, the results were tested using an analysis of vari-
ance (ANOVA) to determine differences between groups. Multiple comparisons between
means were determined using the Tukey HSD test. A statistical difference at p < 0.05 was
considered significant.

3. Results

Oxidative Stress Parameters

The activity of antioxidant parameters as well as TBARS concentration in the larvae,
pupae and midguts of honey bees exposed to RF-EMFs at a frequency of 900 MHz and
electric field levels of 70 mV m−1, 30 mV m−1 and 1000 mV m−1 for 2 weeks, 5 months and
1 year are presented in Tables 2–5.

Table 2. Glutathione S-transferase (GST) activity in the larvae, pupae and midguts of honey bees
exposed to RF-EMFs at a frequency of 900 MHz and electric field levels of 70 mV m−1 (medium
intensity—MI), 30 mV m−1 (low intensity—LI) and 1000 mV m−1 (high intensity—HI) for 2 weeks,
5 months and 1 year.

Sampling Time Location
Electric Field

Level (mV m−1)

GST (Unit mg−1
proteins)

Larvae
(N = 30)

Pupae
(N = 20)

Midguts
(N = 50)

2 weeks
MI 70 0.16 ± 0.02 ab 0.18 ± 0.004 b 0.04 ± 0.003 ab

LI 30 0.18 ± 0.004 ab 0.26 ± 0.03 ab 0.04 ± 0.01 ab

HI 1000 0.17 ± 0.02 ab 0.25 ± 0.01 ab 0.05 ± 0.004 a

5 months
MI 70 0.15 ± 0.01 a 0.24 ± 0.02 ab 0.04 ± 0.003 ab

LI 30 0.16 ± 0.01 ab 0.29 ± 0.02 a 0.04 ± 0.002 b

HI 1000 0.19 ± 0.01 ab 0.27 ± 0.03 a 0.04 ± 0.001 ab
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Table 2. Cont.

Sampling Time Location
Electric Field

Level (mV m−1)

GST (Unit mg−1
proteins)

Larvae
(N = 30)

Pupae
(N = 20)

Midguts
(N = 50)

1 year
MI 70 0.18 ± 0.02 ab 0.21 ± 0.01 ab 0.03 ± 0.003 b

LI 30 0.18 ± 0.01 ab 0.26 ± 0.01 ab 0.04 ± 0.002 b

HI 1000 0.21 ± 0.02 b 0.23 ± 0.02 ab 0.03 ± 0.003 ab

Results are presented as the mean (M) ± standard error of the mean (SEM). Values with different letters in the
same column are significantly different according to the Tukey HSD test at p < 0.05.

Table 3. Catalase (CAT) activity in the larvae, pupae and midguts of honey bees exposed to RF-EMFs
at a frequency of 900 MHz and electric field level of 70 mV m−1 (medium intensity—MI), 30 mV m−1

(low intensity—LI) and 1000 mV m−1 (high intensity—HI) at 2 weeks, 5 months and 1 year.

Sampling Time Location
Electric Field

Level (mV m−1)

CAT (Unit mg−1
proteins)

Larvae
(N = 30)

Pupae
(N = 20)

Midguts
(N = 50)

2 weeks
MI 70 26.06 ± 2.54 abc 22.76 ± 2.22 b 85.43 ± 6.49 c

LI 30 33.46 ± 1.30 ab 24.19 ± 1.89 b 113.50 ± 5.69 abc

HI 1000 26.35 ± 1.40 abc 22.97 ± 1.33 b 119.62 ± 12.02 ab

5 months
MI 70 20.98 ± 1.17 c 38.23 ± 3.72 a 109.65 ± 3.67 abc

LI 30 22.57 ± 2.63 bc 39.59 ± 4.1 a 122.68 ± 4.70 ab

HI 1000 36.10 ± 3.78 a 28.22 ± 3.09 ab 89.83 ± 6.29 c

1 year
MI 70 24.18 ± 1.63 bc 24.26 ± 1.53 b 90.54 ± 2.00 bc

LI 30 36.07 ± 3.17 a 28.52 ± 1.29 ab 101.39 ± 5.09 abc

HI 1000 34.16 ± 3.39 ab 24.13 ± 0.82 b 130.87 ± 10.18 a

Results are presented as the mean (M) ± standard error of the mean (SEM). Values with different letters in the
same column are significantly different according to the Tukey HSD test at p < 0.05.

Table 4. Superoxide dismutase (SOD) activity in the larvae, pupae and midguts of honey bees
exposed to RF-EMFs at a frequency of 900 MHz and electric field levels of 70 mV m−1 (medium
electric field—MEF), 30 mV m−1 (low intensity—LI) and 1000 mV m−1 (high intensity—HI) at
2 weeks, 5 months and 1 year.

Sampling Time Location
Electric Field

Level (mV m−1)

SOD (Unit mg−1
proteins)

Larvae
(N = 30)

Pupae
(N = 20)

Midguts
(N = 50)

2 weeks
MI 70 3.97 ± 0.51 3.70 ± 0.63 ab 3.07 ± 0.30 bc

LI 30 4.45 ± 0.49 5.87 ± 1.23 ab 4.13 ± 0.50 bc

HI 1000 5.29 ± 0.32 4.99 ± 1.03 ab 3.63 ± 0.38 bc

5 months
MI 70 3.61 ± 0.58 2.73 ± 0.63 ab 4.69 ± 0.50 bc

LI 30 5.46 ± 0.37 2.11 ± 0.25 b 3.71 ± 0.30 bc

HI 1000 4.64 ± 0.31 3.38 ± 0.50 ab 6.52 ± 0.58 ab

1 year
MI 70 4.14 ± 0.41 4.85 ± 0.77 ab 2.56 ± 0.25 c

LI 30 5.41 ± 0.58 4.13 ± 0.66 ab 6.08 ± 1.63 abc

HI 1000 3.75 ± 0.39 7.54 ± 1.75 ab 9.34 ± 1.31 a

Results are presented as the mean (M) ± standard error of the mean (SEM). Values with different letters in the
same column are significantly different according to the Tukey HSD test at p < 0.05.
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Table 5. Thiobarbituric acid reactive substance (TBARS) concentration in the larvae, pupae and
midguts of honey bees exposed to RF-EMFs at a frequency of 900 MHz and electric field levels
of 70 mV m−1 (medium intensity—MI), 30 mV m−1 (low intensity—LI) and 1000 mV m−1 (high
intensity—HI) at 2 weeks, 5 months and 1 year.

Sampling Time Location
Electric Field

Level (mV m−1)

TBARS (Unit mg−1
proteins)

Larvae
(N = 30)

Pupae
(N = 20)

Midguts
(N = 50)

2 weeks
MI 70 0.41 ± 0.07 c 0.28 ± 0.02 1.78 ± 0.16 b

LI 30 0.40 ± 0.07 c 0.27 ± 0.02 2.28 ± 0.10 ab

HI 1000 0.72 ± 0.16 ab 0.18 ± 0.04 3.15 ± 0.40 a

5 months
MI 70 0.69 ± 0.11 abc 0.29 ± 0.02 1.70 ± 0.16 b

LI 30 0.88 ± 0.14 abc 0.22 ± 0.07 1.72 ± 0.15 b

HI 1000 1.02 ± 0.15 ab 0.19 ± 0.04 2.44 ± 0.24 ab

1 year
MI 70 0.47 ± 0.08 bc 0.21 ± 0.03 2.50 ± 0.30 ab

LI 30 1.09 ± 0.16 a 0.21 ± 0.05 2.63 ± 0.08 ab

HI 1000 1.26 ± 0.12 a 0.15 ± 0.02 3.00 ± 0.15 a

Results are presented as the mean (M) ± standard error of the mean (SEM). Values with different letters in the
same column are significantly different according to the Tukey HSD test at p < 0.05.

The GST activities in all the honey bee samples during exposure to RF-EMFs at a fre-
quency of 900 MHz at locations with different electric field levels (30, 70 and 1000 mV m−1)
were not statistically different when comparing the results between the different locations
at the same observation periods (2 weeks, 5 months or 1 year) or when comparing the
results within the same locations (electric field level) at the different observation periods
(between 2 weeks, 5 months or 1 year).

The CAT activity in the larvae was statistically increased (p < 0.05) at the HI loca-
tion (1000 mV m−1) compared to the MI and LI locations with lower electric fields, i.e.,
70 mV m−1 and 30 mV m−1, at the fifth month of exposure, while it was increased at the
LI (30 mV m−1) compared to the MI (70 mV m−1) and HI (1000 mV m−1) locations at
1 year of exposure. The CAT activity in honey bee larvae at the LI location (30 mV m−1)
was statistically increased (p < 0.05) at 1 year of honey bee colony exposure compared to
5 months of exposure. The CAT activity in the pupae was not statistically different when
comparing different locations at the same times of observation. The highest CAT activity in
the pupae was measured over 5 months of exposure at locations LI (30 mV m−1) and MI
(70 mV m−1), and the values at both locations were significantly higher (p < 0.05) when
compared with those obtained at 2 weeks of exposure, while at the MI location, it was
also higher compared to that at 1 year of exposure. The CAT activity in the midguts of
the adult honey bee colony was significantly higher (p < 0.05) at the HI (1000 mV m−1)
compared to the MI (70 mV m−1) location after the 2-week exposure as well as the 1-year
exposure. On the other hand, it decreased at the HI location (1000 mV m−1) compared to
the LI (30 mV m−1) at the 5-month exposure. The CAT activity in the guts of the bee colony
at the location with the highest electric field (1000 mV m−1) was the lowest at the 5-month
exposure compared to the 2-week and 1-year exposures.

The SOD activities in all the honey bee samples (larvae, pupae and midgut) during
exposure to RF-EMF at a frequency of 900 MHz and from locations with different electric
field levels (30, 70 and 1000 mV m−1) did not significantly differ when the results were
compared between the different locations over the same observation period. The exception
was the SOD activity in the midguts of the honey bee adults at one year of exposure,
which significantly increased (p < 0.05) at the HI location, with the highest electric field
level (1000 mV m−1), compared to the MI location (70 mV m−1). Regarding different
times of observation, the activity of SOD in the midguts of honey bees at the HI location
(1000 mV m−1) was significantly lower (p < 0.05) at 2 weeks of exposure than at one year
of exposure.
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In the larvae, the TBARS concentration was significantly enhanced at the HI location
(1000 mV m−1) compared to the other two locations, MI (70 mV m−1) and LI (30 mV m−1)
after the 2-week exposure, while after the 1-year exposure, the TBARS were also higher at
the HI as well as at the LI locations compared to the value obtained at the MI (70 mV m−1).
The TBARS in larvae of honey bees from the LI location was significantly higher after
1 year of exposure than after 2 weeks of exposure. In pupae, there were no statistical
differences between the results when comparing the different locations and the different
exposure times. The TBARS concentration in the midguts was statistically increased at the
HI location (1000 mV m−1) compared to the MI (70 mV m−1) after 2 weeks of exposure.

4. Discussion

To date, there are very few published studies on the effects of RF-EMFs on insects
under field conditions and long-term exposure. The majority of studies were conducted
under laboratory conditions and over short-term exposure. Lazaro et al. [41] showed
for the first time that different wild pollinator species differ in their abundance during
exposure to RF-EMFs from telecommunication antennas in natural habitats on two different
Mediterranean islands (Lesvos and Limnos) in the Northeastern Aegean (Greece), with a
range of electric field levels from 10 mV m−1 to a maximum value of 670 mV m−1. The
same authors concluded that the result obtained could be due to different sensitivities
to RF-EMFs, especially in the larval stage. Currently, there is also a lack of data on the
induction of oxidative stress in honey bees during exposure to RF-EMFs.

In this study, honey bee colonies were exposed to an electric field level of 30 mV m−1

as the lowest value of electric field found in the environment, then 70 mV m−1 and
1000 mV m−1, the highest value found in the environment

We have previously reported that RF-EMFs at 900 MHz affect the antioxidant system
of honey bee larvae after short-term exposure under laboratory conditions [29,35]. These
previous results showed that the effects strongly depend on the physical properties of the
radiofrequency electromagnetic radiation, the measured antioxidant parameters and the
experimental setup, as well as there being no linear field-response relationship. The results
obtained in this study also confirm the similarity with the previous study. This means
that the results obtained in this study, i.e., the activity of the antioxidant enzymes and the
concentration of lipid peroxidation products, depend on the developmental stage of the
honey bees, the environmental electric field levels and the duration of exposure. Indeed,
almost all the significant changes in the observed parameters occurred at the highest field
level in the larval stage or adults (midguts of adult workers).

The results of numerous studies on the effects of RF-EMFs after short-term exposure
indicate that electromagnetic radiation at the frequency of mobile telephony can cause
the increased formation of reactive compounds, even at low intensity, thus inducing
oxidative stress [42–44] as well as suppression of the immune system and antioxidant
defense mechanisms [45].

The overproduction of reactive oxygen species (ROS) following exposure to RF-EMFs
is scavenged by SOD, CAT and GST, the most important ROS-scavenging enzymes in
honey bees [46–49]. One of the reasons for the observed antioxidant enzyme activity
at certain developmental stages could be the physiological developmental profile of the
antioxidant enzymes studied and their physiological function in honey bees. Namely, it
is known that under physiological conditions, the activities of SOD, CAT and GST in a
larva increase slightly from the first to the sixth day, and then decrease until the end of
honey bee development, with CAT activity decreasing the most [50]. According to the
same research, young worker bees have lower antioxidant enzyme activity than pupae, and
CAT is the main antioxidant enzyme responsible for the degradation of hydrogen peroxide
in the honey bee brood. Although, in this study, the results of enzyme activity were not
compared between the different developmental stages, different levels of the enzymes
tested were also found, i.e., the highest GST activity was found in the pupae, followed by
the larvae and midguts, regardless of field level and time of sampling. In addition, both the
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CAT activity and TBARS concentration were highest in the midguts, and GST activity was
lowest, regardless of field level and time of sampling, and they followed in the larvae and
pupae. In addition, Weirich et al. [46] studied the activity of antioxidant enzymes (CAT,
SOD and GST) in the hemolymph, midgut, pectoral muscle and sperm in spermatheca and
found that the activity of the antioxidants studied was differently distributed in the tissues
of worker, unfertilized and fertilized queen bees. Indeed, the same authors found that the
activity of CAT and GST was significantly higher in the midgut than in the muscle and
hemolymph in all members (castes) of the honey bee colony, while the activity of SOD did
not show significant differences between the tissues and bee groups studied.

Based on our results, where the levels of TBARS (at two weeks and one-year exposure)
and CAT (at 5 months and one-year exposures) were significantly increased in the larvae,
we hypothesize that the larvae are more sensitive to RF-EMF exposure than the pupae. The
higher TBARS content could be explained by the lipid content of the larvae, which have
a significantly higher fat content than the pupae [51] and therefore react more sensitively
to oxidative stress. In contrast, in the developmental stage of the pupae, no statistical
difference could be detected for any of the indicators examined between different locations
with different electric field levels at all three sampling times. One possible reason for this is
the fact that the pupa stage is able to maintain an oxidation–reduction equilibrium at this
stage of frame development due to the higher physiological activity of defense enzymes,
thus overcoming the possible cell damage caused by oxidative stress. The CAT, SOD and
GST activity showed no linearity in relation to the field level and the time of sampling.
However, if we compare the parameters obtained only in the midguts of the adult bees, we
find that the greatest changes were recorded at the location with the highest electric field
level (1000 mV m−1). These findings indicate that the honey bees located at a higher field
level are exposed to higher oxidative stress than the honey bee colonies located at a lower
electric field level, which can also explain the results of our previous work [28], in which
the authors demonstrated increased aggressiveness and restlessness of adult bees and an
accelerated process of silent queen replacement in the colonies located in a field level of
1000 mV m−1.

5. Conclusions

In conclusion, our results indicated that exposure to RF-EMFs at a frequency of
900 MHz in field conditions may cause oxidative stress in certain developmental stages of
honey bees. Most of the significant changes occurred in the second week of the exposure at
the location with the highest electric field level, and there was no linear relationship between
field level and effect in any of the developmental stages. Among antioxidative enzymes,
CAT showed the greatest change and SOD the least change in activity. In addition, the
antioxidant profile could serve as a bioindicator of oxidative stress in bees during exposure
to RF-EMFs, especially CAT activity and TBARS concentration in the larvae and midguts
of the adult honey bees. Since RF-EMF mechanisms are not yet well known, it is difficult
to say what consequences such radiation could have on their physiological characteristics.
Therefore, our results show the need for further research in the developmental stages of
honey bees, including not only oxidative stress parameters but, as far as possible, expression
of the gene for the antioxidant enzymes, genotoxic parameters and a greater number of
variations of RF-EMF sources in the natural conditions.
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Simple Summary: In addition to invaluable ecosystem services, beekeeping offers opportunities for
job creation, income generation and food security. Beekeepers have been experiencing economic losses
due to high rates of honey bee colony losses driven by various factors worldwide. We conducted
this study using the COLOSS monitoring survey tools for the first time in Ethiopia to assess honey
bee colony loss rates, annual colony development, beekeeping practices, and to determine the role of
management practices (varroa monitoring, varroa treatment, colony splitting, feed supplementation,
use of natural comb, and purchase of beeswax from external sources), as well as region, on colony
losses. For this, data were collected by interviewing beekeepers from two major beekeeping regions
in the country—Oromia and Tigray. Our results showed a high rate of colony losses in Ethiopia,
which significantly varied between the regions. The main drivers of honey bee colony losses are
related to natural disasters (particularly war), beekeeping husbandry practices, and pest management.
Therefore, it is important to promote the capacity of smallholder beekeepers to implement improved
beekeeping practices such as feed supplementation, queen replacement and pest management that
would lead to reduced losses, increased profitability, and improved food security and livelihood.

Abstract: The COLOSS research association has been assessing honey bee colony losses, associated
risk factors and management, focusing on Western countries but with a progressive international
expansion. Here, we report the first survey on the loss rates of colonies in 2022/2023 in Ethiopia using
COLOSS monitoring survey tools. A face-to-face interview questionnaire survey was conducted
on 64 beekeepers selected from Oromia and Tigray regions. This covered 1713 honey bee colonies
distributed in 68 apiaries. The percentages of colonies lost were significantly different between
Oromia (24.1%) and Tigray (66.4%) regions. Colony losses were attributed as unsolvable queen
problems (8% in Oromia; 10% in Tigray), natural disaster (32%; 82%), and empty hives or dead
colonies (60%; 8%). The loss rate was significantly affected by queen replacement (p < 0.0001), use of
natural comb (p < 0.0001), feed supplementation (p < 0.0001), region (p < 0.0001), varroa treatment
(p < 0.0001), colony splitting (p < 0.01), and merging (p < 0.01). Beekeepers in Oromia managed
more colonies and implemented improved practices compared to those in Tigray. However, all
beekeepers in Oromia detected at least some bees with signs of deformed wing virus, compared to
76% of beekeepers in Tigray. In conclusion, the colony loss rate was significantly different between
Oromia and Tigray regions due to differences in natural disasters, management, environment and
health factors.

Keywords: colony loss; varroa; beekeeping; natural disaster; honey bee
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1. Introduction

Following reports on high rates of colony losses and the recognition of colony collapse
disorder [1,2], assessing colony losses, their driving factors and management strategies
have been among major research agendas worldwide since the last decade. International
survey reports from COLOSS showed overall annual loss rates of 16% to 20.9%, which
greatly varied from 2% to about 36.5% between countries [3–6]. A recent study from the
Bee Informed Partnership in the United States indicates up to 50.8% average loss rate of
colonies [7]. The ectoparasite Varroa destructor (“varroa” below) is one of the major causes of
colony losses [8–11]. However, some honey bee populations have been identified as tolerant
against this pest and able to survive even without anti-varroa treatment [12–15]. Since
the detection of varroa for the first time in northern Ethiopia’s Tigray region [16], several
studies have been conducted on its distribution and prevalence in the country [17–19]. A
national survey conducted in Ethiopia, which covered all regions except Tigray, showed a
wide distribution and up to 95.8% prevalence in the country with a significant variation
between regions [18]. The prevalence of varroa in Ethiopia was reported to be influenced
by several factors including agroecology and management systems [19].

Other factors that cause honey bee colony losses include pesticides, natural disasters
and climatic factors globally [4,20,21]. Recently, it has been discussed that climate change
could significantly affect honey bees and beekeeping by causing extreme weather, flooding,
wildfire, increased pest infestation and reduced forage availability [22,23]. Climate change
affects vegetation distribution and the annual flowering calendar of plants, which varies
between habitat elevations [24]. This can directly affect survival and performance of
honey bees, as they depend on flowering plants. African honey bees are known for
strong migratory behaviour, following forage seasonality [25]. In northern Ethiopia, a high
rate of annual fluctuation in the numbers of managed honey bee colonies has recently
been reported. Colony selling and losses (including absconding, death and seasonal
migration) were identified as the reasons for colony outflow in the areas, while purchase,
trapping, splitting and swarming are the mechanisms of inflow [26]. Honey bee colonies
are also valuable trading commodities in northern Ethiopia where beekeepers exchange
colonies in central markets [27]. A high rate of mobility of honey bee colonies under
the influence of anthropogenic activities such as colony marketing, as well as natural
circumstances (such as migratory behaviour, habitat fragmentation or rehabilitation) could
exacerbate the distribution of varroa and other pests and pathogens [28]. Honey bee colony
transportation across agroecological zones is a common practice in northern Ethiopia’s
Tigray region [27,29].

Tigray region is known as one of the major beekeeping centres in Ethiopia, where there
has been a pronounced transformation of beekeeping. Data from the Central Statistical
Agency of Ethiopia [30] showed the management of more than 340,000 honey bee colonies
in the region. Over the last two decades, the percentage of frame hives has grown from
1% to 23% and the number of managed colonies has increased by 90% [31]. However, in
recent years, Ethiopia has been facing difficulties due to war, COVID-19, climate change
and outbreaks of Desert locust [32–34]. In particular, the two-year war from November 2020
to November 2022 in Tigray region was reported to have wiped out decades of progress
in all sectors [35–38]. Considering beekeeping specifically, 70% of the managed honey bee
colonies were lost due to the war [39]. This loss may threaten both the livelihoods of the
beekeepers and the overall ecosystem.

A survey conducted during the pre-war period in northern Ethiopia showed that
there was no difference in colony loss rates based on the beekeeping system, beekeeping
experience, number of colonies per household and local areas within Tigray [26]. This
differs from international surveys, which have reported that loss rates are significantly
affected by the scale of beekeeping operations, geographic location and climate, although
Ethiopia was not included in these studies [3–6,20,21]. Therefore, this study was conducted
to assess the loss rates in different regions using the COLOSS survey protocol for the
first time. The hypothesis is that honey bee colony loss rate significantly varies between
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regions depending on the vulnerability to natural disasters, infestation and prevalence of
varroa, and beekeeping practices, as reported by the international surveys. The alternative
hypothesis would be that there is no difference in honey bee colony loss rates between
different regions in Ethiopia, as previously found for different local areas within Tigray. The
specific objectives of this survey were to assess honey bee colony loss rates in the Oromia
and Tigray regions of Ethiopia and to evaluate the degree of association between honey
bee colony losses with colony management practices (varroa monitoring, varroa treatment,
colony splitting, feed supplementation, operation size, use of natural comb, and purchase
of beeswax from external sources). The results are discussed with reference to regional and
global figures for colony losses, based on the literature.

2. Materials and Methods

2.1. Study Regions and Description

This survey was conducted in Ethiopia, namely Oromia and Tigray Regional States
(Figure 1). Tigray is predominantly a semi-arid region located in northern Ethiopia, which
is known as a main beekeeping area in the country, and for its famous white honey [40],
unique colony marketing system [29] and a rapid beekeeping transformation in the last
two decades. In this region, Varroa destructor was detected in 2010 for the first time in
Ethiopia [16]. From November 2020 to November 2022, the region was heavily devastated
by war that has caused significant damage also to the beekeeping sector [39]. On the other
hand, Oromia is the largest region in Ethiopia, connects with almost all regions and is
largely located in the central, southern and western parts of the country. Likewise, Oromia
hosts the largest number of honey bee colonies in the country [30]. Our study areas in
Oromia are mainly located in the west and southwest, which are largely humid.

Figure 1. Location map of surveyed districts in Oromia and Tigray Regional States of Ethiopia in 2023.

Therefore, the survey was conducted in these two important beekeeping regions
characterised by contrasting features of beekeeping, climate, vegetation, etc.

275



Insects 2024, 15, 376

2.2. Survey and Data Collection

For this study, 64 beekeepers who managed a total of 1713 honey bee colonies during
the survey year 2022/2023 were purposefully selected based on accessibility. The colonies
were distributed over 68 apiaries and 14 villages (locally called Kebelles) of the two regions
(Table 1). Data collection was conducted by interviewing the beekeepers face-to-face
using the standardised questionnaire of the COLOSS Colony Losses Monitoring Core
Project. Therefore, the results are comparable to those from other countries using the same
questionnaire, in particular the loss rates. Interviews were conducted by researchers who
orally translated the questionnaires from English to local languages directly when asking
the beekeepers. As is established practice in Ethiopia, the aim of the survey was explained
verbally to the selected households/beekeepers, who then responded to the questions
voluntarily. This data collection was performed during June 2023.

Table 1. Sample regions, local areas (Kebelles), and numbers of apiaries, beekeepers and colonies
surveyed in Ethiopia using the COLOSS questionnaire tool, version 2023.

Description
Regional State

Total
Oromia Tigray

No. of Kebelles 10 4 14
No. of Beekeepers 31 33 64
No. of Apiaries 35 33 68
No. of Honey bee colonies 1305 408 1713
Average no. of Colonies per apiary 42.10 12.36 26.77

2.3. Statistical Analysis

Variables analysed and included in this paper are comprised of: (1) number of honey bee
colonies managed (as a measure of beekeeping scale of operation), honey bee colony losses
and loss rates; (2) beekeeping practices such as colony splitting, feed supplementation, queen
replacement, and colony merging; (3) honey bee health, monitoring and pest management;
(4) annual honey bee colony cycle and management calendar. These data were analysed
and comparisons were made between the Oromia and Tigray regions. As the number of
colonies before winter and the number of colonies in spring 2022 and spring 2023 have very
skewed distributions, medians are reported as well as means, and Mann–Whitney tests are
used to compare the numbers in the two regions. Fisher’s exact test was used to compare
the proportions of beekeepers giving each response to the management questions between
regions. The data for several variables included responses in the categories labelled as “Don’t
know” or “Not applicable”. These categories of responses were not removed for the purposes
of analysis, but retained. For two variables (monitoring varroa and observing bees with
deformed wings), the numbers of responses in this category were very low (Table 2) compared
to other responses and were similar for the two regions, so would not affect the conclusions.
For two other variables, concerning treating varroa and presence of Vespa velutina, there were
more responses of “Not applicable” and “Don’t know”, respectively, for one region and very
few for the other; this is discussed further in Results.

Colony loss rates are reported as the overall proportion of colonies lost, with a 95%
confidence interval, and also as the average rate of loss per beekeeper. Colony loss rates
per beekeeper can be assumed to be normally distributed for Oromia (Anderson–Darling
test, p > 0.05), but not for Tigray (p < 0.05). Therefore, colony loss rates per beekeeper were
compared between the regions using the Mann–Whitney test.

Furthermore, correlation analyses were performed to assess the degree of associations
between the different components of colony losses (queen problems, natural disaster, dead
colonies, empty hives) and the numbers of colonies managed at different seasons of the
survey year.
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Table 2. Beekeeping and colony management in Oromia and Tigray regions, including tests of a
difference between regions.

Variables Oromia Tigray
Test of Difference

Method p-Value

Colonies per beekeeper in spring 2022
Mean 27.00 9.03

Mann–Whitney test p < 0.001Median 17.00 6.00
Range 7–125 2–47

Colonies per beekeeper before winter
2023

Mean 42.10 12.36
Mann–Whitney test p < 0.001Median 27.00 8.00

Range 10–200 2–60

Colonies per beekeeper in spring 2023
Mean 30.58 5.24

Mann–Whitney test p < 0.001Median 16.00 3.00
Range 5–160 0–37

Monitoring Varroa destructor
(frequency)

Yes 5 21
Fisher’s test p < 0.0001No 26 10

Not applicable 0 2

Treating against V. destructor
(frequency)

Yes 5 0
Fisher’s test p < 0.0001No 3 32

Not applicable 23 1

Bees with deformed wings (frequency)
None 0 7

Fisher’s test p < 0.0001Some 31 15
Many 0 10

Don’t know 0 1

Use of natural comb (frequency)
Yes 31 14

Fisher’s test p < 0.0001
No 0 19

Purchase of external wax (frequency)
Yes 18 30

Fisher’s test p < 0.01
No 13 3

Presence of Vespa velutina (frequency)
Yes 8 29

Fisher’s test p < 0.0001No 13 4
Don’t know 10 0

Colony merging (frequency)
Yes 21 6

Fisher’s test p < 0.001
No 10 27

Colony splitting (frequency)
Yes 26 5

Fisher’s test p < 0.0001
No 5 28

Feed supplementation (frequency)
Yes 31 17

Fisher’s test p < 0.0001
No 0 16

Queen replacement (frequency)
Yes 19 0

Fisher’s test p < 0.0001
No 12 33

Proportional Colony loss rate (%) 24.1 66.4 Chi-squared test p < 0.0001
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Intercept-only quasibinomial generalised linear models (GLMs) were used to obtain
confidence intervals (CI) for the proportional loss rates, and univariate and multivariate
quasibinomial GLMs were used to assess the significance of risk factors for colony loss
for both regions combined and also separately. In particular, an F-test from a univariate
quasibinomial GLM, or a Chi-squared test of proportions, allowed comparison of the pro-
portional loss rates between regions. The R software version 3.6.3 [41] and JMP Pro 17 [42]
were used for the data analyses.

3. Results

3.1. Colony Management in Oromia and Tigray Regions

Table 2 shows a summary of descriptive results for the two studied regions and
hypothesis tests comparing the regions. Beekeepers included in this study managed an
average number of colonies of 27.00 and 9.03 in the Oromia and Tigray regions, respectively,
in spring 2022. These increased to about 42.10 and 12.36 colonies on average before
winter 2023 and again declined to 30.58 and 5.24 in spring 2023, respectively. Correlation
analyses indicated that the number of colonies in spring 2022 and spring 2023 were strongly
associated (Spearman correlation: r = 0.92, p < 0.0001). Mann–Whitney tests showed that
there were significantly higher numbers of honey bee colonies in the Oromia region than in
Tigray region during both 2022 and 2023 years (p < 0.001). A significantly higher proportion
of beekeepers in Tigray monitored the status of varroa in their colonies (Figure 2). On
the other hand, none of the beekeepers in Tigray applied any kind of colony treatment
against varroa, whereas some beekeepers (16.1%) in Oromia applied the biotechnical
method, trapping varroa mites mainly in drone brood combs and discarding them to
reduce infestation without chemical treatment. While the percentage treating in Oromia is
low, most of the beekeepers there (74.2%) responded that treating was not applicable.

 
(A) (B) 

Figure 2. Varroa monitoring (A, left) and treatment (B, right) in Oromia and Tigray regions of Ethiopia
during 2022/2023 Colony Losses Monitoring Core Project survey year of COLOSS. The columns for
each region in plots A and B are split between the response categories “no” (shown in mid-blue), “not
applicable” (light blue) and “yes” (green) of the factor shown on the vertical axis; the relative split of
the columns shows the proportions of the respondents in each category and allows comparison of the
responses between the regions.

Moreover, a significantly higher number of beekeepers in Oromia use natural combs
(p < 0.0001) and are less dependent on externally purchased beeswax (p < 0.01) compared
to the situation in Tigray. Furthermore, there were significantly more frequent applications
of improved husbandry practices such as merging of weak colonies (p < 0.001), queen
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replacement (p < 0.0001), feed supplementation (p < 0.0001) and colony splitting (p < 0.0001)
in Oromia. However, all beekeepers in Oromia reported the detection of some bees with
deformed wings, compared to 45.5% reporting some bees with deformed wings and
30.3% reporting many bees with deformed wings in Tigray. These percentages differ
significantly between the regions (p < 0.0001). In contrast, most beekeepers in Tigray
(87.9%) observed the presence of Vespa velutina in their apiaries, which differs from the
situation in Oromia (25.8%), although in Oromia 32.3% responded “Don’t know” to whether
or not V. velutina were present (Table 2). It should be noted that these data are based on
beekeepers’ description and require follow-up, particularly as V. velutina was not previously
reported from Africa.

Furthermore, correlation analysis showed that the different components of colony
losses (number of colonies lost due to queen problems, natural disaster, dead colonies or
empty hives) are positively related to each of the numbers of colonies managed at different
seasons of the survey year (Table 3).

Table 3. Spearman correlations between numbers of colonies managed at different times, loss rates
and loss components in Ethiopia, showing the degree of association between each pair of variables.
Significant associations (p < 0.05) are marked with an asterisk (*).

#Colonies
Before Winter

#Colonies Lost
Due to Queen

Problems

#Colonies Lost
Due to Natural

Disaster

#Empty Hives
or Dead
Colonies

#Colonies in
Spring 2022

#Colonies lost due to queen problems 0.14
#Colonies lost due to natural disaster 0.28 * 0.41 *
#Empty hives or dead colonies 0.68 * 0.13 0.06
#Colonies in spring 2022 0.92 * 0.04 0.28 * 0.52 *
#Colonies in spring 2023 0.93 * 0.01 0.11 0.58 * 0.92 *

Note: The symbol # in the table represents the words “number of”.

3.2. Colony Loss Rates, Components of Loss and Risk Factors

The average annual colony loss rate in 2022/2023 in Tigray (68.3%) was far higher
than that of Oromia (25.9%), and the levels of loss per beekeeper are significantly different
between these two regions in northern and central Ethiopia (Mann–Whitney test, p < 0.0001).
The loss rate varied from 0% to a maximum value of 56.7% in Oromia, whereas in Tigray it
ranged from 0% to 100% (Figure 3). Among the colonies recorded as lost in Oromia were
losses due to unsolvable queen problems (8% of lost colonies), natural disaster (32%), and
those found as empty hives or dead colonies (60%). The same factors but with contrasting
rates of loss were reported from Tigray as queen problems (10% of lost colonies), natural
disaster (82%), and empty hives or dead colonies (8%). These differences could relate to the
different factors influencing colony losses in the two regions of Ethiopia as presented in
the following paragraphs. Furthermore, colony absconding during the survey year was
significantly higher (Fisher test, p < 0.01) in Tigray (97.0% reported at least one absconding
event in their apiary) compared to Oromia (67.7%).

The overall proportional loss rate for all beekeepers was 34.2% across both regions,
which is calculated as the total number of colonies lost by all the beekeepers divided by
the total number of colonies managed by all the beekeepers and expressed as a percentage
(95% confidence interval (28.5%, 40.3%)). The overall proportions lost per region were
24.1% (95% CI 19.8%, 28.9%) for Oromia and 66.4% (95% CI 58.3%, 73.7%) for Tigray. These
proportional loss rates were significantly different between the two regions, p < 0.0001
(Chi-squared test of proportions or F-test in a univariate quasibinomial model for the risk
of colony loss).
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Figure 3. Colony loss rates (%) per beekeeper in Oromia and Tigray regions of Ethiopia, showing
a markedly higher level of loss of colonies in Tigray compared to Oromia (Mann–Whitney test,
p < 0.0001) based on the 2023 survey following the 2020–2022 war in northern Ethiopia. The individual
loss rates are shown superimposed as points on the boxplots.

To test the effect of various factors on the risk of colony loss, quasibinomial models
were fitted. In the models for both regions combined, region, varroa treatment, presence
of bees with deformed wings, use of foundationless combs, queen replacement, colony
splitting, merging colonies, feed supplementation, and amount of sugar supplementation
were individually highly significant predictors of the risk of colony loss. In a multivariable
model, region and varroa treatment were still significant, but other variables were no longer
significantly associated with colony loss. Therefore, the most important predictors of colony
loss were region and varroa treatment (p < 0.0001). In addition, models were fitted for the
regions separately where there was more than one category of a factor observed in the data.
For Oromia, presence of V. velutina and sugar supplementation were the only significant
variables for predicting colony loss. Of these, only presence of V. velutina significantly
affected the loss rate when a multivariable model was considered, and is, therefore, the
most notable predictor of colony loss in Oromia (p < 0.01). Table S1 shows details of the
best predicting models. For Tigray, none of the individual factors were significant in the
fitted models, but use of foundationless combs and merging colonies were closest to being
significant predictors of colony loss. These results as a whole reflect differences between
the regions. Consequently, colony loss rates were significantly different between the two
regions (Figure 3) due to differences in natural disasters, environmental factors and bee-
keeping practices. These factors include varroa monitoring, varroa treatment, use of natural
combs, dependence on externally supplied beeswax, colony merging, queen replacement,
feed supplementation, colony splitting and Vespa velutina (Table 2). In particular, the pres-
ence of V. velutina was the most influential factor on colony losses in Oromia. Additionally,
impact of the Tigray war is a major difference between the regions.

3.3. Annual Colony Development and Management Calendar

To obtain more insights into the annual honey bee colony development and beekeeping
activity calendar, we collected data on the major events and practices that occurred and were
performed by the beekeepers during the survey year. The variables include adding supers
to hives, merging weak colonies, colony absconding, queen replacement, honey harvesting,
feed supplementation, colony splitting and swarming. The results are summarised in
Figure 4A,B for Oromia and Tigray regions, respectively.
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Figure 4. Annual honey bee colony cycle and beekeeping calendar in Oromia (A) and Tigray (B)
regions of Ethiopia, northeast Africa. The plots show bimodal and monomodal patterns of colony
development and the beekeeping calendar in Oromia and Tigray regions, respectively, which reflect
two beekeeping seasons in Oromia and one season in Tigray annually. The numbers shown in the
circles on the graphs indicate the frequency of beekeepers reporting that the specified events/activities
occurred/were performed in the regions during each month of the survey year 2022/2023 of the
Colony Losses Monitoring Core Project.

In the Tahtay Koraro district of the Tigray region, where the survey was conducted,
colonies start to develop in July and peak in September. This is followed by peak repro-
ductive swarming and honey harvesting in October and November, respectively. After
honey harvesting, about half of the beekeepers (51.5%) provide supplementary feed to
their colonies in the dry months from January to May, whereas most of the beekeepers
(97.0%) in this region faced at least one colony absconding event (Figure 4B, Table S2).
The pattern of colony development and the beekeeping calendar in the surveyed humid
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areas of Oromia region was different from the situation in the semi-arid or savanna areas
of Tigray region [43]. The survey results showed that there is a two-cycle (double-peak)
pattern of colony development, swarming, honey harvesting, and feeding in Oromia region
(Figure 4A, Table S2). Another differentiating aspect is that all sampled beekeepers prac-
tised feed supplementation during the dearth periods in Oromia region, whereas 67.7% of
them faced at least one absconding event in the year compared to the 97.0% reported above
in Tigray region.

4. Discussion

Here, we discuss the results of our survey which was conducted in Oromia and Tigray
regions of Ethiopia for the first time based on the COLOSS standardised questionnaire 2023,
aiming to assess honey bee colony loss rates and driving factors with reference to regional
and global reports. The discussion provides insights into the factors influencing colony
losses, colony management, pests, and the annual beekeeping calendar, which are shaped
by anthropogenic, climatic and environmental factors.

We found higher numbers of colonies per beekeeper (apiary) in spring 2023 in Oromia
(mean = 30.58) and Tigray (mean = 5.24) compared to previously reported average estimates
of 6 colonies per beekeeper for Ethiopia [44] and 2 colonies per beekeeper for Tigray [26].
It should be noted that the sampling in this survey was not random, but purposefully in-
cluded well-known beekeepers and accessible apiaries such as those owned by the Oromia
Apicultural Research Institute, due to limitations of logistics, time and funding. Some of the
apiaries were found to implement improved beekeeping husbandry practices that are not
common among the Ethiopian smallholder beekeepers. These include varroa monitoring
(7.8% in Oromia; 32.8% in Tigray), varroa treatment (7.8%; 0.0%), queen replacement (29.7%;
0.0%), feed supplementation (48.4%; 26.6%), merging of weak colonies (32.8%; 9.4%) and
colony splitting (40.6%; 7.8%); see Table 2 and Figure 2.

Apiaries managed in Oromia that are included in this survey applied more varroa
control (biotechnical method), feed supplementation, merging and splitting (p < 0.001)
compared to those studied from Tigray. Moreover, a significantly higher number of the
surveyed beekeepers in Oromia used natural combs (p < 0.0001) and depended less on
beeswax purchased from external suppliers (p < 0.01) compared to the situation in Tigray
(Table 2). On the other hand, most frame-hive beekeepers in Tigray depend on externally
purchased beeswax supplied from other parts of Ethiopia where traditional beekeeping
is still dominant and extraction of beeswax is practised. Exchanging honey bee products
and colony transportation could negatively affect honey bee population structures and
health [28,45,46]. Pests, pathogens and other stressors cause colony losses, as observed
by survey studies in different parts of the world [3–5,47–49]. On the other hand, appli-
cation of improved beekeeping husbandry such as merging and supplementing weak
colonies, replacing undesirable queens, monitoring and controlling of varroa enhances
the performance, health and survival of colonies [50–53], and could reduce colony losses.
Altogether, colony losses can be influenced by health, nutrition, and climatic stresses as
well as anthropogenic activities.

In this survey, the average loss rate of colonies in Tigray was markedly higher (68.3%)
than in Oromia (25.9%). The proportional loss rate was also significantly higher in Tigray
(66.4%) than in Oromia (24.1%). A previous study [26] showed that the colony loss rate
in Tigray was lower (at 15.7% overall, and ranging from 9% to 19.5% between local areas)
than the results in this survey and was similar when compared to international (overall
proportional) loss rate figures of COLOSS reported as 16.4% to 20.9% [3–5]. This indicates
that most of the colony losses in Tigray reported in the present study can be attributed to
the disaster of the two-year war in the region, which agrees with recent reports that the
Tigray war caused 70% honey bee colony losses [39] and reversed decades of ecosystem
restoration [37,54], agricultural development [55,56] and livelihood improvement [34]
efforts. These effects could lead to habitat degradation, shortage of bee forage and increased
rates of colony absconding and death. Overall, human activities such as war, fire, vandalism
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and honey hunting can cause detrimental impact on the survival of honey bees and the
livelihood of beekeepers.

Among the sample beekeepers, 97.0% of them in Tigray responded that they had
experienced at least one colony absconding event in the surveyed year compared to 67.7%
in Oromia (Figure 4, Table S2). Honey bee colony absconding can be defined as seasonal
migration of the colony seeking more favourable nest and/or habitat conditions. In this
behavioural adaptation, the colony abandons its old nest when there is shortage of forage,
extreme weather, pest infestation and/or other disturbances [57–59]. Instead, the colony
searches and re-establishes itself in a suitable environment. Therefore, absconding is one
form of colony loss to beekeepers, although the colony may not be lost from the overall
ecosystem. This is because the colony strives in another location and continues to provide
the necessary ecosystem services no matter whether it may return to its original nest when
the situation is better or may be trapped by another beekeeper’s bait hive. High rates of
migratory and swarming behaviours in honey bees have been reported as the main coping
mechanisms against pests such as varroa [60]. African honey bees are known for a high
degree of migratory behaviour when the availability of floral resources is reduced [57],
which could also be influenced by the local weather conditions and type of beehives [59] as
well as management practices such as feed supplementation and merging of weak colonies.
Therefore, colony loss rates vary with management intensity implemented by different
scales of beekeeping operations, local weather, geographic location and season [3–6,20,21].
For example, in the COLOSS survey 2019/20, loss rates ranged from 7.4% in Norway to
36% in Spain, while large-scale beekeeping operations are less prone to the risk of colony
losses compared to small-scale beekeepers managing fewer than 50 colonies [6]. However,
this was not observed in a survey conducted in Mexico [49], which indicates the role of
local/regional conditions.

Looking for annual variations in beekeeping across the regions, we observed a bimodal
pattern of colony development and beekeeping calendar in the Oromia region of central
and southern Ethiopia compared to a single peak of the development cycle and beekeeping
activities in the Tigray region of northern Ethiopia (Figure 4, Table S2). In the semi-arid
areas of northern Ethiopia, colony development, honey production and swarming occur
from August to November, while the dearth period characterised by high rates of colony
absconding extends from December to July despite the availability of a few trees that
bloom during the dry period. These are consistent with previous studies reported from
Oromia [61,62] and Tigray [63]. It is well-known that honey bees mainly depend on the
nectar and pollen produced by flowering plants that are shaped by the local climate [24].
Therefore, the floral calendar and nectar flow of an area govern the development of honey
bees and the beekeeping activities. Thus, honey harvesting is possible multiple times in
a year in the evergreen areas of southwest Ethiopia [61,62], while it is mainly limited to
September to November in the arid and semi-arid areas of northern Ethiopia [63].

In conclusion, colony loss rates in this survey showed a significant variation between
the two Ethiopian regions, where beekeepers in Tigray sustained a markedly higher loss
rate, which we attribute as being due to the war and other factors, compared to the loss
rate in Oromia region and also compared to the global figures reviewed. In addition, the
colony loss rate was significantly affected by beekeeping practices and honey bee health
management. Moreover, the number of colony losses recorded as resulting from queen
problems, natural disaster, dead colonies or empty hives is positively correlated with the
number of colonies managed. Furthermore, annual colony development and management
calendars in the two regions showed different patterns, where the beekeeping seasons were
bimodal with short dearth periods and monomodal with a long dearth period in Oromia
and Tigray regions, respectively.
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Simple Summary: The overall decline of bees may be exacerbated by the simultaneous presence
and interaction of multiple causal factors. To elucidate how these factors interact and their collective
impact, it is of the utmost importance to develop effective analytical tools. We collected data through
an online questionnaire. We started estimating the annual mortality of stingless bee nests at 15%. Four
risks to stingless bee survival were identified: invasive species (73%), the proximity of nests to sources
of environmental pollution (61%), the presence of honey bees as potential transmitters of diseases
(57%), and unusual behavior reports (44%). The biosecurity practices with the highest compliance
rates were hand washing (79%), sterilization (75%), storage conditions for product quality (66%),
and the use of protective equipment (40%). The spider web and barometer tools facilitate a unified
observation of the status of implementation or non-implementation of biosecurity measures, actions
to care for the environment in which stingless bees live, the quality and efficiency of nest management
techniques, and the monitoring of the health status of stingless bees. The comprehensive evaluation
of these factors within best management practices (BMPs) facilitates immediate decision-making and
the implementation of enhancements, as well as individual and collective feedback.

Abstract: Insect pollination services amount to USD 235–577 billion. Seventy five percent of agri-
cultural production for human consumption depends on pollination, mainly by bees. A decline in
pollinators, including Meliponini tribe bees, will impact the economy, food security, human health,
and ecosystem stability, especially in tropical forests where stingless bees are the main pollinators.
The objective of this survey was to understand the relationship between good management practices
and nest losses in meliponiculture, encompassing biosecurity and conservation criteria. A 36-question
survey was organized and spread. We received 92 responses, representing 4548 managed nests. The
primary motivation for engaging in meliponiculture was biodiversity conservation (92%). More than
50% of the questions on biosecurity were answered as “applied”. Hand washing before any activity
with bees was the main rule, followed by material sterilization and personal protective equipment
use. The annual mortality rate of stingless bee nests was estimated at 15%. Nest invaders (72%) and
nearby sources of pollution (60%) were identified as the main potential causes of nest losses. From a
general perspective, meliponiculture practices continue to expand remarkably. The implementation
of effective nest management strategies is associated with a reduction in nest losses. It is important to
consider One Health’s perspective to ensure optimal management practices.

Keywords: stingless bees; management; practices; biosecurity; nest loss; Latin America; evaluation
tools
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1. Introduction

The global economic value of pollination services amounted to USD 235–577 billion,
representing 10% of the total value of agricultural production for human consumption in
2021. Around 75% [1] of this agricultural production depends on pollinators, especially
bees [2]. It is evident that the decline of main pollinators, including stingless bee species [3],
will have a great economic impact on food security, human health, and ecosystem stability.

The available data indicate that the Neotropics are home to more than 15,150 species of
bees [4], and it is only a third of the total animal species richness in that region. Worldwide,
the number of stingless bee species exceeds 500 [5]. There is the possibility of finding
subspecies or cryptic species due to the complexity of certain genera such as Melipona
beecheii [6] or the taxonomic updating of stingless bees [7]. In Ecuador, a great contribution
showed the presence of >200 [8,9], consolidating the megadiverse label despite the small
size of the country with other neighbors.

There are multiple approaches to practicing meliponiculture, and they are contingent
upon the motivations, needs, and objectives of the practitioner [10]. Meliponiculture repre-
sents a fusion of ecological (from the academy) and cultural (empirical local) knowledge,
and both, along with stingless bees, serve as interesting fusion that facilitates the transition
to sustainable practices within complex farming systems [11].

The five major threats for native tropical bees are deforestation, agriculture intensi-
fication, the spread of exotic species [12], climate change, and resource–habitat loss [13].
The introduction of non-native pollinators modifies socioecological interactions between
insects and environmental health, i.e., by competing with native insects for floral resources
or due to the spread of new diseases [14] for which the native insects have no immune
defense [15]. The effects of deforestation include habitat loss and fragmentation [16], which
are mainly caused by the expansion of crops such as potatoes in the Colombian and Ecuado-
rian Andes [17], soybeans in the Brazilian Amazon rainforest [18], or the expansion of areas
focused on cattle breeding [12].

Meliponiculture practices that include harvesting honey and pollen, dividing nests,
and selling nest products have faced several other menaces, such as the loss of numerous
daughter colonies from a single mother, inbreeding, and queen succession problems in
Scaptotrigona and Cephalotrigona species [19]. There are mainly two stingless bee nest inva-
sive insect problems. The first, Lestrimelitta sp., is a kleptobiotic stingless bee, considered a
resource thief that uses a chemical trickery mechanism based on its cuticular characteris-
tics [20]. The other major invasive insect problem is Phoridae flies (Pseudohypocera kerteszi),
which, avoiding the guardians at the nest entrance, lay eggs in pollen pots, containers, and
near the brood, which will develop into white larvae that feed on the bee bread [21].

A study of the population dynamics of stingless bees in seasonal dry lowlands in
Costa Rica reveals that they invest more efforts in colony survival rather than in increasing
their reproductive rates, which means that, under better life conditions, these stingless bees
can survive around 23 years [22], but the most recent study of colony loss in Latin America
indicated a 39.6% loss of stingless bee colonies per year across the region. Furthermore, the
study found that losses were highest in summer and increased with farm size [23]. These
findings suggest that maintaining the overall health of bee colonies is challenging, which
could have significant implications for the economic survival of stingless bee keepers. The
role of stingless bee keepers is an option to care for intangible heritage and the conservation
of natural resources [9], as well as their training and adoption of best practices to preserve
the life of stingless bees and thus the environment.

The FAO, the WHO, and the European Commission have recognized good farming
practices in beekeeping and describe their advantages, such as improved bee colony health,
decreased medicinal costs, increased hive production, and the yield of healthier and higher
quality honey [24]. In this sense, stingless beekeeping also needs the application of good
management practices, since it has been recognized as an informal activity with poor
management [25] which continues to grow and expand, especially in Latin America, at an
accelerated rate [26–29]. Good practices in the management of stingless bees are a means
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to reduce risks associated with human error that impact human public health due to the
consumption of nest products, such as honey, contaminated with agrochemicals [30]. In
addition, the same risks can affect bee health, as pesticide residues can bioaccumulate in
bees’ bodies, in their food, and in nest structures, affecting their health, condition, and
ability to survive.

Ecuadorian meliponiculture has developed depending on the climatic region. The
southern highlands region, especially the province of Loja, has the highest development
at the national level in dry tropical forest meliponiculture, followed by Amazon rainfor-
est meliponiculture, urban tourist-productive meliponiculture in the coastal region, and
conservations projects in protected areas.

In terms of regulations on stingless bee products, the Ecuadorian Service of Normal-
ization (INEN) does not contemplate quality standards for pot honey or pot pollen [31].
Regarding good management practices, the Agency for Regulation and Phytosanitary—Zoo
Sanitary Control (AGROCALIDAD) has only issued beekeeping guidelines [32]. In terms
of bee health, the capital of the country, Quito, recently issued an ordinance banning some
herbicides and pesticides [33].

A more comprehensive approach to the assessment of the impact of stingless bee breed-
ing and management is required, encompassing social, ecological, and cultural dimensions.
This approach will facilitate the development of more effective pollinator-friendly strategies
and diversified agricultural systems [34].

Thus, in response to the need to develop tools to improve decision-making and provide
guidance for practical actions to reduce and prevent pollinator decline, this survey aims to
(i) collect stingless bee keepers’ knowledge about the management of stingless bee nests
(from the origin of the nest to the harvesting of products); (ii) estimate the nest death rate;
(iii) identify specific health risk factors for stingless bee nests; and (iv) develop tools to
correlate the application of good management practices with nest losses.

2. Materials and Methods

2.1. Online Survey Development

The free software KoboToolbox (v2022 1.2.) was used to prepare an online question-
naire with 36 questions (Table S1). All questions were configured as mandatory to ensure
that all were answered. The anonymity of respondents was maintained. The survey was
organized into 4 sections: (i) socio-demographic variables, (ii) biosecurity and product
management, (iii) nest management and infrastructure of the farm, and (iv) sanitary and
environmental aspects. The questions used for nest death rate estimation were not included
in any of the previous groups since the data obtained were directly processed with the
formula in Section 2.3 (namely, “Statistical Analysis”). The types of questions included
in the questionnaire were single-choice, multiple-choice, and open-ended questions. The
survey was available from 23 March 2022 to 31 December 2022, in two languages: Spanish
and Portuguese. The target audience was meliponicultors (stingless bee keepers) with
experience in managing at least one (1) nest of any stingless bee species in any country of
Latin America.

Before the public launch, the questionnaire was reviewed by three experienced sting-
less bee keepers. They gave points for improvement and suggestions for the survey, for a
better understanding of the target audience. After adding these modifications, the survey
was officially launched online. The survey link (https://ee.kobotoolbox.org/x/HVbthWiD,
accessed on 31 July 2023) was disseminated through social networks (meliponicultors’
groups on WhatsApp and Facebook) as well as through e-mails sent to local meliponi-
culture organizations (when available) and to the authors of scientific articles related to
stingless bees. The rationale behind selecting this particular methodology for the survey
spread is twofold. Firstly, this is a pilot study designed to test the operationality of a
data relation–visualization tool. Secondly, according to the Ecuadorian Observatory of
Information and Communication Technologies (TIC), 82.88% of citizens in rural areas with
access to a phone use social networks as their primary source of information. Together with
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Brazil, Colombia, Costa Rica, and México are included in the medium- and high-Significant
Rural Connectivity Index countries [35]. Third, without a national official registry of
meliponicultors, we used social networks as a census tool.

2.2. Scoring System Development

The questions in section (i), socio-demographic variables, and other open-ended
questions of the inquiry were not included in the subsequent phase of the study.

All answer options, from single-choice and multiple-choice questions, were numer-
ically scored by the authors. The lowest score represented the “worst situation” and the
highest score represented the “best situation”. The criteria for this scoring considered
those answers that were based on scientific evidence and focused on the conservation
and guarantee of the best living conditions for stingless bees as a priority and of greater
weight. In addition, a consensus was reached among a panel of four experts in biology,
epidemiology, meliponiculture, and biosecurity. The panel agreed on the options for each
question, from “worst situation” to “best situation”.

Each question had different maximum scores. Each section—(ii) biosecurity and
product management, (iii) nest management and infrastructure of the farm, and (iv) sanitary
and environmental aspects—had a different number of questions. To ensure the fairness,
consistency, and accuracy of the weighting of each section on the results, the maximum
score was normalized and the minimum difference in the number of questions within each
section was targeted.

2.3. Statistical Analysis

Questions were classified into five groups, one including socio-demographic infor-
mation (INF) and four explaining the application of good management practices (GMP)
in meliponiculture: (i) environment and conservation (ENV PROTEC), (ii) producer train-
ing and modern techniques (TECHN), (iii) the use of personal protective equipment and
biosecurity measures (BIOSEC), and (iv) health care (HEALTH).

The scoring of the questions was applied to those from which quantitative information
could be obtained. The maximum was calculated for each question based on the response
options and we categorized these options as “best” if they adhered to conservation criteria
and “worst” if they were far from it (called “theoretical best score”). To verify the analyses,
the same procedure was performed, except that the maximum this time was taken according
to the “best” answer given by the respondents (called “best meliponicultor score”).

An overall score for each respondent was calculated using the sum of scores obtained
for all their responses and the sum of the “best” scores for each question (for explanation,
see Table S1).

The calculation of the nest death rate (NDR) of stingless bees was calculated as follows
according to the formula modified from [36]:

Nest death rate (NDR) =
#nest dead

#nest until 2021 + #nest IN + #nest OUT
(1)

The terms inside the numerator and denominator are explained as follows:
#nests dead—the number of nests of stingless bees that died the last year (question (Q) 28);
#nests until 2021—the number of nests of stingless bees that existed until 2021 (Q 27);
#nests IN—the number of nests of stingless bees that were added during the last year

(Q 20);
#nests OUT—the number of nests of stingless bees that were sold, donated, or given

away during the last year (Q 21).
To determine any relation between the NDR (independent variable) and the overall

score (dependent variable), we made a linear correlation test to obtain the Pearson’s
coefficient. To check the normality of the data (both overall score and NDR), a Kernel
density estimation and a Shapiro–Wilk test were performed. A two-sample Wilcoxon rank
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sum test (Mann–Whitney) was used to test whether melipolicultors who had an NDR of
less than 15% and an NDR equal or above 15% belonged to the same population or not.

2.4. Spider Web and Barometer Tools

For a general visualization of the status of meliponiculture, as an activity that must
include minimum standards of compliance with GMPs in each group of questions, two
tools were developed. The first one, the spider web tool, contrasts the status of each area:
information sources, the application of basic biosecurity standards and the use of personal
protective equipment, monitoring in health care, and conservation actions. For this purpose,
we used the total score obtained per respondent and an average obtained per question
group (see Table S2). The result (percentage) given for each group of questions indicates
how closely the practices are aligned with what is expected according to scientifically based
theoretical criteria. The closer the result is to 100%, the better the practices are considered,
and the closer the result is to 0%, the more there is an opportunity for intervention and
improvement in that area.

The second one, the barometer tool, ranks the overall status using the average of the
above values. It means that from a global perspective, meliponiculture is evaluated and
qualified. To determine the status, we divided the barometer bar into three zones, using
quartiles (Q1 and Q3) of the overall score. Each zone has an action proposal, i.e., red zone:
to write an action plan, implement it, and audit again within a month; orange zone: to
take corrective actions and check their implementation; green zone: the management and
practices are the best.

3. Results

We collected a total of 94 surveys, of which only 92 were used because two were
eliminated during data cleaning and validation. Surveys were collected from 14 Latin
American countries (Figure 1). In terms of academic level, a university degree was obtained
by the largest percentage of respondents (38%). The mean age of the respondents was
43 years. Experience as a stingless bee keeper ranged from 5 months to 52 years. An
average of 48 nests per meliponicultor was calculated. The total number of nests among all
respondents amounted to 4548 (by nest, the median = 17, min = 1, and max = 700). Most
respondents spent part of their time (about 8 h per week) on the care and management
of stingless bees. The individual product with the highest percentage of harvest was
honey (16%), followed by a combined harvest that included honey, cerumen, pollen, and
geopropolis (63%) (Table 1).

Figure 1. Survey participation by country. The bars represent the number of completed surveys
(y-axis) per country (x-axis).
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Table 1. Summary of the main socio-demographic variables.

Variable Range Percentage

Age
(years)

Young ≤28 25
Adult >28 and ≤60 63

Old adult >60 12

Stingless beekeeping
experience

(years)

Beginner ≤5 54
Upper beginner >5 and ≤10 18

Intermediate expert >10 and ≤20 16
Expert >20 11

Full academic level

Elementary 1
High School 29
Technology 12
University 38
Post grade 20

Spending time
Full Time (≥8 h/day) 9
Part-time (<8 h/day) 23
Hobby (~8 h/week) 68

Amount of nests
(quantity)

≤10 34
>10 and ≤50 47

>50 and ≤100 8
>100 12

Main product
harvested from nests

Honey 16
Geopropolis 4

Cerumen 3
Honey, cerumen, geopropolis, pollen 63

Other reason for nest keeping * 13
* Among other reasons for keeping nests of stingless bees were (i) nest multiplication for sale, (ii) stingless bee
conservation, and (iii) protection.

3.1. Environment and Conservation (GMP–CONSERV)

A total of 61% of stingless bee keepers consider that there are one or more sources of
pollution around their nests. From the highest to lowest number of reports, there were
plantations using agrochemical products for pest control, companies extracting oil and oil
derivates (plastics), mining, city pollution (urban meliponiculture), and polluted rivers.
In addition, 96% of respondents consider that climate change affects or will affect the
life of bees. The same percentage of respondents take climate-friendly actions such as
recycling, saving energy, not using agrochemicals for pest control, and planting more
plants, and a small percentage of producers (n = 4/92, 4%) mention “agroecology” as a new
climate-friendly practice.

The main reason for keeping stingless bees was the conservation of land (93%), polli-
nators, or biodiversity in general and the conservation of ancestral agricultural heritage
in particular. Respondents (n = 21/92, representing 22%) purchased whole nests or brood
disks to obtain more stingless bee nests. In general, those who buy nests try to get them
from nearby areas (n = 10/21, representing 48%), same region (n = 6/21, representing 28%),
or same country (n = 2/21, representing 9%), except in one case (n = 1/21, representing 4%)
(international purchase).

A total of 60% of stingless bee keepers feed their managed stingless bees with water,
Apis mellifera honey, honey from other stingless bee species, commercial food, and processed
substances such as sugar, flour, or lemon juice. They do it according to stingless bees’
necessity, i.e., breeding seasons, winter/non-flowering, new splits, weak nests/no reserves,
and also for the maintenance and stimulation of nests.

3.2. Producer Training and Modern Techniques (GMP–TECHN)

To obtain their first nest, 76% of respondents practiced trapping in the wild. It is
important to notice that some other meliponicultors (8%) obtained their first nest by
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rescuing stingless bee nests that were in significant danger. Respondents (37%) mentioned
that they received expert support or some previous training for the transfer of natural nests
to wooden boxes for technical nest management. However, a percentage of respondents
(n = 12/92, representing 13%) keep nests in natural structures (i.e., hollowed tree trunks).

During nest division, stingless bee keepers confirmed that they ensure the following
conditions: the existence of a viable virgin queen and old virgin, the health of and sufficient
food for the old nest and the new nest, the seasonal flowering of plants (summer), posi-
tioning the new nest and scheduling the time of bees’ work that avoids damages or loss of
workers, the existence of mature–viable brood discs, an abundant population, and a strong
and disease-free nest of origin. Excluding urban meliponiculture, 92% of the producers
maintain their nests in open spaces with plants.

The organization of stingless bee nests (meliponaries) was attributed to being specific
to the species managed, the size of the bees, their behavior, and the ease with which the
nests can be harvested. The most reported conditions are described as follows: at least
1 m above the ground, one nest next to the other, minimum separation between nests of
0.40 to 3 m, nests stacked one on top of the other (condominium or tower blocks), and
nests directly on the ground. This survey did not ask species-specific questions about nest
organization in a meliponary; thus, the conditions detailed above are a general guide.

Among the places where respondents located their meliponaries were their own land
(n = 61/92, representing 67%), common land (n = 21/92, representing 23%), association
land (n = 4/92, representing 4%), natural tourist spaces (n = 4/92, representing 4%), and
land belonging to academic institutions (n = 2/92, representing 2%).

Academia is the main source of producer training or teaching (n = 57/92, representing
62%). Knowledge sharing among producers is strong (around 28%), with social networks
being the main channel of information transfer, where experienced meliponicultors share
their knowledge with those who are new to the activity.

3.3. Use of Personal Protective Equipment and Biosecurity Practices (GMP–BIOSEC)

One person manages the meliponary in 73% of the cases, while 27% of respondents
stated that they do not carry out meliponiculture alone. The accompaniment for activities
in the meliponary ranged from 2 to associations of 25 people (Ecuadorian example).

The application of biosecurity practices and the use of appropriate materials are
summarized in Figure 2. It is important to mention that hand washing and the use of
personal protective equipment (PPE) during regular nest checks had the same behavior
in both management cases (one person or more than one person). The main PPE and
instruments used for different activities at the surveyed meliponaries are summarized in
Table 2. The use of a sterilized material for product storage (n = 75/92, representing 82%)
as a biosafety measure was also emphasized in the survey. The main storage conditions
for products were as follows: refrigeration (4 ◦C) (n = 34/75, representing 45%), protection
from humidity (n = 25/75, representing 33%), protection from light (n = 12/75, representing
16%), and environmental temperature and freezing (−20 ◦C) (n = 4/75, representing 5%).
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Figure 2. Application of basic biosecurity standards in stingless bee nests. Percentage of compliance
(y-axis) with specific biosecurity standards in stingless bee nests (x-axis). Ordered from highest to
lowest and differentiated by stage during nest management.

Table 2. Summary of the main biosecurity measures complied with in the key stages of meliponicul-
ture (regular check, harvesting, product storage).

Item
Activity in the Nest Set (Meliponary)

Regularly Check (n = 33) Harvesting (n = 45)

(a) Personal Protective Equipment

Head coverings 30 18
Sterile gloves 15 28
Face mask 9 31
Clean boots 9
Clothing cover 10
Protective glasses 5
Tent for creating a sterile environment 5

Harvesting (n = 71) Product storage (n = 75)

(b) Instruments

Food-grade containers 45
Spoons or paddles 31
Syringes 51
Filters 41
Palette, knife, scrapers 7
Vacuum pumps 3
Glass bottles with lids 66
Plastic bottles with lids 24
Plastic bags with hermetic seals 8
Glass bottles with gas release 1

3.4. Health Care (GMP–HEALTH)

Meliponicultors (n = 62/92, representing 57%) kept a record of activities carried out
in their meliponaries. In these records, they have been able to observe aspects such as
insects/organisms invading stingless bee nests (73%) and unusual behavior (44%), detailed
from the highest to lowest rates of sighting in Figures 3 and 4.
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Figure 3. Presence of invaders in stingless bee nests. List (y-axis) and percentage of stingless bee
nest invaders reported (x-axis). Sorted from highest to lowest number of reports. Other invaders
include just one report of Euglossini and Bombini bees, crickets, mammals, blank soldier fly (Hermetia
illucens), termites, and arapuá bee (Trigona spinipes).

Figure 4. Presence of unusual symptoms in stingless bees. List (y-axis) and percentage of reported
unusual clinical symptoms in stingless bees (x-axis). Sorted from most to least severe. Other
symptoms include just one report of death by pesticides and invasion by the same species.

The first place in terms of the most commonly reported invaders of stingless bee nests
is occupied by ants, followed by Phoridae flies and spiders. The two best-known problem
insects for meliponiculture are the phorid fly and the lemon bee (ranked fifth in this study
as an invader).

Respondents (n = 28/92, representing 30%) know about nosemosis (no statistically
significant effect on NDR, Mann–Whitney test, p-value = 0.262). More than half of the total
respondents (n = 52/92, representing 57%) confirmed the existence of apiaries near their
meliponaries (no statistically significant effect on NDR, Mann–Whitney test, p-value = 0.733).
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Knowledge of nosemosis was not associated with the existence of honey bees near stingless
bee nests (no statistically significant correlation between the variables in question, Pearson
product–moment correlation test, p-value = 0.219).

Only one meliponicultor replied that he treated his bees with veterinary medicine and
did not store this medicine after it was opened (this survey did not collect data regarding
the specific type of medicine employed by stingless bee keepers for the treatment of their
bees). Among the sources of reference to face and solve unusual health concerns in nests,
the meliponicultors answered that 69% prefer to ask other stingless bee keepers, 13%
consult an expert (veterinarian), another 13% prefer to experiment by themselves, 9% treat
the bees by themselves since they have previous knowledge, and a small 1% go to academic
bibliographic sources or theses.

3.5. Relationship between the NDR and the Application of Good Practices in Meliponiculture

Normality was verified for the overall score (dependent variable) (Shapiro–Wilk test,
p-value =0.614 for theoretical best score, p-value =0.617 for best meliponicultor score) but
not for the NDR (independent variable), giving us a cut-off point = 0.15 (i.e., 15%), which
divides the population into two groups based on nest losses (Figure 5).

Figure 5. The kernel density estimate of the nest death rate. X-axis: probability density. Y-axis: nest
death rate calculated and expressed as a percentage (scale between 0 and 100%). The red vertical line
at 15% represents the observed cut-off point to separate the population into two parts.

An inverse relationship was observed between compliance with GMPs and NDR
(Figure 6). The linear correlation between variables explained 8% of the NDR concerning
the overall score (p-value = 0.005).

The overall scores are significantly different in the two sub-groups of meliponicultors
depending on the NDR and considering the cut-off point of 15% (Mann–Whitney test,
p-value = 0.001) (Figure 7). The last three calculations were verified by both methods using
the best theoretical and best meliponicultor scores.
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Figure 6. The relation between dependent and independent variables. (a) The inverse relation
between the overall score and nest death rate. (b) The inverse relation between the index of the best
meliponicultor and the nest death rate. Legend: NDR—nest death rate.

Figure 7. A boxplot of the overall score (y-axis) vs. the estimated nest death rate (x-axis). Population
division is visualized considering the estimated mortality rate. NDR: nest death rate. Legend: The
horizontal bold line in the rectangle represents the median of the overall score; the solid lines at the
top and bottom of each rectangle represent, respectively, the first and third quartiles; adjacent lines to
the whiskers represent the limits of the 95% confidence interval.

3.6. Spider Web and Barometer Tools

The spider web tool showed a great socio-demographic status (65.4% of compliance).
Items better aligned with scientific theoretical criteria, from the highest to lowest percent-
age of compliance were as follows: GMPs applied to training and modern techniques,
GMPs in healthy controls, GMPs in biosecurity practices, and environmental protection
actions (Figure 8a). However, when it is differentiated by the best meliponicultor score,
GMP—HEALTH comes in second place, followed by GMP—TECHN, GMP—BIOSEC, and
GMP- ENV PROTEC (Figure 8b).

The barometer tool gave a result of 32.6% for the theoretical best score (Figure 9a) and
39.5% for the best meliponicultor (Figure 9b), both right in the middle of the orange zone,
which asks respondents to take corrective actions and check their implementation.
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Figure 8. Spider tool. Overview of compliance in each analyzed area: social aspects, modern
techniques, health, biosafety, and conservation. (a) The percentage of compliance based on the
theoretical best score. (b) The percentage of compliance based on the score obtained by the best
meliponicultor. INF: socio-demographic information. GMP: good management practices. CONSERV:
environment and conservation. BIOSEC: biosecurity measures. TECHN: producer training and
modern techniques.

Figure 9. Barometer tool. Summary of the general status of the stingless bee keeper respondent
population in terms of good management practice compliance. (a) Status based on the theoretical
best score (Q1 = 25.8, Q3 = 39.6). (b) Status based on the score obtained by the best meliponicultor
(Q1 = 31.3, Q3 = 48.03). Legend: The barometer was divided in three zones, using quartiles (Q1 and
Q3) of the overall score. Each zone has an action proposal, i.e., red zone: to write an action plan,
implement it, and audit again within a month; orange zone: to take corrective actions and check their
implementation; green zone: the management and practices are the best.

4. Discussion

This pilot study mainly reached a “sector” of the stingless bee keepers population with
access to the internet, a cell phone, or a computer, as well as to studies, which is reflected in
the highest percentages of respondents with university and high school education, which
may be surprising given the rural reality of the world. In Ecuador, a 2019 study showed
a shift in university enrollment among rural youth in a coastal province, largely due to
the confidence parents now have in university education [37]. The rise in student demand
for distance education has reached 10% per semester, an alternative modality to solve
the problem of remote locations, through a system of grants for the implementation of
technology at home.

It is important to note that the current statistics about education enrollment do not
reflect the reality of the entire rural youth population of Ecuador, let alone Latin America.
However, they do provide an approximation of meliponiculture and the potential loss of
its ‘rurality’ in the context of a globalized world. This could potentially result in the loss
of ancestral knowledge on meliponiculture, which has been practiced for a considerable
length of time [38,39], more than 2000 years [11].

Furthermore, the utilization of technologies, such as these online surveys, facilitated
the gathering of data and insights into the contemporary practices and management of
meliponiculture. A significant approach was to gain an understanding of the processes
involved in the care of stingless bee nests, which is predominantly a collective endeavor
involving family members or associations. Thus, knowledge is still inherited, and team-
work [25] helps to reduce errors, since each person assumes a single task.
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The survey also shows the participation of the academy with the provision of in-
stitutional lands as a strategy for mutual benefit between producers and research. This
community work extends knowledge among stingless bee keepers [40]. The hybridization
between traditional knowledge and modern stingless beekeeping improves local practices,
thus increasing production. If this were the case, above all, it would reduce the chance of
colony losses [41].

This study highlights the role of more experienced meliponicultors, since they become
sources of new knowledge and promoters of stingless beekeeping. While these examples
of collaborative behavior and knowledge transfer are commendable, there is a need to
recognize the continued risk associated with the perpetuation of less ethical practices
in this field, especially risks associated with the introduction of animal or plant species
(nectiferous) that may facilitate the spread of diseases or new predators/competitors. This
is exemplified by the case of African tulips [42].

The mean age of stingless bee keepers as well as the variability in years of experience
in this study compares with another Ecuadorian study [43], with ages from 22 to 72 years
old, and with the average age of Brazilian meliponicultors being 44.1 ± 2.14 for women and
43.4 ± 0.78 for men, including 5.9 ± 0.5 years of experience in stingless beekeeping [44].

As a field activity, stingless beekeeping is a side job in families that practice it, even
though the marketing value of honey is around USD 133–200/Kg [45]. As it is a secondary
activity, people invest 8 h per week on average. Taking time between revisions helps to
keep nests free of pests. Even in critical periods, such as the time after the split, experts
recommend checking the new nest every three days for three weeks, and then once a
week [46], but above all, meliponicultors should not over-manipulate the brood comb [47].

4.1. Environment and Conservation (GMP–CONSERV)

Regarding stingless bee conservation aspects, a low percentage of respondents pur-
chase nests from outlying areas from meliponaries. However, interregional and one in-
ternational sale were reported in this survey, making it imperative to create awareness
programs on the impact of colony displacement. The consequences of anthropogenic nest
displacement have been widely reported [28,48,49].

Feeding stingless bees is appropriate at specific times, i.e., after honey harvest (low
nutritional reserves) [50], during non-flowering seasons or harsh winters [51], to strengthen
colonies after a split [52], and under pollination greenhouses [53], as well as the cases of
urban meliponiculture found in this study. Feeding may include nectar (energy source) or
pollen (protein source) replacement, such as the protein substitute in the diet of Melipona
flavolineata that was tested and accepted under laboratory conditions [54].

It is our contention that the utilization of flour as a pollen substitute in stingless bees
is a matter of concern. A study was conducted to evaluate the acceptance of four types of
flours in a mixture of honey and water by honey bees. The results demonstrated that all
mixtures were accepted, with soybean meal being the most accepted [55]. The quality of
nutrition is associated with alterations in the gut microbiota of honey bees, which in turn
impact their immune system and susceptibility to pathogens [56]. The impact of flour as a
protein substitute in stingless bees remains largely unstudied.

4.2. Producer Training and Modern Techniques (GMP–TECHN)

Producers who followed training courses in meliponiculture were able to make nest
divisions and provide adequate supplementary feeding according to the nests’ needs [52].
Good nest management depends mainly on the practice and continuity with which it is
practiced and the support that can be provided by the academy [57] or field technicians.

A disadvantage of maintaining nests in their natural structures, i.e., tree logs, is
difficulty during honey harvesting and the possibility of contamination, as it passes through
waste areas [50]. In addition, shaking and turning the nest upside down to let the honey fall
by gravity induces the loss of eggs that sink in the larval food, causing nest collapse [57].
Thus, the management suggestion is the use of technical boxes with vertical divisions and
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separate cavities for the brood chamber as well as for honey and pollen pots so that during
the honey harvest, only the storage modules are removed and it would be possible to
continue using the gravity honey harvesting technique.

In the case of Mexican “jobones”, whose structures are horizontal, single-story struc-
tures for brood chambers and food storage, the technique of gravity honey harvesting has
been used since the pre-Hispanic Mayas [38] with no major reports of brood collapse. It
is therefore possible to attribute this to the density of larval food and suggest that the bee
larvae do not ‘drown’ but remain afloat for a certain time during the gyrus downwards
from the nest for harvesting. This last topic merits further in-depth study, as well as the
application of vacuum pumps or automated suction devices for honey extraction reported
in this study.

The artificial division of colonies is recommended once a year [52]. Among the
precautions to be taken during the division of nests are that the nest of origin must have
abundant brood discs, a large population, and reserves of honey and pollen [46]. It should
be performed at night or in an enclosed space with a mosquito mesh to avoid fly (Phoridae)
infestation [58].

A 50/50 method for nest multiplication is being practiced [59]. Thanks to this study, it
is possible to add the following suggestions: First, 4–6 brood disks should be transferred
to the new nest. In species that build a queen cell, it is recommended that this queen cell
should be included in one of the brood disks. It is preferred to feed the new nest 24 h after
being transferred and to check it at least twice a week. It is not recommended to transfer
pots of honey or pollen in poor conditions [60,61]. All these considerations contribute to
making the propagation techniques sustainable and self-sufficient because they will always
have new queens available [62].

Trap nests are considered a viable tool to study stingless bee colonies for melipon-
icultors, researchers, and conservationists [54]. Traps are used to identify species and
differentiate their distribution in primary and degraded forests [63]. The use of traps
should not be for the over-exploitation of natural resources, as this may generate a distur-
bance in the ecological balance [64].

The primary motivation for engaging in meliponiculture was conservation, while
the primary source of meliponicultors’ initial nests was through trapping. This does not
necessarily indicate a contradiction but rather a potential deficiency in understanding
the true nature of conservation. Trapping may potentially contribute to the unnecessary
extraction of stingless bee nests from the wild. The removal of nests from their natural
habitat should only occur when stingless bees are at risk, e.g., due to deforestation.

4.3. Use of Personal Protective Equipment and Biosecurity Practices (GMP–BIOSEC)

The implementation of biosecurity measures on a farm prevents the introduction and
spread of infectious agents and diseases [65]. For example, the use of personal protection
equipment and hygiene were considered protective factors against colony loss in Belgian
beekeeping [66]. The use of personal protective equipment as well as sterilized instruments
are keys to improving nest management because stingless bee keepers can focus their
attention on an activity free of bites or any discomfort that these species can cause [67].

The maintenance of colony hygiene is directly correlated with the safeguarding of
bee health and the protection of bee products. Disinfection represents a hygienic measure
that is designed to prevent and eliminate agents that are capable of causing infectious
diseases in bees. Furthermore, it serves to avoid the contamination of honey and other
bee products with harmful microorganisms [68]. Given the toxicity and other negative
effects of chemical disinfectants, it is recommended that physical methods of disinfection
be employed wherever feasible.

In regard to physical methods of disinfection, the following is recommended for
implementation in the field: boiling the instruments in water at normal (atmospheric)
pressure for a period of 30 min. It is recommended that instruments be washed with hot
water at a temperature of 90 ◦C or use hot air (110 ◦C and 150 ◦C) [69].
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Stingless bee honey is characterized by having high moisture in comparison with A.
mellifera honey, causing a natural fermentation process [70]. This fermentation process
made by symbiont microorganisms contributes to the preservation of honey and the
transformation of pollen into bee bread [71]. The findings of this study allow us to propose
storage conditions for honey: refrigeration (4 ◦C) and containers that protect from humidity
and light.

4.4. Health Care (GMP–HEALTH)

Local experts in Mexico reported attacks on stingless bee nets by different preda-
tors [72]. Indeed, the list of predators includes skunks (Mephitis sp), Canis latrans, Dasypus
novemcinctus, ants, wasp rams, kleptobiotic stingless bees (Lestrimelitta chamelensis), and
A. mellifera. Some of those predators were reported in this study in Brazil, Costa Rica,
Colombia, Ecuador, and Perú.

Both Phoridae flies (Pseudohypocera kerteszi) and Lestrimelitta sp. can cause the complete
loss of stingless bee nests, but the Phoridae fly is considered the most representative risk as
far as stingless bee plagues are concerned. At least, Lestrimelitta sp is considered a biological
population controller of stingless bees. Therefore, the recommendation that is under the
control of the stingless bee keepers is the maintenance of hygiene in the nests, especially at
the beginning of a transfer from a natural nest to a technical one.

For Phoridae flies, a useful recommendation is to collect all honey and pollen from the
nest pots to prevent fly eggs from hatching and to constantly check these three areas of the
nest which are the favorite places to start an invasion, and the use of white or red vinegar
traps inside the nests [73].

Unusual signs in stingless bees such as extended proboscis, expanded or unhooked
wings, wrinkled bodies, and defecation on cage covers are visible signs of poisoning
with some agrochemicals (e.g.,): fipronil, cypermethrin, dimethoate, imidacloprid, and
indoxacarb [74]. Crippled wings and a contracted abdomen are visible indicators of a
possible infection with deformed wing virus (DWV), Israeli acute paralysis virus, and
Kashmir bee virus (KBV) [75]. Trembling movements in bees and the inability to fly are
reported as signs of acute bee paralysis virus (ABPV) infestation [76]. These unusual
behaviors raise alarm bells regarding the health of stingless bees since their signs are similar
to those described in A. mellifera. However, there are no reports in native bees, except for
Vairimorpha ceranae (Nosema ceranae) [77].

In this study, the reported proximity of Apis mellifera to meliponid sets may present
a risk to the health of stingless bees, given the potential for their interaction in the same
floral resource during foraging [14]. It has been demonstrated that honeybee pollen loads
frequently contain pathogenic protozoa and microsporidia [78]. The utilization of this
pollen as a food source for stingless bee nests suggests a heightened probability of the
transmission of infectious agents. Nevertheless, research has demonstrated that propolis
derived from stingless bees can effectively mitigate the progression of Nosema infections in
honey bees [79]. It is possible that propolis, a resinous substance used by stingless bees in
the construction of their nests, may offer protection against Nosema infection.

It is therefore recommended that the use of honey bee products in stingless bee nests
be avoided. In cases where the use of such products is unavoidable and within the reach of
stingless bee keepers, it is advised that they verify that the products do not contain any
agents or substances that could prove harmful to the stingless bees.

The natural ecology of stingless bees includes natural biological controllers such as
lemon bees and phorids [80], as well as their natural competitive relationships, such as fights
with solitary bees for resources [81]. These examples also cause morphological damage
and even death to stingless bees. It is recommended to examine this symptomatology in
depth and make accurate diagnoses of possible viruses or bacteria that are pathogenic to
native bees.
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Registering activities such as unusual behaviors, invasions, death, and other aspects in the
meliponary [25] can be used as a basis for creating or providing records that can be submitted
to or socialized with legal entities for regularization and health surveillance purposes.

4.5. Developed Tools

The annual calculation of the death rate under technical management conditions and
without considering the difference in calculation between forage and non-forage stingless
bees compares with the natural nest death rate reported at 13% for stingless bees [82] and
10% for honey bees [83]. Therefore, this value of the death rate in stingless bees should be
considered an acceptable level of colony loss rates under domestic management. It was
also verified that the better the compliance with good management practices, the lower the
loss or mortality (inverse relationship).

The three main groups of causes associated with an increase in nest loss, namely
GMP-CONSERV, can be attributed to two key factors: the high prevalence of polluting
sources in close proximity to the meliponaries and the growing consensus regarding the
adverse impact of climate change. Additionally, the GMP-BIOSEC group is included due to
the dearth of adherence to fundamental biosecurity standards during nest inspection and
product harvesting. This is a significant concern for the preservation of nest health and the
quality of the products obtained. Finally, the GMP-HEALTH group is of note for the high
number of reports of nest-invading insects causing nest collapse, as well as the observation
of unusual behaviors in bees. These observations are comparable to those made in honey
bees, but it is unclear whether the same causal and effect relationships can be applied to
stingless bees.

The spider web and barometer tools are pedagogic instruments to interact with
meliponicultors and identify margins of improvement. The interpretation of the spider tool
means that the sources of information, experience, and management practices of melipon-
icultors are alienated to extend stingless bees’ life, as well as environmental protection,
according to scientific theoretical criteria. At the same time, the barometer tool confirms
the widely discussed need for the implementation of good management practices.

The benchmarking made for score assignment showed that meliponiculture should
have its guidelines, and even within meliponiculture, management should be separated
according to the stingless bee species being managed, according to the region where the ac-
tivity is developed, and according to the scientific information that each country generates.

The limitations of the present pilot study can be attributed to the continuous growth of
meliponiculture and therefore research, since we only have three examples of developing
tools for the evaluation of stingless beekeeping, in Mexico, Brazil, and Costa Rica. People
dedicated to this activity are located mainly in rural zones, and the lack of access to internet
sources (the main medium of dispersion of this pilot survey), is a limitation. The reliability
that researchers can create with producers must be considered.

Despite evidence of the positive influence of the training and education of stingless
bee keepers, more programs of this kind should be created or research results should be
disseminated in the language of stingless bee keepers and on freely accessible platforms, as
a large percentage base their management practices on the advice of others meliponicultors.
Improved management and risk control in meliponiculture should be addressed using this
economic activity as a tool inside agroecological systems. A loss/death rate calculation will
improve long-term nest management conditions. Finally, we recommend the application
and socialization of spider and barometer tools with meliponicultors in the field through
an app.

5. Conclusions

Stingless beekeeping in Latin America, especially in Ecuador, is growing rapidly. For-
tunately, guidelines related to biosecurity show acceptable nest management. However,
some items need to be addressed to ensure better health: global compliance with biose-
curity measures, actions for the care of the environment in which stingless bees live, the
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quality and efficiency of technology in the handling and management of nests, and the
diagnosis/monitoring of the health status of stingless bees.

Hand washing and sterilization are applied during management and constitute a very
good basis for turning meliponiculture into a sustainable practice.

Risk factors for the conservation of stingless bees include the effect of the introduction
of species such as the European honey bee as a potential disease disperser, the use of
agrochemicals, the pollution that bees face, and the effect of anthropogenic activities such
as colony movement that are not aligned with good management practices.

Honey, as the main product harvested, must have an adequately good management
procedure from harvesting to storage, due to its unique physical and chemical characteris-
tics. However, it can become complex as the number of nests increases.

The nest death rate calculated here does not exceed the naturally calculated rate by
far. It is a good indicator that the human practice is performed in a good way. However,
the application of practices that were found to be missing in this study could reduce this
percentage to a more acceptable number.

Graphic tools such as the spider and the barometer are instruments for the empower-
ment of each meliponicultor, as they help in the field and instantly help detect shortcomings
to be corrected after entering some parameters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects15090715/s1, Table S1: Dispersed online questionnaire ‘Good
management practices for stingless bees’. Table S2: Example of calculation of the score by group of
questions and the overall score.
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Simple Summary: Pollinators are threatened globally by growing urban sprawl and agriculture.
The Western Honeybee (Apis mellifera) readily adapts to whatever food is available, so people have
made it the most widely distributed pollinator across the world. Previous research has suggested
that the Western Honeybee may be less resilient to land use change outside of its natural range.
This study examines a different honeybee species—the Japanese Honeybee (Apis cerana japonica).
Unlike the Western Honeybee, this species is found almost exclusively in its natural range in Japan.
Consequently, it may be better adapted to its local food sources and therefore more resilient. Working
in southern Japan, in the Nagasaki and Saga prefectures, we looked at the nectar and pollen that
the Japanese Honeybee feeds on. Their food intake was then examined in relation to local land use
composition. We found minimal impact of increasing urban sprawl on the forage of the Japanese
Honeybee. This goes against previous studies on the Western Honeybee elsewhere in the world.
Though in need of a direct comparison with Western Honeybee, these preliminary results could be
due to differences in urban green infrastructure in Japan, or due to an adaptation by the Japanese
honeybee to its surroundings.

Abstract: Pollinators are being threatened globally by urbanisation and agricultural intensification,
driven by a growing human population. Understanding these impacts on landscapes and pollinators
is critical to ensuring a robust pollination system. Remote sensing data on land use attributes have
previously linked honeybee nutrition to land use in the Western Honeybee (Apis mellifera L.). Here,
we instead focus on the less commonly studied Apis cerana japonica—the Japanese Honeybee. Our
study presents preliminary data comparing forage (honey and pollen) with land use across a rural-
urban gradient from 22 sites in Kyushu, southern Japan. Honey samples were collected from hives
between June 2018 and August 2019. Pollen were collected and biotyped from hives in urban and
rural locations (n = 4). Previous studies of honey show substantial variation in monosaccharide
content. Our analysis of A. cerana japonica honey found very little variation in glucose and fructose
(which accounted for 97% of monosaccharides), despite substantial differences in surrounding forage
composition. As expected, we observed temporal variation in pollen foraged by A. cerana japonica,
likely dependent on flowering phenology. These preliminary results suggest that the forage and
nutrition of A. cerana japonica may not be negatively affected by urban land use. This highlights the
need for further comparative studies between A. cerana japonica and A. mellifera as it could suggest a
resilience in pollinators foraging in their native range.

Keywords: pollinator; landscape; land use; urban rural gradient; Japanese honeybee; honey;
pollen; nutrition

1. Introduction

Globally, land use change is driving biodiversity loss. Primarily driven by anthro-
pogenic uses, such as agricultural intensification and urban development, these losses
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threaten ecosystem services, and impact the growing human population [1,2]. One such
ecosystem service is provided by insect pollinators. Pollinator declines are linked to a
reduction in both nesting sites (for wild bees) and available forage (for all pollinators) [3].
Land use change has damaged the availability and variety of pollen [4,5]. This is partic-
ularly evident in specialist pollinators, which can only utilise certain suitable flora [6,7].
Consequently, this is particularly important for specialist pollinator species that are under
selection pressure to make a transition to newly available sources of food [5,8].

In a landscape context, pollinator activity shifts depending on the pollinator species’
forage preferences, and the nutritional value of the pollen [9–13]. Pollinator health and
ecosystem service provision may effectively be determined by land use change, in combi-
nation with other significant factors [14–16]. These effects have only recently begun to be
incorporated into the conservation literature, where papers highlight the importance of
landscape heterogeneity, trees, matrix effects, habitat loss and fragmentation on pollinator
diversity and success [17–19].

Amongst all animal pollinators, bees in particular have been affected on a global scale
by land use change [19–22]. Western Honeybees (Apis mellifera L.) remain a model species of
understanding pollinator health, nutrition, behaviour [23–25] and are key organisms in the
development of mathematical algorithms and behavioural models for pollinators [26–28],
and as such are still used an important model species for studying insect pollinators
globally. Yet, this simplicity may obscure the importance of considering all pollinator
species and the impacts of these factors on wild pollinators. The behavioural, ecological
and evolutionary differences between A. mellifera and other genera of insect pollinators, for
example: pseudo-social bees (e.g., Bombus terrestris) or solitary bees (e.g., Osmia bicornis)
are vast. In this study, we examine substantial differences within the genus Apis, further
highlighting the inadequacy of A. mellifera as a “catch-all” species for pollinator decline.

In Japan, both A. mellifera (the western honeybee) and Apis cerana japonica (the Japanese
honeybee) are managed for their pollination, honey production and cultural/heritage
values. Arguably, elsewhere in the world the Western honeybee has become one of several
factors negatively impacting the health of native, wild pollinators. Tatsuno and Osawa [29]
found that the native Japanese honeybee pollinate more native species and more species
overall, making them potentially one of the more important pollinators in the country.
Despite this, Western honeybee are dominant in the Japanese beekeeping industry [30],
their widespread use, equivocal with “livestock” management, highlights the importance
of examining how the Western honeybee may be impacting other native pollinators, like
the Japanese honeybee.

1.1. Japanese Beekeeping

Western honeybees were originally introduced to Japan as they have a higher honey
production and lower swarming rate than Japanese honeybees. There was a significant
decline in the prevalence of native beekeeping in Japan until 2005, determined by an
increasing reliance on imported honey (more than ten times greater than domestic sup-
plies) [30]. This was not only due to a decline in beekeeping as a profession, but also a
decline in nectar sources, especially orange trees [30]. This reduction in pollinators has
reduced the pollination services provided to cultivated crops, thus negatively affecting
yield and quality of produce [30].

This decline has now stabilised, due to increases in urban and small-scale beekeep-
ing [31]. The Japanese Government amended the Apiculture Promotion Act in 2012, which
required hobbyist beekeepers to report their number of hives. The most recent statistics
available estimates 10,000 active beekeepers in Japan, growing from approximately 2000
when the Apiculture Promotion Act was introduced in 1995 [32]. For context, the National
Bee Unit in England estimates the number of beekeepers at 44,000, a number that has
remained relatively stable over the past 5 years [33].

Local expert knowledge from beekeepers is key to understanding the behaviour
and adaptations of their bees. Beekeepers in the Nagasaki prefecture have said that
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the Western honeybee has adapted to forage more on “mass-flowering plants” than the
Japanese honeybee. Beekeepers and academics have observed that the Japanese honeybee
instead forages on more diverse flower sources, collecting nectar and pollen from anything
available, rather than through the “flower constancy” behaviour observed in Western
honeybee [34,35]. The beekeepers believe that “if nectar is very scarce (like in urban
area), cerana can more successfully find small patches on which to survive (maybe in
a small garden)” [36]. Observations by this group comparing Western honeybee and
Japanese honeybee when kept in the same apiary have led the beekeepers to believe that
“mellifera is not good at collecting nectar in summer compared with cerana”, especially
in urban environments with less spatially extensive flower patches [36]. It has recently
been identified that Western honeybee are more susceptible than Japanese honeybee to
predation from various native hornets in Japan [29,30].

Beekeeping is growing in Japan, as more people take it up as a hobby or a business
interest. Investigating the threats to pollinators and their ecosystem services are equally
increasing in importance. Identifying land uses and plant species that support A. cerana
japonica may be key in maintaining the success of both urban and rural commercial and
hobbyist beekeepers, as their numbers continue to grow.

1.2. Aims and Scope

The sugar composition of honey is directly linked to the flowers that have been foraged
by bees to make it. Phytochemicals derived from the flowers convey unique biochemical
properties to honey, which has led to marketization of particular honeys for their medicinal
properties (such as “Manuka”) [37–39]. The glucose/fructose ratio of honey can impact its
palatability for humans [40,41], and higher glucose levels contribute to the production of
hydrogen peroxide, an important antimicrobial compound found in honey [42,43].

This study aims to investigate pollen and nectar foraging by A. cerana japonica, study-
ing urban and rural populations maintained by hobbyists in Nagasaki and Saga prefectures,
on Japan’s southern island of Kyushu. Here, beekeeping is practiced by a small beekeep-
ing community, largely producing honey part-time for personal use and sale, with a few
full-time commercial producers. A. cerana japonica are almost exclusively chosen by hob-
byist beekeepers in Nagasaki (though A. mellifera continue to be favoured by commercial
beekeepers). The factors affecting pollinator health and honey production in Japan are not
well studied, so this study focuses on answering the two following key questions:

1. How does land use in Japan affect the honey produced by A. cerana japonica?
2. How does the time of year and location affect the pollen collected and honey produced

by A. cerana japonica?

2. Materials and Methods

2.1. Honey Sampling

Honey was collected from 22 hives across Nagasaki and Saga (Figure 1) between June
2018 and August 2019. A questionnaire was given to the owner of each hive to determine
information such as the species of bee, the location of their hive and the environment
surrounding the hive (Supplementary Materials 1: Questionnaire).

Honey samples were analysed using high-performance liquid chromatography (HPLC)
to determine sugar composition (fructose, glucose and maltose), following methods for
honey analysis used in Ouchemoukh et al. [44]. These sugars were selected due to previ-
ously observed geographic variation in composition [45].

Crystallised honey samples were heated in a 90 ◦C water bath until clear and left to
cool to room temperature. All samples were then diluted using High Performance Liquid
Chromatography (HPLC)-grade water to a ratio of 1 μL honey per 100 mL water. Two
repeats of 10 μL solution were run through the HPLC, testing for fructose, glucose and
maltose levels. Three repeats per sample were conducted and the means taken.
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Figure 1. Locations of 22 hives from which honey samples were collected, clustered hive locations
(Hives 7, 15–18) are also available in Supplementary Figure S1.

Aliquots were analysed on an Agilent Analytical 1200LC HPLC machine (Agilent
Systems, UK) using a Thermo Dionex CarboPac PA20 Analytical column, 3 × 150 mm
(Thermofisher, UK). A Pulsed Amperometric Detection (PAD) detector was used, and
samples were transported in HPLC grade water/200 nM NaOH. Detection peaks were
quantified against a dilution series of standards for fructose, glucose and maltose.

2.2. Pollen Sampling

Pollen samples were collected at least once every three weeks for nine weeks from
13.6.2019 to 8.8.2019 at two urban (Hives 15, 16) and two rural hives (Hives 11, 19) in
Nagasaki-ken. Pollen was sampled via pollen trapping, direct pollen basket collection and
brood chamber sampling, as these methods have previously been used to sample pollen
successfully [46,47]. Samples at all hives were collected from the brood chamber, as this
was found to be the quickest and most effective method, as well as arguably the least
disruptive. Typhoons during weeks four and seven limited sampling during these periods;
one hive was abandoned by the colony in week eight (detailed information available in
Table S1).
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Biotyping of pollen grains was used to provide a descriptive measure of the diversity
of foraged pollen in samples [48]. Pollen samples were purified via acetolysis using
methods based on Jones [49]; each sample was imaged five times with a digital microscope.
Pollen grains were then counted and identified into biotypes based on physical properties
(Supplementary Appendix 1: Pollen Identification), due to low sample site replication, no
further analysis was performed on the pollen data.

2.3. Land Use Composition

To analyse the correlation between land cover and Japanese honeybee nutrition,
data were sourced from the Japanese Ministry of the Environment’s Biodiversity Centre
(Table S2). The composition and configuration of different land uses in the surrounding
1, 3 and 5 km radii of each hive were measured using the radius tool in ArcGIS 10.8.1
(ESRI, US).

Radii of 1, 3 and 5 km were chosen as these cover the range of foraging distances
travelled by bees from their hive [47]. Land cover classes that accounted for <0.5% of total
cover within a buffer zone were excluded from analysis. The dominant land use (the land
use contributing the greatest percentage of land cover) and the ratio of urban-to-rural land
uses were then calculated using these data. The distance from each hive to the nearest
urban area was also calculated based on methods established in Clermont et al. [50].

2.4. Statistical Analysis

Honey composition data were analysed to determine inter-hive variance in sugar
content. Monosaccharide composition of the honey samples was analysed by Pearson’s
correlation with three land use factors: distance to urban areas, dominant surrounding land
use and ratio of rural-to-urban land use. Critical P-scaling was performed to control false
discovery rate (FDR) on these multiple land use analyses [51], for these analyses critical P
was set at α = 0.0115.

Pollen count data were not analysed due to low hive level replication. The number of
observed biotypes (as a rough approximation of pollen species richness), and sample date
and hive are presented in Supplementary Materials. All other analyses were all carried out
in R statistical software version 4.0.5 [52].

3. Results

3.1. Honey Sugar Composition

Honey samples from 22 different hives across Japan, were analysed for fructose,
glucose and maltose content. Glucose accounted for the majority of mono-saccharides
within the honey samples, accounting for 59.3 ± 0.4% (mean ± S.E.); followed by fructose
at 38.1 ± 0.5%, and maltose sugars being present in trace amounts at 2.5 ± 0.2%. The sugar
ratios of honey samples did not change significantly between hives and apiary location
(H = 21, df = 21, p = 0.459; Figure 2).

Although fructose and glucose content remained consistent between hives, significant
inter-hive variance was observed in maltose content (F = 0.465, df = 21, p = 0.029). The
distance to the nearest urban area had no effect on the proportions of sugars in honey
samples (fructose: rs = −0.099, n = 22, p = 0.660; glucose: rs = −0.284, n = 22, p = 0.200;
maltose: rs = −0.055, n = 22 p = 0.807).

The proportions of sugars found in the honey samples did not change depending on
the date the sample was collected (fructose: H = 19.791, n = 22, p = 0.285; glucose: H = 20.146,
n = 22, p = 0.267; maltose: H = 19.708, n = 22, p = 0.289).
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Figure 2. Proportion of fructose, maltose and glucose in honey samples collected from 22 Apis species
hives across Kyushu, Japan. Yellow dots represent hives where pie chart could not be placed directly
in the correct location. Where multiple hives had the same location, pie charts are labelled with hive
number. Sugar proportions were calculated using HPLC. Clustered hives located in Nagasaki, within
the black rectangle, can be found in Figure S2.

3.2. Pollen Biotype Composition

In the process of biotyping, 262 microscope images were counted across 131 samples
from four A. cerana japonica hives collected between June and September 2019. Across these
samples, 50 biotypes were identified (Supplementary Materials: Pollen). Biotypes 1, 3, 10,
14, 17 and 20 had a total abundance greater than 1000 grains across all sample images, and
thus were deemed ‘dominant’ biotypes. A description of these biotypes can be found in
Table 1. Statistical analyses of pollen biotypes use these groups throughout, as well as
‘others’ (combined totals from biotypes 2, 4–9, 11–13, 15, 16, 18, 19 and 20–52).

Based on acetolysis, the most common species of pollen found within the study
area were provisionally identified as Japanese angelica tree (Aralia elata), wutong (Firmi-
ana simplex), Japanese Oak (Lithocarpus edulis), East Asian mallotus (Mallotus japonicus),
kumquat (Citrus/Fortunella crassifolia), Tree Ivy (Dendropanax trifidus) and Japanese spindle
(Euonymus japonicus).
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3.3. Land Use Composition

Within a 1 km radius of the 22 hives, eight land types were dominant (Table S2).
Within a 3 km radius, this was six land types, and in a 5 km radius, this was five land types.
On average, within a 1 km radius around each hive, rural land use was dominant, covering
an average of 80.0 ± 6.7% of all land. This land cover varied between hives (Figure 3 and
Figure S2), but this variation was not reflected in fructose or glucose content of honey. The
maltose content of honey increased as rural land cover within 1 km radius of the hive
increased, but not significantly under P-scaling to control FDR (Table 2).

Table 1. Dominant biotype classifications and descriptions used to identify pollen grains found in samples collected from
five Apis cerana japonica hives in Japan, between June and September 2019. Potential family and species names are also given
where possible, based on pollen samples collected directly from flowering plants and identified using a palynomorph guide
of Japanese flora by Shimakura [53]. Reference images are approximately relatively sized, as indicated by scale bar (50 μm).

Biotype
Possible Species and Family

Name (s)
Description Reference Image

1 Aralia elata (Araliaceae) Small, circular/semi-circular

 

3 Firmiana simplex (Malvaceae) Medium, dark, 3-way
symmetry, rounded

 

10 Very small, light,
circular/semi-circular.

 

14 Medium, oblong, slightly pointed
at ends, arcing lines through

 

17 Lithocarpus edulis (Fagaceae) Small, oval, lines arcing through.

 

314



Insects 2021, 12, 685

Table 1. Cont.

Biotype
Possible Species and Family

Name (s)
Description Reference Image

20

Mallotus japonicus (Euphorbiaceae)
Citrus/Fortunella crassifolia

(Rutaceae)
Dendropanax trifidus (Arialaceae)

Euonymus japonicus (Celastraceae)

Similar to 16, but more indents,
elongated. From end on:

small-medium, three rounded
sides, triangle inside, with points

between indents.

 

Figure 3. Proportion of land uses in a 1 km radius surrounding 17 hives across Kyushu, Japan. Land
uses which were dominant for at least one hive are shown, along with all other land types, grouped
into ‘other’. Yellow dots represent hives where pie chart could not be placed directly in the correct
location. Hives 2 and 6 as well as 20 and 21 were located in the same apiaries, so are shown using
one pie chart per location. Clustered hives in Nagasaki, within the black rectangle, can be found in
Supplementary materials. Land use was calculated using vegetation maps freely available from the
Japanese Ministry of the Environment’s Biodiversity Centre.
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Table 2. Statistical analysis of the effect of rural-to-urban ratio of land use on composition of sugars
found in honey collected by 22 colonies of Japanese honeybee in various locations within Kyushu,
Japan, between June 2018 and August 2019. Statistical values for rural-to-urban ratios within radii of
1, 3 and 5 km were calculated. N for all statistics was 22. All maltose values were calculated using
Pearson’s product-moment correlation (r) and all fructose and glucose values were calculated using
Spearman’s rank correlation (rs).

Sugar
1 km 3 km 5 km

rs/r Value p-Value rs/r Value p-Value rs/r Value p-Value

Fructose -0.230 0.303 0.079 0.726 0.174 0.439

Glucose −0.095 0.675 −0.051 0.822 −0.297 0.179

Maltose 0.465 0.029 0.189 0.399 0.043 0.848

4. Discussion

In this study, fructose and glucose sugars made up the majority (an average of
97.5 ± 0.9%) of the three monosaccharide sugars analysed from the honey of the Japanese
honeybee. Our study was based on sugar analysis from sites across south Japan (n = 22),
as well as pollen collections from a smaller number of sites (n = 4), sampled repeatedly
(n = 13 per hive). Our results show minimal variance in the sugar composition across a
wide geographical area, and a broad diversity of pollen types associated with these bees.

Despite the small replication size of pollen trapping, the sampling regime we at-
tempted was able to show temporal variation in pollen forage composition. Flowering
date is a significant factor impacting pollinator foraging [9,54,55], and our study was
no exception. As a result, it is important to focus on ensuring a consistent provision of
pollen sources throughout the year, by maintaining heterogeneity of flowering times within
vegetation cover [12,48].

4.1. The Importance of Honey Sugar Composition

The biochemical properties (i.e., antibacterial activity) of honey varies according
to its sources, as do its physical and chemical properties [38,39,56]. These properties
are as important to humans for their medical properties as they are to the honeybees
for their potential to act as a “bee pharmacy” [57,58]. Variation in these properties has
been suggested to be part of a suite of factors negatively impacting honeybee health
globally [16,59].

Consequently, flower resources (availability and botanical origin) in the urban en-
vironment and subsequent variance in honey sugar composition have the potential to
substantially impact bee health. Previous research in the Western honeybee from western
urban-rural gradient landscapes has shown that increasing urban land use has a negative
impact on the nutrition of these eusocial bees [9–13]. Yet, in our study measures of land
use composition, for example rural-to-urban ratio or distance to urban landscapes, did
not significantly impact sugar composition. Maltose levels appeared to vary substantially
more between hives. Maltose is often added to man-made products, as it is not commonly
naturally occurring [60]. However, studies have shown that the sugar composition of honey
changes over time, due to various chemical processes enabled by the heat of hives [40,61].
This can lead to the production of maltose from glucose and fructose, meaning that the
maltose may have formed during storage [61].

No link between nutrition of the Japanese honeybee and the composition of their
environment suggests that Japanese honeybees in Japan may not be perturbed by the
negative effects of urbanisation observed in other studies of honeybees. The question
remains, as to why: is it land use being less detrimental, or are Japanese honeybee being
more resilient to land use change?
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4.2. Could Urban Land Use Be Less Detrimental?

As observed by beekeepers involved in our study, when comparing Western honeybee
with Japanese honeybee, the latter may prefer to forage on a wider array of available
forage [36]. The low variance in monosaccharide composition in our study of Japanese
honeybee, compared with the significant inter-hive variance in sugar composition from
studies of Western honeybee [45], suggests Japanese honeybee may be better at regulating
the balance of sugars in their nectar forage intake.

One could suggest this is due to differences in the landscape composition impacting
the bees. Within the context of our study (Nagasaki and Saga), the rural-urban matrix
of landscapes was significantly variable between sites (Figures S1 and S2). Our findings
may show that Japanese honeybee could be successfully exploiting the diverse nectar
sources available to them in these environments. This may suggest that Japanese urban
landscapes are not as detrimental to Japanese honeybee as western urban environments are
to Western honeybee, as found in existing studies that have explored the impact of urban
environments on pollen forage and pollinator health [50,62,63]. Few studies have explicitly
studied the link between landscape “quality” and nectar foraging as has been attempted in
our study. Homogenous landscapes (i.e., agricultural monocultures) have previously been
shown to negatively impact the nectar foraging of Western honeybees [64]. The effect of
urban environments on nectar foraging remains largely unexplored for Western honeybees
however. Furthermore, there is a growing literature on urban green infrastructure that
suggests cultural and demographic factors influence the distribution and composition of
urban green spaces [65,66].

Elsewhere in the world, where urban land uses dominate, the managed floral compo-
sition and overall lack of availability of nectar has been shown to have detrimental effects
on honeybee nutrition [50,63]. Previous studies directly comparing the effects of land use
composition on honeybee nutrition found significant effects on pollinator foraging and
nutrition [9,67,68]. The lack of impact from landscape composition on nutrition of the
Japanese honeybee here suggests urban flora may not be perturbing foraging by Japanese
honeybee. Cultural, historic and heritage factors that impact the composition of natural
elements in urban settings may explain these differences. If urban green spaces are pro-
viding a stable and sufficient nectar source for Japanese honeybee [65,69], prefectures like
Nagasaki and Saga may become important case studies in urban landscapes that support
local bee populations.

The social construct of what constitutes “urban” in Japan is observably distinct to other
sites in which pollinator ecology has been researched, in terms of extent and age of urban
green spaces, the social expectation for preserving and cultivating these spaces, as well as
social engagement with natural history. [65,70–72]. In previous studies, urban environments
are often dominated by invasive or alien species, supplanting native flora [73,74]. Cultural
factors leading to an emphasis on native flora [65,71], as well as strict plant quarantine and
biosecurity measures [75], may have contributed to urban environments in Japan being
more “native” than western urbanised landscapes. Emergent analyses of urban green
infrastructure suggest remote sensing data may bear out this comparison [65,66,76], but a
direct comparative analysis with sufficiently controlled parameters is currently lacking in
the literature.

4.3. Could Japanese Honeybees Be More Resilient?

The other driver of our observed minimal disturbance of Japanese honeybee within
urban environments and agricultural rural environments is that Japanese honeybee itself
may be better adapted to these environments. Due to the lack of significant correlation
with land use composition on honeybee nutrition, we suggest that in Nagasaki and Saga,
Japanese honeybee may in fact be “coping” with the presence and expansion of urban-
isation. Previous studies by Garbuzov et al. [69] and Lowenstein et al. [8] suggest that
pollinators can adapt successfully to urban living. However, notably, due to a lack of direct
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comparison with Western honeybee or experiments relocating Japanese honeybee to a
non-localised environment, determining this link remains speculative.

Some studies suggested that honeybees may prefer key plant species because of their
ability to perceive higher nutritional value in these plants [77,78]. We suggest that it is
possible the Japanese honeybee may have co-evolved with their native flora to have these
advantageous preferences. Whereas the Western honeybee, being both a global generalist
and alien species to this location, is not connected with the local flora via eco-evolutionary
interactions and therefore is lacking this foraging and nutritional advantage.

When comparing the biology of Western honeybee with Japanese honeybee, studies of
the “waggle dance” properties suggest that the flight capacity of Western honeybee may be
up to two times larger than Japanese honeybee [35,79]. The suggestion, that different species
of honeybee might possess distinct ‘dialects’ of the waggle dance, remains controversial.
Direct comparisons of waggle dance properties between these two species suggest that their
“dialects” (i.e., the forage distance-to-dance duration) scale differently [29,80]. Foraging
over larger distances is typically advantageous to generalist foragers like the Western
honeybee, though it suggests that Japanese honeybee may be better adapted to smaller
areas with forage sources that are more difficult to locate [80].

Denser, more homogeneous and/or larger urban areas may have a significant effect on
Japanese honeybee [54]. The area studied in this paper did not have many high population
density (Nagasaki: 335 people/km2, Saga: 342 people/km2) or large urban areas, so this
may be a relevant factor to incorporate in future studies. However, based on the results
of this study alone, we found that the proximity of hives to urban areas is not an issue
for regulation of honey composition, which means that the Japanese honeybee may be
resilient in increasingly urbanised areas. This contradicts research on Western honeybee,
which has highlighted the threats of urban and agricultural expansion. Here, we may be
observing a difference between Western honeybee and Japanese honeybee, a resilience to
land use variance in Japanese honeybee not found in other honeybee species [12,63]. One
key factor when considering local environmental impacts on pollinators is activity outside
of their native range. Whereas Western honeybee has a cosmopolitan distribution, well
outside of its native range [81], Japanese honeybee is almost exclusively present within its
native range in Japan. Any apparent resilience of this latter species may be linked with
this, highlighting it as an important factor in future studies of pollinator resilience relative
to its range/distribution.

5. Conclusions

Our study found that the sugar composition of honeys collected by Japanese honeybee
does not vary significantly between hives across a wide geographical area. Furthermore,
no significant correlation was found with land use composition surrounding each hive.
Our understanding of the importance of sugar composition for hive health, the impact of
botanical origins on sugar composition, and local knowledge on the foraging behaviour of
Japanese honeybee leads us to conclude that this particular bee species may be sufficiently
able to adapt to local land use conditions. By this, we mean the Japanese honeybee
honey forage is not negatively affected by land use, as has been seen in studies of the
Western honeybee [64].

Comparing Japanese honeybee to Western honeybee would potentially identify factors
allowing the Japanese honeybee to successfully exploit both urban and rural environments
in Japan, when the Western honeybee tends to be less successful across the planet. It
would also be beneficial to identify local plant species abundances relative to the pollen
spectrum foraged by the Japanese honeybee, to maximise benefits of any vegetation
conservation efforts.

To discover more of the effects of various external factors on honey composition, more
complex compositional analyses, including other sugars such as melezitose and sucrose, as
well as other components such as pollen grains could be relevant [44,82,83]. In summary,
our study has provided a first-look at the nutrition of A. cerana japonica in its native habitat,
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which suggests these bees in particular may be resilient to the effects of land use change
that have negatively affected other honeybee species elsewhere in the world.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/insects12080685/s1, Supplementary Materials 1: Questionnaire. Appendix 1: Pollen biotype
identification; Table S1. Pollen collection dates for Apis cerana japonica hives in Nagasaki-ken, Japan;
Table S2. The land types used to classify vegetation cover across Nagasaki and Saga provinces of
Japan. Figure S1. Proportion of fructose, maltose and glucose in honey samples collected from
five Apis cerana japonica hives in Nagasaki, Japan; Figure S2. Proportion of land uses in a 1 km
radius surrounding five Apis cerana japonica hives in Nagasaki, Japan. Supplementary materials:
Questionnaire data.
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Simple Summary: Pollinators make a strong contribution to ecosystem stability. However, nowadays,
they also need protection and sustainable habitat to live and develop. Not all regions can provide
suitable habitats due to agricultural intensification, urbanization, climate changes and corresponding
impacts. Our study was conducted in the late spring in south Estonia where arable lands were
surrounded by forest patches and rural areas. For better performance, we used both light microscopy
and DNA metabarcoding methods for pollen identification. We found that bumble bees foraged
on the diverse food sources showing preferences for several main plant families. Additionally, in
our case, land-use types did not show important effects on bumble bee food choices and foraging
decisions. Various landscape features can provide diverse food sources at the early development
stages and support nest longevity. Here, we can say that a better understanding of pollinators’ food
preferences can help in the application of more suitable measures for their conservation.

Abstract: Agricultural landscapes usually provide higher quantities of single-source food, which
are noticeably lacking in diversity and might thus have low nutrient value for bumble bee colony
development. Here, in this study, we analysed the pollen foraging preferences over a large territory
of a heterogeneous agricultural landscape: southern Estonia. We aimed to assess the botanical
diversity of bumble bee food plants in the spring time there. We looked for preferences for some food
plants or signs of food shortage that could be associated with any particular landscape features. For
this purpose, we took Bombus terrestris commercial hives to the landscape, performed microscopy
analyses and improved the results with the innovative DNA metabarcoding technique to determine
the botanical origin of bumble bee-collected pollen. We found high variability of forage plants with
no strong relationship with any particular landscape features. Based on the low number of plant
species in single flights, we deduce that the availability of main forage plants is sufficient indicating
rich forage availabilities. Despite specific limitations, we saw strong correlations between microscopy
and DNA metabarcoding data usable for quantification analyses. As a conclusion, we saw that the
spring-time vegetation in southern Estonia can support bumble bee colony development regardless
of the detailed landscape structure. The absence of clearly dominating food preference by the tested
generalist bumble bee species B. terrestris makes us suggest that other bumble bee species, at least
food generalists, should also find plenty of forage in their early development phase.

Keywords: bumble bees; food source richness; pollen determination with microscopy and DNA
metabarcoding

1. Introduction

Healthy pollinator assemblages in the vital beekeeping sector is recognized as critical
to sustainable ecosystems [1]. The new realities imposed by climate changes necessitate the
present-day understanding of the actual status of available resources among our landscapes

Insects 2021, 12, 922. https://doi.org/10.3390/insects12100922 https://www.mdpi.com/journal/insects323
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to create or preserve areas really needed by pollinators. Smart land use is part of climate
policy [2].

The importance of diet heterogeneity is variable by pollinator species, but improves
their development and sustainability. The high-quality diet not only supports nutrition
but also positively affects the bee immune system suppressing the negative impact of
toxins and pesticides present in our landscapes [3]. Moreover, food source variability
allows pollinators to make quality and quantity decisions according to forage preferences
and behaviour [4–6]. Generalist pollinators can show food plant constancy by foraging
on a limited number of certain plant families, which provide highly valuable nutrient
content [7,8]. These highly attractive families often support several bee species. Knowing
the food plant availabilities in specific landscapes would be an important measure for wild
pollinator conservation.

Agricultural landscapes usually provide higher quantities of single-source food, which
are noticeably lacking in diversity [9]. Seminatural areas thereafter might support the
bees with food of higher value. Smart et al. [10] demonstrated that the lipid content of
honey bee (Apis mellifera L.) abdomens was positively correlated with the proportion of
seminatural landscapes. While seminatural and even natural landscapes are tightly related
to agriculture and pesticide residues are known to affect organisms even far away from
fields, high-value food can relieve the negative impacts of the chemicals on bees [11].

Several interventions have been developed to sustain pollinator-friendly agro-
ecosystems [12]. The unmanaged grasslands often turn to hay without interference; the field
boundaries need attention to prevent the growth of invasive weeds or hay. Marja et al. [13]
described that even if the intervention does not lead to major changes, these help to pre-
serve the situation. The crops themselves support bee species differently, while the foraging
strategies and dependence on alternative plant species differ much from one bee species
to another. Raimets et al. [14] even demonstrated that within the same landscape, honey
bees were less attracted to spring compared to summer flowering oilseed rape. This allows
suggesting that the plant species availability was better in spring time and the pressure to
fly long distances was lower. Bumble bees, however, fly notably shorter distances [15,16]
which limits the access to rich flower resources and increases the environmental pressure
on colony development.

One way to assess the forage plant availabilities is to use bee-collected pollen. In the
past, plant species identification has been performed only by light microscopy, which is
very laborious, and usually, the identification stays at the family level [17]. Nowadays,
more accurate methods are available. Consequently, the traditional techniques could
be supplemented by innovative DNA metabarcoding techniques [18–20]. Plant species
taxonomic identification has been achieved by using, for instance, the second internal
transcribed spacer (ITS2), a widely used marker, and constantly updated databases of
sequences. ITS2 should discriminate not only plant families but also differentiate between
plant species allowing going deeper with pollen analyses. However, there is still no
correct calibration of the numbers of sequence reads from DNA metabarcoding to actual
proportions of pollen grains in the sample. Some studies state that the relative amounts
of reads of any particular taxa are comparable to their actual proportions [21,22], but this
might be organism-group or taxa-specific [23,24]. Thus, until now, the DNA metabarcoding
for processing mixed samples has been used, rather, to obtain a broader overview of the
pollen taxonomic origin but exclud quantity assessments [18,23]. Shortcomings also occur
with microscopy technique as this does not determine every single pollen grain in a sample,
which is why this technique might miss too many plant species limiting the accuracy
of proportional estimations, too. Reliable determination of plant species proportions in
bee-collected pollen samples is an approach that needs further development.

Here, in this study, we aimed to assess the botanical diversity of bumble bee food
plants in the spring time in heterogeneous landscapes of southern Estonia. We used bumble
bee hives to assess the landscape for pollinator support as described by [25]. We wanted
to see whether there is a preference for some food plants or signs of food shortage that
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could be associated with any particular landscape features. In addition, we raised the
question about the comparability of microscopy and DNA metabarcoding techniques in
the determination of the botanical origin of bumble bee-collected pollen.

2. Materials and Methods

2.1. Study Environment

We selected 15 sites for our study in 2017 to understand the availability of forage
resources in southern Estonia (Tartumaa, Viljandimaa, Põlvamaa and Võrumaa counties)
(Figure 1). Sites were chosen according to variability, logistical limitations and local owners’
agreements. The region is characterised by heterogeneous landscapes (examples are
presented in Supplementary materials, Figure S1a–c), where rather extensive agriculture is
practiced. The landscape is slightly hilly, with lots of lakes, rivers and forest patches. Due
to high patchiness, the local weather conditions create suitable microclimates for growing
fruits and berries. The human inhabitation is rather low, 10–20 residents per km2 [26], but
still evenly distributed. The density of households is scattered [27], mostly single-family
houses. The houses are surrounded by yards, where fruit trees, flowerbeds and berries are
common. Although a large share of Estonian territory is covered with forests, there are
plenty of forest patches, clear-cuts, and brush. In spring time these landscapes usually are
with plenty of flowers different trees and berries, ornamental plants in yards, small flowers
on underwood and early season flowering plants on field edges and meadows.

Figure 1. A schematic overview of the location of the study area on the European map (left) with
detailed southern Estonian region (right) zoomed out. The 15 study locations around Tartu city are
indicated with red circles and numbers.

2.2. Hive Locations

Thirty bumble beehives were located in various environments with one common
feature, strawberry field, next to the hives. We selected 15 sites; in each, we located
two hives next to each other with about a 1 m gap between them. We located them on the
strawberry field borders so that at least 50% of the foraging territory was a non-crop area.
Strawberry was chosen to guarantee at least one food source for our experimental colonies.
While strawberry is not the preferred food source for Bombus terrestris [28,29], we expected
bumble bees to forage on more suitable plants with the same flowering period. Thus,
the high strawberry pollen proportion might have reflected an absence of more suitable
food sources.

We searched for contrasting landscapes in 1000 m radiuses around beehives based on
a share of different land-use types. The 1000 m radius was selected, because it is commonly
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the maximum bumble bee foraging range [15,16], although sometimes few marked bumble
bees have been seen also at a distance of 1500 m [30]. The site selection excluded foraging
area overlapping. Distances between study sides varied between 3.7 km and 104 km
(Figure 1).

We used maps of Estonian Land Board and QGIS software (QGIS Development Team,
2018. QGIS Geographic Information System. Open Source Geospatial Foundation Project.
http://qgis.osgeo.org, accessed on 2 August 2021) to calculate the proportions of land
use characteristics around the bumble bee nests to understand which land-use types
better explain the pollen choice of bumble bees. The characteristics used were: shares
of woodland, arable land, grassland, yards and fruit gardens. While no clear patterns
occurred when using these land-use parameters in statistical analyses, we additionally
divided the land use parameters into the categories based on the three most important
ones and named them as Forest (5 sites), Field (7 sites) and Orchards (3 sites) (Figure 2,
illustrative material provided in supplementary materials). When a site had more than
50% of the area covered by woodland, it was classified to Forest category; when more than
50% was covered by arable lands, it was classified to Field category. The Orchard category
was very variable while fruit gardens are mostly located in agricultural landscapes, which
explains the large share of “arable land”; the share of “woodland” stayed around 20% there.
Preliminary statistical analysis showed that land-use types “grasslands” and “yards” did
not differ between the categories (grasslands: p = 0.91, yards: p = 0.22).

Figure 2. The share of land-use types (woodland, arable land, grassland, yards and fruit gar-
dens) across the three land-use categories (Orchard, Field and Forest) within a radius of 1000 m
around hives.

2.3. Bumble Bees

The bumble bee Bombus terrestris L. is a common short-tongued bumble bee with
a broad food plant spectrum. B. terrestris is a species that is related to open landscapes
and its abundance is negatively correlated with the share of woodlands [31]. B. terrestris
is considered a spatial generalist because of its large foraging distances [32,33]. They
might prefer open landscapes, but forest patches are not barriers [34]. This species has
relatively large colonies, therefore they need rich foraging areas to cover the needs of the
developing brood.

Commercially reared bumble bee B. terrestris hives were obtained from Biobest, West-
erlo, Belgium. The hives were Standard queenright colonies with about 80 workers at the
beginning of the experiment. The hives were equipped with sugar solution (Biogluc bottle,
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from the producer) and polystyrene outer coating (Bee-Coat, from the producer) to keep
the colonies warm even in cool nights which may occur in this time of year.

Before taking the colonies to the field, they had no previous foraging experiences
in these landscapes nor with these local plant availabilities. If the bumble bees had
developed some food preference based on the food the hives were provided during the
early development of the colonies [35], we suppose all colonies had similar experiences.
The hive entrances were opened two days before sampling of pollen, to allow foragers to
learn the foraging territory and food plants available.

All the colonies used were in their developing phase and while all the food provided by
the producer was eliminated, we expected them to forage actively. All hives were weighed
before and after the experiment and the weight increase was obvious 119.6 ± 17.1 g. All
hives were in the middle of the development stage (brood cells were present, no gynes or
males detected).

2.4. Collection of Pollen

Pollen sampling was timed to the mid flowering of strawberry fields to guarantee
the highest number of strawberry flowers available. Pollen was collected twice from each
hive and location with an in-between period of 5–7 days, covering the whole strawberry
flowering period. Moreover, at the same time orchards are in their late flowering state,
winter oilseed rape is in the middle or final stage of flowering depending on the cultivar.
Additionally, natural plants provide high flower density. The foraging activity of bumble
bees from different hives was variable, therefore the number of pollen samples varied,
being 4–10 pollen loads from individual bumble bees. Each sampling lasted roughly one
hour per site between 9:00 to 18:00. Each hive was monitored once in the morning and
once in the afternoon and thus we suppose the time of day did not affect the outcome.
Both pollen loads were collected from the homing foragers. The hive entrances were closed
with plastic jars and the bee was cached into it. Each jar was thoroughly cleaned after
every usage to avoid cross-contamination of the samples. Bumblebees were released after
pollen loads were taken. Individual forager pollen loads were packed into paper bags
and labelled with the date, time, hive number and study site. In total, 427 samples were
collected during the study period with a mean of 8.9 ± 0.13 individuals from each hive
each date. Bags were air-dried at room temperature, then the pollen loads consisting of
two pollen pellets were weighed and separated into two Eppendorf tubes one for light
microscopy and the other for DNA metabarcoding.

2.5. The Plant Species Determination of Pollen
2.5.1. Light Microscopy

For light microscopy, pollen grain structure needs to be recognisable. We followed
the protocol described by [36] to purify the pollen pellets from excessive materials. For
that 1 mL of 99.6% acetic acid was added for 48 h to separate the pollen kit and to clarify
pollen grain external structure. After that, the solution was homogenized by a glass stirring
rod and centrifuged for 5 min at 13,400 rpm. For the next step, acetic acid was discarded
and replaced by 1 mL of the demineralised water. Afterwards, samples are centrifuged
for 5 min at 13,400 rpm, demineralised water was changed and samples were stored at
room temperature. Then, the sample was transferred to a slide by the glass stirring rod and
covered by the cover glass without adding any dye. From each sample, 200 pollen grains
were determined at 400× g magnification (Olympus CX 31 RBSF) to genus level, and where
possible to species level, using 1000× g magnification (Nikon H550L) in cases, where the
structure was not seen or ambiguous. As references were used flowering plants (about
70 plant species) pollen collected from the study sites during the field-work period and
prepared by the same protocol. An example of the strawberry pollen grain seen through
light microscopy is presented in Supplementary materials Figure S2. Reference publications
were also used [36,37].
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2.5.2. DNA Metabarcoding

For the first step of DNA metabarcoding, dried pollen was pooled from the same
hive and day to obtain a larger sample size. After that mixed pollen was homogenised
by mortar. In total, 54 samples were used for DNA extraction. An amount of 50 mg of
powdered pollen was placed into a 2 mL Eppendorf tube, adding 800 μL of RTL buffer and
8μl of beta-mercaptoethanol, after 5 s vortex, 0.3 g of silica beads were added. Samples
were lysed (2 min at 30 Hz) and homogenised (2 min 20 Hz) using the TissueLyser II
(Qiagen, Venlo, the Netherlands). Subsequently, samples were centrifuged for 2 min at
20,000× g and 200 μl supernatant was used for DNA extraction. DNA was extracted using
the Invisorb Spin Tissue Mini Kit (Stratec molecular GMBH, Berlin, Germany) according to
the manufacturer’s protocol No. 5. In between work, samples were stored at −20 ◦C. After
DNA isolation, the ITS2 region was amplified by PCR (polymerase chain reaction) using
dual-barcoding as described by [20]. Each sample was amplified in triplicate. Samples
were initially denatured at 95 ◦C for 4 min, then amplified within 36 cycles at 95 ◦C for
the 40 s, 49 ◦C for 40 s and 72 ◦C for 40 s with a 5 min final extension (72 ◦C). After PCR
amplification, replicates were pooled and quantified using the Quan-IT™ PicoGreen™
dsDNA kit (Thermo Fisher Scientific, MA, USA). The quantified samples were normalized
and subsequently purified and concentrated using E.Z.N.A.® Cycle Pure Kit (Omega Bio-
Tek, Norcross, GA, USA)and AmiconUltra-0.5 columns (Millipore Cooperation, Billercia,
MA, USA), respectively. Samples were sent for sequencing using Illumina Miseq PE250
(NXTGNT, Ghent University, Ghent, Belgium).

Raw reads were combined and the quality was checked using MOTHUR 1.34.4 [38].
Combined reads were filtered on zero ambiguity and amplicon length between 100 bp and
360 bp. Unique sequences were blasted against a custom database that contained the ITS2
region of plants (compiled from [39]). Clustering was performed on 97% identity. The
most abundant sequence of each cluster was used as a representative sequence which was
identified to the genus level using the Blast function in NCBI. We looked at the results to
filter out plants not occurring in Estonia.

2.6. Statistical Analyses

We assessed five land-use parameters in the 400 m and 1000 m radius of the hives:
woodland, arable land, grassland, yards and fruit gardens. Exact proportions of different
land-use types were calculated using the QGIS (version 3.4.2), Microsoft Excel 2016 (Mi-
crosoft, Washington, DC, USA) software and Estonian Basic Map 1:10,000 (Estonian Land
Board 2018).

One way ANOVA was used in analyses of variability between different sites or
landscape categories at levels of plant families and genera, while Wald test was used
in analyses at the plant species level. Kruskal–Wallis median test was used to estimate
differences in strawberry pollen abundance between landscape categories and confirm
land use parameter differences between selected landscape categories, Fragaria reads or
Strawberry pollen counts in landscape categories. Pearson’s correlation coefficient r was
used to measure the strength of relationships between the proportions of strawberry
pollen and diversity of plant families foraged, between proportions of strawberry pollen
and Fragaria reads; between proportions of plant families and land use parameters (see
Supplementary materials Table S1 for all the r-value color codes of all the individual
correlations). All the analyses were made using statistical software Statistics version 13
(© 2021 StatSoft Europe, Hamburg, Germany).

3. Results

3.1. Taxonomic Variability

We compared the study sites and thereafter three landscape categories at different
plant taxonomic levels: family, genera, and species. The microscopy technique helped us to
define on average 4.3 ± 0.2 SE plant families from each hive and date, a result, which is
low compared to the 9.7 ± 0.2 SE determined with DNA metabarcoding. The innovative
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technology allows us to seek deeper into the dataset. Using DNA data, we defined pollen
from 18.9 ± 0.4 SE plant genera. There was no variation between sites nor landscape
categories (Figure 3, Table 1). We saw that despite being also geographically distinct, the
numbers of plant families and genera foraged in each site or landscape category did not
differ (except at the site level according to the DNA barcoding results).

Figure 3. A number of plant families were determined with microscopy and DNA metabarcoding in
bumble bee pollen forage from different landscape categories.

Table 1. Statistical analysis of variance of different pollens at a different level of plant taxa determina-
tion. The analyses at the Family and Genera level are made using ANOVA, the analyses at Species
level are made using Wald statistics from LOG Generalized linear model.

Microscopy
DNA

Metabarcoding

Taxonomic
Level

Comparison Level F df p F df p

Family Site 1.57 14; 39 0.13 2.66 14; 39 0.008
Landscape category 2.05 2; 51 0.14 0.96 2; 51 0.39

Genera
Site – – – 1.04 2; 51 0.36

Landscape category
Wald. Stat. df p

Species Site 0.19 14; 427 0.65 – – –
Landscape category 0.06 14; 427 0.80 – – –

The data pooled over hive, site and date showed that although the maximum propor-
tion of strawberry pollen was 64.8%, the median was as low as 5.6 % ± 20.5 SD. There was
no correlation between the proportion of strawberry (determined by microscopy) foraged
and diversity of plant families foraged (microscopy: r = 0.06, p = 0.68, r2 = 0.003; DNA
barcoding: r = 0.02; p = 0.91, r2 < 0.001) and no difference between landscape categories (KW-
H(2; 54) = 2.12, p = 0.35). There were significant correlations between some land-use types
and strawberry foraged: the abundance of yards tended to decrease and the abundance of
fruit gardens increased strawberry pollen forage (Supplementary materials Table S1).

The median number of plant species per single foraging flight (analysed by microscopy
technique) was 1.65 ± 1.09 SD (Figure 4) with no significant difference neither at site nor
landscape category level (Table 1). Although the strawberry was the closest pollen source
available in each site, it was not preferred by bumble bees. Considering samples, where
one species formed more than 70% of all pollens determined, it was strawberry only in
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15% of samples, while being Rosaceae in 24% and Fabaceae in 35% of samples. Both main
plant families were accompanied by several plant Families. However, the Rosaceae was
accompanied by Fabaceae in 54% of cases, but Fabaceae was accompanied with Rosaceae
only in 23% of cases.

Figure 4. The number of bumble bee corbicular pollen loads containing a different number of
plant species.

3.2. Proportional Variability of Pollens between Landscape Categories (Plant Family Level)

Because both of the techniques have limitations in their plant species determination
ability, we made the quantifying analysis at the level of plant families. We saw three
major plant families represented in pollens foraged by bumble bees. These were Fabaceae,
Rosaceae and Brassicaceae. Although there were some differences in quantification relia-
bility between the two pollen identification techniques (detailed analyses are presented
in Supplementary materials Figure S3), we saw many variations between sites, but much
less between landscape categories (Statistical details presented in Supplementary materials
Table S2). Both techniques indicated the most abundant plant family in bumble bee forage
being Fabaceae, which was prevailing in Orchards and least common in Field. Brassi-
caceae was prevailing in landscape category Field, less, but still abundant in category
Forest, but almost absent in Orchards, surprisingly (Figure 5). Although the detection
rate of Rosaceae pollens was significantly lower with DNA metabarcoding. There were
no differences between landscape categories. The DNA metabarcoding detected four less
represented families in addition to those identified with microscopy. The Lamiaceae pollen,
which comprised even more than 40% of total pollen counts in some hives and dates by
microscopy, was almost absent based on DNA metabarcoding. The same with Ericaceae
pollen, which was detected in extremely low levels with DNA metabarcoding, although
the microscopy technique showed high prevalence in one forested site.
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Figure 5. The percentage of bumble bee corbicular pollen loads containing the different number of
plant species.

3.3. Correlations of Pollen Proportions and Share of Land Use Parameters (Plant Family Level)

Correlation analysis with proportions of pollens collected and share of land-use types
(Supplementary materials, Table S1) in each site at radiuses of 400 m and 1000 m showed few
significant results: positive correlation occurred between forests and Ericaceae, grasslands
and Brassicaceae, yards and Fabaceae at 400 m radius. Lengthening the radius added
positive correlations between arable land and Apiaceae and also Lamiaceae. Negative
correlations occurred between orchards and Brassicaceae, arable land and Ericaceae, yards
and Rosaceae at 400 m radius. At 1000 m radius, also between yards and Ericaceae,
forests and Lamiaceae, grasslands and Rosaceae. Based on microscopy data, the number
of families and share of grasslands within 400 m radius showed a significant positive
correlation, however, this significance got lost when analysed with DNA metabarcoding
or when the distance estimation was lengthened. The pollens of less preferred plant
families Orobanchaceae and Primulaceae showed also a significant positive correlation
with grasslands and yards in a shorter distance.

3.4. Reliability of DNA Metabarcoding Quantification

We saw good correlations between microscopy and metabarcoding data (look at Sup-
plementary materials Figure S2). Some plant families tended to show positive correlations
between the results from microscopy pollen grain counting and relative proportions of
reads from DNA metabarcoding. Best overlaps between these two datasets were revealed
with these families, which are the most probable forage plants for bumble bees and were
also most commonly detected in this study. These families are Brassicaceae (b = 1.02,
r = 0.48), Fabaceae (b = 0.99, r = 0.70) and Rosaceae (b = 0.56, r = 0.65). Good correlations
were detected also in Apiaceae (b = 1.13, r = 0.50) and Papaveraceae (b = 0.58, r = 0.87),
but these were of minor importance to bumble bees. In comparison with the microscopy
technique, the DNA metabarcoding showed a proportional detection rate only for Brassi-
caceae and Fabaceae, while overestimating Apiaceae, Plantaginaceae and Ranunculaceae
pollens. Rosaceae, Papaveraceae. Asteraceae, Caryophyllaceae, Ericaceae and Lamiaceae
were underestimated.

331



Insects 2021, 12, 922

4. Discussion

Based on the botanical diversity of bumble bee foraged pollens we confirmed that
the heterogeneous agricultural region of southern Estonia supports bumble bees well in
spring time. We saw the highly variable food availability over the large study territory
and no particular preference for any single plant family. At the same time, the data of
individual forage flights suggest sufficient availability of the bumble bees’ most preferred
plant species.

Many bumble bee species are generalists and may forage on almost any entomophilous
plant species available. The quality and availability of spring time forage might be limiting
factors for the persistence of rich bumble bee fauna [40]. The Bombus terrestris forms large
colonies naturally and the foragers are evolved to perform flights, starting with hundreds
of meters from the nest, allowing to search a large territory around [30]. We used fully
developed B. terrestris colonies to achieve the proper sampling of flower resources at the
time. Natural bumble bee colonies of any species are at their early development phase and
are not so numerous to outcompete our test bumble bees.

Plant taxonomic composition and proportional content of pollens collected by bumble
bees can give an overview of the forage plant richness of particular environments. Although
generalist bumble bees can forage on a large variety of plant species. Each individual
bee learns and remembers few rewarding flower types to diminish the energetic costs
of foraging [41,42]. Here, a number of workers, as a feature of the developmental stage
of the colony, can affect at some point not only food preferences [43] but also foraging
intensity. Parmentier et al. [25] show the relatedness of bumble bee preferred pollens to
the availability of these plants in bee foraging areas and suggested this phenomenon to
be ever-changing and dependent on the season. In case of abundant and diverse forage
availability, the flower constancy develops to increase the foraging effort [44] and the
poorer the resources, the stronger the pressure to forage on a higher number of plant taxa.
The diversity of plant species in bumble bee pollen pellets may indicate the quality of
anthropogenic landscapes to bumble bees [25]. Hence, our results here indicate sufficient
food source variability over all the study sites. While Fabaceae and Rosaceae were the most
preferred plant families, as common, the accompanying plants in bumble bee pollen pellets
were different for the two main plant families. Fabaceae were more often accompanied by
other plants than Rosaceae, while in more than half of cases the Rosaceae were accompanied
with Fabaceae. This might come because of differences in nectar and pollen nutritional
value [45]. As Fabaceae plants live in symbiosis with nitrogen-fixing bacteria, their nectar
and pollen can be with higher nitrogen content compared to other plant species through
a better (self)-fertilisation rate [46]. Flower resources, like pollen and nectar, can benefit
from specific fertilisation also in other plant species [47]. Fabaceae plants are often seen to
be very attractive to many bumble bee species [48–50], including B. terrestris which was
used in this study. Pollen nutritional value of Rosaceae plants has been estimated twice as
low as that of Fabaceae when estimated by the protein:lipid ratio [51]. Despite the lower
nutritional value, the availability of Rosaceae was higher (the strawberry!). Moreover, in
Estonia, many spring-flowering fruit trees and berries, including strawberries, belong to
the Rosaceae family.

The spring time floral richness offers plenty of flowering plants and as bumble bees
prefer to switch between plants, they do not rely on massive crops. Kallioniemi et al. [52]
showed that the flowering crops have a negative effect on bumble bees in the spring time
but a positive effect in summer. Our results confirm that bumble bees were not interested in
crops at this particular time of year. Among Brassicaceae plants, the oilseed rape and turnip
rape are commonly grown, but our data indicated that rather the weeds were prevailing in
bumble bee forage. Wild species of Brassicaceae prefer open landscapes and are flowering
on wastelands, grasslands and inside cereal fields, where these may also form massive
flower resources. In our case, while in the study region, also beekeeping is common, the
honey bees may have outcompeted bumble bees from larger patches of Brassicaceae, either
weeds or crops. Raimets et al. [14] sampled honey bee hives during the flowering of winter
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oilseed rape, which falls pretty much into the same time frame as our study, and saw that
Brassicaceae formed more than a half of foraged pollens.

Lamiaceae are often highly attractive for several species of bumble bees in spring time.
In our study, we saw that in some study sites bumble bees foraged on it, but the proportion
stayed low. It might come from the unsuitable weather conditions the study year was with
rather cool and moist weather, which suppresses the nectar production of this plant [53].

Many studies point to the importance of different land-use types. Flower-rich field
margins are shown to be a great food source for bumble bees [54], but this was not
confirmed in our study. We saw that proportion of arable land was positively related
only with Apiaceae, Lamiaceae and Brassicaceae. The last one belonged to the three most
commonly foraged plant families, but was clearly less attractive compared to Fabaceae
and Rosaceae. Lye et al. [55] argued that flower-rich grasslands support bumble bee
colony initialisation and early development, due to suitability for nesting and foraging
and. In our study region, however, the proportion of grasslands supported only forage
on Brassicaceae and some minor importance families. Mola et al. [56] demonstrated the
importance of herbal plants flowering in forest underwoods at the period of young queens
establishing their nests. Osborne et al. [57] found the yards being valuable nesting sites,
which simultaneously provide variable forage resources. We saw the relationship of
yards and Fabaceae and some other less attractive plant families. The yards might be of
higher importance when natural forage is scarce. Surprisingly, in spring time, fruit and
berry gardens did not support the forage of Rosaceae pollens. Instead, the Fabaceae was
prevailing there like everywhere else. We are not opposed to all aforementioned studies,
but we show that every study region, plant communities and particular time windows
design their datasets and outcomes. Different habitat types are important at the different
time points and bumble bee development stages. Indeed, our study should be continued
to estimate the value of this environment throughout the season.

Further improvements are still needed for technical gaps in the quantification of
bee-collected pollen samples. In this study, we found at least partial overlap in the results.
Although light microscopy and DNA metabarcoding are powerful methods for insect
collected pollen identification applying to biological, ecological and even agricultural
studies [58–60], both have their limitations. Light microscopy provides more accurate
quantitative results, but it takes a lot of time to confirm identification and needs to use
different supporting materials and techniques (such as reference samples and an electron
microscope). While it is not realistic to identify every single pollen grain, less represented
species could be non-detected. DNA metabarcoding produces qualitative information
about all plant species found in the pollen sample. Many samples could be processed
with a little effort, but thereafter a wide range of the information needs to be analysed
to exclude DNA reads, pointing on plants not available in the region or not flowering at
the research period. Bell et al. [23] also showed the misinterpretation of related species
because of similar nucleotide sequences in the target site of the genome. Based on our
results, the DNA metabarcoding did not separate crops like strawberry nor oilseed rape,
which is feasible with microscopy (see strawberry pollen illustration in Supplementary
materials). Instead, DNA metabarcoding suggested the wild relatives of these plants. As
an improvement, the DNA metabarcoding allows to use of plant genera at a taxonomic
level in the analyses, this would be hard to achieve with microscopy by large datasets.
The DNA metabarcoding is not well calibrated yet to allow a quantitative approach in
studies [18,23] Just like Bell et al. [23] described, our data also show strong over and under-
estimation of some particular plant species. Bell et al. [23] reviewed that the difficulties
in quantification in DNA metabarcoding studies might occur due to a number of copies
of the DNA regions, preservation, DNA isolation and amplification biases. This might be
affected by several factors, and even by chloroplast inheritance modes maternal, paternal
and biparental between different plants. Still, we claim that in the most important bumble
bee forage plants, the proportional quantification of the reads produces a fairly good result.
Bänsch et al. [61] also used the DNA metabarcoding with reads from ITS2 region sequences
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to quantify the bumble bee-collected pollen but reminded that the interpretation must take
the specific limitations of the outcome into account.

5. Conclusions

The availability of nesting sites and food plants can be scarce in modern landscapes.
Urbanization gathers people to cities and suburban areas, and thus, populated rural
areas are declining. The landscape in southern Estonia represents rural municipalities
where the agricultural activity is present but with lower intensity and scattered small
settlements are alternated with forest patches, meadows and fields. This region is also
rich in traditional villages with privately owned small vegetable and fruit gardens. The
disappearance of dairy cattle and unification of smaller agricultural enterprises to larger
ones are occurring here like elsewhere alongside modernisation in both agriculture and
forestry. These processes usually bring the homogenisation of landscapes and the decrease
in the availability of food plants of pollinators.

In order to achieve stable pollinator fauna, we need to understand the parameters
supporting them. The needs of bees are described, but the ever-changing conditions are to
be overlooked. Until recent times, environmental protection has been focused mainly on
preserving certain best suitable areas, often represented by small habitat islands with or
without connections between them. Instead of creating a dense network of small various
habitats, we should look at larger regions entirely supporting pollinators. As the study of
Mola et al. [55] pointed, some habitat types have gained most of the attention and some
others have remained disregarded. Based on the Estonian bumble bee monitoring dataset,
it is shown that agri-environmental schemes determining the frequency of legume crops
in crop rotations and size of field margins [13] most probably support general bumble
bee fauna; however, perhaps not for all species. Our study focuses on a small time frame
in spring which is most important to support bumble bee colony initialization. If the
environment in southern Estonia also supported late-season forage, this region could serve
as the bumble bee’s best habitat and national rural development plans should consider this.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/insects12100922/s1, Figure S1: Examples of landscapes belonging to different categories.
Red circles indicate 1 km radius around the bumble bee hives (center of the circles), Table S1: The
strength of correlations based on r-values between land-use parameters and proportions of plant
families, proportions of strawberry pollen and numbers of plant families in bumble bee corbicular
pollen, Figure S2: Example of pollen grains (strawberry) seen under light microscopy, maginification
x1000, Table S2: Kruskal-Wallis H test and relevant DF values of variation of proportions of plant
families on both microscopy and DNA barcoding data at site and landscape level, Figure S3: The
correlation matrixes of proportions of pollen grains counted with microscopy and relative abundance
of reads of the results of DNA barcoding.
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Simple Summary: Insect hemolymph is equivalent to blood in higher vertebrates. It is the main site
for immune responses, mediates nutrient transportation to organs and tissues, and has antimicrobial
and antioxidant properties. Hemolymph can thus provide information about the health status of an
insect. Here we report intraspecific variation in hemolymph properties of Western honey bees Apis
mellifera sampled in four locations providing different diets across Egypt. Bees that had access to
a rich and varied diet had higher protein concentrations and levels of biological activities in their
hemolymph than bees that were only fed sucrose solution. This suggests hemolymph analyses could
be used as a powerful indicator for monitoring bee populations, with the aim of improving their
health and pollination efficiency.

Abstract: Pollinator declines have raised major concerns for the maintenance of biodiversity and food
security, calling for a better understanding of environmental factors that affect their health. Here we
used hemolymph analysis to monitor the health status of Western honey bees Apis mellifera. We eval-
uated the intraspecific proteomic variations and key biological activities of the hemolymph of bees
collected from four Egyptian localities characterized by different food diversities and abundances.
Overall, the lowest protein concentrations and the weakest biological activities (cytotoxicity, antimi-
crobial and antioxidant properties) were recorded in the hemolymph of bees artificially fed sucrose
solution and no pollen. By contrast, the highest protein concentrations and biological activities were
recorded in bees that had the opportunity to feed on various natural resources. While future studies
should expand comparisons to honey bee populations exposed to more different diets and localities,
our results suggest hemolymph samples can be used as reliable indicators of bee nutrition.

Keywords: honeybee; proteome; anticancer; antimicrobial; antioxidant

1. Introduction

Bees are key pollinators [1,2] whose widespread declines have raised major concerns
for the maintenance of terrestrial biodiversity and food security [3]. Over the past decades,
their accelerated losses have raised the need for a better understanding of the environmental
stressors that affect population growth and their mechanisms of action, for instance, through
large-scale monitoring of bee colony health statuses across different habitats [4].

Like all insects, bees have an open circulatory system composed of hemolymph, which
is equivalent to blood in higher vertebrates [5]. Hemolymph is vital to bees because it
mediates the distribution of nutrients through the body by supplying tissues and organs [6].
It is the main site for defense against infections [7] and possesses antimicrobial, antioxidant
and anticancer activities [8]. The principal components of hemolymph are water, carbohy-
drates, proteins, inorganic salts, lipids, hormones and immune cells. Variations in protein
contents, which are strongly linked to nutrition [9–11], can inform about the physiological
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and immune status of bees [5,12]. For instance, high hemolymph protein levels minimize
the susceptibility of honey bees to pathogens [13,14]. By contrast, low hemolymph protein
levels are a signature of poor health status. Therefore, hemolymph analysis can serve
as a practical and powerful means for monitoring bee health status. Ultimately, a better
understanding of hemolymph variations across individuals and populations may also
help better assess its value as a potential therapeutic compound, as recently suggested
(i.e., anticancer and hemolytic activities) [15].

Previous research has shown that the hemolymph of the honey bee Apis mellifera
varies in protein composition across individuals of the same population, especially within
castes and among different developmental stages [16]. However, little is known about
the variation in hemolymph protein composition among workers with consideration of
diet variations. Moreover, these studies have often used different solvents to extract
hemolymph samples, which makes it difficult to compare since the nature of solvents
affects the solubility and structure of proteins and, thus, the content and biological activities
of hemolymph samples [17].

Here we evaluated intraspecific variation in proteomic contents and biological activ-
ities of honey bees (A. mellifera) hemolymph collected from four localities across Egypt,
characterized by contrasted diets (natural vs. artificial diets). We extracted hemolymph
samples from 400 honey bees (100 per location) using two different solvents and quan-
tified their proteomic content and potential anticancer, antibacterial, antioxidant, and
hemolytic activities.

2. Materials and Methods

2.1. Chemicals

Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Hy-
drophilic Phosphate buffer saline (PBS) and hydrophobic Dimethyl sulfoxide (DMSO)
were used as solvents for the extraction of honey bee hemolymph samples. These two
complementary solvents were used in order to extract as many molecules as possible.

2.2. Sample Collection and Preparation

We exclusively worked on forager honey bees (hybrids of the subspecies A. mellifera
lamarckii, A. mellifera carnica and A. mellifera ligustica). Sweep nets were used to collect
bees of unknown age in the different study sites (ca. 100 bees per location) from May to
July 2021. Foragers were caught while flying around food sources. All the foragers from
each site were collected on the same day. Bees from the faculty of science of Port Said
Governorate originated from colonies enclosed in a big flight tent and maintained in an
artificial beehive with access to sugar syrup only for the duration of the experiment (from
the beginning of May to the end of July). Bees from Ismailia, Suez governorates and Saint
Catherine had access to different cultivated plants (see details in Table 1), thus providing
diverse nutritional resources. The bees were cold-anesthetized (kept at −20 ◦C) for 5 min
to facilitate hemolymph extraction in live individuals [18].

Table 1. Localities, feeding diet and types of plantations in the study areas.

Symbol Locality Main Feeding Diet Main Plantation

A Port said Governorate
31.259 N 32.27 E Artificial (Sucrose syrup) N.A

B Ismailia Governorate
30.61 N 32.25 E Natural Cotton

C Suez Governorate
30.02 N 32.34 E Natural Corn, cucumber, okra

and sesame

D Saint Catherine
28.56 N 33.94 E Natural Medicinal plants

(thyme and sial tree)
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2.3. Hemolymph Collection and Preparation

Hemolymph was extracted according to Łoś and Strachecka [19] and Basseri [20].
Here, we sampled near the coxal membrane using sterile insulin syringes and pressing the
abdomen. Clear and slightly yellow hemolymph was drawn out from the wound. If cloudy
yellow intestinal contents were taken, the sample was discarded. The hemolymph samples
were kept in sterile Eppendorf tubes and stored at −20 ◦C until lyophilization. About
9–14 μL of hemolymph were extracted per bee. All the samples from a given site were then
pooled, yielding about 1000–1200 μL of hemolymph. After lyophilization, this resulted in
about 100 mg per location. Equal weights of lyophilized hemolymph were dissolved in
DMSO or PBS.

2.4. Protein Estimation

Protein concentration was measured in mg/mL using a Thermo Scientific™ (Waltham,
MA, USA) Nano Drop™ One Micro volume UV-Vis Spectrophotometer. Bovine serum
albumin (BSA) was added as a standard in each sample (2 μL, 1 mg/mL) [21]. Three
samples were analyzed per site.

2.5. SDS-Polyacrylamide Gel Electrophoresis

Protein gel profiles were obtained to investigate variations in the types of proteins
among samples by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) for separating proteins depending on their molecular weights according
to Laemmli [22]. SDS-PAGE was performed at a total acrylamide concentration of 12%. The
samples were mixed with the solubilizing buffer that contains 62.5 mM Tris-HCl (pH 6.8),
20% glycerol, 25 (w/v) SDS, 0.5% 2-mercaptoethanol and 0.01% bromophenol blue, then
heated for 4 min at 95 ◦C. The samples were then immediately loaded into wells (15 μL
of the sample with a protein concentration of 100 μg/mL per well). Electrophoresis was
carried out at a constant 35 mA for 2 h using Consort N.V. (Turnhout, Belgium) mini vertical
system with a running buffer. The gel was stained with 0.1% Coomassie Brilliant Blue
(R-250) for the protein bands to be visualized.

2.6. HPLC (High-Performance Liquid Chromatography) Analysis

Reversed-phase HPLC chromatograms of hemolymph extracts were used to separate
the protein peaks based on their retention time. Each of the lyophilized hemolymph
samples was dissolved in PBS or DMSO at the same concentration (5 mg/mL). 70 μL
samples from each location were analyzed using YL9100 HPLC System under the following
conditions: C18 column (Promosil C18 Column 5 μm, 150 mm × 4.6 mm) as stationary
phase and acetonitrile (ACN) gradients in the range of 10% to 100% acetonitrile in water
for 50 min as mobile phase at flow rate 1 mL/min and by using UV detector at wavelength
280 nm [20].

2.7. Anticancer Activity (MTT-Assay)

The anticancer activities of the hemolymph extracted in PBS and DMSO were mea-
sured in vitro. Human hepatocellular carcinoma (HepG2) and human cervical carcinoma
(HeLa) cells were obtained from the Holding company for biological products and vaccines
(VACSERA), Giza, Egypt. Cells were seeded in 96-well plate for 24 h (5 × 103 cells/well).
After incubation, the cells were treated with serial concentrations of the 100 μL hemolymph
extracts in each solvent (31.25, 62.5, 125, 250, 500 and 1000 μg/mL) and incubated at 37 ◦C
in a 5% CO2 atmosphere for 48 h.

The cytotoxic effect of extracts on the proliferation of cells was evaluated using the
3-[4,5-methylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay [23]. After 48 h
of treatment, the medium, including MTT dye, was added to cells and incubated at 37 ◦C
for 4 h to enable the production of formazan crystals in the viable cells only. DMSO was
used to solubilize the formazan crystals. The absorbance was then measured at 540 nm
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using a Bio-Tek microplate reader ELISA. Each experiment was performed in triplicate,
and the percentage of cell viability was calculated as follows:

Cell viability (%) = (AT/AC) × 100

where AT is the absorbance of treated cells, and AC is the absorbance of the control cells
(untreated cells).

The concentration that inhibits the growth of 50% of the cells (IC50) values was deter-
mined for each sample from a dose-response curve between dose concentration (x-axis)
and cell inhibition percentage (y-axis).

2.8. Antimicrobial Activity Screening

The antimicrobial activity of hemolymph extracts was assessed using agar well dif-
fusion [24]. Antimicrobial activity was determined against two Gram-positive bacteria
(Bacillus subtilis and Staphylococcus aureus) and two Gram-negative bacteria (Escherichia coli
and Salmonella typhimurium). Briefly, the agar plate surface was inoculated by spreading a
volume of the microbial inoculum over the entire agar surface, then making a hole with a
diameter of 6 to 8 mm aseptically using a sterile tip. A volume of about 20–100 μL of each
extract (10 mg/mL) or control at a known concentration was introduced into the well. The
agar plates were then incubated at suitable conditions depending on the microorganism
used for the test. Gentamycin was used as a positive control, while PBS and DMSO were
used as negative controls. The antibacterial activities of the extracts were expressed as
inhibition zones in millimeters [25,26].

2.9. DPPH Radical Scavenging Assay

The antioxidant properties of hemolymph were assessed in vitro. The radical scav-
enging capacity of the hemolymph extracts on the stable free radical 1,1-Diphenyl-2-
picrylhydrazyl (DPPH) was tested according to Braca [27]. Briefly, 100 μL of DPPH
methanolic solution (0.004% in methanol) were mixed with 0.3 mL of sample extracts
(1 mg/mL) or standard and incubated in the dark for 30–60 min at 25 ◦C. Ascorbic acid
(Vitamin C) was used as a standard (positive control), and the absorbance was measured at
515 nm by using a spectrophotometer. A negative control was prepared by adding 2.7 mL
of DPPH in 0.3 mL of the solvent used in the extract (AC). The antioxidant activity of the
samples was calculated as follows [28,29]:

Antioxidant activity (%) = [(AC − AE)/AC] × 100

where AC is the mean absorbance of negative control, and AE is the mean absorbance of
the extract or standard.

2.10. Hemolytic Activity Assay

We assessed the hemolytic activity of bee hemolymph against human red blood cells
to elucidate its selectivity and safety as a potential therapeutic agent. We compared the
ability of extracts of 100 μL at concentrations 125, 250, 500, 1000, 2000 and 4000 μg/mL to
lyse human erythrocytes [30]. Fresh blood samples were collected in test tubes containing
anticoagulant (EDTA) and then centrifuged for 5 min at 2000 rpm. Samples were washed
several times with sterile PBS. Various concentrations of the extracts were added to RBCs
and incubated for an hour at room temperature. The samples were then centrifuged for
5 min at 10,000 rpm, and the absorbance of the released hemoglobin was measured at
570 nm. 10% Triton X-100 was used as a positive control (100% hemolysis), and sterile PBS
and DMSO as negative controls (0% hemolysis). This experiment was carried out three
times, and the hemolysis percentage was calculated for each sample by using the equation:

Hemolysis (%) = 100 × [(AS − AN.C)/(AP.C − AN.C]
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where AS is the absorbance of the sample, AN.C is the absorbance of the negative control,
and AP.C is the absorbance of the positive control.

2.11. Statistical Analysis

All analyses were done in SPSS 22.0. Pairwise comparisons between parameters of
hemolymphs extracted in PBS and DMSO were made with Student’s t-tests. Multiple
comparisons between parameters of hemolymphs from bees of the four study sites were
made with One-way ANOVAs followed by a Tukey’s test. When the p-value was lower
than 0.05, the difference in the means of the samples was considered statistically significant.
Means are reported with standard errors (mean ± SE).

3. Results

3.1. Naturally Fed Honey Bees Had Higher Protein Concentrations in Hemolymph

The amount of proteins found in each hemolymph extract was measured using spec-
trophotometry (Figure 1). Among the DMSO dissolved samples, extracts from site B had
higher protein concentrations (0.12 ± 0.0006 mg/mL, n = 3 samples) than extracts from all
the other sites. Among the PBS dissolved samples, extracts from site D had the highest
protein concentrations (0.19 ± 0.03mg/mL, n = 3 samples). Extracts from site A had a
significantly lower protein concentration than extracts from all the other sites, being dis-
solved in PBS (0.006 ± 0.0005 mg/mL, n = 3 samples) or DMSO (0.02 ± 0.0003 mg/mL,
n = 3 samples). Protein concentrations thus varied among the hemolymph extracts of bees
fed different diets. The lowest concentrations were consistently recorded for the artificially
fed bees in site A.

Figure 1. Protein concentrations in mg/mL for honey bee hemolymph extracted in PBS or DMSO
where (A): bees from Port Said, (B): bees from Ismailia governorate, (C): bees from Suez governorate,
(D): bees from Saint Catherine. Bars and error bars represent the mean values ±SE obtained from
triplicate measurements. Different letters above bars indicate significant differences (Tukey’s test,
p < 0.05): uppercase letters show comparisons across PBS dissolved samples; lowercase letters show
comparisons across DMSO dissolved samples.

3.2. Honey Bee Hemolymph Showed Different Protein Composition across Sites

Quantitative analysis of proteins in the hemolymph extracts revealed a variety of
protein bands ranging in mass from 5 to ~250 kDa (Figure 2).
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Figure 2. Photos of SDS-PAGE gels for honey bee hemolymph extracts dissolved in PBS (A) or
DMSO (B) where (A): bees from Port Said, (B): bees from Ismailia governorate, (C): bees from Suez
governorate, (D): bees from Saint Catherine. M: marker. The molecular weights of the proteins and
their amounts are expressed by the color intensity of the protein bands.

The SDS profile of the samples dissolved in PBS (Figure 2A) revealed six bands with
molecular weights ~40, ~50, ~60, ~100, ~180 and ~250 kDa common to extracts from all
sites. A band with a molecular weight of ~10 kDa was only recorded in extracts from sites
A and B. A band with a molecular weight of ~17 kDa was only recorded in extracts from
sites C and D. Three bands with molecular weights ~5, ~30, and ~70 kDa were specific to
extracts from site D.

Among the samples dissolved in DMSO (Figure 2B), bands with molecular weights
ranging from ~17 to ~250 kDa were observed in all sites. A band with a molecular weight
of ~5 kDa was only observed in extracts from site D.

3.3. HPLC Analyses Were Then Used to Separate the Proteins of the Hemolymph Extracts
According to Their Peaks Expressed in Retention Time

RP-HPLC chromatograms are supplemented in the supplementary Figures S1 and S2.
The chromatograms of the hemolymph extracts dissolved in PBS revealed five peaks that
were common to extracts from sites B, C and D at retention times of 7.6, 12.4, 19.9, 25.6 and
43.0 min. The chromatograms of extracts dissolved in DMSO revealed another five peaks
common to all sites at retention times of 22.1, 28.7, 30.4, 33.2 and 38.7 min (Table 2).

3.4. Honey Bee Hemolymph Suppresses the Growth of HepG2 and HeLa Cells

The cytotoxic effects of hemolymph were evaluated against the viability of HepG2 and
HeLa. The viability of the two cancer cell lines was inhibited in a dose-dependent manner
after being treated with different concentrations of the hemolymph extracts in either PBS
or DMSO after 48 h of treatment (Figure 3). Overall, DMSO-dissolved extracts possessed
higher anti-proliferative activity than PBS-dissolved extracts (Figure 4).
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Table 2. RP-HPLC chromatogram peaks profiles of honey bee hemolymph extracts obtained in PBS
or DMSO.

Retention
Time (min)

Peak Area (×102 mV.s)

A B C D

PBS DMSO PBS DMSO PBS DMSO PBS DMSO

2.9 N.A N.A 1.8 N.A 12.3 N.A N.A N.A
4.0 N.A N.A N.A 27.7 N.A 1167 N.A 0.2
4.3 N.A N.A N.A N.A 14.4 N.A 3386 N.A
5.0 N.A N.A N.A 838.7 N.A N.A N.A 397
6.7 36.4 N.A 3.9 N.A 1.0 N.A N.A N.A
7.6 N.A N.A 4.6 N.A 0.8 N.A 163.5 N.A
10.3 N.A N.A N.A N.A 4.8 N.A 247.5 N.A
11.3 N.A N.A 2.3 N.A 3.9 N.A N.A N.A
12.4 N.A N.A 10.9 N.A 2.5 N.A 1265 N.A
14.4 N.A N.A 5.9 N.A N.A N.A 105.3 N.A
19.9 N.A N.A 4.1 N.A 5.0 N.A 363.7 N.A
22.1 N.A 0.3 N.A 1.5 N.A 0.6 N.A 2.6
23.2 N.A N.A N.A 3.6 N.A 1.0 N.A N.A
23.5 N.A 0.9 N.A N.A N.A N.A N.A 1.2
25.6 N.A N.A 9.1 N.A 18.0 N.A 770.9 N.A
28.7 N.A 0.6 N.A 2.6 N.A 0.3 N.A 1.8
28.8 43.2 N.A 2.3 N.A 4.7 N.A N.A N.A
30.3 94.8 N.A 1.8 N.A 5.2 N.A N.A N.A
30.4 N.A 1.3 N.A 0.5 N.A 0.2 N.A 0.4
33.2 N.A 0.2 N.A 0.3 N.A 0.3 N.A 0.2
34.8 N.A N.A N.A 0.8 N.A N.A N.A 1.4
36.5 N.A 1.0 N.A 0.7 N.A N.A N.A 0.2
38.1 N.A N.A 9.1 N.A 3.0 N.A N.A N.A
38.7 N.A 10.5 N.A 0.2 N.A 0.1 N.A 0.1
40.7 N.A N.A N.A 0.1 N.A N.A N.A 0.1
43.0 N.A N.A 4.4 N.A 2.6 N.A 99.1 N.A
47.7 N.A N.A 14.6 N.A 10.7 N.A N.A N.A

Where, (A): bees from Port Said, (B): bees from Ismailia governorate, (C): bees from Suez governorate, (D): bees
from Saint Catherine, (N.A: not applicable).

Regarding extracts dissolved in DMSO, hemolymph from site C showed the highest
cytotoxic effects against HepG2 and HeLa cells (IC50 = 52.03 & 97.95 μg/mL, respec-
tively). By contrast, the lowest cytotoxic effect was recorded for hemolymph from site A
(IC50 = 463.36 & 454.02 μg/mL) (Figure 4).

When considering extracts dissolved in PBS, the highest cytotoxic effect was recorded
for hemolymph from site D (IC50 = 164.5 & 169.7 μg/mL against HepG2 and HeLa, re-
spectively) and the lowest cytotoxic effect was observed in hemolymph from sites A and B
(IC50 = 649.36 & 533.08 μg/mL against HepG2 and HeLa respectively) (Figure 4).

3.5. Honey Bee Hemolymph Inhibits the Growth of Gram-Positive and Gram-Negative Bacteria

The antimicrobial activity of the hemolymph extracts from sites A, B, C and D was
analyzed against two Gram-positive bacteria and two Gram-negative bacteria using the
well diffusion method (Table 3). Overall, PBS samples showed higher antibacterial activ-
ity than DMSO samples (p < 0.05). For both solvents (Table 3), the highest antibacterial
activities were observed for the extracts from site B against E. coli with inhibition zones
40 mm and 38 mm, respectively. However, extracts from site A showed the lowest an-
tibacterial activities against all tested bacteria, with an inhibition zone ranging from 19 to
28 mm (Figure 5).
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Figure 3. Effects of honey bee hemolymph extracts dissolved at different concentrations in PBS
or DMSO on human cancer cell proliferation (HepG2 and HeLa), where (A): bees from Port Said,
(B): bees from Ismailia governorate, (C): bees from Suez governorate, (D): bees from Saint Catherine.

Figure 4. IC50 in microgram/mL of hemolymph extracts of honey bees dissolved in PBS or DMSO
against Hepg2 and HeLa cell lines, where (A): bees from Port Said, (B): bees from Ismailia governorate,
(C): bees from Suez governorate, (D): bees from Saint Catherine. Bars and error bars represent the
mean values ± SE obtained from triplicate measurements. Different letters above bars indicate
significant differences (Tukey’s test, p < 0.05): uppercase letters show comparisons across PBS
dissolved samples; lowercase letters show comparisons across DMSO dissolved samples.
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Table 3. Inhibition zone (mm) of honey bee hemolymph extracted in PBS or DMSO on various types
of bacteria (Bacillus subtilis, Staphylococcus aureus, Escherichia coli and Salmonella typhimurium).

Pathogen

Sample PBS DMSO CON.

A B C D A B C D

Bacillus subtilis 28 ± 1.2 a 34 ± 1.0 b 30 ± 0.9 a 27 ± 0.9 a 26 ± 0.6 a 32 ± 1.6 b 31 ± 1.5 ab 25 ± 1.0 ac 22 ± 0.6

Staphylococcus aureus 23 ± 1.0 25 ± 2.0 28 ± 0.9 28 ± 1.0 21 ± 1.6 24 ± 0.9 23 ± 1.0 25 ± 1.9 15 ± 0.9

Escherichia coli 21 ± 1.3 a 40 ± 1.5 b 32 ± 0.5 c 25 ± 1.3 a 19 ± 1.3 a 38 ± 1.0 b 27 ± 1.7 c 23 ± 0.7 ac 17 ± 1.0

Salmonella typhimurium 22 ± 1.3 N.A 26 ± 1.3 N.A 20 ± 1.5 N.A 25 ± 2.2 N.A 23 ± 0.7

Where NA = no activity, (A): bees from Port Said, (B): bees from Ismailia governorate, (C): bees from Suez
governorate, (D): bees from Saint Catherine, CON: Gentamycin as a positive control. Mean values ± SE were
obtained from triplicate measurements. Values with different superscript letters (a–c) in the same raw and for a
given solvent (PBS or DMSO) are significantly different across locations (Tukey test, p < 0.05).

Figure 5. Antimicrobial activity of honey bee hemolymph extracted in PBS or DMSO against E. coli,
where (A): bees from Port Said, (B1,B2): bees from Ismailia governorate, (C): bees from Suez gover-
norate, (D): bees from Saint Catherine.

3.6. Honey Bee Hemolymph Scavenges DPPH Free Radical

The antioxidative activity of the hemolymph extracts on DPPH free radicals showed
a potential radical scavenging activity in both PBS and DMSO solvents. Overall, PBS-
dissolved extracts displayed higher antioxidant properties than DMSO-dissolved extracts
(Figure 6) (p < 0.05).

Considering PBS- and DMSO-dissolved extracts independently, there were significant
differences between sites (p < 0.001). Extracts from site D consistently possessed the highest
antioxidant activity in both solvents (p < 0.001), while extracts from site A possessed the
lowest scavenging activity (Figure 6).
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Figure 6. DPPH radical scavenging activity of honey bee hemolymph extracted in PBS or DMSO
where (A): Bees from Port Said, (B): bees from Ismailia governorate, (C): bees from Suez governorate,
(D): bees from Saint Catherine. Bars and error bars represent the mean values ± SEM obtained from
triplicate measurements. Different letters above bars indicate significant differences (Tukey’s test,
p < 0.05): uppercase letters show comparisons across PBS dissolved samples; lowercase letters show
comparisons across DMSO dissolved samples.

3.7. Honey Bees Possess Low Hemolytic Activity against Human Erythrocytes

Hemolytic activities of the honey bee hemolymph extracts at different concentrations
were evaluated on human erythrocytes. None of the extracts displayed hemolytic activity
against erythrocytes when compared to negative and positive controls (Figure 7).

Figure 7. Hemolytic activity of honey bee hemolymph extracted in PBS or DMSO at different con-
centrations against erythrocytes where (A): bees from Port Said, (B): bees from Ismailia governorate,
(C): bees from Suez governorate, (D): bees from Saint Catherine.

4. Discussion

Our study describes intraspecific variations in the protein profiles, concentrations and
biological activities of the hemolymph of honey bees (A. mellifera) collected from different
localities in Egypt chosen to offer contrasted diets. The highest protein concentrations,
diversity and bioactivity levels were recorded in the hemolymph of bees that had the
opportunity to feed on various natural resources when compared to bees fed sucrose
solution and no pollen.

The fact that high protein concentrations were recorded in the hemolymph of bees
fed natural resources is consistent with the observation of a negative impact of a sugar
solution diet on the protein concentration of honey bee hemolymph [31]. Other previous
studies have reported the influence of different diets of honey bees on their hemolymph
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structure [32,33], indicating that the protein content of hemolymph can be used to assess the
efficacy of protein diets and pollen quality [10,34–36]. Our study further shows hemolymph
proteomic profile can also be used as an indicator of bee health since high protein concen-
trations extend bee life span and improve immunity and resistance to pathogens [37–39].

Our analysis also revealed important variations in protein concentration depending
on the solvent used for extraction. PBS and DMSO were chosen for their complementarity:
PBS extracts water-soluble proteins (hydrophilic) [40], while DMSO extracts lipid-soluble
proteins (hydrophobic) [41]. Proteins structure, stability and solubility are markedly af-
fected by the polarity of solvents [17], which may explain why hemolymph biological
activities greatly varied between PBS and DMSO dissolved samples. We, therefore, rec-
ommend future detailed analyses of hemolymph protein contents should use these two
complementary solvents for comparative purposes.

The SDS-PAGE gel of the hemolymph of our extracts also showed variations in their
protein bands. In general, more protein bands were recorded using DMSO as compared to
PBS. Bands with molecular weight ~17 kDa were detected in most extracts dissolved in
PBS and DMSO. These bands are in the same range as a class of lectins, which is a common
group of proteins in arthropods [42]. Insect lectins have several important roles in immune
response, homeostasis and binding for the storage or transport of carbohydrates [43,44].
Insect lectins may also possess antimicrobial, antioxidant and anticancer activities and can
be considered as a potential natural bioactive agent [45–49]. Protein bands with molecular
weight ~60 kDa were also found in all the tested PBS- and DMSO-dissolved extracts. Similar
antimicrobial proteins have been fractionated from cockroach hemolymph [20].

A hemocyanin-like protein band ~70 kDa was also detected in all DMSO dissolved
extracts but also some of those dissolved in PBS. Hemocyanin is an oxygen transport
protein that has a wide range of biological activities, including antioxidant, antiparasitic,
antimicrobial and anticancer activities [48,50,51]. Protein bands with molecular weight
~110 kDa were found in all PBS- and DMSO-dissolved extracts. These bands evoke hex-
amerins, which are storage proteins that are derived from hemocyanin [52]. The protein
bands with molecular weight ~180 kDa were detected in all PBS- and DMSO-dissolved
extracts. These bands are in the same range of vitellogenin in honey bee hemolymph [16].
Vitellogenin is a large female-specific gluco-lipoprotein that can act as female nutrient
storage and also lipid carrier protein [53,54]. Interestingly, honey bee vitellogenin was
shown to have antimicrobial, antioxidant and immunological activities [55].

Protein bands with molecular weight > 250 kDa have also been observed in the pro-
teomic profiles of all PBS and DMSO hemolymph extracts. These bands likely correspond
to apolipoprotein, a lipid transporter lipoprotein [56]. These findings agree with Ba et al.
(1987) [57] and Chan et al. (2016) [16], who revealed similar bands in honey bee hemolymph.

Interestingly, chromatograms of honey bee hemolymph collected from Saint Catherine
showed the highest peak areas among all sites, which is an indicator of the amount of
protein. This reinforces the results of the SDS-PAGE gel, which reveals that the protein
bands of extract from this location had the highest protein concentrations based on the
color intensity of the bands. Saint Catherine is the most floristically diverse region of the
Middle East. It is a naturally protected area that accounts for nearly one-fourth of the total
flora of Egypt. Such vegetation diversity lets bees in this region have a foraging advantage
which may probably enrich the protein content of honey bee hemolymph [58–61].

Both PBS and DMSO dissolved extracts revealed a relative degree of cytotoxicity
against HepG2 and HeLa in a dose-dependent manner. There was variation in the cy-
totoxicity between the hemolymph samples in the two solvents against the two tested
cell lines. This variation may be related to the significant differences in their protein pro-
files and antioxidant activities. The higher cytotoxicity of DMSO-dissolved extracts over
PBS-dissolved extracts against both cell lines may be attributed to the role of DMSO in
dissolving lipoproteins [41].

The diversity and prevalence of the bioactive proteins such as lectins, hemocyanin,
vitellogenin, hexamerins and apolipophorin in PBS and DMSO extracts may elucidate
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variations in the biological activities of hemolymph described in our results. Hemolymph
showed prominent antimicrobial activities against different species of Gram-positive and
Gram-negative bacteria. Honey bees, like other invertebrates, possess a very effective innate
immune mechanism to defend themselves against microorganisms and pathogens [62], and
deficiencies in hemolymph proteins affect their ability to resist diseases [63]. Consequently,
feeding on natural resources likely has a great impact on hemolymph bioactivities [64,65].

None of the hemolymph extracts, be they dissolved in PBS or DMSO, showed hemolytic
activity when experimented against human erythrocytes at different tested concentrations.
This observation agrees with Mokarramat-Yazdi et al. (2021) [15], who reported an absence
of hemolytic activity in honey bee hemolymph. Interestingly, in this study, the authors
suggested a potential anticancer effect of hemolymph mixed with herbals in mice models.
In this regard, honey bee hemolymph is a potential natural selective therapeutic agent in
cancer treatment.

5. Conclusions

Our comparative analysis reveals significant intraspecific variability in the composition
and concentration of hemolymph of honey bees sampled in Egypt. The hemolymph of the
bees that could feed on cultivated plants and wild medicinal plants possessed relatively
higher protein concentrations, as well as higher antimicrobial, antioxidant and anticancer
properties than that of bees reared only on sugar solutions in artificial conditions. Future
studies should expand our approach to more localities and diets in order to clarify the link
between diet and hemolymph properties, as well as explore the potential therapeutic usage
of honey bee hemolymph.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects14040365/s1, Figure S1: RP-HPLC chromatograms of
the PBS dissolved honey bee hemolymph extracts where, (A): Bees from Port Said, (B): bees from
Ismailia governorate, (C): bees from Suez governorate, (D): bees from Saint Catherine; Figure S2:
RP-HPLC chromatograms of the DMSO dissolved honey bee hemolymph extracts where, (A): Bees
from Port Said, (B): bees from Ismailia governorate, (C): bees from Suez governorate, (D): bees from
Saint Catherine.
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5. Horvatinec, J.; Svečnjak, L. Infrared (FTIR) spectral features of honey bee (Apis mellifera L.) hemolymph. J. Cent. Eur. Agric. 2020,

21, 37–41. [CrossRef]

349



Insects 2023, 14, 365

6. Hou, Y.; Zhang, Y.; Gong, J.; Tian, S.; Li, J.; Dong, Z.; Guo, C.; Peng, L.; Zhao, P.; Xia, Q. Comparative proteomics analysis of
silkworm hemolymph during the stages of metamorphosis via liquid chromatography and mass spectrometry. Proteomics 2016,
16, 1421–1431. [CrossRef]

7. Ashrafuzzaman, M.; Razu, M.H.; Showva, N.-N.; Bondhon, T.A.; Moniruzzaman, M.; Rahman, S.A.R.; Rabby, M.R.I.; Akter, F.;
Khan, M. Biomolecules of the Horseshoe Crab’s Hemolymph: Components of an Ancient Defensive Mechanism and Its Impact
on the Pharmaceutical and Biomedical Industry. Cell. Microbiol. 2022, 2022, e3381162. [CrossRef]

8. Strachecka, A.; Krauze, M.; Olszewski, K.; Borsuk, G.; Paleolog, J.; Merska, M.; Chobotow, J.; Bajda, M.; Grzywnowicz, K.
Unexpectedly strong effect of caffeine on the vitality of western honeybees (Apis mellifera). Biochem. Biokhimiia 2014, 79, 1192–1201.
[CrossRef]

9. Cremonz, T.M.; De Jong, D.; Bitondi, M.M.G. Quantification of Hemolymph Proteins as a Fast Method for Testing Protein Diets
for Honey Bees (Hymenoptera: Apidae). J. Econ. Entomol. 1998, 91, 1284–1289. [CrossRef]

10. De Jong, D.; da Silva, E.J.; Kevan, P.G.; Atkinson, J.L. Pollen substitutes increase honey bee haemolymph protein levels as much
as or more than does pollen. J. Apic. Res. 2009, 48, 34–37. [CrossRef]

11. DeGrandi-Hoffman, G.; Eckholm, B.J.; Huang, M.H. A comparison of bee bread made by Africanized and European honey bees
(Apis mellifera) and its effects on hemolymph protein titers. Apidologie 2013, 44, 52–63. [CrossRef]

12. Feng, M.; Ramadan, H.; Han, B.; Fang, Y.; Li, J. Hemolymph proteome changes during worker brood development match the
biological divergences between western honey bees (Apis mellifera) and eastern honey bees (Apis cerana). BMC Genomics 2014,
15, 563. [CrossRef] [PubMed]

13. Basualdo, M.; Barragán, S.; Antúnez, K. Bee bread increases honey bee haemolymph protein and promote better survival despite
of causing higher Nosema ceranae abundance in honey bees. Environ. Microbiol. Rep. 2014, 6, 396–400. [CrossRef] [PubMed]

14. Cabbri, R.; Ferlizza, E.; Nanetti, A.; Monari, E.; Andreani, G.; Galuppi, R.; Isani, G. Biomarkers of nutritional status in honeybee
haemolymph: Effects of different biotechnical approaches for Varroa destructor treatment and wintering phase. Apidologie 2018,
49, 606–618. [CrossRef]

15. Mokarramat-Yazdi, A.; Soltaninejad, H.; Zardini, H.; Shishehbor, F.; Alemi, A.; Fesahat, F.; Sadeghian, F. Investigating the
anticancer effect of a new drug originating from plant and animal: In vitro and in vivo study. J. Adv. Pharm. Educ. Res. 2021, 10,
72–78.

16. Chan, Q.W.T.; Howes, C.G.; Foster, L.J. Quantitative Comparison of Caste Differences in Honeybee Hemolymph. Mol. Cell.
Proteom. 2006, 5, 2252–2262. [CrossRef] [PubMed]

17. Pace, C.N.; Treviño, S.; Prabhakaran, E.; Scholtz, J.M. Protein structure, stability and solubility in water and other solvents. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 2004, 359, 1225–1234, discussion 1234–1235. [CrossRef] [PubMed]

18. Tutun, H.; Sevin, S.; Çetintav, B. Effects of different chilling procedures on honey bees (Apis mellifera) for anesthesia. Ank.
Üniversitesi Vet. Fakültesi Derg. 2020, 67, 289–294. [CrossRef]
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