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The Pathogens Spillover and Incidence Correlation in Bumblebees and Honeybees in Slovenia
Reprinted from: Pathogens 2021, 10, 884, doi:10.3390/pathogens10070884 . . . . . . . . . . . . . . 169

Ivana Tlak Gajger, Laura Šimenc and Ivan Toplak
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Editorial

Special Issue: “Infection in Honey Bees: Host–Pathogen
Interaction and Spillover”

Giovanni Cilia

CREA Research Centre for Agriculture and Environment, Via di Saliceto 80, 40128 Bologna, Italy;
giovanni.cilia@crea.gov.it

Honey bee health is a very important topic that has recently raised the interest of
researchers. In addition, the health of honey bees is strictly related to ecosystem health;
therefore, honey bee species act as reservoirs for several pathogens widely spread and able
to infect wild pollinators, contributing to their decline. The basis of this Special Issue is
to contribute to the knowledge on host–pathogen interactions, in honey bees as well as
wild bees.

To explore all possible features of the dynamics of honey bee pathogens, this Special
Issue entitled “Infection in Honey Bees: Host–Pathogen Interaction and Spillover” aimed
to explore a series of research articles focused on different aspects of honey bee pathogens
and their interaction with the hosts. The published papers highlighted this theme at
different levels—namely, considering any aspect of the host–pathogen interaction, focusing
on different aspects of pathologies, or giving particular attention also to the spillover. All
13 Published articles explored this theme and emphasized the importance of this issue.

Chang et al. compared the genomic sequencing of Sacbrood virus (SBV) strains from
the Asian honey bee, Apis cerana, and European honey bee, Apis mellifera, in Taiwan. Each
viral genome encoded a polyprotein, which consisted of 2841 aa in A. cerana and 2859 aa
in A. mellifera, and these sequences shared 95% identity. Compared with the other 54 SBV
sequences, the structural protein and protease regions showed high variation, while the
helicase region was the most highly conserved. Moreover, 17 amino acids resulted deleted
in the viral protein 1 (VP1) region of A. cerana, compared with A. mellifera. The amino
acid difference in the VP1 region might serve as a molecular marker for describing SBV
cross-infection [1].

The effects of the application of the commercialized herbal supplements NOZEMAT
HERB® and NOZEMAT HERB PLUS® for treating Nosema ceranae infection were inves-
tigated in 45 selected honey bee colonies. The obtained results reveal that both herbal
supplements showed statistically significant activity against N. ceranae in infected apiaries.
The results suggest a new approach as an alternative therapy to control nosemosis, even if
the mechanism of their action is still not elucidated [2].

Nanetti et al. assessed the presence of Lotmaria passim, Crithidia mellificae, and replica-
tive forms of deformed wing virus (DWV) and Kashmir bee virus (KBV) in Aethina tumida,
using specimens collected from A. mellifera colonies in Gainesville (Florida, USA), in sum-
mer 2017. The replicative forms of KBV have not previously been reported. The results
provide evidence of pathogen spillover between managed honey bees and small hive
beetles, and these dynamics require further investigation [3].

Ptaszyńska et al. analyzed data collected from honey bees at various time points from
anthropogenic landscapes in relation to amplicon sequencing of the 16S rRNA from bacteria
and ITS2 regions of fungi and plants. The differences found between samples were mainly
influenced by the bacteria, plant pollen, and fungi. Additionally, honey bees fed with a
sugar-based diet were more susceptible to N. ceranae and neogregarines, even in cases of
co-infection. Healthy honey bees had a higher load of plant pollen and several bacterial
groups. Finally, the period when honey bees switch to winter generation is the most
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sensitive to diet perturbations, and hence pathogen attack, for the entire beekeeping season.
Evolutionary adaptation of bees may fail to benefit them in modern anthropomorphized
environments [4].

Dechatre et al. proposed models for the prediction of Varroa destructor infestation in
Apis mellifera. The models are based on easy and rapid use of measurable data—namely,
phoretic Varroa load and capped brood cell numbers. Using these models, beekeepers will
be able to either evaluate the risks and benefits of treating Varroa or anticipate the reduction
in colony performance due to mites during the beekeeping season [5].

Naree et al. evaluated the effects of propolis extract of stingless bee Tetrigona apicalis
and chitooligosaccharides (COS) on N. ceranae infection in giant honey bees Apis dorsata. In
the infected bees, propolis extracts and COS caused a significant increase in trehalose levels
in hemolymph, protein contents, survival rates, and acini diameters of the hypopharyngeal
glands. All these changes suggest that both natural compounds could improve the health
of infected honey bees [6]

Honey bee virus infections were studied in wild bumblebees, in Croatia. Acute bee
paralysis virus (ABPV), black queen cell virus (BQCV), chronic bee paralysis virus (CBPV),
and DWV were found in the investigated specimens. BQCV reported a higher prevalence,
followed by DWV, ABPV, and CBPV, respectively. Moreover, BQCV and DWV strains
showed a high similarity of 95.7 % and 98.09% nucleotide identity, respectively, with
previously identified honey bees in Croatia and Slovenia, providing insights into highly
diverse strains circulating in wild bees [7].

Power et al. investigated the histopathological features of 25 symptomatic and asymp-
tomatic honey bees naturally infected with DWV. The results showed degenerative alter-
ations of hypopharyngeal glands (in 19 specimens) and flight muscles (in 6 specimens)
in symptomatic samples, while in 4 asymptomatic samples, evidence revealed an inflam-
matory response in the midgut and hemocele. All these findings suggested a possible
pathogenic action of DWV in both symptomatic and asymptomatic honey bees, improving
their immune response by keeping the virus under control in asymptomatic honey bees [8].

In 2017 and 2018, clinically healthy workers of bumblebees and honey bees were
collected on flowers in four different areas of Slovenia to assess the spillover of honey
bee pathogens. The results evinced a prevalence of 58.5% for BQCV, 24.5% for SBV, 17.0%
for Crithidia bombi, 16.3% for Nosema bombi, 15.6% for Lake Sinai virus (LSV), 15.0% on
Apicystis bombi, 8.8% for ABPV, 8.2% on N. ceranae, and 6.8% for DWV. The study confirmed
that several pathogens are regularly detected in both bumblebees, suggesting important
spillover events [9].

Cappa et al. highlighted the association between bee decline and the type of land
surrounding the apiary. The authors developed a risk map to identify the areas with the
highest risk of bee decline in Lombardy. The apiaries were considered “declined” if they
reported at least one event of decline or tested positive for plant protection products, while
the apiaries were “not declined” if they did not report any events of bee decline during the
study period. Out of 14,188 apiaries analyzed, 80 were considered declined. Furthermore,
the risk maps highlighted that the probability of apiary deterioration increases by 10%
in orchards and 2% in arable lands. This information can be used by Italian Veterinary
Services as a predictive measure for planning prevention and control activities [10].

Braglia et al. investigated the control of N. ceranae by using several compounds. The
results showed that some of the ingredients administered, such as acetic acid at high
concentration, p-coumaric acid, and Saccharomyces sp. strain KIA1, were effective in the
control of nosemosis. On the other hand, wine acetic acid strongly increased the N. ceranae
amount. The effects of all tested compounds can be investigated in more detail, especially
to improve honey bee health [11].

Alonso-Prados et al. investigated the possible underlying causes behind the poor
health of a professional A. mellifera iberiensis apiary located in Gajanejos (Guadalajara, Spain).
The case report highlighted several factors that potentially favor colony collapse, including
pathogen infections and accumulation in the beebread of coumaphos and tau-fluvalinate
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(acaricides commonly used to control Varroa destructor). The high level of acaricides and
unusual climatic conditions of the year suggested a possible increase in vulnerability to
infection by N. ceranae and the consequentially collapse events. This case report highlighted
the importance of evaluating all possible factors in future monitoring programs, to adopt
adequate preventive measures aimed to guarantee the health and fitness of bees [12].

Finally, in a systematic review, the pathogen spillover from honey bees to other
arthropods was analyzed by Nanetti et al. The systematic review amassed and summarized
spillover cases having in common Apis mellifera as the maintenance host and some of its
pathogens. The collected data were grouped by final host species and condition, year, and
geographic area of detection and the co-occurrence in the same host. In total, 81 articles in
the time frame of 1960–2021 were analyzed. The reported spillover cases were evaluated
in a wide range of hymenopteran species, generally sharing the same environment with
the honey bees. Moreover, the honey bee pathogens are able to infect non-hymenopteran
arthropods, such as spiders and roaches, which are either likely or unlikely to live near
honey bees. The plasticity of bee pathogens and ecological consequences of spillover
necessitate an approach that emphasizes bee health as well as the health of the ecosystem,
fully implementing a One-Health outlook [13].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The first events of bee decline in Italy were reported during 1999. Since then, population
decline has frequently been reported in Lombardy. In this study, the association between bee
decline and the type of land surrounding the apiary was evaluated. A risk map was developed
to identify areas with the highest risk of decline. Apiaries in Lombardy were selected from the
national beekeeping database (BDA). The study period was from 2014 to 2016. Apiaries were deemed
“declined” if they reported at least one event of decline or tested positive for plant protection products;
apiaries were “not declined” if they did not report any events of bee decline during the study period.
Out of 14,188 apiaries extracted from the BDA, 80 were considered declined. The probability of an
apiary being declined increases by 10% in orchards and by 2% in arable land for each additional km2

of land occupied by these crops. The study showed an association between bee decline and the
type of territory surrounding the apiaries, and the areas at the greatest risk of decline in Lombardy
were identified. This information can be used by Veterinary Services as a predictive parameter for
planning prevention and control activities.

Keywords: bees; population decline; plant protection; soil; risk; GIS

1. Introduction

According to the International Union for Conservation of Nature (IUCN), more than
40% of the invertebrate species that are responsible for pollination, especially bees and
butterflies, are at risk of disappearing. In particular, in Europe, 9.2% of bee species are
currently threatened with extinction [1]. The Food and Agriculture Organization of the
United Nations (FAO) estimates that of the 100 crops that provide 90% of the world’s food,
71 are pollinated by bees. Pollinators, therefore, play a key role in regulating the processes
that sustain food production, habitat conservation, and natural resources, and are thus
also fundamental to the conservation of biological diversity, the basis of economies, and
very existence [2].

In Italy, the first reports from beekeepers on bee deaths and declining populations
date back to 1999 and increased sharply in 2008 [3,4]. The causes of decline in population
are manifold and involve a number of factors including climate change, the presence of
pathogens, air pollution, habitat changes with a decrease in melliferous plants, intensive
agriculture, and the use of plant protection products [5–7]. Furthermore, according to
Porrini et al. [8] and Martinello et al. [9], the cause of decline in population can be defined
based on the period in which it occurs. If the die-off occurs in the spring–summer, in
intensively farmed areas, and during the period of sowing coated maize seed, weeding
wheat, and treating fruit trees, the cause is often attributable to the use of plant protection
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products. On the other hand, if damage is detected between late summer and the end of
the following winter, population decline is mainly due to diseases affecting the bees and
the hive.

A study carried out in Italy in the period 2011–2014 to establish the state of health of
bees and identify the possible causes of population decline collected data on the health of
bees from 63 apiaries located throughout the country [6]. The study found that, during the
period under study, 241 samples of bee matrices collected following reports of mortality in
Italy tested positive for pesticides. Among the highly toxic insecticides, tests were positive
for neonicotinoids (19%), pyrethroids (18%), and organophosphorus (16%).

In Lombardy, a worrying decrease in the number of hives and apiaries had already
been observed in the period 2008–2009, and, in 2008, population decline was reported in
connection with the maize sowing period. Following these reports, the Veterinary Services
of the Lombardy Region coordinated the monitoring of reports by taking samples of bees
and sending them to the laboratory for further analysis on the basis of the suspicions.
The purpose of the above-mentioned monitoring was to acquire data and information
both on the state of health of the regional bee population, and on the possible causes of
population decline.

This is the context for this study, which seeks to determine whether there is an
association between the decline in bee population and the types of crops surrounding
the apiary. In addition, risk maps were created and areas at high risk of depopulation
were identified. The data analysed refer to occurrence of population decline recorded in
Lombardy from 2014 to 2016.

2. Results

For this study, a total of 14,188 apiaries from 5646 farms in Lombardy were analysed
in the period 2014 to 2016.

The provinces with the highest number of apiaries are Bergamo (2125) and Brescia (2482);
those with the highest percentage of population decline are Mantua (1.07%), Sondrio (0.94%),
Brescia (0.85%), Lodi (0.83%), Milan (0.83%), Cremona (0.63%), and Pavia (0.51%) (Table 1).

Table 1. Provincial distribution of apiary bee population decline.

No Bee Decline With Bee Decline %

Province

Bergamo 2119 6 0.28%

Brescia 2461 21 0.85%

Como 1133 4 0.35%

Cremona 631 4 0.63%

Lecco 993 3 0.30%

Lodi 238 2 0.83%

Monza Brianza 544 0 0.00%

Milan 1077 9 0.83%

Mantua 742 8 1.07%

Pavia 1369 7 0.51%

Sondrio 1264 12 0.94%

Varese 1537 4 0.26%

Classification *

Sedentary 11,273 68

Nomadic 2703 5

missing data 132 7

TOTAL 14,108 80
* Last update of the Beekeeping Database (BDA) 31 December 2020.
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Of the 14,188 apiaries in Lombardy in the period 2014 to 2016, 80 apiaries (0.56%)
reported at least one event of population decline or positive results from tests for plant
protection products; of these, 75 apiaries experienced population decline only once in the
three-year period, and five apiaries reported it twice (Table 2).

Table 2. Apiaries and bee decline in the region in the period 2014–2016.

Year
2014 2015 2016

BDA-Registered Apiaries
in the Three-Year Period **

Bee Decline * 33 25 27 80
No Bee
Decline 7810 8970 11,014 14,108

Total 7843 8995 11,041 14,188
* among the apiaries recording population decline, 13 also tested positive for infectious diseases or infestations
(American Plague, Nosema spp., DWV and Varroa spp.). ** apiaries that were recorded at least once in the
three-year period.

Table 3 shows the month in which the decline in population was reported for each
year considered. Population decline occurred in the spring (April–May) in 64% of cases,
which is the period in which maize and orchards are treated.

Table 3. Month of reported decline in population.

Year
Total

2014 2015 2016

January 0 0 1 1
February 1 0 0 1

March 2 3 0 5
April 16 6 7 29
May 6 8 11 25
June 1 2 5 8
July 1 3 2 6

August 4 0 0 4
September 1 0 0 1

October 0 0 1 1
November 1 0 0 1
December 0 1 0 1

Total 33 23 27 83 *
* for 2 apiaries, the month in which population decline occurred is not available.

Table 4 shows the type of land surrounding the apiaries (within 1.5 km). We can see
that 93.4% of the apiaries without population decline have at least one wooded area next to
them, compared with 88.8% of the apiaries that were declined. There are bushes close to
97.9% of the apiaries that were not declined and 98.8% of the apiaries that did see decline
in population. Apiaries with population decline were more frequently located near arable
land (93.8% compared to 89.6% of apiaries with no decline), orchards (61.3% compared
to 54.8% of apiaries with no decline) and vineyards (52.5% compared to 45.8% of apiaries
with no decline).

Table 5 shows the percentage of land occupied by the different types of land surround-
ing the apiaries by province. Woodland is prevalent in the province of Como (64.3%), Lecco
(62.8%), Sondrio (62.8%), and Varese (69.7%), while apiaries in the provinces of Cremona
(0.7%), Lodi (2.4%), and Mantua (2.0%) are located far from these types of land. Sondrio is
the province with the highest percentage of orchards (3.1%), followed by Mantua (1.6%).
Apiaries located in the provinces of Cremona and Mantua are mostly located close to arable
land (82.8% and 82.0%, respectively). Finally, 9.9% of Pavia’s apiaries are located near
vineyards, followed by the provinces of Brescia (4.2%) and Sondrio (3.3%).
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Table 4. Number and proportion of apiaries occupying different types of land.

No Bee Decline
n (%)

Bee Decline
n (%)

Total number of apiaries 14,108 80

Number (%) of locations near *:

Woodland 13,171 (93.4%) 71 (88.8%)
Bushes 13,815 (97.9%) 79 (98.8%)

Orchards 7734 (54.8%) 49 (61.3%)
Arable land 12,641 (89.6%) 75 (93.8%)
Vineyards 6459 (45.8%) 42 (52.5%)

Other 14,068 (99.7%) 79 (98.8%)
* the percentages were calculated considering the denominator of 14,108 apiaries with no population decline and
80 with population decline.

Table 5. Provincial distribution of apiaries by type of land occupied.

Province Woodland Bushes Orchards Arable Land Vineyards Other Total

Bergamo 50.4% 3.1% 0.2% 25.1% 2.0% 19.2% 100%

Brescia 41.8% 3.7% 0.4% 34.6% 4.2% 15.3% 100%

Como 64.3% 2.5% 0.1% 14.2% 0.2% 18.9% 100%

Cremona 0.7% 1.3% 0.1% 82.8% 0.03% 15.0% 100%

Lecco 62.8% 3.0% 0.1% 14.1% 0.5% 19.4% 100%

Lodi 2.4% 1.7% 0.1% 75.4% 0.2% 20.2% 100%

Monza Brianza 24.2% 3.0% 0.2% 63.3% 0.3% 9.2% 100%

Milan 10.4% 2.7% 0.2% 66.6% 1.2% 19.0% 100%

Mantua 2.0% 1.3% 1.6% 82.0% 1.8% 11.3% 100%

Pavia 17.2% 5.1% 0.9% 39.7% 9.9% 27.1% 100%

Sondrio 62.8% 5.5% 3.1% 2.3% 3.3% 23.0% 100%

Varese 69.7% 2.0% 0.1% 19.6% 0.8% 8.5% 100%

Table 6 shows that the risk of population decline is associated with the size of the type
of land surrounding the apiary (within 1.5 km). In other words, the larger the area of a
given type of land, the greater the probability of a decline in population. In particular, the
probability of an apiary declining in population statistically increases by 10% (OR: 1.10
95%CI (1.05;1.14), p < 0.0001) in the presence of orchards, and 2% of 1.02 (95%CI (1.01;1.04),
p = 0.003) in the presence of arable land, for every additional km2 of land. This means that
the risk of population decline increases with the unit increase (1 km2) of the surrounding
territory. Furthermore, the average area occupied by these types of land is 0.20 km2 and
2.67 km2 for apiaries with population decline, and 0.06 km2 and 1.98 km2 for those without
population decline, respectively.

Figure 1 shows the apiaries with population decline in Lombardy in relation to the
type of land, while Figure 2—via the density estimated using the Kernel algorithm—shows
the regional areas most at risk of population decline (in red), where the color intensity
denotes the degree of risk; the more intense the color, the more the area is at risk of
population decline. The map shows that declined apiaries are often located near areas rich
in orchards (as in the case of the province of Sondrio), areas rich in orchards and arable land
(as in the lower Garda area), and areas rich in arable land (as in the west, in the province of
Milan, and on the border between the provinces of Brescia and Cremona).
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Table 6. Association between population decline and the area occupied by types of land near
the apiaries.

Type of
Land

OR * (95%CI) p-Value

Average Area
Occupied, with

Population
Decline (km2)

Average Area
Occupied, No

Population
Decline (km2)

Forests 1.01 (0.99; 1.02) 0.32 1.84 2.24

Shrubland 1.05 (0.98; 1.10) 0.12 0.19 0.17

Orchards 1.10 (1.05; 1.14) <0.0001 0.20 0.06

Arable land 1.02 (1.01; 1.04) 0.003 2.67 1.98

Vineyards 1.01 (0.98; 1.04) 0.40 0.33 0.31

Other 1.01 (0.99; 1.03) 0.41 0.84 0.92
* OR = odds ratio estimated via the logistic regression model.

Figure 1. Map of land use (DUSAF 2015) and apiaries where population decline events have been
recorded. Provinces: BG = Bergamo, BS = Brescia, CO = Como, CR = Cremona, LC = Lecco, LO = Lodi,
MB = Monza Brianza, MI = Milan, MN = Mantua, PV = Pavia, SO = Sondrio, VA = Varese.
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Figure 2. Lombardy with areas at risk of population decline. The density was estimated by means
of the Kernel algorithm using the Epanechinikov distribution with bandwidth of 10 km; Provinces:
BG = Bergamo, BS = Brescia, CO = Como, CR = Cremona, LC = Lecco, LO = Lodi, MB = Monza
Brianza, MI = Milan, MN = Mantua, PV = Pavia, SO = Sondrio, VA = Varese.

3. Discussion

It has been amply demonstrated that the treatment of arable land, which leads to the
dispersion of dust containing insecticide, is among the major contributors to the decline in
bee population, supporting data found in other studies [7,9]. However, the quantification
of the risk associated with the type of crop remains unknown.

This study aimed to quantify the risk of population decline by identifying the type of
land surrounding the apiary according to the bee’s flight radius and a statistically signif-
icant association emerged between arable land and bee deaths. The risk was quantified
considering the area occupied by type of land near the apiary, and the study shows a statis-
tically significant association between orchards and bee deaths. The mortality recorded in
apiaries near fruit orchards was traced to treatments carried out on fruit trees, as they are
susceptible to insect and aphid attacks and plant protection products are widely used to
combat these infestations.

The results of this study are in line with those obtained in the study conducted
by Porrini in 2016, where a statistically significant linear correlation was demonstrated
between the percentage of land area used for agriculture and the mortality rate of the
colonies [8,10]. However, in Porrini’s study the authors did not distinguish between
different type of crops.
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Moreover, the timing of the population declines recorded in the Lombardy Region in
the three-year period under consideration confirms the seasonality already reported in the
literature [7,9]. Indeed, in this study it was observed that 64% of the population declines
occurred in the spring (April–May), which is the preferred period for treating maize crops
and orchards.

4. Methods

4.1. Data

The study area is the region of Lombardy in northern Italy, which includes three dis-
tinct natural zones: mountains, hills, and plains. Data processing was carried out using the
following databases: (i) the national Beekeeping Database (BDA) [11]; (ii) reports of popu-
lation decline from 2014 to 2016; (iii) the Agricultural and Forest Land Use (DUSAF) land
use database; (iv) the lab results database from the Istituto Zooprofilattico Sperimentale
della Lombardia e dell’Emilia Romagna (IZSLER).

4.1.1. Information on Apiaries

The data on population decline were collected from the report form that beekeepers
filled in during the period from 2014 to 2016 for the Veterinary Services, from the IZSLER
information system that collects the data and the results of the sample surveys carried out.

The following information was collected through these forms: details of the beekeeper
and the apiary affected by population decline, information on health, territory, and date of
observation of the population decline, information on the bees with an indication of the
number of hives affected, indicative number of dead bees and behavior of surviving bees,
and information provided by the beekeeper on the possible cause of the damage linked to
treatments (type of treatment, crop treated, and type of product used).

For this study, we only considered apiaries declined following suspected use of plant
protection products or in which, in the absence of a specific report, the active ingredients
used for crop treatments were identified. Apiaries in which an infectious disease or
infestation was suspected, or where only bacterial/viral/parasitic agents were detected,
were excluded.

4.1.2. Agricultural and Forest Land Use Data

The Lombardy Region publishes the DUSAF land use data. This database collects
information on the main types of land throughout the region and georeferences them. The
last update was performed in 2018 using AGEA aerial photographs and satellite imagery.
Thanks to this data source, it was possible to identify the agricultural use of the land
surrounding the apiaries as well as the relative area of land occupied (in km2) out of the
total area covered by the bees.

The types of land included in the analyses are described in Table 7, while areas of
human activity, wetlands, and water bodies were excluded. Rice fields, arboriculture
for timber production (poplar groves and other agricultural wood species), permanent
grassland, natural high-altitude grassland, and olive groves were grouped in the category
“Other” because they are poorly represented if considered separately.

Table 7. DUSAF Legend.

Macro-Category DUSAF Type Description

Woodland

Coniferous forests Low, medium, and high-density coniferous forests

Broadleaf forests Low, medium, and high-density broadleaf forests, underbrush formations,
chestnut groves

Mixed broadleaf and coniferous forests Low, medium, and high-density mixed coniferous and broadleaf forests

Recent reforestation

Artificial forest systems not yet established and under treatment or to be treated.
There are typically young trees with limited development of plants; generally, a
regular planting pattern is recognizable. Trees are typically under 15 years of

age. Plantations of poplars or other timber producing species included in
another class are excluded
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Table 7. Cont.

Macro-Category DUSAF Type Description

Bushes
Bushes and shrubs Bushes, vegetation of riverbanks, vegetation of raised banks

Developing areas Bushes with significant presence of tall shrub and tree species, bushes
in abandoned agricultural areas

Orchards Orchards and berry farms Plantations of non-rotational fruit trees that occupy the soil even for
long periods and can be used for many years before being renewed.

Arable land
Simple arable land Arable land, arboretums, horticultural crops, floricultural crops, family

vegetable gardens, and arable land in irrigated areas

Irrigated agricultural land Irrigated agricultural land

Vineyards Vineyards Plantations of vines intended forthe production of both table and
wine grapes

Other

Olive groves Plantations of olive trees forproducing olives

Arboriculture for timber Poplar groves, other agricultural wood species

Rice fields Areas used forrice cultivation

Permanent grassland Permanent grassland without tree and shrub species

4.2. Statistical Analysis

The Lombardy apiaries were divided into two groups: (i) apiaries were “bee decline”
if in the three-year period 2014–2016 they reported at least one event of decline in bee
population or tested positive for plant protection products, (ii) apiaries were “no bee
decline” if in the three-year period 2014–2016 they did not report any decline in bee
population. In the study, all apiaries for which a report of population decline was received
from the beekeeper were considered declined, regardless of the laboratory test results, as
chemical analyses are often unable to detect the toxic substance responsible for population
decline. It is also difficult to detect chemical contamination because most bees affected by
plant protection products do not return to the hive [3].

The characteristics of the farms and apiaries by population decline group (yes/no)
were described using absolute frequencies and percentages.

The association between cases of population decline and the area occupied (in km2)
by each DUSAF macro-category was estimated through the logistic regression model,
considering the population decline group as the dichotomous dependent variable and
the area occupied by each type of land as the independent variable (woodland, bushes,
orchards, arable land, vineyards, and others). Considering that a study conducted in 1984
by Crane [12] estimated the flight radius of a forager bee to be about 1500 metres (an
estimated area of 7.065 km2 around the apiary), we were able to use the georeferencing of
the regional territory to identify for each apiary the types of crops located within this area.

All statistical analyses considered a threshold of statistical significance of 5%.
Finally, we mapped the density of population decline, calculated using Kernel’s

methodology [13], a spatial interpolation technique that identifies the areas at greatest
risk of population decline. The density estimate was calculated using the Epanechinikov
distribution and a bandwidth (h) of 10 km, with the red scale identifying areas at risk of
population decline: the more intense the color, the greater the risk.

4.3. Software Used

The statistical analysis was performed using the software R version 3.6.1 [14]. The
maps were created using the software QGIS Development Team [15].

5. Conclusions

Bees are considered indicators of the health of the environment in which they live
and exposure to certain insecticides or other toxic substances used during the flowering
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period can lead to major population decline. In order to standardise monitoring activities
following reports of a population decline, the national Guidelines for the management of
reports of hive deaths and population declines related to the use of crop protection products were
issued [16]. The purpose of these guidelines is to ensure coordinated, rapid, and effective
interventions in response to reports. Protecting our bees is crucial for the protection of the
heritage of beekeeping in terms of the role of bees as pollinating insects, but also for the
food safety of beekeeping products. In fact, in addition to protecting beekeeping heritage,
reports and the resulting control measures are also important for the protection of the end
consumer. This study revealed a statistically significant association between bee population
decline and arable fields and orchards, and we were able to quantify the risk according to
the type of land surrounding the apiary. The analysis shows that the risk of bee decline
increases statistically when it is located close to orchards and arable land. In the event of
use of plant protection products, the active ingredients must be used in full compliance
with the treatment instructions provided and, above all, users should be aware of the
risks regarding toxicity to animals, specifically bees. Using the product on plants not in
flower, as is sometimes recommended correctly, is not always enough to prevent the risks
associated with using the product.

The timing of the population declines recorded in the Lombardy Region in the three-
year period considered suggests that plant protection products are the cause; a result that
would confirm the data in the literature. This means that the results of the territorial
analysis, understood as the type of crops found around the apiaries and the correlated risk
in terms of population decline, could be used as predictive parameters to be applied when
planning prevention and control activities.
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Abstract: Nosema ceranae is a major pathogen in the beekeeping sector, responsible for nosemosis.
This disease is hard to manage since its symptomatology is masked until a strong collapse of the
colony population occurs. Conversely, no medicaments are available in the market to counteract
nosemosis, and only a few feed additives, with claimed antifungal action, are available. New
solutions are strongly required, especially based on natural methods alternative to veterinary drugs
that might develop resistance or strongly pollute honey bees and the environment. This study aims
at investigating the nosemosis antiparasitic potential of some plant extracts, microbial fermentation
products, organic acids, food chain waste products, bacteriocins, and fungi. Honey bees were
singularly infected with 5 × 104 freshly prepared N. ceranae spores, reared in cages and fed ad libitum
with sugar syrup solution containing the active ingredient. N. ceranae in the gut of honey bees was
estimated using qPCR. The results showed that some of the ingredients administered, such as acetic
acid at high concentration, p-coumaric acid, and Saccharomyces sp. strain KIA1, were effective in the
control of nosemosis. On the other hand, wine acetic acid strongly increased the N. ceranae amount.
This study investigates the possibility of using compounds such as organic acids or biological agents
including those at the base of the circular economy, i.e., wine waste production, in order to improve
honeybee health.

Keywords: nosemosis; Vairimorpha ceranae; nisin; Saccharomyces sp.; acetic acid; para-coumaric acid;
gut microbiota

1. Introduction

Nosema ceranae is a unicellular sporogenous fungus belonging to the phylum mi-
crosporidia, which gives rise to a chronic debilitating infection in honey bees named
nosemosis [1]. This pathogen co-evolved with Apis cerana, whose parasitism became en-
demic in Asia. Nevertheless, Apis mellifera colonies infected by N. ceranae were found for the
first time in 2005 in Taiwan [2] and in 2006 in most European countries [3]. When this host
species shift occurred is unknown, although if it is reasonable to believe that it happened
at the time of A. mellifera introduction in Asia, in the 1880s [4]. The exact N. ceranae arrival
period in Europe is not clear but evidence suggests that it has been present in Europe since
1998 [5], thanks to an active international trading of A. mellifera from Asia to the rest of
the world. Recently, a revision and redefinition of the genera Nosema and Vairimorpha
proposes to rename N. ceranae and N. apis as Vairimorpha ceranae and Vairimorpha apis [6]
which, more than taxonomic consequences, could become relevant for future research in
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the topic. Adult honey bees easily become infected by ingesting spores from stored honey
and pollen and subsequent transmission through trophallaxis [7,8], also after the exposure
to surfaces contaminated by spores, following the colony cleaning and visits to contami-
nated flowers and pollen in the foraging activity [7,9]. After the ingestion, microsporidia
spores germinate extracellularly in the midgut lumen and then inject the sporoplasm in
an epithelial cell through the polar tube [1]. Infected colonies at the beginning show no
visible symptoms and when environmental conditions are favorable for the parasite, they
may rapidly collapse [10], making nosemosis a disease that sometimes is hard to control
and difficult to diagnose and cure. The mycotoxin fumagillin (dicyclohexylamine salt),
produced by Aspergillus fumigatus, is the first and the only successful antibiotic for the
treatment of nosemosis [11–13] since 1953 [14]. Currently it is available on the market in
many American countries and Korea, but it is forbidden in the European Union because
of the absence of a detailed threshold residue regulation in honey and hive products [15].
Fumagillin use is nowadays controversial: targeting the methionine aminopeptidase-2
(MetAP2) [16], an enzyme present in many eukaryotes, can cause metabolic imbalances also
in non-target organisms, i.e., it has been classified as mutagenic and cytotoxic for mammals
after a short-term exposure [17]. Fumagillin residues persist in hives and its degradation
products pose a potential risk for human health [18,19]. For instance, fumagillin toxic-
ity was assessed in honey bees, causing a reduction in their lifespans [20], an alteration
of structural and metabolic proteins in midgut [21], a reduction in sperm quality [22]
and health [13]. Moreover, its efficacy depends on several factors such as seasonality and
plantations [23]. Furthermore, in laboratory conditions, Huang et al., 2013 [21] have demon-
strated that mature N. ceranae spore proliferation was similar in treated and untreated bees
at the recommended fumagillin concentration (250 μg/L) and induced N. ceranae hyper
proliferation when fumagillin concentration was 10 folds lower. Therefore, the need to find
new strategies, which combine honey bee health protection and governmental standards
in terms of food safety, gave a new pulse to the research of alternative solutions. Studies
aimed at verifying the effect of veterinary drugs or commercial dietary supplements on the
honey bee gut microbiota composition have been published recently. In recent years [24,25],
researchers have begun to evaluate the use of plant extracts as Nosema control agents, such
as thymol, oregano oil, carvacrol, cinnamaldehyde, resveratrol, and garlic based products,
and treated bees showed lower N. ceranae infection rates compared to control [26–28].
Moreover, Andrographis paniculate, Cryptocarya alba, Gevuina avellane, Artemisia dubia, and
Laurus nobilis extracts were tested with positive results [29–33], supporting a plant extract
based strategy as a promising tool in the control of bee diseases. Brassicaceae seeds also
showed promising results for their protective effects against N. ceranae spores at the labo-
ratory level [34]. Furthermore, the use of beneficial microorganisms like Bifidobacterium and
Lactobacillus strains [35,36], and Bacillus subtilis metabolites [37,38] showed encouraging
results. For example, Baffoni et al. (2016) [35] demonstrated that probiotic treatment
with Lactobacillus and Bifidobacterium strains reduced the presence of Nosema spores in
naturally infected bees, thus proving the efficacy of a preventive microorganism-based
strategy. Commercial probiotic preparation also based on lactic acid bacteria were found to
be effective against the same parasite [27,36]. Similarly, De Piano et al. [39] demonstrated a
strong relation between bacterial metabolites and the count of N. ceranae spores, showing a
significant decrease after Lactobacillus johnsonii AJ5 administration. Additionally, organic
acids produced by lactic acid bacteria present in the honey bee’s environment (flowers,
beebread, and gut), such as lactic acid, acetic acid, and phenyl-lactic acid, were tested,
through feeding, against these microsporidia and showed a strong reduction in spore load
in bees [38]. Therefore, these compounds have particular interest for the beekeeping sector.
The aim of the present study was to test feed ingredients belonging to 4 different groups
(organic acids, Saccharomyces and antibiotics, wine derivatives, and plants extracts) for their
antimicrobial activity against N. ceranae in A. mellifera workers, but also to evaluate their
toxicity on individual honey bees.
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2. Materials and Methods

2.1. Experimental Set up

Cage experiments were carried out in the microbiology laboratory of the Department
of Agricultural and Food Sciences, University of Bologna, in the period between October
2019 and June 2021. Newly emerged honey bees (Apis mellifera ligustica were obtained
from multiple brood frames of emerging honey bees within the University of Bologna
experimental apiary (San Lazzaro, Bologna, Italy, 210 m a.s.l.) in a continental climate.
At least two independent laboratory cage tests were performed for each feed ingredient
in order to validate results. The first set of assays, referred to as “First screening”, was
organized in order to study the effects of the feed ingredients on honey bee survival and
parasite development. After this first screening, a second one, referred to as “Derived
tests”, was performed in order to confirm the obtained results or to test new hypotheses
derived from the first one. Moreover, if the results showed a promising trend, even if not
significant, the dosage of the active ingredient was increased, determining two different
dosages for some of the ingredients [AA, NisA and GRA] marked as “low” (_L) and “high”
(_H). Only para-coumaric acid and acetic acid were tested a third time using summer honey
bees due to the contrasting results obtained in the two tests. All the tests were performed
with the same protocol, having only differences in the season at which the newly emerged
honey bees were obtaine. The ingredients assayed were chosen considering their known
antimicrobial properties in both food and feed safety (organic acids and antibiotics), their
immune stimulation properties (mainly plant extracts and microorganisms), but also basing
the choice on traditional homemade remedies used by beekeepers (e.g., wine derivatives)
that do not have a proper scientific basis. The selected compounds reported in Table 1 and
are divided in four main groups: i. organic acids (acetic acid [AA], abscisic acid [ABA],
p-coumaric acid [pCA]); ii. wine derivatives (ethanol [EtOH], sulphites [SUL], wine vinegar
[WA]); iii. Saccharomycesand antibiotics (Saccharomyces sp. strain KIA1 [SC], a mixture of
gramicidin A, B, C, and D [GRA], Nisine A [NisA]); iv. plant extracts (extract of Opuntia ficus-
indica [OPT], extract of brown alga Padina pavonica [PP], a mixture of manuka and tea tree
oil [MT]). In all the tests, fumagillin [DCH] was used as positive control. Each assay had a
dedicated control test, i.e., a group of infected bees not supplemented with any compounds
in their diet [CTR]. Experimental cages had a dimension of 11 × 7 × 4 cm and were made
using plastic, including a ventilation mesh. Three replicate cages, containing 50 newly
emerged honey bees, were prepared for every dietary treatment and controls. Mortality
in every replicate cage was registered on a daily basis, extracting the dead individuals
after counting. Ten worker bees for each experimental condition were sacrificed at day
9 (experiment end) and the guts (midgut and rectum) were collected individually and
stored at −20 °C until tissue analysis.
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Table 1. Description of the different active ingredients tested in this work and its relative dose or concentration. a Dose
recommended by the manufacturer. Final concentration of the ingredients are expressed as the amount of ingredient per mL
of sugar syrup (1:1 w:v).

Experimental Theses

Ingredient Treatment Code Source or Producers
Concentration of Ingredient Per Treatment Reference (When Available)

Test on Organic Acids
Acetic acid lower concentration AA_L 84 mM [40,41]
Acetic acid higher concentration AA_H

Acetic Acid;
Merck 0.35 M [40,41]

Abscisic acid ABA
S-(+)-Abscisic Acid

Fanda Chem 50 μM [42]

p-Coumaric acid pCA
trans-4-Hydroxycinnamic acid;

Merck 31.4 μM [43]

Test on Saccharomyces and Antibiotics
Saccharomyces sp. strain KIA1 SC Isolated by authors from soil 1011 CFU/mL -

Gramicidin D lower concentration GRA_L
Gramicidin from Bacillus aneurinolyticus;

Merck 7.7 mM -

Gramicidin D higher concentration GRA_H
Gramicidin from Bacillus aneurinolyticus;

Merck 15.4 mM -

Nisin lower concentration NisA_L
Nisin from Lactococcus lactis

Merck 7.45 mM -

Nisin higher concentration NisA_H
Nisin from Lactococcus lactis

Merck 74.5 mM -

Test on Wine Derivatives

Ethanol EtOH
Ethanol;

Carlo Erba Reagents 0.69 M -

Wine Sulphites (precipitates of potassium pyrosulfite) SPH Produced from red wine by a local winemaker and gifted 4 mM -
Wine vinegar WA Produced from red wine by a local winemaker and gifted 0.3 M -

Test on Plant Extracts
Extract of Opuntia ficus-indica OPT Produced by authors 0.005 μL/mL -
Extract of Padina pavonica PP Produced by authors 0.005 μL/mL -
Steam distilled Manuka and Tea tree essential oil MT Optima Naturalis and ESI s.r.l., respectively 0.75 μL/mL + 0.1 μL/mL -

Positive and Negative Controls (included in all tests)
Fumagillin DCH Fumagilin-B; Medivet Ltd. 2.59 mM a Medivet Ltd. guidelines
Untreated control CTR - - -

2.2. Production of N. ceranae Spores

Honey bee colonies infected with N. ceranae were identified in a apiary nearby Modena
(Italy), in the city of Savignano sul Panaro (44°29′03.4′′ N 11°03′28.1′′ E). Spores were
collected from diseased hives by capturing flying foragers honey bees over the colony
entrance. Obtained foragers were sacrificed and the midgut and rectum extracted and
broken up in distilled water. Spores were divided in multiple stocks and conserved in a
10% glycerol PBS solution at −80 °C to guarantee the same N. ceranae strain availability
for all the assays. When an assay was established, spores were retrieved from cryostat
and about thirty-five newly emerged bees were caged and infected by feeding bees with
the prepared solution to allow N. ceranae proliferation and sporulation, in order to obtain
fresh and highly infective spores. A sample of the spores obtained was characterized
and confirmed as Nosema ceranae according to [44] and the same stock was used for all
infections. Fresh spores were extracted from infected and caged honey bees, counted with
Neubauer chamber to estimate the load per ml, diluted in a sugar syrup solution to the final
concentration of 104 spore/mL and used as a fresh and standardized N. ceranae propagules
for the ongoing assay.

2.3. Oral Infection with N. ceranae Spores

Newly emerged honey bees (Apis mellifera ligustica) were obtained from brood frames
with worker bees ready to emerge. Brood frames were picked from three different colonies
for every assay, in order to homogenize the genetic variability [45]. Frames were were main-
tained under controlled conditions (32 °C; 60% RH) until honey bees emerged. Then, newly
emerged bees were kept in ventilated cages for 2 days until individual inoculation with
control treatment (syrup) or 5 × 104 N. ceranae freshly prepared spores in syrup according
to Porrini et al. [46]. The temperature and relative humidity were maintained during the
experiments at 29 °C and 60% RH, respectively. Before starting the administration of the
ingredients, a sample of newly emerged individuals was taken to test the potential basal
infection with N. ceranae.

2.4. Cultivation of Saccharomyces sp.

Saccharomyces sp. was isolated from forest soil collected at the Bologna Apennines
(Italy) 250 m a.s.l. (data not shown) and it was grown on PDB culture broth and incubated
at 120 rpm for 5 days at 35 °C. Then, the obtained culture was mixed in sugar syrup 1:1
(w:v) in equal amounts in order to obtain 1011 CFUmL.
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2.5. Production of Plant Extracts

Padina pavonica seaweeds were collected from the Mediterranean sea during summer
2019, by hand picking method from the submerged marine rocks. The seaweeds were
cleaned from impurities, dried, and powdered with a mixer. The algal flour thus obtained
was extracted sequentially with hot sodium oxalate solution, hot water, 1 M and 4 M KOH
solution at 20 °C according to [47] and resuspended in glycerol. The Opuntia ficus-indica
hydroglycolic extract was obtained from fresh cladodes collected in the Malta Island during
summer 2019, which were washed with distilled water and cut into small pieces before
extraction. A 20:80 (w/w) water/propylene glycol mixture was used with a 1:3 (w/w)
plant-solvent ratio. The cladodes were macerated for 12 h and the resultant mixture was
percolated to obtain the extract [48].

2.6. Treatment Administration

Ingredients were administered in sucrose syrup (1 kg sucrose in 1 L of water) using
gravity feeders starting from a day after the artificial infection with N. ceranae spores.
The active ingredients and concentrations for each dietary treatment administered in a
matrix of sucrose syrup are reported in Table 1. The tested ingredients (treatments) were
supplied to honeybees a day after the artificial infection with N. ceranae. The treatments
were available ad libitum during 9 days. Honey bees in every experimental cage also
received tap water ad libitum in gravity feeders.

2.7. DNA Extraction and qPCR of N. ceranae

Extracted gut were manually macerated with plastic micro pestles in 200 μL of buffer.
DNA extraction of single honey bee guts was performed with PureLinkTM Genomic DNA
Mini Kit (Invitrogen, Milan, Italy) following the manufacturer protocol with some modifi-
cations: guts were further smashed with glass beads (0.01–0.1 μm) at 50 Hz in Rotovortex.
Moreover, samples were incubated at 55 °C in a water bath with 180 μL of lysis buffer
and 20 μL of proteinase K per sample [49]. Fluorometric quantification of every sam-
ple was performed with Qubit Flex Fluorometer (Thermo Fisher Scientific). Extracted
DNA was stored at −20 °C until further analysis. The 16S-like rRNA gene (SSU rRNA)
was selected to perform N. ceranae specific qPCR relaying on specific primer Nc841f 5′-
GAGAGAACGGTTTTTTGTTTGAGA-3′ and Nc980r 5′-ATCCTTTCCTTCCTACACTGA
TTG-3′ [50]. The reactions were carried out on Step One thermal cycler (Applied Biosys-
tems) with standard two-step PCR method using Fast SYBR Green PCR Master Mix (Life
Technologies, Milan, Italy), according to [51,51]. The standard PCR fragment was diluted
1:10 to obtain the reference standards. The melting curve was performed in each real-time
reaction to assess amplicons melting temperature (73.77 ± 0.23 °C St. Dev) according to
the genetic variability of N. ceranae. According to Cilia et al. [52,53], the copy number of
16S-like rRNA gene in N. ceranae ranges from 5.7 to 11.5 per genome, therefore the obtained
quantification was normalized according with the total amount of extracted DNA and
divided by the average copy number of 16S-like rRNA (i.e., 8.6).

2.8. Statistical Analysis

Obtained data were divided according to groups of ingredients, as described above;
each assay had its own control, therefore obtaining different datasets. Datasets were
analyzed with the R software [54], tested for normality and homoscedasticity with Shapiro
and Levene’s tests. The dataset was corrected with Cooks Distance multivariate method,
to identify outliers based on regression analysis comparison [55]. Datasets were analyzed
with ANOVA when data were normal and homoscedastic, while a generalized linear
model was applied for non-normal homoscedastic data. Bonferroni p-value correction for
multiple comparisons was applied for every assay. Boxplots were generated with ggpubr
and ggplot2 packages. Nosema ceranae infection load was expressed as Log N. ceranae units,
considering the absolute quantification corrected for the average copy number as described
above. To calculate, plot and compare the survival rates for every assay, daily mortality
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on each replicate cage was recorded and analyzed by means of Kaplan–Meier survival
analysis and log-rank tests (SigmaStat Software, San Jose, CA, USA), which estimates also
the median survival time.

3. Results

3.1. Survival Tests

Survival results of the test using organic acids, detailed in Figure 3.1A, showed a clear
toxic effect of p-coumaric acid [pCA], abscisic acid [ABA] and the highest concentration
of acetic acid [AA_H] compared with control treatment (p < 0.001). On the other hand,
acetic acid [AA_L] at the lowest concentration (four times lower than [AA_H]) kept the
survival response at the same level of the control treatment [CTR] and fumagillin [DCH].
The administration of S. cerevisiae live cells caused a progressive toxic effect to N. ceranae
infected bees, reaching less than 50% of live bees at day 9 post-infection (Figure 3.1B).
When bacteriocins were administered, a toxic effect was only detected for the highest dose
of nisin [NIS_H]. The remaining treatments did not show significant changes in honey
bees’ survival. Toxicity curves shown in (Figure 3.1C), related to wine-derived products,
demonstrated no toxicity of wine vinegar [WV] with control treatment and fumagillin
[DCH]. On the contrary, sulphites caused significant toxicity in bees (p < 0.001). The two
plant extracts assayed [OPT and PP] caused a toxicity level higher than CTR and DCH, as
detailed in (Figure 3.1D).

Figure 1. Survival of honey bees. (A) Survival curves for treatments in the test on “organic acids”;
(B) Survival curves for treatments in the “test on microbial origin compounds”; (C) Survival curves
for treatments in the test on “wine derivatives”; (D) Survival curves for treatments in the “plant
extracts”; Asterisk (*) indicate significant differences with control treatment (Kaplan–Meier survival
analysis, log-rank test; Statistical details for each test: 1A (p < 0.001, 52.256, df = 5); 1B (p < 0.001,
25.167, df = 7); 1C (p < 0.001, 176.870, df = 3) and 1D (p < 0.001, 51.352, df = 3). [AA_L] Acetic Acid
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lower concentration; Acetic Acid higher concentration [AA_H]; p-Coumaric Acid [pCA]; Abscisic
Acid [ABA] ; Saccharomyces sp. [SC]; a mixture of gramicidin A, B, C, and D [GRA]; Nisin higher
concentration [NisA_H]; Nisin lower concentration [NisA_L]; Fumagillin [DCH]; infected control
without treatments[CTR]. [*] p < 0.001).

3.2. N. ceranae Quantification

In collected honey bees, natural infection of N. ceranae was predominantly absent, indeed
the highest detection did not exceed 2.0 Log NcU.

3.2.1. Acetic Acid and p-Coumaric Acid Decrease N. ceranae Units Only in
Winter Honeybees

In the first screening, after 9 days, CTR samples reached an infection rate of 7.69 ± 0.24
Log of N. ceranae units (NcU). On the other hand, the positive control fumagillin [DCH],
significantly decreased the NcU reaching 4.11 ± 0.32 and 4.86 ± 0.30 Log NcU (p < 0.01),
respectively. Treatments based on “organic acids” [AA, ABA, pCA] did not show any
significant variation with respect to the CTR (Figure 2A). In the derived test, pCA showed
a significant reduction in NcU, to [DCH] (Figure 2B, p < 0.01), but again this was not
confirmed in a third test performed ad hoc (Figure 2D). Acetic acid at the lowest dose
confirmed its inefficacy in the derived test, whereas at the highest dose [AA_H] it showed
contrasting results in performed tests (Figure 2C,D).

Figure 2. N. ceranae inhibition assays. Box plots from the first test (exploratory) and derived tests (confirmatory) are
reporting the Log of N. ceranae units (NcU) per honey bee gut obtained at 9 days post inoculation with spores for every
treatment with dietary ingredient. (I) results obtained from organic acids; (II) results obtained from Saccharomyces and
antibiotics ; Acetic Acid lower concentration [AA_L];Acetic Acid higher concentration [AA_H]; p-Coumaric Acid [pCA];
Abscisic Acid [ABA]; Saccharomyces sp. [SC]; a mixture of (A,B,C,D) [GRA]; Nisin higher concentration [NisA_H]; Nisin
lower concentration [NisA_L]; Fumagillin [DCH]; infected control without treatments [CTR]. [*] p < 0.05; [***] p < 0.01.;
boxplots (B,C,F) shows results obtained with winter honey bees; boxplots (A,D,E,G,H) shows results obtained with summer
honey bees. Organic Acids: First Screening (A); Derived Test (B–D). Saccharomyces and antibiotics: First Screening (E);
Derived Test (F–H).

3.2.2. Nisin Has a Potential Effect on N. ceranae

In the test of “Saccharomyces and antibiotics” after 9 days of ingredients consumption
CTR samples reached an infection rate of 6.64 ± 0.30 Log of N. ceranae units (NcU), respec-
tively. A significant reduction was found for the treatments including S. cerevisiae [SC]
(Figure 2E, p < 0.05) while nisin [NisA] showed a non-significant reduction in NcU with
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respect to the CTR. NisA at high dose showed a significant decrease (p < 0.05) which was
not confirmed after repeating the test (Figure 2F,H). Finally, GRA confirmed the inefficacy
at both high and low doses (Figure 2E–G).

3.2.3. Wine Derivatives and Plant Extracts Do Not Reduce N. ceranae Parasite
Development Treatments

In the test including “wine derivatives”, a significant increase was found for the
treatment with wine vinegar [WV] in the first test up to 7.99 ± 0.24 Log of NcU (p < 0.05)
with respect to the control [CTR] (Figure 3A,B), whereas the other substances tested [SPH
and EtOH] did not cause significant differences, also in the derived test. None of the “plant
extracts” tested [OPT, PP, and MT] showed significant changes, even if the mixture of
Manuka and Tea oils [MT] showed a decreasing trend in the first test (7.12 ± 1.06 Log of
NcU in [MT] vs. 7.69 ± 0.24 Log of NcU in [CTR]—Figure 3C,D). In the derived test OPT
and PP caused the death of all honey bees until day 9 due to toxicity of the compounds
used. All obtained data are reported in Table 2.

Figure 3. N. ceranae inhibition assays. Box plots from the first test (exploratory) and derived tests
(confirmatory) are reporting the Log of N. ceranae units (NcU) per honey bee gut obtained at 9 days
post inoculation with spores for every treatment with dietary ingredients. (I) results obtained from
wine derivatives; (II) results obtained from plants extracts. Treatments included: Etanol [EtOH];
sulphites[SPH]; wine vinegar [WV]; Opuntia ficus-indica[OPT]; Padina pavonica [PP]; Manuka and
Tea oil mixture [MT]; Fumagillin [DCH] ; infected control without treatments [CTR]. [*] p < 0.05; [***]
p < 0.01. Wine derivates: First Screening (A); Derived Test (B). Plant Extracts: First Screening (C);
Derived Test (D).
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Table 2. The table from the first screening (exploratory) and derived tests (confirmatory) are reporting the Log of N. ceranae units
(NcU) per honey bee gut obtained at 9 days post inoculation with spores for every treatment with dietary ingredients and the relative
Standard Deviation. [CTR] = control [***] p < 0.01.

Reference Figure Log NcU ± St.Dev in [CTR] Experimental Conditions Log NcU ± St.Dev p-Value

ORGANIC ACIDS

First Test
Acetic Acid_Low [AA_L] 7.57 ± 0.19
Abscissic acid [ABA] 7.55 ± 0.21
Para-coumaric acid [pCA] 7.69 ± 0.292A 7.69 ± 0.24

Fumagillin [DCH] 4.86 ± 0.29 ***
Derived Test

Acetic Acid_Low [AA_L] 5.90 ± 1.20
Abscissic acid [ABA] 6.86 ± 0.28
Para-coumaric acid [pCA] 4.23 ± 0.26 ***2B 6.64 ± 0.30

Fumagillin [DCH] 4.11 ± 0.32 ***
Acetic Acid_High [AA_H] 4.39 ± 1.20 ***2C 7.08 ± 1.40 Fumagillin [DCH] 4.27 ± 0.91 ***
Acetic Acid_High [AA_H] 7.15 ± 0.07
Para-coumaric acid [pCA] 7.36 ± 0.362D 7.36 ± 0.18
Fumagillin [DCH] 4.72 ± 0.47 ***

Saccharomyces AND ANTIBIOTICS

First Test
Saccharomyces sp. strain KIA1 [SC] 7.13 ± 0.65 ***
mix, Low concentration [GRA_L] 7.78 ± 0.25

Nisin A, Low concentration [NisA_L] 7.53 ± 0.272E 7.42 ± 0.24

Fumagillin [DCH] 4.86 ± 0.29
Derived Test

Gramicidin mix, High concentration [GRA_H] 7.65 ± 0.85
Nisin A, High concentration [NisA_H] 6.45 ± 1.48 ***
Nisin A, Low concentration [NisA_L] 7.18 ± 0.992F 7.42 ± 0.24

Fumagillin [DCH] 4.51 ± 0.58 ***
mix, High concentration [GRA_H] 6.67 ± 0.14
mix, Low concentration [GRA_L] 6.57 ± 0.302G 6.64 ± 0.28

Fumagillin [DCH_A] 4.11 ± 0.32 ***
Saccharomyces sp. strain KIA1 [SC] 7.35 ± 0.09
Nisin A, High concentration [NisA_H] 6.99 ± 0.592H 7.36 ± 0.18
Fumagillin [DCH] 4.72 ± 0.47 ***

WINE DERIVATES

First Test
Ethanol [EtOH] 7.78 ± 0.99
Sulphites [SPH] 7.68 ± 0.40
Wine vinegar [WA] 7.99 ± 0.24 ***3A 7.69 ± 0.24

Fumagillin [DCH] 4.86 ± 0.29 ***
Derived Test

Ethanol [EtOH] 6.83 ± 0.18
Sulphites [SPH] 6.69 ± 0.16
Wine vinegar [WA] 6.67 ± 0.243B 6.64 ± 0.31

Fumagillin [DCH] 4.11 ± 0.32 ***

PLANT EXTRACTS

First Test
Opuntia ficus-indica extract [OPT] 7.92 ± 0.43
Padina pavonica extract [PP] 8.20 ± 0.32
Manuka and tea oil [MT] 7.12 ± 1.063C 7.97 ± 0.24

Fumagillin [DCH] 5.82 ± 0.20 ***
Derived Test

Opuntia ficus-indica extract [OPT] -
Padina pavonica extract [PP] -
Manuka and tea oil [MT] 7.28 ± 0.113D 7.36 ± 0.18

Fumagillin [DCH] 4.72 ± 0.47 ***
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4. Discussion

This work investigated the efficacy of different organic and biological agents against
N. ceranae with the aim of finding dietary ingredients or medicaments potentially usable to
control nosemosis. In recent years, this topic has become a priority in honey bee research
since, at present, there are no effective and safe treatments commercially available. It is
worth noting that some of the ingredients were tested against Nosema for the first time,
although some of them are commonly handled in beekeeping practice to fight pathogens.

4.1. Organic Acids and Wine Derivatives

Feeding honey bee colonies on sugar syrup supplemented with acidifying substances
was associated with an improved development of the honey bee colonies during the
active season [56,57]. Moreover, it is not unusual that beekeepers add acetic acid or other
acidic products to the winter food [58–60]. The justification for this practice relies on the
assumption that this additive aids digestion, reduces granulation in syrup, diminishes
robbing [61], and prevents the formation of molds in feeders. Moreover, the acidity may
also have effects on Nosema spore germination. Nevertheless, there are contradictory results
on the impact of acidified food on Nosema infections, as some studies have indicated it has
no impact on the development of nosemosis caused by Nosema apis [62]. In spite of this,
in the present research, a N. ceranae reduction at the highest concentration of acetic acid was
shown. However, in winter bees, the reduction was significant in comparison with summer
honey bees, suggesting a seasonal dependence of the described effect. Indeed, the first test
was carried out in autumn, whereas the derived tests were carried out using summer honey
bees. A possible explanation of the different effect is that in temperate climates worker
honey bees can either develop into short-lived summer bees or long-lived winter bees.
The latter show effective overall immune response [63], besides having a different protein
metabolism [64] and a different composition of the microbiota [65] in order to adapt to
cold temperatures. All these factors may influence N. ceranae development in comparison
with newly emerged honey bees obtained in the summer. Further investigations are
needed to establish the efficiency of acetic acid on early summer honey bees, also in
field conditions. Acetic acid has a low toxicity to insects based on available data with an
LD50 > 50 μg/honey bee in an acute contact toxicity study [66]. It is worth noting that
the lowest concentration of the acid caused a significant mortality, whereas the highest
one was well tolerated by treated honey bees. Those findings are possibly explained by
differences in the amount of food consumed, related with cumulative toxic effects derived
from the chronic exposure or deterrent effects. Although this hypothesis should be tested
also in a longer exposure condition, our findings might be promissory to propose this
compound as a candidate for in-field applications. This is also consistent with a previous
research in which the administration of Lactobacillus johnsonii CRL1647 produced lower
spore counts possibly due to the production of acidic metabolites including lactic acid,
phenyl-lactic acid, and acetic acid at a concentration of 38 mM [37]. Wine vinegar, which is
mainly composed of acetic acid and traditionally used by beekeepers to prevent N. ceranae,
in our research induced an unexpected increase in the spore load. The different results
between the use of acetic acid and vinegar may be explained by the presence in wine
vinegar of other secondary metabolites like hydroxymethylfurfural (HMF) that is toxic
for honey bees [58,67–69], although, in this study, the mortality was only 20% at the end
point. In the study conducted by Ptaszyńska and collaborators [70], a strong correlation
between the concentration of ethanol to feed honey bees and the proliferation of Nosema
spp. infection was observed but, also, a higher toxic effect when 5% and 10% ethanol
under a chronic administration design was given. In our study, we supplied 0.69 M (4%) of
ethanol in the diet, a concentration sufficiently high to generate cellular stress in honey bees
according to [71], but not enough to cause differences on mortality rates or on N. ceranae
development, in agreement with [70]. Furthermore, Ptaszyńska and collaborators [70]
suggested a correlation between acidification derived from ethanol metabolism and Nosema

24



Pathogens 2021, 10, 1117

spp. development based on a facilitation of the spore germination, which could also explain
some of our results.

In our research, p-coumaric acid was used as it was reported to possess antimicrobial
potential against a bacterial infection affecting honey bee larvae, Paenibacillus larvae [72].
At the dose of 31.4 μM (31 ppm), the phytochemical induced only a slight reduction in
the microsporidia amount in the first test, whereas in the derivative test the reduction
was highly significant when compared to the respective control, but, again, this result
was not confirmed when the acid was tested a third time. As mentioned above, these
contrasting results might be explained by a different honey bee physiology correlated with
the season and foraging resources. Summer and winter bees show distinct physiology:
long-lived winter bees (diutinus stage) are characterized by oxidative stress tolerance
and longevity [73,74] and senescence is almost negligible [75–77], whereas in summer
worker bees, there is rapid senescence after the nurse-forager transition. In this study,
p-coumaric acid reduced Nosema development only in winter honey bees. This is only
partially in agreement with the results obtained by Bernklau et al. [78] that showed a
significant reduction in N. ceranae spores with a concentration of 25 ppm in summer honey
bees. Although abscisic acid dietary supplementation has been reported to stimulate the
immune response and host health in honey bees [79], as well as to possibly influence the
nosemosis prevalence under field condition [41], the administration of the phytohormone
did not affect the development of the infection and, in addition, it was found to be toxic for
honey bees. Therefore, further studies are necessary to elucidate the effect of this molecule
on the bee physiology in relation to the environment.

Sulphite compounds are often used in agriculture to counteract fungal diseases, such
as powdery mildew (Uncinola necator) in grapevine cultivation. They are also widely used
in the wine industry for wine clearance and the obtained organic sulphites are a waste
with potential antimicrobial activity. The honey bee food supplementation with sulphites
resulted inactive against the microsporidia N. ceranae. This is in contrast with [80] that
showed that sulphated-polysaccharides can counteract N. ceranae. The contrasting result is
probably due to the different origin of the sulphated organic compounds used.

4.2. Saccharomyces and Antibiotics

The use of antimicrobial compounds to treat nosemosis was largely studied, being
fumagillin the most effective against N. ceranae [81]. Its effectiveness was also deeply
confirmed in our study, in contrast to Huang et al. [21], also causing low mortality rates.
However, its use is controversial, due to its toxicity both to bees and humans, which limits
its use in beekeeping because of the presence of possible residues in hive products. There-
fore, searching for new antibiotic substances alternative to fumagillin, such as gramicidin
and nisin, was one of the aims of this work. The cyclic peptide gramicidin S is produced
by Aneurinibacillus migulanus DSM2895T , formerly Bacillus brevis, that was reported to be
highly effective against N. apis development [81,82] and active against fungi [83]. Since this
substance is no longer available on the market, we opted for gramicidin D (a mixture of
gramicidin A, B, and C, produced by Bacillus brevis ATCC 8185 [84], a linear channel form-
ing peptides). To the best of our knowledge, gramicidin D has never been tested against
microsporidia. The results obtained showed no effects but, on the contrary, an increase in
the N. ceranae count. A possible explanation may be that gramicidin S compromises the
integrity of lipid layer of the cytoplasmic membrane of gram-positive, gram-negative bac-
teria, and fungi [83], whereas the types A, B, and C are linear peptides with low solubility
in water with an antimicrobial action described only against gram-positive bacteria [85].
Nisin, a lantibiotic produced by Lactococcus lactis, largely used in food packaging as a preser-
vative and until now never tested as a potential nosemosis treatment, gave different results
with respect to gramicidin. This polycyclic polypeptide caused a lower development of N.
ceranae in honey bee gut, showing a significant effect when the concentration was increased
in the derived test and administered to winter honey bees. Based on our results, nisin
represents a potential anti-microsporidian for further lab and field tests. Considering the
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different results obtained to counteract Nosema proliferation of the different anti-microbial
agents, a higher efficacy of the cyclic molecules with respect to the linear ones may be
postulated. This is also confirmed by the work of [36] in which a cyclic surfactin produced
by Bacillus subtilis was effective against the viability of Nosema spores. In the light of these
considerations, other experiments are envisaged to validate the hypothesis but also to
validate the efficacy of bacteriocin administration in the field. The use of Saccharomyces
was determined by its presence in nectar and pollen [86,87] and it was also shown to be
beneficial to honey bees [88]. The tested concentration (1011 CFU/ml) was found to be
toxic to honey bees, whereas the effects on N. ceranae were not reproducible between the
two performed test. Considering that a significant N. ceranae reduction was obtained in the
first screening, we believe that the dose of the administered yeast should be adjusted.

4.3. Plant Extracts

The administration of plant extracts to honey bees, including extracts from plant
material with different extraction methods, essential oils and single main components
were widely tested for possible antiparasitic activity against nosemosis with different
results [28,30,31,89]. In the case of the natural oils and plant extracts tested in our work,
no significant results were obtained against N. ceranae development. A possible exception
was found when manuka and tea oils in combinations were tested, obtaining a reduction
of Nosema spores (not statistically significant), thus indicating that a combination of these
oils may be a strategy to pursue. Conversely, Opuntia extract, notably rich in polyphenols,
vitamins, polyunsaturated fatty acids, and amino acids, and whose antimicrobial activity
has been studied against Campylobacter spp. in poultry [90], did not exhibit any positive
effects but led to an increase in the microsporidia development.

Finally, Roussel et al. [80] found positive effects of some sulphated polysaccharides
from different marine algae against N. ceranae infection. In this study, the Mediterranean
seaweed Padina pavonica pure extract, possessing antibacterial and anti-Candida activi-
ties [91], caused a spore load increase in treated honey bees and high toxicity, differently
from what expected.

5. Conclusions

In this work, we proposed a screening of innovative ingredients that were never
tested against the development of N. ceranae. Many of these ingredients were selected
based on treatments used by beekeepers that often apply some practices basing on empiric
knowledge. In the present study it was pointed out that the cyclic antibiotic nisin is efficient
in the control of N. ceranae even if it shows high mortality rates in cage texts. Moreover,
organic acids, such as acetic acid, might be a valid alternative to control the disease avoiding
contaminant residuals. It is important to highlight that the efficacy of some compounds
seems to be strongly correlated with the seasonal physiology of honey bees, and this factor
should be better considered in future studies. Therefore, the promising results from nisin,
acetic acid, p-coumaric acid, and Saccharomyces sp. against the development of nosemosis
point out that the use of these ingredients needs to be further explored both in laboratory
and field conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

qPCR Quantitative-polymerase chain reaction
MetAP2 Methionine aminopeptidase-2
AA_L Acetic acid low concentration
AA_H Acetic acid high concentration
ABA Abscissic acid
pCA Para-coumaric acid
SC Saccharomyces sp. strain KIA1
GRA_L Mixture of gramicidin A, B, and C at low concentration
GRA_H Mixture of gramicidin A, B, and C at high concentration
NisA_L Nisin A at low concentration
NisA_H Nisin A at high concentration
EtOH Ethanol
SPH Sulphites
WA Wine vinegar
OPT Opuntia ficus-indica extract
PP Padina pavonica extract
MT Manuka and tea oil mixture
DCH Fumagillin
CTR Control
PDB Potatoes dextrose broth
CFU Colony forming unit
RH Relative humidity
PCR Polymerase chain reaction
ANOVA Analysis of variance
NcU Nosema ceranae units
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Abstract: Honey bees (Apis mellifera L.) are the most effective pollinators for different crops and wild
flowering plants, thus maintaining numerous ecosystems in the world. However, honey bee colonies
often suffer from stress or even death due to various pests and diseases. Among the latter, nosemosis
is considered to be one of the most common diseases, causing serious damage to beekeeping every
year. Here, we present, for the first time, the effects from the application of the herbal supplements
NOZEMAT HERB® (NH) and NOZEMAT HERB PLUS® (NHP) for treating N. ceranae infection and
positively influencing the general development of honey bee colonies. To achieve this, in autumn 2019,
45 colonies were selected based on the presence of N. ceranae infections. The treatment was carried
out for 11 months (August 2019–June 2020). All colonies were sampled pre- and post-treatment for
the presence of N. ceranae by means of light microscopy and PCR analysis. The honey bee colonies’
performance and health were evaluated pre- and post-treatment. The obtained results have shown
that both supplements have exhibited statistically significant biological activity against N. ceranae in
infected apiaries. Considerable enhancement in the strength of honey bee colonies and the amount of
sealed workers was observed just one month after the application of NH and NHP. Although the
mechanisms of action of NH and NHP against N. ceranae infection are yet to be completely elucidated,
our results suggest a new holistic approach as an alternative therapy to control nosemosis and to
improve honey bee colonies’ performance and health.

Keywords: microsporidia; nosemosis control; phytotherapy; 16S rDNA gene

1. Introduction

The European honey bee, Apis mellifera (Linnaeus, 1758) is the most effective and
globally distributed pollinator not only of a large number of important crops but also
of wild flowering plants, some of which play an essential role in maintaining ecosystem
services [1–3]. Over the past several decades, there has been a significant reduction in
bee colonies, especially in some geographical regions (e.g., North America), which has
raised great public and societal concern [4,5]. The decline of the honey bee population
has the most tangible effect on food sources for human and livestock, disrupting wild
plant pollination and diversity, altering ecological interactions and function, decreasing
crop yields, reducing the yield of bee products, a large number of which have important
medical value, etc. [6–9]. A honey bee colony may harbour a wide variety of disease agents
and pests, bacteria, fungi, honey bee-associated viruses, parasitic mites and even other
insects that try to take advantage of the rich resources contained within bee colonies [10,11].
Among them, N. ceranae (Fries et al. 1996) has been implicated in inflicting annually heavy
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losses on beekeeping [12,13]. Until 2017, two microsporidia were known—N. apis (Zander,
1909) (causing nosemosis Type A) and N. ceranae (causing nosemosis Type C) [14]. N. ceranae
is specific for the Asiatic honey bee (Apis cerana, Fabricius, 1793); however, presumably after
2003, N. ceranae has switched its hosts and has begun to infect the European honey bee (Apis
mellifera) [15,16]. Nowadays, N. ceranae has become widespread microsporidia in many
regions in the world [17,18]. Based on ultra-structural and molecular investigations, a new
Nosema species in Apis mellifera, namely N. neumanni (Chemurot et al. 2017), was described
in Uganda in 2017 [19]. The importance of N. ceranae spillover is not limited to the honey bee
but also to other insect species like the bee-eater Merops apiaster [20], the South American
native bumblebee, Bombus brasiliensis (Lepeletier, 1836) [21,22], stingless bees and social
wasps [23], solitary bees [24], the small hive beetle, Aethina tumida (Murray, 1867) [25],
etc. Numerous studies have indicated that N. ceranae has become a worldwide distributed
microsporidian pathogen, including in Central Italy [26,27], Croatia [28], Lithuania [29], etc.
In an investigation on the prevalence of Nosema spp. in temperate and subtropical regions,
pure N. ceranae infection and N. ceranae/N. apis co-infection were detected in apiaries from
both regions, while pure N. apis infection was exclusively observed in the subtropical
region [30].

It was found that Apis cerana showed a higher immune response and lower N. apis and
N. ceranae spore loads than A. mellifera, suggesting that Asiatic honey bees may be better
able to defend themselves against microsporidia infection [31].

The most prominent negative influences on honey bee colonies include: suppression
of the honey bee immune system [32], shortening of worker bee lifespan [33], the decline in
colony strength and productivity [34], queen supersedure [35], increased winter losses and
colony collapse [36]. All these adverse effects of Nosema spp. on honey bee colonies require
the search and development of effective strategies against these widespread parasites. For
more than several decades, bicyclohexylammonium fumagillin (isolated from the fungus
Aspergillus fumigatus) has been widely used as an anti-N. ceranae antibiotic [37]. Recent
studies have shown that this antimicrobial agent is becoming less and less effective against
N. ceranae infection [37,38]. Some researchers have further found that fumagilin is rather
toxic and may provoke tumorigenic formations in humans. Moreover, it has negative
effects on bee health and even leads to hyperproliferation of N. ceranae spores [39,40].
The observed toxic effects of fumagillin require strict measures regarding its use in many
countries [41].

Considering the above, it seems essential to develop new, alternative approaches
against nosemosis. Until now, there have been several new basic approaches to control
nosemosis in honey bees.

1.1. Use of Small Molecules

The use of biologically active small molecules represents a promising approach against
nosemosis [38]. A large number of organic compounds have been tested for control of
nosemosis. These include: porphyrins (Porphyrin: PP(Asp)2 and Porphyrin: TMePyP),
inhibitors of the enzyme methionine aminopeptidase type 2 (MetAP2), phenolic acids
(formic acid, oxalic acid, etc.), polyphenol compounds (resveratrol and thymol), etc. [42–44].
Although they represent a reliable alternative therapy in the combat against nosemosis, a
disadvantage of these compounds is that after their use viable spores remain in beehives,
combs, and feces [38]. Thus, there is a real danger of infection or re-infection in the treated
honey bee colonies.

1.2. RNA Interference as a Gene Regulating Expression Approach

Another approach for treating N. ceranae infection is associated with the use of RNA
interference (RNAi). RNAi represents a biological process in which small RNA molecules
(microRNA (miRNA) and small interfering RNA (siRNA)) inhibit gene expression or trans-
lation, by degrading targeted messenger RNA (mRNA) molecules via post-transcriptional
gene silencing [45]. RNAi is widely used in human medicine and represents a promising
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new anticancer approach [46]. In beekeeping, RNAi technology has been used to protect
honey bees from infection by various pathogens and parasites [47]. In vitro studies have
shown that RNAi can be applied successfully against some honey bee-associated viruses
and the ectoparasitic mite Varroa destructor (Anderson and Trueman, 2000) [48,49].

Using an RNAi strategy to reduce the expression of some honey bee genes (gene
silencing) has been one of the key measures against nosemosis [50,51]. An example of this
is the upregulation of the mRNA levels of the naked cuticle gene (nkd) in adult bees by
means of N. ceranae infection provoking a suppressed host immune function [52]. It has
been found that the oral application of nkd double-stranded RNA (dsRNA) in N. ceranae-
infected bees, i.e., silencing the host nkd gene, can activate the immune response, suppress
the reproduction of N. ceranae, and improve honey bees’ health status [52]. Another similar
strategy, but this time with the use of RNAi-based gene silencing on parasitic DNA, is the
downregulation of the gene encoding N. ceranae polar tube protein 3 (ptp3) through the
application of dsRNA that is homologous in gene sequence [50]. The ptp3 is the part of
the polar tube structure relevant to host–parasite interaction, contributing to the parasitic
invasion [53]. It has been demonstrated that the oral application of a dsRNA corresponding
to the sequences of N. ceranae ptp3 gene silences the expression of the corresponding ptp3
in N. ceranae-infected bees. As a result, N. ceranae load reduction, improvement of host
physiological status, and extension of lifespan in infected bees have been observed [49]. The
application of this therapy has also its drawbacks. One of them is related to the degradation
of the dsRNA molecules inside insects’ guts, which is associated with additional costs
regarding the protection of the dsRNA molecules from insect gut nucleases [54]. Other
limiting factors include: the insects’ gut pH and the related activity of the restricted enzyme
(affecting the stability of dsRNA), the amount of the dsRNA molecules when administered
orally in target insects, the length of the dsRNA molecules, and the life stage of the
insects (larvae, pupae or adults) [54]. To overcome these obstacles, dsRNAs have been
incorporated in liposomes or nanoparticles, and then these particles have been delivered
to insects through feeding on an artificial diet [55]. Nanoparticles/liposomes stabilize the
dsRNA molecules, thus ensuring the greater efficiency of the RNAi process.

The results obtained from the use of RNAi technology have clearly demonstrated
the prospects of its applications in anti-nosemosis therapy, but more research is needed in
order to be widely implemented in beekeeping practice.

1.3. Use of Organic Extracts and Natural Supplements as an Alternative Holistic Strategy

Another approach against nosemosis is the use of organic extracts and natural sup-
plements. The major advantage is their lower toxicity for both bee colonies and the
environment, compared to other chemical compounds [47]. Many investigations have
shown that various organic and aqueous natural products do not show any toxicity to
honey bees and lead to a decrease in both parasite load and mortality rate caused by
N. ceranae infection [56–58]. Natural compounds, mostly flavonoids and polysaccharides
contained in a number of medicinal plants, demonstrate anti-microsporidian activity in
honey bees and are applied most often as alcoholic extracts, although some studies dispute
the role of the biological activity of flavonoids against N. ceranae infection [58]. Propolis, a
mixture of resins, wax, and pollen from buds and flowers of plants, enriched with enzymes
and subjected to lactic acid fermentation in the digestive system of bees, has strong an-
timicrobial, antiviral, and antifungal properties [59]. These properties provoke the interest
of the scientific community in propolis as an anti-microsporidian drug. In this relation,
an ethanolic extract of propolis has been tested in different bee species experimentally
infected with N. ceranae [59–61]. The obtained results from these investigations support
the hypothesis that propolis represents an effective and safe product to control N. ceranae,
while it is interesting to note that bees seem not to use it to self-medicate when infected
with these microsporidia [61]. Some studies have indicated that honey and pollen from
sunflowers (Helianthus annuus L.; Asteraceae) may also reduce the microsporidian infection
and increase survival rate in honey bees [62,63].
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A number of commercial supplements (HiveAliveTM, Api-Bioxal® and ApiHerb®,
“BEEWELL AminoPlus”, Nozevit®, BeePro®, MegaBee®, etc.) have been tested for anti-N.
ceranae activity as well [64–68]. For instance, administration of HiveAliveTM and ApiHerb®

significantly reduces N. ceranae spores load [64,65]. Application of the dietary amino
acid and vitamin complex called “BEEWELL AminoPlus” decreases N. ceranae spore
and protects honey bees from immune suppression by upregulating the expression of
genes for immune-related peptides (abaecin, apidaecin, hymenoptaecin, defensin and
vitellogenin) [66]. The investigation of Nozevit® (a natural product from plant polyphenols)
has shown that this commercial phytopharmacological supplement may improve bee health
by decreasing colony spore loads [67]. However, DeGrandi-Hoffman et al. [68] have found
that bee colonies fed with the commercial protein supplements BeePro® and MegaBee®

exhibited higher levels of black queen cell virus and N. ceranae incidence and greater queen
losses in comparison to bee colonies feeding on natural forage (Brassica rapa—rapini).

1.4. Probiotics and/or Prebiotics

The negative consequences associated with the use of antibiotics in the treatment
against nosemosis are primarily related to the disruption of the host microbiota and, in
some cases, the increased susceptibility to N. ceranae infection [69,70]. The use of microbial
supplements (probiotics or prebiotics) represents another innovative approach not only for
maintaining or restoring intestinal microbiota, but also in the combat against nosemosis. In
this aspect, endogenous gut bacteria belonging to Lactobacilliaceae, Bifidobacteriaceae, and
Acetobacteraceae families have been found to suppress the development of N. ceranae, by
reducing the spore load [70,71]. Different commercial probiotics strains (Bactocell® and
Levucell SB®, Lallemand Inc., “Biogen-N”, “Trilac”, “Lakcid”, etc.) have also been tested
as an alternative therapy against N. ceranae infections in honey bees [72–76]. The obtained
results from these investigations have shown endogenous bacterial strains to be as efficient
as commercial strains in terms of survival of honey bees infected with N. ceranae, without a
pronounced antagonistic effect on the parasite development.

However, some studies have indicated that uncontrolled and unbalanced admin-
istration of probiotics to honey bees may cause dysbacteriosis and increase pathogen
susceptibility [76,77].

Some prebiotics are also used to control N. ceranae infection in honey bees. For example,
prebiotic mannan-oligosaccharides (MOSs) are easily fermentable by gut microbiota and
their accelerated reproduction allows them to compete with pathogenic bacteria for both
nutrients and space in the gut. The β-glucans (glucose homopolymers) are known for
their immune-modulating impact on different species, including honey bees [78]. The
polysaccharide chitosan stimulates the bee immune system, leading to a decrease in the
degree of infection with N. apis and to increased bee survival [79].

1.5. Other Approaches

The zeolite clinoptilolite is well-known for its powerful antioxidant activity as a
dietary supplement in bees infected with N. ceranae. Using clinoptilolite has resulted in
significant therapeutic effects on honey bees that are naturally infected with N. ceranae,
without affecting bee physiology [80].

Many beekeepers prefer the use of a natural approach for the treatment of nosemosis.
This is no accident, as prolonged use of antibiotics will inevitably lead to resistance, pollute
the environment and honey bee products, which will consequently affect human health
as well.

Inspired by the use of natural compounds for N. ceranae treatment, we decided to test
two new herbal supplements, NOZEMAT HERB® (NH) and NOZEMAT HERB PLUS®

(NHP), and their influence on N. ceranae infection and honey bee health and survival. We
believe that this study will contribute to establishing the most effective approaches against
nosemosis without a negative impact on the physiological state of the bee colonies and the
resulting bee products.
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2. Results

2.1. N. ceranae Infection and Spore Counts

The amplification of the part of the 16S rDNA gene showed the presence of N. ceranae
in both experimental groups (NH and NHP) and the control group (C) during the two
pre-treatment sessions (August 2019 and April 2020) and about two months after the
two post-treatment sessions (October 2019 and June 2020). There were no PCR products
in the negative controls. The results from the obtained sequences have shown the pres-
ence of N. ceranae species after standard nucleotide BLAST (BLASTN programs) in the
GenBank database.

The numbers of N. ceranae spores per bee for the pre- and post-treatment periods each
year are shown in Figure 1. Even after the first treatment, a significant reduction in the
number of N. ceranae spores per bee (p < 0.01) was observed (Figure 1a). Compared to
the pre-treatment period (August 2019) (NH: 3.8 ± 0.61 × 106; NHP: 3.5 ± 0.78 × 106),
in October 2019 the two supplement-treated groups (NH and NHP) showed a significant
decrement in N. ceranae spore counts: about 68% in the NH group and about 60% in
the NHP group (Figure 1a). In contrast to the two experimental groups, the control C
group showed a reduction by only 19% of the number of N. ceranae spores (pre- treatment
2.7 ± 0.68 × 106; post-treatment 2.2 ± 0.59 × 106). During the next year, at the beginning
of the second pre-treatment session (April 2020), in contrast to October 2019, a much
more pronounced augmentation of N. ceranae spore counts was observed in the control
C group—about 33% (ANOVA with Tukey’s HSD post hoc test, p = 0.6047; df = 8) and
less in the experimental groups NH and NHP—18% and 22% (ANOVA with Tukey’s
HSD post hoc test, p = 0.6104, df = 8; p = 0.5406, df = 8, respectively) (Figure 1b). At
the end of the second experimental period in June 2020, compared to the pre-treatment
period (April 2020), the NH and NHP groups treated with herbal supplements showed
a significant reduction in N. ceranae spores (p < 0.01)—about 67% (0.47 ± 0.58 × 106) and
60% (0.68 ± 0.64 × 106), respectively (Figure 1b). The reduction in the number of N. ceranae
spores in the control C group at the end of the second experimental period (June 2020) was
only 11% (2.61 ± 0.72 × 106).

The treatment with the herbal supplements NH and NHP showed a significant reduc-
tion in the N. ceranae spore levels compared to the control C group (post-hoc Tukey HSD
Test: F = 24.199, p = 0.0004; F = 18.919, p = 0.0009, respectively).

2.2. Effect of Herbal Supplements on Honey Bee Strength and Production Traits
2.2.1. Strength of the Honey Bee Colonies (Estimated Based on Mass)

The strength of the bee colonies was evaluated based on colony mass 12 times dur-
ing the first pre-treatment (August 2019) and after that 4 times at 12-day intervals post-
treatment until September 2020. After the winter period October 2019–February 2020, the
same investigations were performed before the second pre-treatment (March 2020) and
after that 4 times at 12-day intervals post-treatment until June 2020 (Figure 2). The first
difference between the experimental groups (NH and NHP) and the control C group was
observed about 25 days after the first treatment (at the end of August 2019). Then, the mass
of the bee colonies in the NH and NHP groups was estimated to be 1.65 ± 0.05 kg and
1.63 ± 0.12 kg, respectively, while in the control C group it was 1.25 ± 0.10 kg (F = 6.818,
df = 6, p = 0.040; F = 6.943, df = 6; p = 0.038, respectively). As the autumn period ap-
proached, there was a gradual decrease in the studied indicator of bee colony strength in
both the control and the two experimental groups, reaching almost full equalization at the
end of September(Figure 2). During the second pre-treatment (9 April 2020) the average
mass values indicating the strength of the honey bee colonies were significantly higher
in the experimental groups than in the control group (ANOVA with Tukey’s HSD post
hoc test, F = 26.727, df = 8, p = 0.002; F = 30.857, df = 8, p = 0.001, respectively) (Figure 2).
The most significant difference was observed in the NHP group, where the mass exceeded
1.2 times that of the control group. This is an indicator of the successful wintering of honey
bee colonies and a good start for spring development.
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Figure 1. N. ceranae spore counts (±SD) pre- and post-treatment with NOZEMAT HERB® and
NOZEMAT HERB PLUS® during 2019 (a) and 2020 (b). The number of N. ceranae spores was counted
by microscopic examination. Asterisks indicated the level of significance as determined by an analysis
of variance followed by Tukey’s multiple comparison test. **: p < 0.01 compared to the Nosema spore
during pre-treatment.

Figure 2. Average (±SD) values in colony strength in honey bee colonies treated with NOZEMAT
HERB® and NOZEMAT HERB PLUS® and in an untreated (control) group during 2019 and 2020.
Asterisks indicated the level of significance as determined by an analysis of variance followed by
Tukey’s multiple comparison test. *: p < 0.05, **: p < 0.01 compared to the untreated control group.
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Similar to the first treatment in the previous year (August 2019), the first significant
difference between the control and the experimental groups was observed around the
10th day after the second treatment (9 April 2020). Then, the mass (and, accordingly, the
strength) of the colonies from the NH group was 1.8 times higher than that of the control C
group (F = 31.176, df = 6, p = 0.001). The difference between the NHP and the control C
was about 0.150 kg bees (F = 32.666, df = 6, p = 0.001). About two months after the second
treatment, the difference between the two experimental groups and the control group was
about 0.450 kg bees. The mass (and, accordingly, the strength) of the bee colonies of the
NH group (1.60 ± 0.07 kg) and NHP group (1.35 ± 0.10 kg) was, respectively, about 1.5
and 1.2 times higher than that of the control group (1.06 ± 0.09 kg) (F = 19.091, df = 8,
p = 0.002; F = 16.90, df = 8, p = 0.003, respectively). These significant differences persisted
during the next measurement period (middle of May 2020), after which there was a less
pronounced advantage of the experimental groups over the control group until the last
reporting period (June 2020) (Figure 2).

2.2.2. Sealed Worker Brood Area within the Hives

A lot of factors determine the queen’s egg-laying rate: age, genotypes, colony size,
colony nutrition, etc. It is difficult to quantify the performance of queens relative to workers
in the field, and there are not many laboratory assays on queen performance. For this
reason, the obtained results on sealed worker brood areas within the hives may not be
completely comprehensive, yet this is a parameter that needs to be considered. In contrast
to the achieved results regarding the strength of the honey bee colonies, the parameter of
sealed worker brood area showed fewer differences after the treatment of the honey bee
colonies with herbal supplements (Figure 3). After the first application of NH and NHP
(August 2019), the sealed worker brood area gradually decreased both in the experimental
(NH and NHP) and in the control C group, which is a biologically determined process
in the late autumn period (September 2019). After the winter period and the second pre-
treatment (April 2020), the sealed worker brood area in the hives increased; however, only
in the NH group (925 ± 29.3 cm2) there were statistically significant differences, compared
to the NHP (200 ± 31.7 cm2) and the control C group (120 ± 26.9 cm2) (F = 6.241, df = 6,
p = 0.037; F = 0.303, df = 6, p = 0.610, respectively) (Figure 3). The second statistically
significant difference between the experimental groups and the control group was observed
after the fifth month following the second treatment (June 2020). Then, the NH and NHP
groups had a significantly larger sealed worker brood area, compared to the control C
group (ANOVA with Tukey’s HSD post hoc test, df = 8, F = 9.424, p = 0.018; F = 13.256,
df = 8, p = 0.008, respectively).

10,000 

Figure 3. Average (±SD) worker sealed brood area (cm2) in honey bee colonies treated with NOZEMAT HERB® and
NOZEMAT HERB PLUS® and in an untreated (control) group during 2019 and 2020. Asterisks indicated the level of
significance as determined by an analysis of variance followed by Tukey’s multiple comparison test. *: p < 0.05 compared to
the untreated control group.
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2.2.3. Amount of Capped Honey in the Beehives

The results regarding the amount of capped honey in bee combs are presented in
Figure 4. As this indicator is directly related to the strength of honey bee colonies (Figure
1), no significant difference was observed between the experimental groups and the control
group in the period after the first treatment (August 2019) until the approach of the autumn
(September 2019). During the first spring survey in 2020, there were more significant
differences in the values of this indicator. About two months after the second treatment
(May 2020), there were significant differences between the experimental groups and the
control group regarding the amount of capped honey in the beehives. The experimental
groups NH (1.18 ± 0.21 kg) and NHP (1.16 ± 0.10 kg) exceeded with about 490% the
control C group (0.20 ± 0.13 kg) (F = 77.0395, df = 6, p = 0.001; F = 148.725, df = 6, p = 0.001,
respectively). During the next two measurement periods (in the middle and at the end
of May 2020) this trend persisted, as higher values were observed in the experimental
NH group, compared to the control C group (F = 30.015, df = 8, p = 0.001; F = 62.157,
df = 8, p = 0.001, respectively). During both these periods, the amount of capped honey
in the experimental NH group exceeded nearly 4 times this in the control C group. A
similar trend was observed between the NHP group and the control C group but with a
less pronounced level of significance (Figure 4).

Figure 4. Average (±SD) amount of stored capped honey in honey bee colonies treated with NOZE-
MAT HERB® and NOZEMAT HERB PLUS® and in an untreated (control) group during 2019 and
2020. Asterisks indicated the level of significance as determined by an analysis of variance followed
by Tukey’s multiple comparison test. *: p < 0.05, **: p < 0.01 compared to the untreated control group.

2.2.4. Stored Pollen Area within the Hives

The stored pollen area is an indicator of the amount of collected pollen in beehives
(a quantity that depends on environmental conditions, the needs of the colonies and the
number of bees in the colonies). The stored pollen area was evaluated through direct surface
measurements of the comb (cm2), and the results are presented in Figure 5. Although
the strength of honey bee colonies decreased in all groups, a significant difference was
observed between the experimental groups and the control group about 25 days after the
first treatment (9 August 2019). Then, the stored pollen area in the experimental groups
NH (425 ± 30.8 cm2) and NHP (313 ± 31.3 cm2) exceeded approximately 7 and 5 times,
respectively, that in the control C group (63 ± 32.3 cm2) (F = 53.680, df = 8, p = 0.001,
p < 0.01; F = 15.491, df = 8, p = 0.001, p < 0.01, respectively). Significantly higher values of
this indicator in the two experimental groups compared to the control were observed during
the next measurement (the beginning of September 2019) (Figure 5). Then, statistically
significant differences were observed between the experimental groups NH and NHP and
the control C group (F = 53.172, df = 8, p = 0.003, p < 0.01; F = 23.835, df = 8, p = 0.002,
p < 0.01, respectively). During the next year (2020), the most significant difference between
the experimental groups and the control group was observed about two months after the
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second treatment (15 May 2020). In terms of stored pollen area, the NH group surpassed
by nearly 80% the control C group (ANOVA with Tukey’s HSD post hoc test, F = 5.631,
df = 8, p = 0.049, p < 0.05), while the NHP group exceeded by 170% the control C group
(ANOVA with Tukey’s HSD post hoc test, F = 7.966, df = 8, p = 0.025, p < 0.05) (Figure 5).

Figure 5. Average (±SD) stored pollen area (cm2) in honey bee colonies treated with NOZEMAT
HERB® and NOZEMAT HERB PLUS® and in an untreated (control) group during 2019 and 2020.
Asterisks indicated the level of significance as determined by an analysis of variance followed by
Tukey’s multiple comparison test. *: p < 0.05, **: p < 0.01, compared to the untreated control group.

3. Discussion

About 15–20 years after the detection of N. ceranae in the Eastern honey bee (Apis cer-
ana), these microsporidia became a globally distributed pathogen [81–84]. Currently, N.
ceranae is considered one of the main causes of severe annual losses in beekeeping world-
wide [85]. For this reason, various strategies have been developed for the control of
nosemosis type C caused by N. ceranae. It is of crucial importance that the applied ap-
proaches are not toxic to honey bees and also to humans (through residues remaining in
honey bee products), and are not polluting the environment.

One of the allopathic therapies related to the fight against nosemosis is the use of
ecologic phytotherapy [86,87]. It is a suitable remedy against nosemosis due to the low
toxicity to bees and the safety of the environment and human health.

A number of studies have focused on the impact of some herbal extracts on the
regulation of the expression of certain genes in honey bees in order to reduce the damage
caused by N. ceranae. For example, it has been shown that plant extracts or decoction from
Andrographis paniculate promote Wnt and JNK pathways by upregulating the expression
of certain genes (including armadillo, basket, frizzled and groucho) in intestinal cells [57].
These results have demonstrated that this Chinese herb can provide protection from N.
ceranae infection under laboratory conditions, suggesting that it can be used in apiculture
to control N. ceranae. Another study has revealed that Eleutherococcus senticosus extract
contains eleutherosides (eleutheroside B + E), which have an impact on the honey bee
immune system [88]. These eleutherosides increase phenoloxidase (PO, a major defense
enzyme in many invertebrates) in hemolymph and inhibit the development of fungal
spores. The piperine (an alkaloid in the roots of the Piperaceae family) and curcumin (a
natural phenol produced by Curcuma longa) are known as natural supplements which
increase the activity of the antioxidant system in honey bees [89,90]. They promote the
activities of antioxidant enzymes such as superoxide dismutase, peroxidase, catalase and
glutathione S-transferase, which reduces oxidative stress [91]. Moreover, it is observed
that these herbal supplements exhibit hydroxyl radical scavenger action in honey bees,
suppressing the destructive effects of the free radicals and reactive oxygen species [92].
Because N. ceranae is able to induce oxidative stress in bees [93], piperine and curcumin are
potential candidates regarding antinosemosis therapy.

The present study is the first report of the in vivo application of two plant extracts,
NOZEMAT HERB® (NH) and NOZEMAT HERB PLUS® (NHP), against N. ceranae and their
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impact on honey bee colonies. These products are patented herbal supplements for honey
bees. NH contains herbal extracts, vegetable glycerin, water, citric acid, and preservative—
potassium sorbate. NHP contains additional herbal extract as well as vitamin C (ascorbic
acid). The exact quantitative composition of these two supplements is patent-protected
and thereby not disclosed in this paper.

After a sequence analysis of the part of the 16S rDNA gene, we obtained a fragment
with 219 bp. Then, we performed a BLAST analysis in the GenBank genetic sequence
database to identify regions of local similarity between the available sequences for the
N. ceranae 16S rDNA gene. We found the highest homology of our sequences (Acc. no.
MG657260) with N. ceranae isolates from Argentina (Acc. no. KX024757) and Lithuania
(Acc. no. JQ639314). Besides the conventional PCR analysis for detection of N. ceranae
based on sequence analysis of 16S rDNA gene, a recently developed new method not only
provides rapid and reliable detection of the presence of these microsporidia but also allows
the quantification of N. ceranae (qPCR assay) based on the highly-conserved protein coding
gene Hsp70 [94].

In both years of our study (2019–2020), a significant reduction of N. ceranae spore loads
was observed after NH and NHP administration, compared to the pre-treatment level.
Among the benefits from these two supplements is their positive effect on the intestinal
microflora of honey bees. Numerous studies have indicated that microbial communities
have an essential role in the resistance to pests and pathogens, environmental toxins and
pesticide exposure [77,95–97]. As for the N. caranae infection, there is evidence that these
microsporidia disrupt the microbiota, causing dysbiosis, which may have consequences
on bee development and immune suppression [97–99]. As an intestinal infection, N. cer-
anae causes significant changes in the composition of honey bee gut microfauna, and the
plant extracts that we use contain biologically active substances that have a beneficial
effect on gut bacterial communities. In fact, both products (NH and NHP) contain basic
polyphenols—flavonoids and phenolic acids—as biologically active compounds. Accord-
ing to some authors, the antimicrobial activity of plant extracts is not due to a single
biologically active substance (flavonoids vs phenolic acid), but rather to the totality of all,
with potentially synergistic effects [59,100]. Phenolic compounds extracted from Artemisia
dubia and Aster scaber have shown a clear anti-nosemosis effect, which is a promising
strategy for controlling nosemosis [101,102]. As far as flavonoids are concerned, the studies
carried out so far have not identified a single representative that can be effective on its
own against nosemosis [59,65]. Unfortunately, the mechanism of action of both flavonoids
and phenolic compounds against N. ceranae has not been elucidated yet. The latter would
certainly help to speed up the process against these microsporidia.

A lot of research has been carried out on the application of plant extracts supplementa-
tion against various pathogens in bee colonies, e.g., V. destructor and honey bee-associated
viruses, N. ceranae, American foulbrood (Paenibacillus larvae) [66,87,103–105], or pests, e.g.,
the greater wax moth Galleria mellonella [106]. In addition to the effect of plant extracts, the
potential beneficial effects of herbal extracts on honey bee colonies have been tracked as
well. Certain researchers purposefully reflect on the impact of various plant extracts on
honey bee performance [107–111].

Our study aimed to evaluate the impact of the herbal supplements NOZEMAT HERB®

and NOZEMAT HERB PLUS®—on the one hand, as an alternative therapy against nose-
mosis, and on the other hand, considering the influence of the two products on honey bee
colony strength and honey production and pollen collection for two consecutive years
(2019 and 2020).

We found a significant reduction of N. ceranae spores load after administration of NH
and NHP, compared to the pre-treatment period both in 2019 and in 2020. In contrast to the
experimental groups, the control C group exhibited a less clear decrease of N. ceranae spores
levels (Figure 1). These data are consistent with other studies in which a significant decrease
of N. ceranae spores load was established after the application of other commercial food
supplements, such as HiveAlive™ [64] and ApiHerb [65]. A similar effect was found in
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Chinese herbal extracts (in particular Andrographis paniculata), when applied as a decoction
to treat N. ceranae infections in A. mellifera [55]. These results indicate that plant extracts
represent a potent alternative therapy against nosemosis.

During the first year (2019) of our research, the administration of the two herbal
supplements did not reveal significant differences between the experimental NH and
NHP groups compared to the control C group with regard to colony strength (Figure 2).
These results are an indicator of a decrease in the strength of bee colonies as autumn
approaches. These data support the findings of Charistos et al. [64], who also did not
observe differences between the groups in terms of colony strength after the administration
of HiveAlive™ food supplement during the autumn. The first informative review in the
spring of the following year (2020) showed a significant increase in colony strength in
both experimental groups in contrast to the control group, which is an indicator of the
more successful overwintering of the treated bee colonies. This trend continued after
the second treatment (April 2019) until the beginning of the autumn period. These data
support previous investigations about the positive influence of herbal supplements such
as HiveAlive™, Laurus nobilis L. and Agaricus brasiliensis extracts on honey bee colony
strength [64,104,107].

Similar to the indicator of bee colony strength, the sealed worker brood area did not
show significant differences in all the groups after the first herbal supplement adminis-
tration (Figure 3). The first informative review in the spring of the following year (2020)
showed a larger sealed worker brood area in the NH group, but as a whole, this indicator
was not affected by the applied plant extracts.

The amount of capped honey was affected most significantly after the second treatment
of the bee colonies in April 2020 (Figure 4). After that, the amount of capped honey was
significantly higher in the two experimental NH and NHP groups compared to the control
C group. This indicator maintained significantly higher levels in the two experimental
groups throughout the summer, which is a prerequisite for successful wintering of the bee
colonies and reducing the costs associated with additional feeding during the winter.

It is interesting to note that the stored pollen area was significantly affected after the
first treatment (August 2019) despite the presence of sparse flowering vegetation (Figure 5).
After the second treatment the following year, a larger stored pollen area was observed in
the experimental groups, and it seemed that the NHP group had an advantage over the
NH and the control C group in terms of this indicator.

Although the findings of the present study clearly demonstrate the benefits from
applying the two plant extracts for the reduction of N. ceranae spore counts as well as for
honey bee performance in general, these encouraging results call for further research in
order to clarify the impact of NOZEMAT HERB® and NOZEMAT HERB PLUS® on N.
ceranae spore loads as well as on honey bees.

4. Materials and Methods

4.1. Ethics Statement

All experimental procedures were reviewed and approved by the Animal Research
Ethics Committee of the Bulgarian Food Safety Agency (BFSA), (Ar. 154 from of the Law
on Veterinary Activity) in accordance with the European Union Directive 86/609.

4.2. Experimental Design

The study was conducted during the period of 11 months (5 August 2019–8 June 2020)
at the Experimental Apiary of the Research Center of Stockbreeding and Agriculture—
Smolyan, Bulgaria (41◦35′7.01′′ N, 24◦41′30.98′′ E). The apiary is located in Smolyan
municipality—the Perelik-Prespa part of the Western Rhodope Mountains. The apiary
consists of 60 colonies of Apis mellifera rodopica (local ecotype of A. m. macedonica) housed
in Langstroth Rut hives. All hives have exposure to the same environment and the same
forage conditions.
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For the purposes of our investigation, 45 of those colonies were selected based on the
presence of N. ceranae infection, which was detected in the 25 forager bees sampled from
each colony both microscopically and with PCR analysis. Forager bees can be distinguished
from house bees based on appearance (with less, darker hairs in the chest area), presence
of visible pollen load on their legs, and location in the hive (mainly in the part of the combs
occupied by food supplies). Considering the presence of N. ceranae infection, the 45 honey
bee colonies were divided into three groups—two experimental groups NH (n = 15) and
NHP (n = 15), and a control group C (n = 15). The bee colonies were equalized in terms of
bee colony strength, sealed worker brood area, amount of honey and stored pollen area.

The treatment of the bee colonies with herbal supplements was carried out once in
the autumn (5 August 2019) and once in the spring (9 April 2020). The bee colonies in
the experimental groups were treated 4 times at 7-day intervals with NOZEMAT HERB®

and NOZEMAT HERB PLUS® (Extract Pharma, Sofia, Bulgaria) at a dose of 10 mL of the
product dissolved in 100 mL of sugar syrup (1:1, w/w), according to the manufacturer’s
instructions (Extract Pharma Ltd., Sofia, Bulgaria). The solution was sprayed with a syringe
onto the bee combs in each experimental hive. The bee colonies of the control C group were
sprayed only with sugar syrup (1:1, w/w), at the same dose as the experimental groups.

Before each pre-treatment (August 2019 and April 2020) and about two months post-
treatment (October 2019 and June 2020), 20 forager honey bees were sampled from each
colony from the three investigated groups for microscopic (stored at 4 ◦C) and PCR analysis
(stored at −20 ◦C) for N. ceranae examination.

4.3. Microscopic Detection of N. ceranae

The bees were sent to the National Reference Laboratory for Bee Diseases at the
National Diagnostic Science and Research Veterinary Medical Institute (Sofia, Bulgaria) in
a cooler bag. The abdomens of 20 forager honey bees from each colony of the experimental
groups and the control group were macerated in 3 mL of distilled water, and the pellets
were filtered and centrifuged for 10 min at 1000× g. A 100 μL aliquot was placed on a
microscope slide and covered with a coverslip. N. ceranae spores were counted at ×400
magnification. Positive samples were recounted for an accurate spore count using a
Neubauer hemocytometer on (0.1 μL volume). One N. ceranae spore observed in the entire
hemocytometer’s grid (25 × 16 = 400 small squares) was equal to an average of 1500 spores
per bee. The reported information was the number of spores per bee [112].

4.4. DNA Extraction, PCR Amplification and Sequencing

After light microscopy, a total of 150 spore samples from each investigated colony were
investigated by a PCR analysis in the experimental groups and the control group in the
pre-treatment period. For each of the suspensions of isolated N. ceranae spores, an aliquot
of 50 μL was transferred to a new tube and centrifuged at 15,000× g for 10 min. The total
DNA was isolated from the obtained supernatant by using a GeneMATRIX Tissue DNA
purification kit (Cat. no. E3550, EURx Ltd., Gdansk, Poland) as per the manufacturer’s
instruction. Briefly, the pellet was resuspended in a buffer Lyse T, and 20 μL of Proteinase
K were added and incubated overnight at 56 ◦C with shaking. The quality and quantity
of the isolated DNA were checked by 1% agarose gel electrophoresis and then visualized
under UV trans-illuminator gel documentation systems after staining with SimpliSafe™
(cat. no. E4600; EURx Ltd., Gdansk, Poland). The isolated DNA was stored at −20 ◦C
before analysis.

Considering that N. ceranae is becoming a globally distributed pathogen, we decided
to perform molecular detection on these microsporidia.

The small-subunit (SSU) rRNA (16S rDNA) gene was chosen for molecular detection of N.
ceranae, using the primers 218MITOC—FOR (5′-CGGCGACGATGTGATATGAAAATATTAA-
3′) and 218MITOC—REV (5′-CCCGGTCATTCTCAAACAAAAAACCG-3′) designed by
Martín-Hernández et al. [113]. Negative controls were included in all PCR experiments. As
a positive control, cytochrome c oxidase subunit 1 (coI) gene fragment of Apis mellifera was
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used in all the studied samples. The sequence of primers used for positive control was CoI2-
F (5′-CCTGATATAGCATTTCCTCG-3′) and CoI2-R (5′-TGTGAATGATCTAAAGGTGG-3′)
designed on the basis of the complete mitochondrial genome of A. m. ligustica (Acc. no.
L06178) [114].

All PCR reactions were performed with 10 ng template DNA in a final volume of
50 μL (NZYTaq II 2 × Colourless Master Mix, cat. no. MB354; NZYTech, Lda.—Genes
and Enzymes, Lisbon, Portugal). The PCR conditions were as follows: initial denaturation
at 94 ◦C for 5 min; 30 cycles of denaturation at 94 ◦C for 30 s, primers hybridization at
50 ◦C for 30 s, elongation at 72 ◦C for 1 min, and final elongation at 72 ◦C for 10 min.
The successfully amplified products for N. ceranae were purified with a GeneMATRIX
PCR/DNA Clean-Up Purification Kit (cat. no. E3520; EURx Ltd., Gdansk, Poland) and
sequenced in both directions using a PlateSeq kit (Eurofins Genomics Ebersberg, Germany).

4.5. Evaluation of Honey Bee Strength, Sealed Worker Brood and Food Supplies

During the investigation period, 12 measurements were performed in all investigated
groups (experimental and control) to determine the strength of the colonies (based on mass)
and 11 measurements to determine the sealed worker brood area, the amount of honey and
the stored pollen area. These measurements were performed once pre-treatment (August
2019) and four times post-treatment, at 12-day intervals, until the end of September (2019).
After the winter period, the same measurements were performed once before the second
pre-treatment (April 2020) and four times post-treatment, at 12-day intervals, until the
beginning of June (2020).

The following parameters characterizing the development of the bee colonies were
determined:

1. Strength of the bee colony based on its mass (kg)—the mass is calculated based on the
number of frames occupied by bees, considering that one frame in a Langstroth–Rut
hive contains approximately 200 g of bees [115].

2. Sealed worker brood area—a measuring frame with the size of the squares 5 × 5 cm
was used. In 1 cm2 there were 4 worker cells in the bee comb. The area of 25 cm2

corresponded to 100 worker cells [115].
3. Amount of honey in the beehives—a measuring frame with 5 × 5 cm squares was

used to measure the capped honey in the bee combs. Eight squares of the measuring
frame corresponded to 0.350 kg honey [115].

4. Stored pollen area in the beehives—the amount of the collected pollen was evaluated
through direct surface measurements of the comb (cm2) [115].

4.6. Statistical Analysis

The dependent variables studied and normalized by linear transformation were:
number of N. ceranae spores, strength (mass) of honey bee colonies, sealed worker brood
area, amount of honey, and stored pollen area. These variables in the investigated groups
were compared using F-statistic, a one-way ANOVA analysis of variance (IBM SPSS
Statistics 23.0 for Windows) with a post hoc Tukey HSD test for multiple comparisons with
Bonferroni and Holm correction.

The obtained sequences (219 bp the part of 16S rRNA gene) were deposited in the
GenBank database under accession numbers MG657260.

5. Conclusions

This is the first study to evaluate in vivo the effects of NOZEMAT HERB® and NOZE-
MAT HERB PLUS® on N. ceranae spore loads, honey bee strength and production traits for
two consecutive years. Both herbal supplements increase the strength of the bee colonies,
with NOZEMAT HERB® showing a stronger impact. The sealed worker brood area does
not seem to be significantly affected by the treatment. However, both supplements se-
riously increase the amount of capped honey, and this effect is maintained throughout
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the year. The supplements also increase the stored pollen area throughout the year, with
NOZEMAT HERB PLUS® having a greater effect.

Both herbal supplements can be successfully used as an alternative therapy against
nosemosis. Furthermore, they are not toxic to bees and are easily ingested by the latter.
As plant extracts, they are completely safe for humans, animals, and the environment.
Therefore, they can be fed as natural food supplements all year round in combination with
sugar syrup or as honey bread for winter feeding.
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“Argus Ras” in Varroa destructor Control. Acta Vet. 2017, 67, 191–200. [CrossRef]
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Abstract: European Apis mellifera and Asian Apis cerana honeybees are essential crop pollinators.
Microbiome studies can provide complex information on health and fitness of these insects in relation
to environmental changes, and plant availability. Amplicon sequencing of variable regions of the 16S
rRNA from bacteria and the internally transcribed spacer (ITS) regions from fungi and plants allow
identification of the metabiome. These methods provide a tool for monitoring otherwise uncultured
microbes isolated from the gut of the honeybees. They also help monitor the composition of the gut
fungi and, intriguingly, pollen collected by the insect. Here, we present data from amplicon sequenc-
ing of the 16S rRNA from bacteria and ITS2 regions from fungi and plants derived from honeybees

Pathogens 2021, 10, 381. https://doi.org/10.3390/pathogens10030381 https://www.mdpi.com/journal/pathogens

51



Pathogens 2021, 10, 381

collected at various time points from anthropogenic landscapes such as urban areas in Poland, UK,
Spain, Greece, and Thailand. We have analysed microbial content of honeybee intestine as well as
fungi and pollens. Furthermore, isolated DNA was used as the template for screening pathogens:
Nosema apis, N. ceranae, N. bombi, tracheal mite (Acarapis woodi), any organism in the parasitic order
Trypanosomatida, including Crithidia spp. (i.e., Crithidia mellificae), neogregarines including Mat-
tesia and Apicystis spp. (i.e., Apicistis bombi). We conclude that differences between samples were
mainly influenced by the bacteria, plant pollen and fungi, respectively. Moreover, honeybees feeding
on a sugar based diet were more prone to fungal pathogens (Nosema ceranae) and neogregarines.
In most samples Nosema sp. and neogregarines parasitized the host bee at the same time. A higher
load of fungi, and bacteria groups such as Firmicutes (Lactobacillus); γ-proteobacteria, Neisseriaceae,
and other unidentified bacteria was observed for Nosema ceranae and neogregarine infected honeybees.
Healthy honeybees had a higher load of plant pollen, and bacteria groups such as: Orbales, Gilliamella,
Snodgrassella, and Enterobacteriaceae. Finally, the period when honeybees switch to the winter
generation (longer-lived forager honeybees) is the most sensitive to diet perturbations, and hence
pathogen attack, for the whole beekeeping season. It is possible that evolutionary adaptation of bees
fails to benefit them in the modern anthropomorphised environment.

Keywords: Apis mellifera; 16S rRNA; ITR2; NGS; Nosema apis; Nosema ceranae; Nosema bombi; Acarapis woodi;
Trypanosomatida; Crithidia spp.; neogregarines; Apicystis spp.; antropocene; insectageddon; urban
area; urban environment; bee biology

1. Introduction

Next-generation sequencing (NGS) is a culture-independent method often used for
studying entire microbial communities, and helps to understand how microbes influence
health and diseases of humans and animals including the honeybee [1–3]. Adult honeybees
harbour a specialized gut microbiota of relatively low complexity with diet as a major
factor influencing differences in bacterial loads [4]. Although honeybee microbiome core
species composition is quite consistent regardless of environmental, geographical and
genetic differences between specimens [2], some studies indicate that it can be sensitive
to infection, changes in diet, malnutrition and many anthropogenic activities, such as
extensive pesticide use and urban land-use changes [5–7].

Species within the Apis genus share fewer than 10 core species members, includ-
ing Lactobacillus, Bifidobacterium, Neisseria, Pasteurella, Gluconobacter, Snodgrassella and
Gilliamella [8–11]. Bacteria present in the honeybee gut provide numerous beneficial effects:
they help digest and absorb necessary compounds and microelements, protect against
mild poisonings with xenobiotics, acidify their environment which protects the gut from
pathogenic microbes, e.g., Paenibacillus larvae that causes foulbrood, or N. ceranae that
causes nosemosis [12,13]. They also have immunomodulation effects improving bees’
immunity, strengthening the condition of the colony and prolonging bees’ lives [11]. From
the kingdom Fungi, yeasts are prevalent organisms in every environment in which bees
conduct their life cycle, and can be isolated, for example, from honey and nectar. Honey
microflora is composed of Gram-positive bacteria and yeasts, such as Saccharomyces rouxi,
S. mellis, S. bisporus, S. roesi, S. bailli, S. heterogenicus, Pichia (Hansenula) anomala. The pollen
reserves flora, which is dominated by bacteria from the genera Pseudomonas and Lactobacil-
lus, and fungi from the genera Saccharomyces, Candida and Cryptococcus, far outnumbers
the microflora of the honey [14–18]. Surprisingly, the gut flora of healthy, free-flying bees
contains only a few yeasts if any, and diseases, malnutrition, antibiotics and insecticides
cause an increase in the number of yeasts [16,19,20]. Therefore, an increased number of
yeast colonies isolated from bees’ guts may be considered as a stress indicator. However,
recent work of Tauber et al. [5,21] suggested that, in general, yeasts are important during
a younger bee’s life, which includes in-house duties to feed the hive, and that the yeast com-
munity becomes less essential to the honeybee after foraging begins. Honeybee colonies are
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complex super-organisms where social immune defences, natural homeostatic mechanisms,
microbiome diversity and function play a major role in disease resistance. However, there
is still little known about connections between, and variation among bee pathogens, bee
microbiota and anthropogenic changes of environment.

Currently, in developed countries, anthropogenic landscapes are the most impacting
features and include those created either directly by human activity, or indirectly by natural
processes triggered by human activity [22–24]. Not only has human activity influenced
geological features, but it has also considerably affected flora and fauna [25]. The loss
in biodiversity is often described as the sixth mass extinction, and a slump in insect mass
and biodiversity is so spectacular that the term Insectaggedon has been used to describe
the phenomenon [26–30].

Recent research shows insects to be dying out eight times faster than mammals, birds,
or reptiles [26,31,32]. Most noteworthy factors behind the decline of insects are inappropri-
ate application of pesticides, increased use of fertilizers and intense agronomic activities,
highly intensive farming, insect malnutrition caused by farmland monocultures, parasites,
long-term drought, long-term lack of sun, especially accompanied by low temperatures,
as well as viral, bacterial, and fungal diseases [24,33]. Currently special concern is being
paid to the decline of pollinators, largely because of their essential ecosystem services [20].
Therefore, both for educational purposes and as a way to preserve pollinator popula-
tions many urban pollinator initiatives have arisen recently (e.g.,“Life + Urbanbees” [34],
“City Bees” [35], “Urban Beekeeping” [36]). Urban colonies were shown to be more produc-
tive than rural ones, as they had access to a greater number and variety of plant species,
allowing honeybees to diversify nectar sources and produce honey at a higher rate [37,38].
On the other hand, wild pollinators such as Bombus and Lasioglossum spp. were negatively
affected by urbanization, but increasing the abundance and richness of floral resources
could partially compensate this effect [39]. Effects of urbanization on bees are complex,
variable and not well-understood [40,41]. Therefore, the aim of this study was to use
the amplicon sequencing of variable 16S rRNA and ITS2 to screen honeybee colonies
originating from different urban areas, and to check if “the bees really love the city”.

2. Results and Discussion

Adult honeybees harbour specialized gut microbiota of relatively low complexity
with five core bacterial strains [3,4,9,42,43]: Lactobacillus Firm-4 and Firm-5 (Firmicutes),
Giliamella (γ-proteobacteria, Orbales), Snodgrassella (γ-proteobacteria, Neisseriaceae), Bifi-
dobacterium (Actinobacteria) and a number of elective bacterial strains, including Frischella
(γ-proteobacteria, Orbales), Bartonella (α-proteobacteria, Rhizobiales), Commensalibacter (α-
proteobacteria, Acetobacterales) and Bombella (α-proteobacteria, Acetobacterales), which
was also confirmed in this study (Figures 1 and 2, Supplementary Materials Tables S1 and S2).

NGS was used successfully for taxonomic assessment of pollen and plants from many
ecological and palynological studies, and to determine plant–pollinator interactions, or to
confirm the floral composition of honey [3,44–47].
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Figure 1. Composition of bacteria (A), fungi (B) and pollen (C) from Polish honeybee samples.
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Figure 2. Composition of bacteria (A), fungi (B) and pollen (C) from UK, Greek, Spanish, and Thai bee samples.

2.1. Microbiome and Pollen Composition of Honeybees from Poland (Differences over
the Vegetation Season)

Following NGS analysis, it was possible to assign samples to the time that they were
collected by comparing them with vegetation periods of nectar- and pollen-rich plants.
From one location, 3 specimens (forager honeybees) were taken, as the representative and
consistent number for each group (data adequacy confirmed by the principal component
analysis (PCA) analysis of amplicons of the 16S rRNA from bacteria and the ITSs region
from fungi and plants, Supplementary Materials Figure S1). Microbiome down to genera
analysis enabled division of Polish honeybee samples into 6 sub-groups: PL1, PL2, PL3,
PL4, PL5, and PL6 (Supplementary Materials Table S1).

PL1 forager honeybees were collected in April and 16 taxa were identified in total
from 16S amplicon analysed and 164 taxa in ITS2 analyses. In PL1 a low number of pollen
types was observed (1.81%, SD = 0.512 belonging primarily to the Betula sp. and Urtica sp.
genera) and a high number of fungi (93.83%, SD = 0.554). The low number of pollen types
may relate to the low availability of flowering resources at the start of the flowering season,
when the bees have to consume the stored feeding solution in the colony, or after feeding
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by the beekeeper later in the season. A sugar-based diet can lead to higher yeast num-
bers as observed in PL1 (35.92%, SD = 3.208) (Supplementary Materials Tables S1 and S2).
Furthermore, the pathogenic fungus Nosema ceranae was detected in the PL1
(Supplementary Materials Table S3).

PL2 forager honeybees were collected in May and 16 taxa were identified in total from
16S amplicons analysed and 147 taxa in ITS2. Lactobacillus spp. were the dominant bacteria
in PL2 (43.02%, SD = 1.704) (Supplementary Materials Table S1). At the same time, the per-
centage of fungi was moderate (9.59%; SD = 4.476) with the prevalence of Cladosporium and
a small content of fungi from other genera (Supplementary Materials Table S2). The domi-
nant pollen content in the PL2 with 87.54% (SD = 3.886) came from plants from the Bras-
sicaceae, mainly unassigned, and speciesof Raphanus (Supplementary Materials Table S1B)
known for its high protein pollen content [31]. No pathogens were detected in PL2
(Supplementary Materials Table S3).

PL3 forager honeybees were collected in June and 18 taxa were identified in total from
16S amplicons analysed and 177 taxa in ITS2. This group shows a higher number of γ-
proteobacteria from Gilliamella and Snodgrassella (54.03%, SD = 2.333)
(Supplementary Materials Table S1). PL3 honeybees collected pollen from Polygonaceae,
which contain moderate amounts of amino acids [48]. In this group, fungal load was
moderate (11.25%, SD = 1.847) with Aspergillus, Cladosporium and Mycosphaerella (mainly
transferred as bioaerosols by wind in the air) at the level of 3.76% (SD = 1.9486), 1.21%
(SD = 0.0961), and 0.81% (SD = 0.624), respectively (Supplementary Materials Table S1B).
No pathogens were detected in PL3 (Supplementary Materials Table S3).

PL4 forager honeybees were collected in July and 16 taxa were identified in total from
16S amplicons analysed and 322 taxa in ITS2. This group was differentiated on the ba-
sis of the highest fungal DNA loads (87.31%, SD = 1.680) and trace amounts of plant
DNA (Supplementary Materials Table S1B). The fungi were mainly Aspergillus (15.98%,
SD = 0.503), Cladosporium (10.91%, SD = 1.048), Penicillum (11.07%, SD = 2.190), and Bet-
sia (11.20%, SD = 1.572) spp. The spores of the three first genera commonly appeared
in the air (transferred as bioaerosols), but the presence of Betsia species is suggestive
of poor health of the honeybee colony. The pollen mould (B. alvei) is a saprophyte
that lives on the pollen stored combs, especially in temperate regions [49]. Further-
more, pathogens belonging to N. ceranae and neogregarines were detected in the PL4
(Supplementary Materials Table S3). Moreover, a high fungal load and a small amount of
plant pollen indicates that honeybees most likely gained sugar based diet. At the same
time, PL4 honeybees had high amounts of γ-proteobacteria, Orbales, Gilliamella (35.32%,
SD = 0.370) α-proteobacteria Rhizobiales, Bartonella (27.06%, SD = 0.560), known honeybee gut
symbionts (Supplementary Materials Table S1A). Gilliamella apicola was found to be a dom-
inant gut bacterium in honeybees and bumble bees, and this bacterium simultaneously
utilizes glucose, fructose and mannose, and has the ability to break down other potentially
toxic carbohydrates [50].

PL5 forager honeybees were collected in August and 27 taxa were identified in to-
tal from 16S amplicons analysed and 284 taxa in ITS2. PL5 diet was mainly based on
Helianthus sp. (34.98%, SD = 1.616). PL5 had a higher number of Lactobacillus (44.31%,
SD = 1.456) and Gilliamella (28.46%, SD = 0.129) species (Supplementary Materials Ta-
ble S1A). The fungal load was medium (59.16%, SD = 2.225) with bioaerosol Cladospo-
rium (11.23%, SD = 2.225) and Mycosphaerella (6.69%, SD = 1.358) as the main repre-
sentatives (Supplementary Materials Table S1B). No pathogens were detected in PL5
(Supplementary Materials Table S3).

PL6 forager honeybees were collected in September, and 28 taxa were identified
in total from 16S amplicons analysed and 191 taxa in ITS2. PL6 had the highest level
of Firmicutes and Lactobacillus with 65.37%, SD = 0.731, and a slightly higher number
of bacteria from the Comensalibacter group (Supplementary Materials Table S1A). PL6
honeybee diet was rich in Calluna pollen (88.26%, SD = 0.585), which displays low protein
content and is considered to be a poor source of food for bees, and thus destructive
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for colony development [51,52]. The fungal load was moderate (11.26%, SD = 0.718)
with Penicillium as a dominant genus with 0.96%, SD = 0.104 (Supplementary Materials
Table S2). Pathogens belonging to N. ceranae and neogregarines were detected in PL6
(Supplementary Materials Table S3).

Generally, PCA analysis of stores from spring honeybees (PL1 and PL2), summer
honeybees (PL3 and PL4) and autumn honeybees (PL5 and PL6) involved splitting data into
five major components which accounted for 100% of the variation. It can be concluded from
the PCA analysis that PL3 clearly differed from the others, and was mainly influenced by
bacteria (b) and plants (p). PL2 and PL6 were similar to each other, bacteria (b) and plants
(p) having the greatest impact as well. PL1 and PL5 were similar to each other. The greatest,
albeit low, influence was caused by bacteria (b) and fungi (f). PL4, similarly to PL3, clearly
stood out from the others, and was mainly influenced by plants (p) and fungi (f). It could
also be generally seen that bacteria had the greatest influence on the variability of the plant
pollen-bacteria-fungi system, followed by the plants, and then the fungi. The first two
components accounted for over 53% of the variability of the entire system. Positive PC2
values may describe the summer months, and negative PC2 values the months closer to
spring and autumn (Supplementary Materials Figure S1).

PC1 and PC3, the two main components, account for approximately 50% of the system
variability (Supplementary Materials Figure S1a,b). It can be concluded that positive PC3
also described spring and autumn values, and negative PC3 values described the summer,
which clearly differs from the others. Therefore, the third component described the season.

To summarise, we observed a prevalence of Lactobacillus and Bartonella species in hon-
eybees collected during spring (April PL1, May PL2) and autumn months (September PL6),
while in summer months, (June PL3, July PL4, August PL5) microbiome analyses showed
the prevalence of Gilliamella, which is in agreement with previous findings [4,9,43]. In late
July (PL4) the physiology of honeybees changes due to their adaptations to overwintering,
and a role from two types of bacterial groups, i.e., Lactobacillus and Giliamella is suggested
to be played in this process. However, increased Lactobacillus and Giliamella occurrence
may simply be a consequence of a protein-rich diet. We observed fluctuations in the micro-
biome composition correlating with changes in the protein-richness of the pollen available
in the environment. During spring and autumn, it is common for honeybees’ diet to be
based on sugars ingested from honeydew. These high sugar diets can lead to fungal infec-
tions observed in April (PL1), May (PL2) and June (PL3) in honeybee samples. Probably,
the detected pathogens were present in the honeybee colonies throughout the season but
owing to the colony biology and well-balanced diet observed during May (PL4), June
(PL3) and August (PL5), infections were less frequent among foragers and may have gone
unnoticed in the whole colony screening tests.

2.2. Microbiome and Pollen Composition of Honeybees from UK, Greece, Spain, and Thailand

Forager honeybees from the UK were collected on the roof of the Fogg Building at
Queen Mary University, London (UK1) and in the garden of the Natural History Museum,
London (UK2), in July 2019. The mean day temperature in the first half of July was 21.93 ◦C
(71.47 ◦F) with average humidity equal to 65% [53]. Their bacterial microbiota was mainly
composed of Firmicutes (Lactobacillus), γ-proteobacteria (Orbales, Gilliamella), α-proteobacteria
(Rhizobiales, Bartonella), γ-proteobacteria (Neisseriaceae, Snodgrassella), and Actinobacteria (Bi-
fidobacterium) (Supplementary Materials Table S2A). In total, 42 and 93 taxa were identified
(species level) from the 16S amplicon analysis, and 70 and 94 taxa (species level) in the ITS2
in the UK1 and UK2 groups, respectively. The UK1 sample contained modest amounts of
fungi (12.59%) with the prevalence of plant pollen (87.41%) derived from Apiaceae (Ammi),
Fabaceae (Astragalus), Resedaceae (Reseda), and Fabaceae (Styphnolobium). UK2 honey-
bees foraged on Hydrangeaceae (Hydrangea), and Bignoniaceae plants (Supplementary
Materials Table S2B). The UK2 sample was dominated by fungi (90.80%), mainly from
the Myxotrichaceae, which is reported to be a common hive fungus in Europe [54,55]. More-
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over, the fungal pathogen N. ceranae was detected in the UK2 (Supplementary Materials
Table S3).

Forager honeybees from Greece (GR1, GR2) were collected in November from two
colonies inhabiting the garden of the Agricultural University of Athens. The mean day
temperature in the first half of November was 18.53 ◦C (65.35 ◦F) with average humidity of
25% [56]. In total, 80 and 31 taxa were identified from the 16S amplicon analysis, and 42
and 96 taxa in the ITS2 in the GR1 and GR2 group respectively. Although the colonies were
close, their microbiota and food preferences differed. GR1 microbiota were mainly Acti-
nobacteria (Bifidobacterium), Firmicutes (Lactobacillus), and Cyanobacteria which reached
54.41%, 26.84%, and 11.66%, respectively. Cyanobacteria indicated some colony health
problems most probably connected with the contamination of water used by the honeybee
colony (Supplementary Materials Table S2A). Moreover, pathogens belonging to N. ceranae
and neogregarines were detected in the GR1 (Supplementary Materials Table S3). The fun-
gal load was miniscule (7.94%) and contained mainly fungi present in the air transferred as
bioaerosols by wind, such as Mycosphaerella and Cladosporium. GR1 honeybees foraged
mainly on Eudicotyledonae plants. GR2 microbiome contained α-proteobacteria (Rhizo-
biales, Bartonella), Firmicutes (Lactobacillus), and γ-proteobacteria (Orbales, Gilliamella) with
49.29%, 25.84%, and 9.78%, respectively. The amount of fungi was miniscule (6.03%) with
the dominant taxon of Mycosphaerella reaching 1.09%. GR2 honeybees foraged mainly on
Oleaceae (Ligustrum), Hydrangeaceae (Hydrangea), Myrtaceae (Myrtus), and Scrophulari-
aceae (Buddleja) (Supplementary Materials Table S2B).

Forager honeybees from Spain (ES1, ES2) were collected in November from experi-
mental colonies located near Marchamalo. The mean day temperature in the first half of
November was 18 ◦C (64.40 ◦F) with average humidity equal to 51% [57]. In total, 34 and 25
taxa were identified from the 16S amplicon analysis, and 31 and 13 taxa in the ITS2 in the ES1
and ES2 groups, respectively. ES1 contained γ-proteobacteria (Orbales, Gilliamella), and Fir-
micutes (Lactobacillus), at the level of 36.63%, and 33.11%, respectively (Supplementary
Materials Table S2A). These honeybees most probably gained sugar based diet, since pollen
DNA was hardly detected (Araliaceae (Hedera) 0.12% for ES1 and 0.04% for ES2). ES1 and
ES2 had dominant fungal fraction containing spores transferred as bioaerosols by wind
in the air, such as Penicillium, Cladosporium and Mycosphaerella (Supplementary Materi-
als Table S2B). Additionally, pathogens belonging to N. ceranae and neogregarines were
detected in ES2 (Supplementary Materials Table S3).

Forager honeybees from Thailand consisted of both: western honeybee (Apis mellifera
TAI1 and TAI2) and Asian honeybee (Apis cerana TAI3 and TAI4). In Eastern Asia, these
two bee genera inhabit the same locations, resulting in the transfer of pathogens from
Apis cerana to Apis mellifera, as described for Varroa destructor and Nosema ceranae. Thai
samples were collected in February, the best month in the year for honeybee colonies
in Thailand. The mean day temperature in the first half of Februry was 33.33 ◦C (91.99 ◦F)
with average humidity equal to 59% [58].

In western honeybee (Apis mellifera TAI1 and TAI2), in total 29 and 22 taxa were
identified from the 16S amplicon analysis, and 50 and 94 taxa in the ITS2 in the TAI1,
TAI2 groups, respectively. TAI1 contained high loads of Firmicutes (Lactobacillus) and
Bartonella (Supplementary Materials Table S2A), and a high quantity of fungi such as
Aspergillus (66.42%), Saccharomycetaceae (9.09%), and Peniclilium (6.53%) (Supplementary
Materials Table S2B). A trace amount of plant pollen was detected in TAI1 (Pterocarpus
with 0.16%, Mimosa 0.08%) indicating sugar based diet to have been the main source of
forage (Supplementary Materials Table S2B). Bacterial microbiota of TAI2 was mainly
composed of Arsenophonus bacteria (γ-proteobacteria, Enterobacteriales) 92.11% of which
were insects’ intracellular symbionts. Arsenophonus species showed a broad spectrum of
symbiotic relationships varying from parasitic son-killers to coevolving mutualists [59].
Moreover, pathogens belonging to N. ceranae and neogregarines were detected in TAI1
(Supplementary Materials Table S3). TAI2 honeybees foraged mainly on Asteraceae pollen
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(91.33%) and contained only a miniscule amount of fungi transferred as bioaerosols by
wind in the air, as Cladosporium 4.32%.

From Asian honeybee (Apis cerana) in total 19 and 42 taxa were identified from the 16S
amplicon analysis, and 59 and 85 taxa in the ITS2 in the TAI3 and TAI4 groups, respec-
tively. Apis cerana samples contained 70.74% of Lactobacillus genus for TAI3, 27.17% for
TAI4, Gilliamella, 33.45% for TAI4, and Snodgrassella with 3.60% and 13.13% for TAI3 and
TAI4, respectively. Fungi present in the samples were related with the air bioaerosols,
including Aspergillus 42.77% for TAI3, Cladosporium 59.03% and Pleosporales 30.38% for
TAI4. The amount of plant pollen was miniscule (Pterocarpus with 0.42% for TAI3, Mimosa
0.15% for TAI4) indicating sugar based diet as the main forage for Thai A. cerana bees
(Supplementary Materials Table S2). Moreover, pathogens belonging to N. ceranae and
neogregarines were detected in TAI4 (Supplementary Materials Table S3).

PCA analysis of the honeybees’ stores split data into five major components which
accounted for 100% of the variation. PC1 and PC2 components accounted for nearly 57% of
the variation, respectively 32.83% and 23.65 (Figure 3, figures a and b should be considered
simultaneously).

Figure 3. Loading plot (a) and score plot (b) of the principal components’ analysis (PC1 and PC2) carried out on the analytical
data of the taxonomy detected in the world bees (Thailand A.c.—A. cerana). Small letters on loading plot (a): b—data obtained
from bacteria NGS analysis, f—data obtained from fungal NGS analysis, p—data obtained from plant NGS analysis.

The PCA analysis allowed us to determine the differences between bees from different
countries. Four different areas were distinguished. Clear differences can be seen between
bee samples from Greece, UK, Spain, Poland, and the two samples of bees from Thailand
(Figure 3b).

PCA analysis shows Greek samples to markedly differ from the others, which is
mainly influenced by bacteria (b) and plants (p). During the sample gathering, the weather
conditions in Greece were most similar to those of Spain. Therefore, there must have been
reasons for the Greek samples differences other than the weather. Most probably, nutrition
was of the greatest importance in this case. The PCA analysis findings for UK bee samples
also clearly differ from the others, mainly due to bacteria (b), then plants (p) and finally
fungi (f). One can also distinguish samples from Spain and Poland from the other samples,
which is mostly influenced by bacteria (b) and fungi (f), however, these are similar to
the results for the samples from Thailand which are mostly influenced by bacteria (b),
plants (p) and fungi (f). Bacteria, and, to a lesser extent, plants and fungi can be said to
have the greatest influence on the variability of the system (Figure 3a,b).
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Furthermore, ANOVA analysis confirms the correlation between the health status
of honeybees and some of their bacterial microbiota (Supplementary Materials Table S4
and [60]). Bacterial groups such as Firmicutes (Lactobacillus); γ-proteobacteria, Orbales,
Gilliamella, γ-proteobacteria, Neisseriaceae, Snodgrassella, Enterobacteriaceae, and other
unidentified bacteria had significantly different loads in healthy and in Nosema ceranae
and neogreagarine infected honeybees. The load of fungi was always higher in infected
honeybees (p = 0.002429) whereas the load of plant pollens was always higher in healthy
honeybees (p = 0.030446).

Foragers are worker honeybees of a similar age, when they collect water, nectar,
and pollen as well as supplements necessary for the colony to survive. All forager bees
have similar function and physiological processes [61] and similar microbiota. Therefore,
they should share similar microbiota. However, studies indicated that forager honey-
bees have a “contingent microbiome” dependent mainly on the food they forage [2,10,11].
This carries a danger, because with poor food resources, the microbiota will be inappro-
priate and non-functioning [62]. Currently, many factors influence bee microbiota e.g.,:
monocultures, nutritional stress, pesticide exposure and agrochemicals, many of which
exhibit antimicrobial properties, and thus contribute greatly to reductions in honeybee
stress tolerance and disease resistance, leading to higher honeybee mortality, and a high
rate of colony loss [5,63], pathogens which trigger bee malnutrition [64], changes in the com-
position of their microelements [65] and yeast content [19].

Intestinal pathogens such as microsporidia and neogragarines can strongly interfere
with bee microbiota (Supplementary Materials Table S4). During Nosema-infection the hon-
eybee intestine is covered by a layer of mature spores which is the cause of deprivation of
the physiological function of the bee alimentary tract for food absorption [64]. Recent studies
have revealed the N. ceranae infection course, showing a spring peak, and a subsequent
decline in summer and autumn [19,66,67]. These studies also confirmed the seasonal pattern
of Nosema infection, as in samples taken during April (PL1) and July (PL4, UK2) N. ceranae
was detected. However, the presence of the parasite in Autumn samples (GR1, ES2) may
indicate the colony health problem, and may pose a threat to overwintering. It is worth
emphasizing that N. ceranae was found both in Apis mellifera (TAI1) and A. ceranae (TAI4)
Thai samples. Besides Nosema-infection in samples PL4, PL6, GE1, ES2, TAI1, TAI4 also
harboured other intestinal parasite such as neogregarines. Neogregarines, since their first
detection in A. mellifera and Bombus sp. described in 1992 were linked to declines in bee
populations [68–70]. Neogregarines, inhabit the intestines of many invertebrates and lead to
the impoverishment of the host’s organism. Neogregarines’ interaction with their bee hosts
had not been deciphered in full detail and still more studies need to be undertaken in regard
to nutrient uptake and malnutrition, facilitating susceptibility to other diseases, etc.

Pollination is a crucial process for the maintenance of plant-based food supplies [71].
To maintain the health of honeybees, it is favourable to prevent the spread of disease,
prevent exposure to insecticides and pesticides and provide a variety of plants to maintain
optimal nutrition and microbiome throughout the season [72]. The use of NGS techniques
in the identification of the pollen pool preferentially chosen by honeybees can provide
strategies to maintain healthy colonies of bees. This technique can greatly expand and
supplement knowledge based on long term observation for the most efficient “pollinator-
friendly” plants [73–75]. This should help to create more effective pollinator beneficial
plant species composition for “pollinator-friendly” gardens or to enrich the plant species
on flower strips.

3. Conclusions

Honeybee dietary preferences, developed during the course of evolution, may not be
currently favourable for honeybees. It is an urgent issue that should be carefully studied to
aid bees to survive in the anthropogenic biosphere.

In our research, the composition of honeybee microbiomes was mainly determined by
dietary preferences and forage availability. Even when colonies originated from one apiary,
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for instance from Spain or Greece, honeybees chose different plants to forage on. UK bees
from a single highly urbanised area (London) exhibited particularly high diversity, chose
different food sources and were otherwise prone to diseases. Furthermore, honeybees
choosing a sugar based diet were more susceptible to pathogens (Nosema ceranae and
neogregarines). The period when honeybees switch to the winter generation (longer-lived
forager honeybees) was the time when the whole colony proved most sensitive to dietary
perturbations.

Our findings are in line with limited other reports, that suggested honeybees from
varying apiaries make independent decisions on the choice of pollen and nectar they forage
upon [76]. As observed, colonies of bees located in close proximity may have different
pollen composition in their gut. It remains unclear how bees decide which pollen to forage.
However, flower structure, nectar volume, sugar content and composition were indicated
to play a role in attracting bees [51,52,73]. Some studies indicated that honeybees primarily
chose pollen rich in essential amino acids [51,52,73]. On the other hand, honeybees, because
of their considerable energy need and having being weakened by disease, were unable
to undertake forage flights to collect good quality pollen, and collected pollen of poorer
nutritional quality. It is possible that evolutionary adaptation of bees has failed to benefit
them in the modern anthropomorphised environment.

4. Highlights

1. The composition of honeybee microbiomes is mainly determined by their forage
availability.

2. Honeybees were more susceptible to pathogens if they did not receive a well-balanced
diet, and especially honeybees on sugar based diet were more prone to fungal
pathogens (Nosema ceranae) and neogregarines. In most samples Nosema sp. and
neogregarines parasitized the host bee at the same time.

3. The period when honeybees switch to the winter generation (longer-lived forager
honeybees) is the most sensitive to diet perturbations, and hence pathogen attack, for
the whole beekeeping season.

5. Materials and Methods

5.1. Honeybee Collection and DNA Isolation

Forager honeybees were recognized as bees returning to the hive and captured at
the hive entrance about the midday. Forager honeybees from Poland were collected
from one location in Lublin [51◦15′ N 22◦34′ E] each month from April to September
2018 (PL1-PL6). Forager honeybees from UK were collected from the roof of the Fogg
Building of Queen Mary University, London (UK2) [51◦52′ N 0◦03′ W] and in the garden of
the Natural History Museum, London (UK1) [51◦29′ N 0◦10′ W] in July 2019. Greek (GR1,
GR2) samples of forager honeybees were collected in November 2017 from two colonies
inhabiting the garden of The Agricultural University of Athens [37◦59′ N 23◦42′ E]. Forager
honeybees from Spain (ES1, ES2) were collected in November 2017 from experimental
colonies located at Marchamalo (Centro Apícola y Agroambiental de Marchamalo (CIAPA-
IRIAF), Marchamalo, Spain [40◦68′ N 3◦21′ W]. Thai samples of forager bees consisting
of both western honeybee (Apis mellifera) and Asian honeybee (A. cerana) were collected
in February 2018 in the proximity of Chiang Mai University [18◦50′ 98◦58′ E], A. mellifera
samples were marked TAI1 and TAI2, and A. cerana as TAI3 and TAI4. Genomic DNA was
extracted from whole honeybees using QIAamp DNA Kit according to manufacturer’s
instructions. Isolates were sent to the Biobank, Poland for NGS analysis.

5.2. NGS

NGS sequencing and the analysis of the 16S rRNA bacterial gene amplicon was based
on the V3-V4 region and the ITS2 eukaryotic region for bee DNA samples. Amplicon
libraries, were prepared using the 16S Metagenomic Sequencing Library Preparation, Preparing
16S Ribosomal RNA Gene Amplicons for the Illumina MiSeq System (Illumina® San Diego,

61



Pathogens 2021, 10, 381

CA, USA) protocol. Information about primers sequences, PCR conditions is shown
in Supplementary Materials Table S5.

All data are available at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA686953
(Submission Registration date: 21 December 2020).

5.3. Positive, Negative Control

The positive quality control for the V3-V4 region of the 16s rRNA gene was the DNA
isolate derived from an ear swab. For the ITS2 region, it was DNA isolated from the Saccha-
romyces cerevisiae strain. PCR grade water was the negative quality control for both kinds
of amplicons.

5.4. Purification, Clean-Up

The amplicons obtained were purified using magnetic beads (AMPure XP beads;
Beckman Coulter Brea, CA, USA) according to Illumina® protocol.

5.5. Library Pooling—Concentration, Normalization

Before pooling samples for libraries, the concentration was measured. The concentra-
tion [ng/uL] was measured using the NanoDrop™ 2000/c Spectrophotometer (Thermo
Fisher Scientific Vienna; Austria) for each amplicon. Samples were diluted (PCR grade
water) to the same concentration and pooled. To determine the final library concentration
in [nM], the NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs® Inc.
Ipswich, MA; USA) protocol was followed. The final concentration of pooled libraries for
sequencing was 8 pM.

5.6. Sequencing

Prepared libraries were sequenced on an Illumina MiSeq platform, 2 × 300 sequence
reading in paired ends mode. The run contained PhiX libraries (PhiX Control Kit v3,
Illumina® San Diego, CA, USA), to serve as an internal positive quality control.

5.7. 16S rRNA Bacterial Gene Analyses

Reads from the sequencing run were imported into the QIIME 2 version 2019.10
artifact [77]. Then sequences were trimmed at first 21 bp for forward and reverse reads and
truncated to 250 for forward reads and 240 for reverse reads. Reads were then denoised
with DADA2 (Divisive Amplicon Denoising Algorithm v. 2) [78] and merged together. Se-
quences were aligned with MAFFT (Multiple Alignment using Fast Fourier Transform) [79]
and used to construct a phylogeny with fasttree [80]. Rarefaction was performed with
at least 14,096 sequences per sample for subsequent stages of the analysis. Taxonomic
assignments of representative sequences were conducted using q2-feature-classifier with
the sklearn classifier [81] trained on SILVA 132 database at 99% similarity level [82].

5.8. ITS2 Region Analyses

Analogous steps as for “16S rRNA bacterial gene analyses” were performed for the ITS2
analysis. Reads were trimmed and denoised separately, they were then merged for further
analysis. Reads were then trimmed at first 21 bp for forward and reverse reads and
truncated to 300 for forward reads and 215 for reverse reads. Taxonomic assignments
were conducted analogous to 16S analysis with classifier trained on ITS gene clustered at
99% similarities within UNITE database released 04.02.2020 containing all eukaryotes [83].
Sampling depth was set to 34,100 sequences for the diversity analyses.

5.9. Analyses of Amplicon from Honeybee Samples

Amplicons for the 16S region and ITS2 were sequenced using the Illumina MiSeq
platform. Data were trimmed and merged. For 16S analyses only full-length reads over
229 bp with medium length of all sequences at 414 bp were used. Sequences were assigned
to taxonomy using classifier trained on SILVA 132 database with minimum similarity 90%
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of read matching to the reference. For ITS2 analyses only full-length reads over 269 bp with
medium length of all sequences at 337 bp were used. Sequences were assigned to taxonomy
using classifier trained on all eukaryotes UNITE database v8.2 with the minimum similarity
of 90% of the read matching to the reference [84,85].

5.10. Screening for Pathogen Infected Honeybee Samples

Isolated DNA was used as the template for screening pathogens: Nosema apis, Nosema cer-
anae, Nosema bombi, tracheal mite (Acarapis woodi), any organism in the parasitic order
Trypanosomatida, including Crithidia spp. (i.e., Crithidia mellificae), neogregarines includ-
ing Mattesia and Apicystis spp. (i.e., Apicistis bombi), using PCR techniques described
earlier [67,86–88]. Primers used for pathogen detection are listed in the Supplementary
Materials Table S5. Detection of the pathogens in honeybee samples.

5.11. Statistical Analysis

Analyses of correlations and Principal Component Analysis (PCA) were performed
using software Statistica (version 12.0, StatSoft Inc., Oklahoma; USA) at the significance
level of α = 0.05. The analysis was used to determine the relationships between the bee
sample and the bacterial group, plant group, and fungi group. The optimum number of
principal components obtained in the PCA analysis was established based on Cattell’s
criterion. The data matrix for the PCA of the Polish bees had 37 columns and 6 rows and
of the world samples of bees had 61 columns and 6 rows (UK, Spain, Greek, Thailand
and Poland) had 61 columns and 6 rows. The input matrix was auto-scaled. One-way
ANOVA was performed to establish the correlation between honeybees’ health status and
the bacteria, fungi and plant pollen detected. For the ANOVA test, the level of statistical
significance was assumed to be α = 0.05, and the same level of statistical significance was
used in all comparisons. The results for which p values are equal to, or less than, 0.05 were
obtained differ significantly from each other.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-0
817/10/3/381/s1, Table S1. Taxonomy analysis of 16S and ITS amplicon sequencing. Table S1. A.

Taxonomy of 16S amplicon sequencing. Six sub-groups of three bees each were analysed. Table
presents relative abundance of each of the listed bacterium (numbers as percentages) in relation
to the entire amplicon. Table S1. B. Taxonomy of ITS2 amplicon sequencing. Six subgroups of
three bees each were analysed. Hits for plants and fungi were grouped into separate fractions. %
for either Plant or Fungi is a sum of all counts for each fraction (highlighted in grey). Table S2. A.

Taxonomy of 16S amplicon sequencing. Four subgroups of two bees (UK, GR, ES) or four bees (TAI)
each were analysed. Table presents relative abundance of each of the listed bacterium (numbers as
percentages) in relation to the entire amplicon. Table S2. B. Taxonomy of ITS2 amplicon sequencing.
Four subgroups of two bees (UK, GR, ES) or four bees (TAI) each were analysed. Hits for plants and
fungi were grouped into separate fractions. % for either Plant or Fungi is a sum of all counts for each
fraction (highlighted in grey). Table S3. Detection of the pathogens in honeybee samples. Table S4.

The correlation between honeybees’ health status and the detected bacteria. Data with significant
differences are written in bold. The ANOVA test, α = 0.05; p ≤ 0.05. Figure S3. Loading plot (a)
and score plot (b) of the principal components analysis (PC1 and PC2) carried out on the analytical
data of the taxonomy detected in all Polish bees (PL1 to PL6). Table S5. The list of primers and PCR
conditions.
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Abstract: The parasitic Varroa destructor is considered a major pathogenic threat to honey bees and to
beekeeping. Without regular treatment against this mite, honey bee colonies can collapse within a
2–3-year period in temperate climates. Beyond this dramatic scenario, Varroa induces reductions in
colony performance, which can have significant economic impacts for beekeepers. Unfortunately,
until now, it has not been possible to predict the summer Varroa population size from its initial load
in early spring. Here, we present models that use the Varroa load observed in the spring to predict the
Varroa load one or three months later by using easily and quickly measurable data: phoretic Varroa
load and capped brood cell numbers. Built on 1030 commercial colonies located in three regions in
the south of France and sampled over a three-year period, these predictive models are tools designed
to help professional beekeepers’ decision making regarding treatments against Varroa. Using these
models, beekeepers will either be able to evaluate the risks and benefits of treating against Varroa or
to anticipate the reduction in colony performance due to the mite during the beekeeping season.

Keywords: Apis mellifera; Varroa destructor; treatment; predictive model; beekeeping; decision-
making tool

1. Introduction

The parasite Varroa destructor is considered a major pathogenic threat to honey bees [1]
and to beekeeping. This mite is an ectoparasite affecting both adult bees and broods.
Female mites have two distinct stages: a phoretic stage on adult bees and a reproductive
stage, which takes place inside a capped brood during bee metamorphosis. The Varroa
threat is not new for the beekeeping community, but with colony importations and the
commerce of bees, this threat continues to increase. Indeed, these circumstances favor
the Varroa spread throughout territories and the world’s apiaries. This threat is all the
more important given that the parasite spread is rapid [2]. Thus, bees and beekeepers
cannot adapt and respond efficiently; on the contrary, Varroa, with continuous exposure
to miticide treatments, responds with mechanisms of resistance [3–5]. Consequently, the
current challenge is to develop new methods to limit Varroa numbers inside colonies.
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Without regular efficient treatment against this mite, honey bee colonies can collapse
within a 2–3-year period in temperate climates. Varroa feeding on pupal hemolymph can
induce a decrease in adult bee body weight and malformations as well as reducing their
life spans, thus weakening their immune systems [6–8]. Thus, it seems logical that infested
colonies are less productive and efficient than healthy colonies, which can have significant
economic impacts for beekeepers [9,10]. Beyond a threshold of 3 phoretic Varroa mites per
100 bees, the decrease in performance is correlated with the Varroa load [10]. According
to this study, a colony with more than 3 phoretic Varroa mites per 100 bees produces, on
average, 2.65 kg less honey than a colony below this threshold. Unfortunately, until now, it
has not been possible to predict, from the mite population size in the spring, the population
load in the summer, despite studies by Arechavaleta-Velasco and Guzman-Novoa (2001),
Harris et al. (2003), and Lodesani et al. (2002), confirmed significant correlations between
the amount of brood and/or the fertility of the mites [11–13] and population growth [1].

Models of Varroa dynamics have been previously established but mainly carried
theoretical descriptions and only allowed for the evaluation of the instantaneous Varroa
load. Wilkinson and Smith’s model [14] was built from virtual colonies, and DeGrandi-
Hoffman and Curry’s model [15] was based on the BEEPOP honey bee colony population
dynamics model [16]; a BEEHAVE Varroa unit was developed by Becher et al. [17]. These
models were based on parametric values available from previous studies [16,18–26]. As
these models primarily work with mathematical extrapolation, instead of being data-
derived, we assumed that the resulting parametric values could be revised. Additionally, in
the twenty years since these models were published, Varroa biology may have coevolved
with its host. The coevolution between Varroa and honey bees has been reported by
Kurze et al. [27] and includes host resistance behaviors, which involve a decrease in
the Varroa reproduction rate as well as perturbations in the biological cycle of the mite.
Moreover, previous studies serving as the basis for model construction were based on
honey bees with different European origins and on Africanized honey bees [19]. Honey
bee origins affect Varroa reproduction [28] and, consequently, Varroa population sizes. To
increase its predictability, here, we used a model based on empirical data.

The most important information for a beekeeper is not the Varroa load at the time of
honey flow because most treatment compounds, even some labeled “natural” (e.g., formic
acid or thymol), are banned or not recommended during honey flow [29]. The aim of this
study was therefore to predict the Varroa load one or three months later, from its baseline
level in early spring, to anticipate colony performance for honey flow, knowing that the
reduced performance threshold is 3 phoretic Varroa mites per 100 bees. Aimed as a useful
tool for beekeepers, the model Handy Varload is based on inexpensive, accessible, and
quickly measurable data in the field.

2. Results

2.1. Variable Selection (for Variable Definitions, See Materials and Methods, Statistical Analysis)

The variable “phoretic Varroa” measured at t = 0 was continuous with 25% of zeros,
27% of the data in [0, 1], and 48% of the data in [1,30]. The zero-inflated beta distribution is
similar to the beta distribution but allows zeros as response values in which the ν parameter
models the probability of obtaining zero. The distribution features of the variable “phoretic
Varroa” (Vpt) require dividing by 100 in order to fit the data to the interval [0, 1]. We then
modeled this new response variable by a zero-inflated beta distribution, with parameter
variation depending on covariates. A first model selection was performed to choose the
best variables to model μ (see AICc comparisons in Table 1; more details are provided in
Supplementary Materials Table S1). At the end of this preliminary selection, two models
including the apiary random factor were retained, one for the 1-month adjustment and the
other for the 3-month adjustment, noted (*) and (**) in Table 1, respectively.
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Table 1. Comparisons of the tested models investigating the influence of phoretic Varroa numbers
(per 100 bees) at t = 0, capped brood cell numbers, varbrood, and date of predicted phoretic Varroa
numbers as a function of the estimation length, using the AICc criterion. N = 867 for data adjustment
at one month (x = 1) and N = 93 for data adjustment at three months (x = 3).

Adjustment
for x = 1

Adjustment
for x = 3

Model AICc AICc

phoretic Varroa −2477.5 −268.3
capped brood cells −2320.6 −261.8

varbrood (**) −2540.1 −296.9
date −2413.0 −260.9

phoretic Varroa + capped brood cells −2488.0 −271.1
phoretic Varroa + date −2561.7 −266.3

phoretic Varroa + varbrood −2538.2 −295.7
capped brood cells + date −2412.1 −261.4

capped brood cells + varbrood −2580.1 −297.7
date + varbrood −2618.2 −294.7

phoretic Varroa + capped brood cells + date −2564.9 −269.1
phoretic Varroa + capped brood cells + varbrood −2582.4 −296.0

phoretic Varroa + date + varbrood −2616.2 −293.8
capped brood cells + date + varbrood (*) −2645.5 −295.5

phoretic Varroa + capped brood cells + varbrood + date −2647.8 −293.9

(*) and (**) + apiary random effect −2651.1 −316.9

The final models (A and B, see below) were obtained after a second variable selection
based on AICc comparisons, using the modeled σ and ν added to the (*) and (**) preliminary
models. The number of phoretic Varroa present at t was modeled by the following zero-
inflated beta models (BEZI in “gamlss”):

Vpt ~ BEZI (μ, σ) with (1 − ν) probability
Vpt = 0 with ν probability

For data adjustment at one month: (A)

μ = logit−1 (α0 + α1Vbt−x + α2Cpt−x + α3Dt + Ap)
σ = exp (β0 + β1Vbt−x + β2Dt + Ap)
ν = logit−1 (γ0 + γ1Vbt−x + γ2Cpt−x + γ3Dt + Ap)

For data adjustment at three months: (B)

μ = logit−1 (α0 + α1Vbt−x + Ap)
σ = exp (β0 + Ap)
ν = logit−1 (γ0 + γ1Vbt−x + γ2Vpt−x)

where the α, β, and γ parameters are coefficients used to model μ, σ, and ν, respectively. As
a consequence of this second variable selection, the final AICc was −3179.2 (A) and −343.5
(B) (see details in Tables S2 and S3). Varbrood, which was retained by model selection in all
cases except for σ of model B, appeared as the most important explanatory variable.

2.2. Goodness of Fit and Prediction Evaluation
2.2.1. Parameter Uncertainty

For models A and B, the α, β, and γ parameters associated with μ, σ, and ν were
estimated and their CI95%s were computed (see Table 2). Based on the intercept, we can
note that varbrood had the largest influence on the data adjustment for each parameter of
model A. Moreover, the order of influence of model covariates was the same regardless of
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the parameter: varbrood > date > capped brood cells. For ν of model B, phoretic Varroa
had a larger influence than varbrood. The CI95 range as positively correlated with covariate
weights, i.e., the greater the weight, the larger the uncertainty.

Table 2. Estimated coefficient and 95% confidence interval (CI95%) of models A and B investigating
the influence of varbrood, capped brood cells, phoretic Varroa, and date on the number of phoretic
Varroa mites for mu, sigma, and nu parameters.

Model Parameter Covariate
Estimated
Coefficient

Lower 95% CI Upper 95% CI

A

Mu Intercept −5.830 −6.021 −5.640
varbrood 0.025 0.021 0.028
capped

brood cells 0.002 0.001 0.003

date 0.014 0.012 0.015

Sigma Intercept 6.579 6.233 6.925
varbrood −0.023 −0.030 −0.016

date −0.018 −0.021 −0.015

Nu Intercept 2.073 1.475 2.672
varbrood −0.063 −0.087 −0.039
capped

brood cells −0.003 −0.006 −0.001

date −0.032 −0.039 −0.025

B

Mu Intercept −3.982 −4.175 −3.790
varbrood 0.023 0.019 0.027

Sigma Intercept 4.460 4.140 4.779

Nu Intercept −0.701 −1.468 0.065
varbrood −0.077 −0.167 0.012
phoretic
Varroa −3.786 −10.747 3.176

Moreover, the apiary effect depended on the horizon of prediction. Thus, the mean
apiary effect was zero with varying estimated standard deviations depending on the data
adjustment; at one month, the estimated standard deviation was 0.285, with a standard
deviation of this estimate of 0.798, and at three months, the estimated standard deviation
was 0.681, with a standard deviation of this estimate of 0.914 (see Supplementary Materials
Tables S2 and S3).

2.2.2. Prediction Quality

The prediction quality can be evaluated using confidence intervals and error rates
of models. Table 3 shows that for cross-validation, 97.6% (N = 4999) of sampled phoretic
Varroa mites were in their CI95% with model A and 97.3% (N = 2328) with model B. These
coverage rates are heterogeneous with respect to Vpt: they overestimate the targeted values
(95%, 70%, or 50%) when Vpt ≤ 3, they are consistent when 3 < Vpt ≤ 10, and they are
significantly lower than the targeted values when Vpt > 10, which roughly corresponds
to only 5–10% of the hives. These results hold approximately for all tackled cases (cross-
validation and training validation; models A and B).
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Table 3. Coverage rates of confidence intervals (CI95%, CI70%, and CI50%) of Vpt for both approaches, cross-validation and
training validation, for models A and B. The coverage rate provides the proportion of times that the CI contains the true
value of Vpt. For each method and each model, numbers of observed hives are reported for each class of Vpt.

Cross-Validation

Model A Model B
Observed Vpt

Model A Model B

Observed Colony Numbers CI95% CI70% CI50% CI95% CI70% CI50%

4999 2328 all 97.6 83.6 67.7 97.3 83.1 67.8
4027 1700 ≤3 99.6 91.5 76.3 99.7 97.9 87.9
724 526 >3 and ≤10 92.7 53.7 34.5 99.8 51.1 16
248 102 >10 80.6 42.3 24.2 45.1 2 0

Training Validation

Model A Model B
Observed Vpt

Model A Model B

Observed Colony Numbers CI95% CI70% CI50% CI95% CI70% CI50%

1438 749 all 92.6 75.3 61.8 57.8 39 26
1140 546 ≤3 95.9 82.6 69 61.2 44.1 29.9
229 137 >3 and ≤10 82.1 49.8 37.6 60.6 29.9 17.5
69 66 >10 72.5 39.1 21.7 24.2 15.2 12.1

Predicted quantiles were used as an indicator of the accuracy of the prediction aimed
by the model, i.e., the proportion of hives to be treated against Varroa. Predicting values
by simulation may be seen as minimizing the risk of an incorrect prediction (the risk of
unnecessarily increasing the number of hives to be treated) or may be necessary to more
accurately target the correctly predicted value (the risk of ignoring a proportion of hives
which should be treated and which will not be). For model B, outputs are based on the
average Varroa load in April of 0.7 phoretic Varroa mites per 100 bees [30] (quoted Vpt−x)
and the threshold of 3 phoretic Varroa mites per 100 bees at the beginning of summer [10]
(quoted Vpt). The model indicates for each colony whether or not to treat (prediction that
the threshold will exceed three Varroa mites). Figure 1 describes two extreme situations
that correspond to two treatment strategies. The first two strategies, represented by Q97.5
and Q85, are no-risk situations because the model indicated that all colonies are to be
treated, and thus no risks are taken of having a colony that exceeds the threshold of three.
In these cases, the input costs are great, and 73% of colonies are unnecessarily treated. The
second strategy (Q50) is an attempt to justify no treatment, and it estimates the respective
risk; it provides reasons not to treat 71% of colonies at the risk of not treating the 24%
of colonies that need treatment. This could be seen as the price to pay for engaging in
a process of decreasing inputs. Intermediate quantiles allow beekeepers to find correct
indicators based on calculated trade-offs. For example, considering indicators for Q72 (or
Q71.5), 27% of colonies observed exceed the threshold of three; the model predicted to treat
11% when necessary (10% for Q71.5) and 17% when not necessary (16% for Q71.5). In these
cases, there were as many colonies that were treated when not necessary (17%—in orange)
as colonies untreated when necessary (16%—in red) for Q72, and the inverse occurred for
Q71.5 (Figure 1).

The first and third cases are the hives that are necessary to treat. The percentages of
these four categories are provided for each level of risk.

This figure is based partly on Table S4 of Supplementary Materials; Tables S4 and S5
show all results for models A and B of the two model evaluations (cross-validation and
training validation). For both models, the smaller the quantile, the lower the global error
rate. For larger quantiles (Q97.5 and Q85), models predicted better Vpt when the phoretic
Varroa number exceeded the threshold of three Varroa mites at t. Model predictions of Vpt
were relatively good when the earlier phoretic Varroa number was at three, the maximum.
However, models failed to produce correct predictions when the mite number at t-x was
higher than three for model A and higher than 0.7 for model B.
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Figure 1. In this figure, 5 scenarios are presented with increasing risk (from left to right) taken by the beekeeper to not treat
when the model predicts it was necessary or to treat when it was unnecessary. The risk is inversely proportional to the
measure of quantile Q. For each level of risk, four cases are represented: (1) Hives with vp_t_x (i.e., Vp at t = 0) < = 0.7 and
vp_t (i.e., Vp three months later) > 3; (2) Hives with vp_t_x (i.e., Vp at t = 0) < = 0.7 and vp_t (i.e., Vp three months later)
< = 3; (3) Hives with vp_t_x (i.e., Vp at t = 0) > 0.7 and vp_t (i.e., Vp three months later) < = 3; (4) Hives with vp_t_x (i.e., Vp
at t = 0) > 0.7 and vp_t (i.e., Vp three months later) < = 3.

3. Discussion

3.1. Selected Variables

The Handy VarLoad (HVL) model allowed for the prediction of the Varroa load at a
given moment t, as a function of the previously observed Varroa load and of the available
area for their reproduction, i.e., the number of honey bee brood cells.

Seasons influence the Varroa load, but only in the short term. This could be explained
by the fact that, in one month, a beekeeper management intervention or a particular climatic
event can have an effect on one or two Varroa generations, as the generation interval of
capped brood is 12 days. The mite population growth rate is exponential during short
periods (three months) and when mite populations are low; in contrast, Varroa population
growth follows a logistic dynamic over longer periods (covering the entire production
period) when density-dependent factors influence population growth [12]. Consequently,
an event which increases or decreases Varroa reproduction may change the short-term
Varroa load but have an insignificant influence on the long-term Varroa load. For example,
disruption of honey bee colony broods could be offset by the Varroa population growth
itself. Conversely, if colony brood disruption speeds up Varroa reproduction, the mite
population size eventually stabilizes due to density dependence [25,31]. Moreover, during a
three-month period, colonies undergo a series of favorable and unfavorable disruptions for
Varroa development, particularly climatic, which will balance each other out. Finally, the
apiary effect acts regardless of the delay between two phoretic Varroa measurements. Thus,
the biological variability between colonies, the differences in management strategy between
beekeepers, year, and region (climate) influence the Varroa load of the colony [32–35].

Contrary to previous mathematical models on Varroa load, the HVL model allows one
to obtain a prediction with a measure of uncertainty, as well as the associated uncertainty
for each parameter. The model uncertainty includes variability at the inter-apiary scale,
in beekeeping management strategies, and in year and region effects. The apiary effect
included in the model induces a large amount of prediction uncertainty, but, at the same
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time, it assimilates the sampling diversity related to apiary characteristics (management,
year, and region).

3.2. Beekeepers’ Interest

The model presented here allows one to have a representation of the risk beekeepers
take by not treating the apiary, according to the percentage of colonies that exceed the
threshold of three Varroa mites. Different quantiles propose different decision-making indi-
cators for beekeepers taking into account trade-offs between cost, time, and environmental
effects of treatments, on the one hand, and the risk of losing infested colonies, on the other.

Moreover, beside economic trade-offs, Varroa treatments are not without consequences
and, indeed, may induce acaricide resistance in Varroa [3–5], which is why beekeepers
should treat only when economic risks are real. It is worth noting that treatments during
the beekeeping season are not efficient over the long term [36]. These types of treatment
must be used only when the aim is to temporarily decrease the Varroa load to optimize
honey flow performance. Thus, this model takes into account integrated pest management.

The model can also be used to determine which apiaries should be given priority on
lavender and sunflower fields if the spot number is limited. However, despite the fact that
managing colonies at the apiary scale is more efficient, as honey bee colony performances
are highly dependent on the characteristics of any apiary (Kretzschmar et al., unpublished
data), beekeepers may want to manage Varroa at the colony scale and thus strictly follow
the model prediction.

3.3. Limits and Prospects of the Model

The choice to use only easy-to-measure variables in the field impairs the model’s
goodness of fit and, consequently, the estimation/prediction accuracy. Taking into account
other variables (Varroa foundress density, Varroa infestation rate in the capped brood,
natural death of Varroa mites measured on sticky boards, etc.) would have allowed
better predicting the Varroa load. Including these additional variables in the present
model could have easily improved its prediction power. Nevertheless, it would be far
too long and complex to collect that type of data in the actual schedule of a beekeeper.
If the sampling plan is unrealistic and impracticable at a large scale, the HVL model
will be worthless. However, such improved models could be developed for researchers
or technicians who work on a smaller scale and need to have better precision in their
experimental frameworks. Another limit of this study is the sampled colony number:
the more hives sampled, the better the estimation. In the present study, as the number
of repetitions for each factor (management, year, and region) is limited, our sampling
variation increased model uncertainty. Nevertheless, the Handy VarLoad model will be
improved by the accumulation of data issued from the numerous experiments in which the
two handy variables it uses (phoretic Varroa load and capped brood area) are commonly
collected. As the database on which the model is based increases, the effect of covariates
(apiary, region, season, beekeeping practices, etc.) can be better integrated.

4. Materials and Methods

4.1. Data Sampling

Data were collected from 310 colonies from 2014 to 2016 in three regions of France
(PACA, AURA, and Occitanie; “dataset1”) and from 720 colonies in 2018 in three regions of
France (PACA, Nouvelle Aquitaine, and Centre; “dataset2”). Most of the colonies were
kept on 10-frame Dadant hives and contained hybrid Apis mellifera L. queens. Colonies
belonged to commercial beekeepers and thus displayed different sizes, dynamics, and
management styles, which allowed us to take into account the variability which exists
between beekeepers and apiaries. No treatment against Varroa was applied during the
sampling periods.

At each sampling point, the amount of capped brood (noted Cb) was determined
according to the ColEval method [37], and the phoretic mite load was estimated by sam-
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pling around three hundred bees (or 45 g) from a frame containing an uncapped brood.
Sampled bees were washed with a detergent solution and the number of Varroa mites
retrieved (noted Vp) was counted [38]. Finally, to take into account seasonality, a “date”
variable (noted D) was also created in which days were reported on a perpetual calendar
with day 1 starting on 15 March of each year. This variable described the number of days
ran from an initial time, which corresponds to the beginning of the measurable increase in
the Varroa population after wintering. In our case, it corresponded approximately to the
middle of March.

Sampling points were repeated at 30-day intervals, except for apiaries R16 to R18
(“dataset1”), in which measurements were sometimes performed every 12 days to mimic
the generation interval of capped broods.

4.2. Statistical Methods
4.2.1. Distribution Adjustment on “dataset1”

All statistics were performed using the statistical software R version 3.3.0 [39]. Estima-
tion of model parameters was carried out using the “gamlss” function of the eponymous
package (Rigby and Stasinopoulos, 2005). The response variable (number of observed
Varroa mites per 100 bees) was modeled with a generalized additive model for location,
scale, and shape (GAMLSS). GAMLSS is an extension of the generalized linear model and
the generalized additive model. It is a distribution-based approach to semiparametric
regression models, in which all the parameters of the assumed distribution for the response
can be modeled as additive functions of the explanatory variables, such as the location (e.g.,
mean μ), the scale (e.g., variance σ2), the shape (skewness and kurtosis), and some inflation
(e.g., at zero, ν). Moreover, we chose to use GAMLSS because it offers numerous choices
for the distribution of the response variable and is suitable for time series data (Rigby and
Stasinopoulos, 2001). GAMLSS was fitted to data using maximum (penalized) likelihood
estimation implemented with the RS algorithm, which does not require accurate starting
values for μ, σ, and ν to ensure convergence in comparison with the CG algorithm [40,41].
The most parsimonious model with the lowest corrected Akaike’s information criterion
(AICc) [42], was selected; models with differences in AICc values lower than or equal to
two were considered to be equivalent. We chose this selection criterion because, it is the
most suitable criterion to model selection in predictive models for ecology and time series
applications including forecasting [43]. Thus, it allows for the selection of the model that
will best predict the response variable, i.e., the model with the best predictive accuracy.

Variables, which were described above, were transformed as follows to comply with
the scaling conditions during model fitting:

Cb =
Cb0
100

(1)

Vp =
Vp0 ∗ 100 ∗ 0.14

sw
(2)

Vb = log
(

Vp
Cb + 130

∗ 100 + 1
)
∗ 50 (3)

where Cb (Equation (1)) is a scaled value of the number of capped brood cells Cb0; Vp
(Equation (2)) is the normalized rational number of Varroa mites for 100 honey bees (called
“phoretic Varroa” in the present study), knowing that the weight per bee is 0.14 g, and sw in
Equation (2) is the sampling weight of bees; Vb is a variable called “varbrood”, built to take
into account the role of the amount of brood in the regulation of Varroa reproduction, and,
more specifically, to integrate the fact that the more spread out the capped brood, the harder
it is to capture phoretic Varroa mites hidden in the capped brood. The varbrood variable
was thus obtained by taking the Neperian logarithm of the number of phoretic Varroa
and dividing it by the number of capped brood cells. In Equation (3), 130 corresponds
to the Cb median, 100 and 50 multipliers are necessary for the scale, and +1 is used to
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avoid obtaining log(0). These three quantitative variables were mathematically reduced
to the same scale, in order to be able to compare their respective weights during model
adjustment. The date (measured as a number of days after the first measurement) was used
without transformation.

The rational number of phoretic Varroa mites present at t (Vpt) was modeled in the
GAMLSS framework by a zero-inflated beta distribution with mean μ, standard deviation
σ, and inflation at zero ν. Different specifications for μ, σ, and ν were used (see Results
section). Our models were designed to predict Vpt from explanatory variables typically
collected at time t−x. Two horizons of prediction x were considered: a short-term horizon
(x = 1 month, noted model A hereafter) and a long-term horizon (x = 3 months, noted model
B hereafter). For x = 1 (model A), all data were used to fit the models (867 observations),
whereas for x = 3 (model B), all the data providing this interval were used to avoid the
use of time-overlapping pairs of observations (93 observations). Phoretic Varroa numbers,
capped brood cell numbers, and varbrood present at t−x, as well as the date at t, were
exploited as fixed factors; they are denoted by Vpt−x, Cbt−x, Vbt−x, and Dt, respectively.
Moreover, an «apiary» factor (noted Ap) was used as a random factor and includes the
variability of the apiary, beekeeping management strategy, and year and region effects.

4.2.2. Goodness of Fit and Prediction Including “dataset2”

To assess the goodness of fit of the selected models, we explored the uncertainty of
parameters and the prediction quality by comparing the predicted and observed values of
Vpt. We evaluated the prediction quality using two methods: cross-validation and training
validation. In both methods, model performance was evaluated on data not included in
the sample used to estimate model parameters.

For increasing the domain where the uncertainty of the parameters and the prediction
quality of the models could be explored, a larger dataset (“dataset2”) was added to the first
dataset (“dataset1”) with which the model parameters were estimated.

In the cross-validation method, observations of the hives of a given apiary were
removed from the database, the model was fitted to the remaining data, and estimated
parameters were plugged in to predict Vpt for the hives of the apiary whose observations
were removed (this case corresponds to predicting Vpt for a new apiary based on observa-
tions collected from other apiaries). This procedure was repeated for each apiary of the
dataset (i.e., 54 times for model A and 40 times for model B) and allowed us to provide
averaged cross-validation assessments of the prediction performance.

The prediction performance was assessed with respect to the two following criteria:

• The actual coverage of 95%, 70%, and 50% confidence intervals of Vpt (denoted by
CI95%, CI70%, and CI50%), providing the proportion of times that the true value of Vpt
is contained within the CI;

• The use of different predicted quantiles of Vpt (namely, Q97,5%, Q85%, Q75%, and Q50%)
to evaluate the risk that the actual Vpt exceeds the problematic threshold of 3 Varroa
mites for 100 bees.

These criteria (CI and quantiles) were empirically calculated from 1000 simulations of
the zero-inflated beta distribution in which the estimated values of μ, σ, and ν were inserted
(random factors incorporated into μ, σ, and ν were randomly drawn at each simulation
from centered normal distributions with standard deviations equal to their estimated
values). Note that estimation uncertainty was neglected in this simulation procedure; this
choice may lead to un-calibrated confidence intervals and quantiles. The comparisons of
quantiles Q97.5%, Q85%, Q75%, and Q50% with the threshold of 3 Varroa mites for 100 bees
can be used as indicators to assess whether Vpt will exceed this problematic threshold. The
efficiency of these indicators was assessed with the error rate τerror(α) calculated as the
ratio between (i) the number of hives for which the predicted quantile Qα(Vpt) is less than
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or equal to 3 at time t, whereas the actual observation Vpt is greater than 3, and (ii) the
number of observations Vpt greater than 3:

τerror(α) =
∑K

R=1 ∑NR
r=1 1

(
Vpt,R,r > 3, Q−R

α ( Vpt,R,r) ≤ 3
)

∑K
R=1 ∑NR

r=1 1( Vpt,R,r > 3)
, (4)

where K is the number of apiaries (54 for model A and 40 for model B), NR is the number
of hives in the apiary R (which ranges between 7 and 51), Vpt,R,r is the observed value of
phoretic Varroa at time t for the hive r of the apiary R, and Q−R

α ( Vpt,R,r) is the predicted
quantile at α% of Vpt,R,r for the hives of the apiary R whose observations were removed
(−R). The indicator function E→1I takes the value of 1 if event E is true, or otherwise 0.

Equation (4) presents the case in which observations are greater than 3 and predictions
are less than or equal to 3, and τerror(α) was also calculated when observations are less than
or equal to 3 and predictions are greater than 3. The error rate τerror(α) can be computed in
other specific conditions, for example, conditions related to the number of phoretic Varroa
at t−x (Vpt–x,R,r).

In the training validation method, observations of the hives of all apiaries after a spe-
cific date, tA = 31 (15 April) for model A, and tB = 118 (11 July) for model B, were removed
from the database, the model was fitted to remaining data, and estimated parameters were
plugged in to predict Vpt for the hives of all apiaries after tA or tB (this case corresponds to
predicting Vpt for an apiary already installed, based on observations collected beforehand
from this apiary). This procedure was repeated for each year of the dataset (i.e., from
2014 to 2016 and 2018 for both models A and B) and allowed us to provide averaged
training validation assessments of the prediction performance already introduced in the
cross-validation approach.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10060678/s1, Table S1: Comparisons of the tested models investigating the influence
of phoretic Varroa mite (per 100 bees) numbers, capped brood cell numbers, varbrood, and date
on next phoretic Varroa numbers as a function of the estimation length, using the AICc criterion.
N = 867 for data adjustment at one month (x = 1) and N = 93 for data adjustment at three months
(x = 3), Table S2: R graphic output of model A summary, Table S3: R graphic output of model B
summary, Table S4: Performance comparisons between different quantiles (Q97.5, Q85, Q75, Q50)
for models A and B, depending on the observed phoretic Varroa numbers at t−x and the observed
phoretic Varroa numbers at t. Error rates represent the colony percentage for which the Varroa load
at the horizon of prediction was badly predicted with the cross-validation method. For each quantile,
the number of hives to treat depends on the error rate for which their percentages were reported,
Table S5: Performance comparisons between different quantiles (Q97.5, Q85, Q75, Q50) for models A
and B, depending on the observed phoretic Varroa numbers at t-x and the observed phoretic Varroa
numbers at t. Error rates represent the colony percentage for which the Varroa load at the horizon of
prediction was badly predicted with the training validation method. For each quantile, the number
of hives to treat depends on the error rate for which their percentages were reported.
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Abstract: Sacbrood virus (SBV) was the first identified bee virus and shown to cause serious epizootic
infections in the population of Apis cerana in Taiwan in 2015. Herein, the whole genome sequences
of SBVs in A. cerana and A. mellifera were decoded and designated AcSBV-TW and AmSBV-TW,
respectively. The whole genomes of AcSBV-TW and AmSBV-TW were 8776 and 8885 bp, respectively,
and shared 90% identity. Each viral genome encoded a polyprotein, which consisted of 2841 aa
in AcSBV-TW and 2859 aa in AmSBV-TW, and these sequences shared 95% identity. Compared to
54 other SBVs, the structural protein and protease regions showed high variation, while the helicase
was the most highly conserved region among SBVs. Moreover, a 17-amino-acid deletion was found in
viral protein 1 (VP1) region of AcSBV-TW compared to AmSBV-TW. The phylogenetic analysis based
on the polyprotein sequences and partial VP1 region indicated that AcSBV-TW was grouped into
the SBV clade with the AC-genotype (17-aa deletion) and was closely related to AmSBV-SDLY and
CSBV-FZ, while AmSBV-TW was grouped into the AM-genotype clade but branched independently
from other AmSBVs, indicating that the divergent genomic characteristics of AmSBV-TW might
be a consequence of geographic distance driving evolution, and AcSBV-TW was closely related
to CSBV-FZ, which originated from China. This 17-amino-acid deletion could be found in either
AcSBV or AmSBV in Taiwan, indicating cross-infection between the two viruses. Our data revealed
geographic and host specificities between SBVs. The amino acid difference in the VP1 region might
serve as a molecular marker for describing SBV cross-infection.

Keywords: sacbrood virus; sacbrood disease; Apis cerana; Apis mellifera

1. Introduction

Sacbrood virus (SBV) is a single-stranded, positive-sense RNA virus that belongs to
the Iflaviridae family [1–3]. The particles of SBV are 28 nm in diameter, nonenveloped,
icosahedral [4,5]. SBV is a common honeybee virus that exhibits a high prevalence of
infection mainly in early larval stage of honeybees. This condition affects the broods of
honeybees, and the specific symptoms can be easily identified in dead deformed larvae in
hives with fluid-filled sacs [6–9].

Sacbrood disease, which is caused by SBV infection, was first reported and verified
in Apis mellifera in 1964 [7,10]. The ectoparasitic mite V. destructor plays a role in SBV
transmission [11]. Infection with SBV (AmSBV) is now commonly found in A. mellifera
worldwide and does not usually result in A. mellifera colony loss [12–16]. However, ac-
cording to a previous report from 1976, the SBV found in A. cerana (AcSBV) has large
impacts on A. cerana in several Asian countries, including China, Korea, India, Vietnam,
and Thailand [17–22]. During 1991–1992, an outbreak of sacbrood disease caused up to 90%
colony losses in Thailand [23–30]. As mentioned above, AcSBV infection usually causes a
high rate of A. cerana larvae death and may even lead to whole-colony collapse [31,32].

The A. cerana is an indigenous honeybee species in Taiwan. The natural fitness of
A. cerana is better than A. mellifera. The A. cerana has a higher tolerance for low tempera-
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ture and better performance on the pollination in the mountain regions than A. mellifera.
Therefore, A. cerana contributes to the pollination of mountainous orchards, including
plums and peaches, etc., which are counted for 1.3% of Taiwan agricultural production [33].
Since AcSBV was first detected in Taiwan in 2015, many beekeepers in Taiwan have re-
ported significant A. cerana larval death with symptoms caused by AcSBV in A. cerana
colonies [34,35]. The virus was found to have spread from southern Taiwan to northern
and then eastern Taiwan in 2016. Based on long-term surveillance data, the prevalence rate
of AcSBV in A. cerana colonies had dramatically increased from 47% to ~70% at the end of
2016 and continued to increase to 72% in 2017 [35]. More than 90% of A. cerana colonies
were influenced by AcSBV infection from 2016–2019, and the colony collapse does have
impacts on the sale market of A. cerana colonies, price of honey, and the productions of
mountainous orchards. The prevalence of SBV in the population of A. cerana in Taiwan is
now irreversible.

To better understand the relationship between each SBV strain among Asian countries,
the analysis of genome sequences from different geographic areas could provide an accurate
and reliable method of detecting variations within the same type of genome based on
molecular comparisons. Several studies have examined the whole genome sequences of
either AmSBV or AcSBV worldwide. In Korea, six AmSBVs (AmSBV-Kor1 [KP296800.1],
AmSBV-Kor2 [KP296801.1], AcSBV-Kor3 [KP296802.1], AcSBV-Kor4 [KP296803.1], AmSBV-
Kor19 [JQ390592.1], and AmSBV-Kor21 [JQ390591.1]) from A. mellifera were sequenced and
further compared (Table 1) [24,36]. In 2017, a comparative genomic analysis among nine
SBVs of A. cerana and A. mellifera was performed in Vietnam [30]. These reports identified
different genomic features and revealed the genetic diversity among these SBVs, suggesting
that viral cross-infections might occur between AcSBV and AmSBV.

Table 1. Information on the sacbrood virus (SBV) strains used in this study.

No. Name Host Total Size (bp) Location Accession No. Reference

1 AmSBV-TW Apis mellifera 8885 Taiwan MN082651 This study
2 AcSBV-TW Apis cerana 8776 Taiwan MN082652 This study
3 AcSBV-IndTN-1 Apis cerana 8740 India KX663835.1 [37]
4 AmSBV-Kor21 Apis mellifera 8855 Korea JQ390591.1 [24]
5 AmSBV-Kor19 Apis mellifera 8784 Korea JQ390592.1 [24]
6 South Australia_1 Apis mellifera 8821 Australia KY887697.1 [38]
7 South Australia_2 Apis mellifera 8831 Australia KY887698.1 [38]
8 South Australia_3 Apis mellifera 8848 Australia KY887699.1 [38]
9 SBV-UK Apis mellifera 8832 UK NC_002066.1 [6]
10 AcSBV-Viet-LDst Apis cerana 8832 Viet Nam KJ959613.1 -
11 CSBV-SXYL-2015 Apis cerana (bee larvae) 8776 China KU574662.1 [39]
12 Korean Apis cerana 8792 Korea HQ322114.1 -
13 CSBV-BJ Apis cerana (bee larvae) 8857 China KF960044.1 -
14 MD1 Apis mellifera 8861 USA MG545286.1 [40]
15 MD2 Apis mellifera 8861 USA MG545287.1 [40]
16 AmCSBV-SDLY Apis mellifera 8794 China MG733283.1 [40]
17 CSBV-LNQY-2009 Apis cerana (bee larvae) 8863 China HM237361.1 [39]
18 CSBV-JLCBS-2014 Apis cerana (bee larvae) 8794 China KU574661.1 [39]
19 AcSBV-Viet-SBM2 Apis cerana 8854 Viet Nam KC007374.1 [41]
20 AcSBV-India-II10 Apis cerana 8550 India JX194121.1 -
21 AcSBV-India-II2 Apis cerana 8680 India JX270795.1 -
22 AcSBV-India-K1A Apis cerana 8743 India JX270796.1 -
23 AcSBV-India-K5B Apis cerana 8700 India JX270797.1 -
24 AcSBV-India-K3A Apis cerana 8756 India JX270798.1 -
25 AcSBV-India-S2 Apis cerana 8741 India JX270799.1 -
26 AcSBV-India-II9 Apis cerana 8740 India JX270800.1 -
27 AmSBV-Kor1 Apis mellifera 8837 Korea KP296800.1 [36]
28 AmSBV-Kor2 Apis mellifera 8834 Korea KP296801.1 [36]
29 AcSBV-Kor3 Apis cerana 8787 Korea KP296802.1 [36]
30 AcSBV-Kor4 Apis cerana 8786 Korea KP296803.1 [36]
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Table 1. Cont.

No. Name Host Total Size (bp) Location Accession No. Reference

31 AcSBV-Viet1 Apis cerana 8787 Viet Nam KM884990.1 [30]
32 AcSBV-Viet2 Apis cerana 8786 Viet Nam KM884991.1 [30]
33 AcSBV-Viet3 Apis cerana 8787 Viet Nam KM884992.1 [30]
34 AmSBV-Viet4 Apis mellifera 8787 Viet Nam KM884993.1 [30]
35 AcSBV-Viet5 Apis cerana 8784 Viet Nam KM884994.1 [30]
36 AmSBV-Viet6 Apis mellifera 8836 Viet Nam KM884995.1 [30]
37 VN3 Apis mellifera 8820 Australia KY465673.1 [42]
38 VN2 Apis mellifera 8832 Australia KY465674.1 [42]
39 VN1 Apis mellifera 8835 Australia KY465675.1 [42]
40 QLD Apis mellifera 8835 Australia KY465678.1 [42]
41 SA Apis mellifera 8823 Australia KY465677.1 [42]
42 WA2 Apis mellifera 8832 Australia KY465671.1 [42]
43 WA1 Apis mellifera 8832 Australia KY465672.1 [42]
44 NT Apis mellifera 8830 Australia KY465679.1 [42]
45 TAS Apis mellifera 8835 Australia KY465676.1 [42]
46 AcSBV-Viet-BP Apis cerana 8831 Viet Nam KX668139.1 -
47 AcSBV-Viet-NA Apis cerana 8791 Viet Nam KX668140.1 -
48 AcSBV-Viet-BG Apis cerana 8784 Viet Nam KX668141.1 -
49 CSBV-SXnor1 Apis cerana 8705 China KJ000692.1 -
50 CSBV-FZ Apis cerana 8800 China KM495267.1 [43]
51 CSBV-GZ Apis cerana (bee larvae) 8740 China AF469603.1 [5]

52 SBV-Brno Apis mellifera 8832 Czech
Republic KY273489.1 -

53 SBV-Hynor Apis cerana (bee larvae) 8779 Viet Nam KJ959614.1 -
54 SBV-Sydney Apis mellifera 8833 Australia MF623170.1 -
55 SBV_MS Apis mellifera 8828 Sweden MH267698.1 -
56 SBV_MR Apis mellifera 8830 Sweden MH267697.1 -

-: unpublished.

According to our previous data, cross-infection might occur between AcSBV and
AmSBV in Taiwan [33,35]. However, the available information on the whole genome
sequences of AcSBV and AmSBV in Taiwan is insufficient. Therefore, this study attempted
to determine and analyze two complete genome sequences of AcSBV and AmSBV in
Taiwan. This is the first complete genome sequences of AcSBV and AmSBV from Taiwan.
Phylogenetic analysis based on conserved viral proteins and similarity comparisons of the
genomic sequences with those of 54 other SBV strains worldwide were also performed,
these results may contribute to better understanding the variation of other SBV strains.

2. Results

2.1. Genomic Sequences and Analysis of SBV Strains in Taiwan

The whole genomes of AmSBV and AcSBV from A. mellifera and A. cerana in Taiwan
were sequenced. The complete genome sequences of the two SBV strains were deposited
in GenBank under the accession numbers MN082651 for AmSBV-TW and MN082652
for AcSBV-TW. The genomes of AmSBV-TW and AcSBV-TW were annotated by using
NCBI ORF finder, and the numbers of RNAs encoded by AmSBV-TW and AcSBV-TW
were 8885 and 8776, respectively. The 5′ and 3′ untranslated regions (UTRs) of AmSBV-
TW were 212 and 115 nt, respectively; for AcSBV-TW, the 5′ and 3′ UTRs were 174 and
272 nt, respectively. Only one open reading frame (ORF) was predicted in the genomic
RNA sequence of AmSBV-TW, which extended from nt 213 to 8792, encoding a putative
polyprotein of 2859 amino acids. The genomic RNA of AcSBV-TW also encoded one ORF,
from nt 175 to nt 8700, encoding a putative polyprotein of 2841 amino acids (Figure 1).
Two structural domains were identified as rhv-like domains in the 5′ region of AmSBV-TW
and AcSBV-TW, and three nonstructural domains, including helicase, protease, and RNA-
dependent RNA polymerase (RdRp), were located at the 3′ regions of both AmSBV-TW and
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AcSBV-TW. The analysis of the protein domain arrangement and genomic structures of
AmSBV-TW and AcSBV-TW revealed characteristics of family Iflaviridae (Figure 1).

Figure 1. The genomic maps of (A) AmSBV-TW (accession number: MN082651) and (B) AcSBV-TW (accession number:
MN082652). The full-length sequences were obtained using a combination of RT-PCR amplification and rapid amplification
of 5′ and 3′ cDNA ends (5′ RACE and 3′ RACE). The nucleotide (nt) and amino acid (aa) positions of each domain was
indicated below the schematic of AmSBV-TW and AcSBV-TW, respectively. The 5′ terminal sequences of AmSBV-TW and
AcSBV-TW were determined by 5′ RACE, and the prediction of the 5′ secondary structure of AmSBV-TW and AcSBV-TW
was performed on the RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) and presented
in the dotted box. VPg = viral protein genomic linked. * Mismatch nucleotide base.

2.2. Comparisons of SBV Strains

The sequences of AmSBV-TW and AcSBV-TW were first compared to each other
(Table 2). The results of nt sequence comparisons showed that the full-length genomic RNA
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and ORF regions were highly conserved between AmSBV-TW and AcSBV-TW, sharing 90%
identity, while the 5′ and 3′ UTRs showed high variation between AmSBV-TW and AcSBV-
TW, presenting 68% and 73% identity, respectively (Table 2). In the amino acid sequence
comparisons, the helicase protein domain exhibited the highest identity (99%) and was
the most conserved protein domain between AmSBV-TW and AcSBV-TW, followed by
rhv_like_2 (97%), RdRp (96%), polyprotein, and rhv_like_1 (95%), while the nonstructural
protein protease showed low identity (75%) between AmSBV-TW and AcSBV-TW (Table 2).

Table 2. Comparison of genomic sequences and protein regions of AcSBV and AmSBV in Taiwan.

Genomic Region/Protein
Region

Region Name AmSBV-TW AcSBV-TW Identity (%)

Genomic region (nt) Full length 8885 8776 90%
5′ UTR 211 174 68%

ORF region 8580 8526 90%
3′ UTR 96 75 73%

Protein region (aa) Polyprotein 2859 2841 95%
rhv_like_1 176 176 95%
rhv_like_2 188 188 97%
Helicase 110 110 99%
Protease 166 215 75%

RdRp 292 292 96%

The genomic regions of AmSBV-TW and AcSBV-TW were further compared to those
of SBV strains from other countries (Table 3). The nucleotide sequences of the whole
AmSBV-TW and AcSBV-TW genomes shared identities of 87% (AcSBV-India-II10) to 92%
(AcSBV-Viet-SBM2) and 88% (South Australia_1, 2, 3, SBV_MR, MD1, 2 and AcSBV-India-
II10) to 96% (AcSBV-Viet1, 2, AmCSBV-SDLY and CSBV-FZ), respectively, with other SBVs
(Table 1; Table 3). The identities of the 5′ and 3′ UTRs showed high variation among SBVs;
for AmSBV-TW, the 5′ and 3′ UTRs shared 30% (CSBV-SXnor1) to 78% (Korean strain) and
10% (AcSBV-India-K5B) to 94% (MD1 strain) identities, respectively, with those of other
SBVs, while AcSBV-TW showed 42% (CSBV-SXnor1) to 93% (AcSBV-Viet3) identity for the
5′ UTR and 11% (AcSBV-India-K5B) to 85% (NT strain) identity for the 3′UTR (Table 1;
Table 3).

Table 3. Comparison of the nucleotide sequence homology (%) of different genomic regions of AcSBV-TW, AmSBV-TW, and
54 other SBV strains.

SBV Strains
Full Length (nt) 5′ UTR ORF Region 3′ UTR

AcSBV-TW AmSBV-TW AcSBV-TW AmSBV-TW AcSBV-TW AmSBV-TW AcSBV-TW AmSBV-TW

AcSBV-TW - 90 - 68 - 90 - 70
AmSBV-TW 90 - 68 - 90 - 70 -

VN3 89 90 85 72 89 90 88 77
SBV-Sydney 89 90 84 71 88 90 84 71

VN1 89 90 85 72 89 90 88 77
AmSBV-Kor21 89 90 86 73 89 90 71 90

VN2 89 90 86 73 89 91 89 78
South Australia_1 88 90 87 71 88 90 76 63
South Australia_3 88 90 79 76 88 90 85 71
South Australia_2 88 89 87 70 89 90 85 71

QLD 89 90 86 72 89 90 89 78
AmSBV-Kor1 89 90 85 72 89 90 87 79

SA 89 90 85 72 89 90 89 78
WA2 89 90 87 73 89 90 89 78
WA1 89 90 86 72 89 91 89 78
NT 89 91 85 72 89 91 85 72
TAS 89 90 87 73 89 90 88 77

SBV_MS 89 90 83 75 89 90 77 64
SBV_MR 88 90 84 75 89 90 80 66

MD1 88 90 82 77 89 90 75 94
MD2 88 90 82 78 89 90 75 93

SBV-Brno 89 90 86 72 89 91 87 77
85
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Table 3. Cont.

SBV Strains
Full Length (nt) 5′ UTR ORF Region 3′ UTR

AcSBV-TW AmSBV-TW AcSBV-TW AmSBV-TW AcSBV-TW AmSBV-TW AcSBV-TW AmSBV-TW

SBV-UK 89 90 84 70 89 90 87 77
AcSBV-Viet1 96 90 92 71 96 90 93 73
AcSBV-Viet2 96 90 89 69 96 90 93 73
AcSBV-Viet3 95 90 93 72 96 90 92 73
AmSBV-Viet4 95 90 89 71 95 90 92 73

SBV-Hynor 95 90 89 71 95 90 85 66
AcSBV-Viet5 95 90 88 69 96 90 85 70

AmCSBV-SDLY 96 90 88 77 96 90 94 70
CSBV-JLCBS-2014 95 90 84 76 95 91 88 76

AmSBV-Kor2 93 91 81 72 93 91 91 75
Korean 93 90 90 78 94 91 88 76

AcSBV-Kor4 94 90 84 70 94 91 90 75
AcSBV-Kor3 93 90 84 71 93 91 90 75

AmSBV-Kor19 93 90 86 73 93 91 88 76
CSBV-LNQY-2009 91 90 61 55 92 91 50 58

CSBV-FZ 96 91 91 72 97 91 92 73
CSBV-GZ 93 90 65 50 94 92 23 20

AcSBV-India-II10 88 87 - - 91 91 - -
AcSBV-India-II2 90 89 47 36 91 91 27 22

AcSBV-India-K1A 90 90 66 52 91 91 39 32
AcSBV-India-K5B 90 90 65 51 91 91 11 10
AcSBV-IndTN-1 90 90 68 53 91 91 47 37

AcSBV-India-K3A 90 90 61 47 91 91 50 41
AcSBV-India-S2 89 89 65 51 90 91 23 20
AcSBV-India-II9 90 90 67 52 91 91 50 41
AcSBV-Viet-BP 90 90 81 70 91 91 78 65
AmSBV-Viet6 91 91 85 71 91 91 84 76

AcSBV-Viet-LDst 91 91 83 72 91 91 82 68
AcSBV-Viet-NA 93 90 89 71 94 91 77 70
AcSBV-Viet-BG 92 90 83 70 93 90 66 54

AcSBV-Viet-SBM2 92 92 84 72 92 92 70 88
CSBV-BJ 91 91 82 69 91 91 68 87

CSBV-SXnor1 90 89 42 30 92 91 27 23
CSBV-SXYL-2015 91 90 81 68 91 91 23 20

-: Non comparable.

The amino acid identities among the SBV strains were similar to the variations in the
nucleotide identities. In the comparison of polyprotein amino acid sequences, AmSBV-TW
was most similar to SBV-UK, with 98% aa identity, and AcSBV-TW was most similar to
AcSBV-Viet1 and 2, sharing 98% aa identity. (Table 4). Among the structural proteins
(rhv_like_1 and rhv_like_2), AmSBV-TW shared 81% (AmSBV-Viet6) to 98% (NT strain)
and 94% (AcSBV-Viet-NA) to 99% (AmSBV-Kor1) identities with those of other SBVs, and
AcSBV-TW shared 81% (AmSBV-Viet6) to 98% (CSBV-FZ) and 94% (AcSBV-Viet-BP) to
100% (AmCSBV-SDLY, CSBV-JLCBS-2014 and AcSBV-Viet-BG) identities with those of other
SBVs (Table 4). The identities of the nonstructural proteins, including helicase, protease
and RdRp, between AmSBV-TW and other SBVs showed greater variation than those of
the structural proteins, ranging from 60–100%, 70–98%, and 88–98%, respectively, while the
corresponding values were 60–100%, 67–99%, and 89–98% for AcSBV-TW (Table 4).
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Comparisons of nucleotide and amino acid sequences revealed the deletion of 51 base
pairs (17 amino acids) in AcSBV-TW (from amino acid positions 712–730 (VP1 region)
in the ORF region) compared to AmSBV-TW, and the same deletion (AC-genotype) was
found in most of the other SBVs from A. cerana, including AcSBV-Viet1, 2, 3, 5, AcSBV-
Hynor, AmCSBV-SDLY, CSBV-JLCBS-2014, AcSBV-Korean, AcSBV-Kor3, 4, AcSBV-Viet-NA,
AcSBV-Viet-BG, except AmSBV-Kor19 and AmSBV-Viet4 (Figure 2). Another 10–13-amino-
acid deletion was found in six SBVs from A. cerana in India and two SBVs from A. cerana in
China, including AcSBV-India-II2, -II9, -II10, -K1A, -K5B, -TN-1, CSBV-LNQY-2009, and
CSBV-FZ (Figure 2). However, a less than 10-amino-acid deletion was found in the SBVs
from A. mellifera in Australia, including AmSBV-VN3 and SA (Figure 2). Similar to other
SBVs from A. mellifera, AmSBV-TW showed no deletion in the 712–730 amino acid region
of the ORF (AM-genotype), and same to the AcSBVs from China (CSBV-GZ, -BJ, -SXnor1,
and SXYL-2015), India (AcSBV-India-K3A and -S2), and Vietnam (AcSBV-Viet-BP, -LDst,
and -SBM2) also lacked the 17-amino-acid deletion (Figure 2).

Figure 2. Phylogenetic tree constructed based on the polyprotein amino acid sequences of AmSBV-TW and AcSBV-TW
and 54 other SBV strains from the NCBI database. The phylogenetic tree was constructed using the neighbor-joining (NJ)
method and 1000 bootstrap replications. The pairwise alignment indicated the deletion patterns in the VP1 region of SBV
strains. The round shape symbols indicated AmSBVs with AC genotype (deletion in VP1 region), and the red triangle shape
symbols indicated AcSBVs with AM genotype (non-deletion in the VP1 region). red font: The Taiwan strains from this
study. *: A note for every 10 bases.
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2.3. Phylogenetic Analysis

Phylogenetic analysis was performed based on the polyprotein sequences of 56 strains
of SBV. The phylogenetic tree clearly diverged into two main branches according to the
host (Figure 2). The first branch was composed of the SBV strains from A. mellifera; within
this branch, AmSBV-TW was closely related to AmSBV-UK and AmSBV-Kor19. The second
branch was composed of SBV strains from either A. cerana or A. mellifera; moreover, a branch
contained two groups, one composed of AcSBV from India, while the other consisted of
AcSBV and AmSBV from Asian areas, which included AcSBV-TW from Taiwan, CSBV
strains from China, AmSBV/AcSBV from Korea, and AmSBV/AcSBV from Vietnam.
Especially according to the phylogenetic tree, AcSBV-TW is closely related to AmCSBV-
SDLY and CSBV-FZ (Figure 2).

2.4. Variation of VP1 Region in AcSBV and AmSBV in Taiwan

As aforementioned, the deletion of 51 base pairs (17 amino acids) in the VP1 region
were found in most of AcSBV and, thereby, named as AC-genotype and vice versa (AM-
genotype without any deletion in the VP1 region). To better understand whether the
AcSBV AM-genotype and AmSBV AC-genotype exist in the populations of A. cerana and
A. mellifera, the partial VP1 sequence of three AmSBV and four AcSBV from Taiwan were
further compared to those of AmSBV-TWand AcSBV-TW (Figure 3A). The results showed
that the 17-amino-acid deletion (AC genotype) was only detected in one AmSBV sample in
Taichung; besides, one AcSBV with AM genotype was also detected in the sample from
Hsinchu (Figure 3A) The phylogenetic analysis was also performed based on the partial
VP1 region of 63 strains of SBV. It revealed similar result to those of polyprotein phylogeny.
Moreover, the AcSBV-AC genotype and AmSBV-AC genotype in Taiwan were grouped in
the same clade, which was closed to CSBV-FZ and CSBV-JL, and the AmSBV-AM genotype
and AcSBV-AM genotype in Taiwan were grouped in the same clade, which was closed to
AmSBV-UK (Figure 3B). These results supported that the cross-infection between AcSBV
and AmSBV in A. cerana and A. mellifera.
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Figure 3. Comparison and phylogenetic analysis of partial VP1 region of AcSBV and AmSBV from Taiwan. (A) The pairwise
alignment indicated the 17-anmion deletion presented not in AcSBV but also AmSBV vice versa. (B) Phylogenetic tree
construct based on the partial VP-1 amino acid sequences of Taiwan AmSBV and AcSBV, and other 54 SBV strains from
NCBI. The phylogenetic tree was constructed using the neighbor-joining (NJ) method and 1000 bootstrap replications. red
font: The Taiwan sequences from this study. *: A note for every 10 bases.

3. Discussion

AcSBV has recently been recorded in Taiwan and caused serious losses of A. cerana
from 2015 to 2019 [33–35]. In Taiwan, most A. cerana populations are reared in Northern
Taiwan, and according to our observations, some of these apiaries are crossbreeding with
A. mellifera populations. The detection of AcSBV prevalence in A. mellifera populations
from the sampling sites where A. cerana and A. mellifera were crossbreeding confirmed
that AcSBV prevalence rates gradually developed a similar trend in the A. cerana and
A. mellifera crossbreeding apiaries, and the existence of AcSBV cross-infection between
A. cerana and A. mellifera was also confirmed by phylogenetic analysis based on partial
VP1 sequences [33]. Similar to our case, some SBV strains from A. mellifera included in this
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study were found to be distinct from other AmSBV strains in terms of genomic features
and were clustered with AcSBVs based on whole genome comparisons and phylogenetic
analysis [24,30,36,40]. Strains from the same or closer geography distance showed higher
similarity, and the phylogenetic analysis also indicated the same result [24,30,36,40,44].
Indeed, it was shown that the cross-infection of SBV strains occurs between two honeybee
species in other countries, including China, Vietnam, and Korea, leading to the high genetic
divergence among SBV strains [24,30,36,40].

As mentioned above, the comparison of different genome sequences could provide
precise and reliable information for detecting variations within closely related species.
In this study, complete SBV genome sequences from A. cerana and A. mellifera in Taiwan
were determined and were designated AcSBV-TW and AmSBV-TW, respectively. Our
comparisons revealed greater divergence in 5′ and 3′ UTRs than in ORF region not only
between AmSBV-TW and AcSBV-TW but also compared with those of SBVs from other
countries (Table 3). The structures of 5′ UTR play many functions in RNA viruses, including
viral replication, translation, virus–host protein interactions, and virulence [45,46]. It has
been also reported that the 5′ UTR of RNA viruses in Iflaviridae functions as an internal
ribosome entry site (IRES) [47]. Similar result was also described from [30], that 5′ UTRs
of VN-SBVs (including AcSBV and AmSBV in Vietnam) showed greater divergence from
SBV strains from other countries [30]. The structure of 5′UTR of SBV might have a critical
function for virus replication, therefore the sequence divergence may reveal different viral
activities among different viruses.

It should be noted that deletions in the 712–730 amino acid (VP1) region of the ORF
were found in most AcSBVs [24,30,40]. Since it has been mentioned that VP1 has the
highest sequence variation among SBVs [24,30,40,48]. Based on our comparisons, there are
three types of deletion patterns: 17-amino-acid deletions, 10–13-amino-acid deletions, and
deletions of less than 10 amino acids (Figure 2). Most of the examined AcSBVs, including
AcSBV-TW, exhibit a 17- or 10–13-amino-acid deletion in VP1 region, while there were nine
AcSBVs from China, India, and Vietnam exhibiting no deletions, and a deletion of less than
10 amino acids was found in SBVs from A. mellifera in Australia, including AmSBV-VN3
and SA. AcSBVs from India all have 10-amino-acid deletion, which were clustered in same
branch, suggesting that the occurrence of the 17-amino-acid difference in the VP1 region
tends to be host-preference. Interestingly, some AmSBV from Asia countries, where have
A. cerana population, including AmSBV-Viet4 and AmSBV-Kor19, also harbor the same
17-amino-acid deletion in their VP1 region, indicating the cross-infection of SBV at different
geographic origins [49].

Further investigation of the VP1 variations of AcSBV and AmSBV in Taiwan indicated
that most AcSBVs have 17-amino-acid deletion in their VP1 region compared to AmSBV,
while the AmSBV-AC genotype and AcSBV-AM genotype were also detectable in AmSBV
and AcSBV, respectively. It has been reported that high variability exists among SBV
genomes, especially between AC-genotype SBV and AM-genotype SBV, and this genetic
diversity is supported by the geographic distances or viral cross-infections between differ-
ent honeybee species [30,40]. These characteristics might also provide clues regarding SBV
adaption in different hosts [24,30]. In conclusion, the genomic differences in AmSBV-TW
and AcSBV-TW compared with other SBVs could be further applied to identify genetic
markers for host-specific and geographic distance evaluations.

The phylogenetic analysis based on the polyproteins and partial VP1 region of AmSBV-
TW and AcSBV-TW and other SBV strains revealed that the SBV strains diverged into two
distinct branches, which could represent host affiliation and geographic origin. According
to comparisons with the current 54 strains of SBV available in NCBI, AmSBV-TW and
AcSBV-TW were grouped onto different branches. AcSBV-TW is closely related to AmCSBV-
SDLY and CSBV-FZ and was clustered into the AcSBV group with the AC genotype;
therefore, it was assumed that the AcSBV in Taiwan may have originated from China
and currently be experiencing host adaption and evolution. In contrast, AmSBV-TW was
grouped into the AM-genotype SBVs, which originated from A. mellifera; however, AmSBV-
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TW was separated from other AmSBVs in this group, suggesting that geographic distance
might be involved in the process of genomic divergence.

The comparison and phylogenetic analysis of partial VP1 region in another seven SBVs
in Taiwan showed that most of AcSBV and AmSBV were grouped into AcSBV-TW and
AmSBV-TW, respectively, except one AmSBV-AC genotype (grouped with the AcSBV-TW)
and one AcSBV-AM genotype (grouped with the AmSBV-TW). These results suggested that
AcSBVs in Taiwan presented the closely geographical relationship to those of China, while
AmSBVs in Taiwan revealed the geographic distance-based evolution. Additionally, the
AcSBV-AM genotype and AmSBV-AC genotype clearly showed the viral cross-infection
between these two species.

4. Materials and Methods

4.1. Sample Collection

For vial genomic sequencing, A. cerana and A. mellifera were collected from two
apiaries located in Taipei City and Yilan City, respectively, in 2018 (Figure 4; Supplementary
Table S1). Besides, 3 samples of A. mellifera and 4 samples of A. cerana were selected for the
investigation of variations in VP1 region (Figure 4; Supplementary Table S1). The midguts
of 10 randomly selected adult bees were collected as a single sample in each apiary. The
collected samples were preserved in 0.5 mL of RNA KeeperTM Tissue Sample Storage
Reagent (Protech, Taipei, Taiwan) in a 1.5 mL microtube and stored at −20 ◦C for the
following experiment of RNA extraction.

Figure 4. Locations of sample collection and the electrophoretic screening of SBV infection-positive samples by RT-PCR
with primer set of VP1-F/VP1-R (Supplementary Table S2). The two sample sites for genomic sequencing were located
at northern Taiwan; the AcSBV and AmSBV samples were collected in Taipei City and Yilan City, respectively. The black
triangle represents the sampling site for detection of partial VP1 region (335 bp) variations in AcSBV and AmSBV in Taiwan.
bp = base pair; NC = negative control. The black arrow indicated the signals of SBV positive.

4.2. RNA Extraction and RT-PCR Screening

Each sample was homogenized with a sterile plastic pestle. Total RNA was extracted
from the midgut tissues using TRIzol reagent (Invitrogen, Waltham, MA, USA) following
the manufacturer’s instructions. The quantity and purity of the RNA were measured
using a ScanDrop2 Nanovolume spectrophotometer (Analytik Jena, Jena, Germany). For
copy DNA (cDNA) synthesis, total RNA (1 μg) samples were treated with DNase I (Roche
Molecular Biochemicals, Basel, Switzerland) and then primed with random hexamer
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primers and reverse-transcribed with Super Script III (Invitrogen, Waltham, MA, USA) at
42 ◦C for 3 h, after which the reaction was stopped at 70 ◦C.

All of the samples were first screened with the VP1-F/VP1-R specific primer set
(Supplementary Table S2) via PCR with cycling at 95 ◦C initial denaturation for 45 s and
then followed by 35 cycles of 95 ◦C denaturation for 45 s, 50 ◦C primer annealing for 45 s,
and 72 ◦C extension for 1 min, followed by a 10 min final extension at 72 ◦C and storage at
20 ◦C. The RT-PCR products were analyzed by electrophoresis on a 2% agarose gel in 1×
TAE buffer to check the SBV infection-positive samples for the following experiments. For
the investigation of variations in VP1 region, the infection-positive samples were amplified
by using VP1-F/SBV_R4 primer set (Supplementary Table S2), and the PCR products were
subjected to commercial DNA sequencing.

4.3. Whole Genome Sequencing and Assembly of AcSBV and AmSBV

The AcSBV infection-positive samples from A. cerana in Taipei City and the AmSBV
infection-positive samples from A. mellifera in Yilan City were subjected to whole-genome
sequencing by RT-PCR with 15 primer sets (Supplementary Table S2). PCR amplification
was performed as described above. The RT-PCR products were analyzed by electrophoresis
on a 2% agarose gel in 1× TAE buffer [35]. The PCR products with positive signals were
purified (Geneaid, New Taipei City, Taiwan) and subjected to commercial DNA sequencing.
The obtained sequences were subjected to the genome assembly using SeqMan (DNASTAR,
Madison, WI, USA).

4.4. Viral Genomic 5′ and 3′ End Sequencing

The 5′ and 3′ untranslated regions of the AcSBV and AmSBV genomes were obtained
by the rapid amplification of cDNA ends (RACE) method, which was slightly modified
from [50]. For the 3′ end of the viral genome, 1 μL of an anchor-dTv primer at 50 μM
was used to prime 1 μg of total RNA in a 20 μL reaction containing 10 mM dNTPs at
70 ◦C for 5 min, after which the reaction mixture was placed on ice for 1 min. RNA was
reverse transcribed by using Super-Script III (Invitrogen, Waltham, MA, USA) at 42 ◦C
for 1 h, and the reaction was stopped by heating at 70 ◦C for 15 min. The viral 3′ end
sequences were amplified with genome-specific forward primers (GSP-F) and an anchor
primer (Supplementary Table S2) using PCR Master Mix (Thermal, Riverside County,
CA, USA).

The sequence of the viral 5′ end was decoded as described by [51], with slight modi-
fications [51]. A total of 5 μg RNA was used for 5′ RACE, and the RN was primed with
0.5 μL of the GSP-RT primer (100 ng/μL) in a 20 μL reaction at 80 ◦C for 3 min, after which
the mixture was rapidly transferred to ice. The iScript™ cDNA Synthesis Kit (BIO-RAD,
Hercules, CA, USA) was used for reverse transcription at 42 ◦C for 1 h, and the reaction
was inactivated at 95 ◦C for 5 min. Then, the RNA templates of the cDNA samples were
digested with 1.5 U of RNase H (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C
for 20 min. The sample was subsequently cleaned using a GenepHlow™ Gel/PCR Kit
(Geneaid, New Taipei City, Taiwan). The 15 μL eluted cDNA sample was treated with
transferase (Tdt) in the following reaction mixture: 5 μL of 10 × terminal deoxynucleotidyl
transferase (Tdt) buffer (NEB, Ipswich, MA, USA), 5 μL CoCl2 (2.5 mM), 0.5 μL dATP
(10 mM), and 0.5 μL Tdt for 5′ end tailing, performed at 37 ◦C for 25 min, and the reaction
was then stopped by heating at 70 ◦C for 10 min. The sample was next subjected to two
rounds of PCR amplification using PCR Master Mix (Thermal, Riverside County, CA, USA).
For the first round of PCR, 1 μL of cDNA template was used for amplification by three
primers: GSP-R1, QO, and QT, at 25 pmols each (Supplementary Table S2). The PCR
program was as follows: 98 ◦C initial denaturation for 5 min, 48 ◦C annealing for 2 min,
72 ◦C extension for 40 min, followed by 30 cycles of 94 ◦C denaturation for 10 s, 50 ◦C
primer annealing for 30 s, 72 ◦C extension for 2 min, and a final extension at 72 ◦C for
15 min. The first-round PCR product was diluted 20-fold in ddH2O for the second round
of amplification. A total of 1 μL of the diluted PCR product and 25 pmols of each of the
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GSP-R2 and QI primers (Supplementary Table S2) were mixed for PCR amplification via
the following program: 98 ◦C for 5 min, 30 cycles at 94 ◦C for 10 s, 50 ◦C for 30 s, 72 ◦C
for 1 min, and a final extension at 72 ◦C for 15 min. The amplified PCR products were
checked by electrophoresis on a 4% agarose gel in 1× TAE buffer. The amplified DNA
fragments were purified using a GenepHlow™ Gel/PCR Kit (Geneaid, New Taipei City,
Taiwan) and cloned into the TA vector (RBC Bioscience, New Taipei City, Taiwan); the
ligated plasmid DNAs were transformed into Escherichia coli DH5α (RBC Bioscience, New
Taipei City, Taiwan) following the user manual. The plasmids were extracted from cultured
bacterial colonies with a Presto™ Mini Plasmid Kit (Geneaid, New Taipei City, Taiwan)
and were sequenced bidirectionally with the M13F and M13R primers (Supplementary
Table S2).

4.5. Nucleotide Sequence Analysis and Comparison

The genomes of AcSBV-TW and AmSBV-TW were annotated by using NCBI ORFfinder,
and proteins were predicted by using NCBI BLASTp [51]. The nucleotide sequences and
the amino acid sequences of these two viruses were further compared to each other or to
those of other SBVs from other countries.

For the nucleotide sequences, the whole genome sequence, 5′ UTR, ORF region, and
3′ UTR were compared; for the amino acid sequences, the polyproteins, structural proteins
(rhv_like_1 and rhv_like_2), and nonstructural proteins (helicase, protease, and RNA-
dependent RNA polymerase) of AcSBV-TW and AmSBV-TW were compared with other
SBV sequence data from NCBI databases [52] (Table 1). Besides, the partial VP1 sequence
of 3 AmSBV and 4 AcSBV from Taiwan were further compared to those of AmSBV-TW,
AcSBV-TW, and other 54 SBVs. Multiple alignments of the sequences were obtained using
ClustalX and edited in GeneDoc.

4.6. Phylogenetic Analysis

Phylogenetic analysis was performed based on the polyprotein sequences and partial
VP1 region of the SBVs as follows. For the polyprotein phylogenetic analysis, the sequences
of 54 SBV strains were obtained from the GenBank database and aligned, compared
with AcSBV-TW and AmSBV-TW by using ClustalX and GeneDoc. For the partial VP1
phylogenetic analysis, 3 AmSBV and 4 AcSBV from Taiwan were included. Molecular
Evolutionary Genetics Analysis Version 7.0 (MEGA7) was used for phylogenetic analyses
of these two conserved domains with the neighbor-joining method. The nodes were
determined via bootstrap analysis with 1000 replicates [53].

5. Conclusions

The whole genomes of SBV strains from A. mellifera and A. cerana were determined, and
the origin of AcSBV-TW was indicated to be close to China, while AmSBV-TW presented
novel genomic features. The cross-infection of A. mellifera with AcSBV was demonstrated
in the apiaries, where A. mellifera and A. cerana were crossbreeding in Northern Taiwan
in our previous report [33], suggesting that the variations identified in the genomes of
AcSBV-TW and AmSBV-TW. According to the whole genome data, the sequences of 5′ and
3′ UTR revealed divergence compared to the polyprotein coding sequences either between
AcSBV-TW and AmSBV-TW or among those of SBV from other countries, assuming there is
less evolutionary pressure on the untranslated regions of the viral genomes. A comparison
of partial VP1 region in Taiwan SBVs and phylogenetic analysis showed a deletion feature
in VP1 region. The deletion feature in VP1 region, also mainly observed in most of AcSBV
in other regions, suggested the host-preference phenomenon. However, it should be noted
that some AmSBV also have a deletion in the VP1 region, it might be a consequence of
cross-infection and viral–host adaptions. Therefore, cross-infection might be a high-risk
factor for SBV resurgence [18,30,37,40]. For long-term surveillance, the features of VP1 in
the genome sequences of SBV strains might provide molecular markers for the detection of
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SBV adaption in different honeybee hosts. More detailed investigations of this issue will be
needed in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-0
817/10/1/14/s1, Supplementary Table S1: Information of sampling sites; Supplementary Table S2:
Primers used in this study.
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Abstract: Deformed wing virus (DWV) is capable of infecting honeybees at every stage of devel-
opment causing symptomatic and asymptomatic infections. To date, very little is known about
the histopathological lesions caused by the virus. Therefore, 40 honeybee samples were randomly
collected from a naturally DWV infected hive and subjected to anatomopathological examination to
discriminate between symptomatic (29) and asymptomatic (11) honeybees. Subsequently, 15 hon-
eybee samples were frozen at −80◦ and analyzed by PCR and RTqPCR to determinate the pres-
ence/absence of the virus and the relative viral load, while 25 honeybee samples were analyzed by
histopathological techniques. Biomolecular results showed a fragment of the expected size (69bp)
of DWV in all samples and the viral load was higher in symptomatic honeybees compared to the
asymptomatic group. Histopathological results showed degenerative alterations of the hypopharyn-
geal glands (19/25) and flight muscles (6/25) in symptomatic samples while 4/25 asymptomatic
samples showed an inflammatory response in the midgut and the hemocele. Results suggest a
possible pathogenic action of DWV in both symptomatic and asymptomatic honeybees, and a role of
the immune response in keeping under control the virus in asymptomatic individuals.

Keywords: deformed wing virus; hypopharyngeal glands; flight muscles; honeybee immunity;
honeybee pathology

1. Introduction

Among the factors that threaten the health and wellbeing of honeybees, a noteworthy
variety of pathogens such as bacteria, viruses, fungi and parasites are mentioned. In recent
decades, honeybee viruses have been studied for their potential impact on beekeeping
productions, acquiring more and more importance in the research world. Viruses in
honeybees were first described in 1913 [1] when an American researcher attributed to a
virus the “sac” appearance showed by some diseased larvae, although the causative agent
(Sacbrood virus) was not characterized until 1964 [2]. To date, at least 22 viruses that can
infect honeybees have been described. Most investigated hives are found to be infected by
at least one virus, but often multiple viruses are detected in one hive [3–5].

In addition to causing high economic losses, viruses negatively affect the morphology,
physiology, and behavior of honeybees and, although individuals do not always show
clinical signs, they are frequently associated with weakening and colony collapse [6]. De-
pending on the different pathways of infection and on the health status of the colonies,
viruses can cause symptomatic infections, i.e., overt or clinical, and asymptomatic infec-
tions, i.e., covert or subclinical [7]. Symptomatic infections are characterized by clinical
signs and by high levels of viral particle production, to which the insect either succumbs or
survives according to the status of the immune system.

These symptomatic infections can be further divided into acute and chronic: the acute
involve the active replication of the virus, with a high titer of viral particles in a short time
and cause rapid death of the host with evident clinical signs. In extreme cases, when the
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production of high viral titers occurs during a short time, sudden death can occur without
previous clinical signs (hyperacute infections) [8]. Chronic infections, on the other hand,
imply a slow but constant production of viral particles during the life of the host, or during
the duration of the infected life stage, with subsequent appearance of clinical signs. On
the contrary, asymptomatic infections are characterized by persistence of the virus beyond
life stage, vertical transmission and the absence of obvious symptoms, although there
could still be a hidden cost for the host [8–10]. Asymptomatic infections can be latent and
persistent [6]. In the first case the viral genome may be present as an extrachromosomal
episome or may be integrated into the host genome with incomplete replication or no
replication at all. In the second case, there is a constant but low production of viral particles
in the host cells, and either the infected cell survives, or the limited number of dead cells is
counterbalanced by the production of new cells. Persistent infections, therefore, represent
a balance between host and persistent viral replication, where despite the infection, the
host does not die. Moreover, asymptomatic infections can become symptomatic when the
host homeostasis is unbalanced by stressors such as other pathologies, food deficiencies,
and other environmental factors [9].

Deformed wing virus (DWV) is positive single-stranded RNA virus belonging to
the genus Iflavirus, family Iflaviridae of the order Picornavirales [11] and is the most
prevalent virus in honeybees, with a minimum average of 55% of apiaries infected across
32 countries [12]. The virus was first isolated in the 1982 in the UK by Bill Baley and Brenda
Ball from dead Japanese honeybees showing particular deformity of wings [13]. Soon after,
honeybees from the UK, Belize and South Africa died showing DWV symptoms. Ten years
after, in the UK the virus was found in Varroa destructor-infested colonies, and it was
then found in every location where V. destructor was well established [12]. Due to the link
with V. destructor and following the huge spread of it around the world between 1970 and
1980, DWV altered its epidemiology and has currently a global distribution [14]. Except for
Australia, Uganda and the Canadian island of Newfoundland, where the V. destructor mite
has not been found, the presence of this particular virus has been reported in Africa, Asia,
Europe, North America and South America [15]. DWV appears in three master variants
DWV-A, DWV-B and DWV-C, plus numerous recombinations, often more virulent than
the masters [16]. DWV-A was the first variant to be detected and it is closely associated to
colony collapse [17]; however, DWV-B, previously termed Varroa Destructor virus-1, was
found to be equally or more virulent than DWV-A when injected in high viral loads [18].
DWV-C was first described in U.K. honeybee samples from 2007 and linked in combination
with DWV-A to the death of overwintering colonies [19].

Recent studies have shown that DWV is present in more than 64 species of insects
and highly prevalent not only in honeybees, but also in more than 29 arthropod species
associated with honeybee hives [12,20,21]. Within insects, DWV was found in bumblebee
species Bombus terrestris and Bombus pascuorum, wasp species Vespula vulgaris and Vespa
crabro and Lasius spp. ants [12,22,23], besides A. mellifera. DWV is a major pathogen of hon-
eybees and its prevalence, strongly connected with the ectoparasite V. destructor, strongly
increases honeybee colony mortality [24]. DWV is a low pathogenic virus that is capable of
infecting all stages of development of honeybees, from eggs to adults, although it shows
a higher replication in pupae [25,26]. It takes its name from the characteristic symptom
that manifests itself in newly hatched honeybees with deformed or underdeveloped wings;
these honeybees, unable to fly, can die shortly after emerging from the cell. Initially, the
deformity of the wings had been attributed to the action of the V. destructor mite, as the
symptom was more evident in conjunction with a strong infestation by the parasite [27].
Subsequently, DWV was identified as the etiological agent of wing deformity, emphasizing
the association between the viral titers and the symptom [25,28]. However, although DWV
is one of the few honeybee viruses to have its own characteristic clinical manifestation, it is
known also to be present in apparently healthy colonies [10].

Although the pathology and virulence of DWV remain linked to horizontal vectored
transmission by V. destructor, the presence of DWV has been demonstrated also in the
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absence of V. destructor [29]. Varroa-mediated virus transmission from adult honeybees to
developing pupae is responsible for the display of the symptoms [24,30] such as early pupal
death, deformed wings, shortened and swollen abdomen and discoloration of the cuticle
in adult bees, and learning deficiencies [14]. Symptomatic DWV infection occurs primarily
during autumn and in highly mite-infested colonies, where it constitutes predictive marker
for winter colony losses [30,31]. According to the epidemiological model proposed by
Chen et al. [9] two distinct moments of viral presence and infection can be recognized:
in healthy and viable colonies, the virus remains latent / persistent without determining
evident symptoms. Vice versa, in weak “stressed” colonies, the virus can abandon the state
of latency, considerably replicate, increasing its virulence and causing the death of single
individuals and depopulation of the colony. Among the main stressors identified in DWV
infection, temperature decline could increase severity of viral infection in newly emerged
honeybees (probably explaining the high levels of winter losses), while pesticides and poor
nutrition could trigger the honeybee immune system making them more susceptible to
viral infection, leading to colony collapse [32,33]. However, the main trigger for DWV
symptomatic infection remains the uncontrolled Varroa infestation.

There is no doubt that the impact of viral diseases, especially DWV, in apiaries is
a global threat to beekeeping and it is associated to honeybee colony loss [34]. Possible
treatments against viral infections in honeybees are not known and legally recognized to
date. Currently, a suitable treatment against Varroa is the best approach to fight DWV,
since, after treatment, there is a gradual reduction of viral titers in colonies [35,36].

A deep knowledge of the crucial aspects of the viral pathogenicity, is important for
realizing an effective control program, therefore, the aim of this preliminary study was to
analyze any anatomo-histopathological findings in symptomatic and asymptomatic honey-
bees collected from a hive infected from DWV to try to better understand the pathological
events underlying the infection.

2. Results

2.1. Anatomopathological Results

Anatomopathological examination confirmed the presence of alterations in 29/40
(72.5%) honeybees, namely deformed and crippled wings, discolored and shortened ab-
domens while 11/40 (27.5%) honeybees showed no lesions. Samples displaying alterations
were classified as symptomatic (S) honeybees, while samples not showing anatomopatho-
logical alterations were classified as asymptomatic (A).

2.2. Biomolecular Results

A fragment of the expected size (69bp) of DWV was successfully amplified from
10/10 (100%) S samples and 5/5 (100%) A samples by RT-PCR but not in negative control
(NTC) (data not shown). Act β amplification (151bp product) confirmed the integrity of
all analyzed cDNAs. To gain insights on the possible difference of viral load between S
honeybees and A group, samples were further investigated by qPCR. A successful and
reproducible Cq of reference and target genes was obtained in 10/10 (100%) S and 5/5
(100%) A samples. RQ analysis according to 2−ΔΔCq method revealed that the viral load
was higher in 9/10 S samples (90%) compared to the A group (Figure 1). Further variant
specific PCR analysis for identification of the DWV variant has revealed the presence of
DWV-A but not DWV-B in all the 15/40 analyzed samples (data not shown).
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Figure 1. Analysis of relative viral load in honeybee samples showing clinical signs (S 1–10) compared
with apparently healthy honeybee samples (A). Relative quantization data obtained by Real-time
qPCR are expressed as fold change of each S sample with respect to the A samples considered as
group (n = 5), which were set equal to 1, according to the 2−ΔΔCq method.

Moreover, multiplex PCR for six honeybee viruses (Acute Bee Paralysis Virus-ABPV,
Chronic Bee Paralysis Virus-CBPV, Sacbrood Virus-SBV, Black Queen Cell Virus-BQCV,
Kashmir Bee Virus-KBV, Israeli Acute Paralysis Virus-IAPV) revealed the presence in all
the 15/40 previously analyzed samples (symptomatic and asymptomatic honeybees) of
ABPV (data not shown).

2.3. Histopathological Results

The histopathological analysis of symptomatic honeybees (19/25; 76%) revealed alter-
ations of the hypopharyngeal glands in 19/19 (100%) honeybees and of flight muscles in
6/19 (31%) honeybees. The hypopharyngeal glands were characterized by small irregularly
shaped acini, consisting of cells showing hyperchromic often fragmented nuclei and more
or less abundant cytoplasm filled with few small vacuoles and numerous eosinophilic
granules. Moreover, in the gland lumen and in the hemocele, it was noticed the presence of
small cells with strongly basophilic nuclei and eosinophilic cytoplasm (Figure 2a).
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Figure 2. A. mellifera with symptomatic and asymptomatic infection of DWV and confirmed presence
of ABPV. (a) Symptomatic honeybee. Hypopharyngeal glands. Small irregular acini showing cells
with hyperchromic nuclei (thick arrows), cytoplasm filled with few small vacuoles and eosinophilic
granules (double arrow), plasmatocytes in the gland lumen (thin arrows). H-E. 400× (40× objective
and 10× ocular). (b) Asymptomatic honeybee. Hypopharyngeal glands. Large acini showing
cells with cytoplasm filled with numerous large vacuoles with clear foamy material (thin arrow).
H-E. 400×. (40× objective and 10× ocular). (c) Symptomatic honeybee. Flight muscles. Fibers
with few not completely formed myofibrils (thin arrows), numerous muscle-forming nuclei (thick
arrows), trophocytes with nuclear fragmentation and eosinophilic material between the muscle fibers
(double arrow). H-E. 400× (40× objective and 10× ocular). (d) Asymptomatic honeybee. Flight
muscles. Numerous fibers with many well-formed myofibrils (thin arrow). No trophocytes are
present. H-E. 400× (40× objective and 10×ocular). (e) Asymptomatic honeybee. Midgut. Melanin
accumulation between the fold of the villi (thin arrows) and in the hemocele (thick arrows). H-E.
200× (20× objective and 10× ocular). (f) Symptomatic honeybee. Midgut. Absence of melanization
and hemocytes. The midgut epithelium appears intact and the peritrophic membrane appears well
lined (thin arrow). H-E. 200× (20× objective and 10× ocular). Scale bar: 50 μm.
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In contrast, hypopharyngeal glands of asymptomatic honeybees appeared composed
of larger acini, consisting of cells showing numerous large vacuoles with clear foamy
material in the cytoplasm (Figure 2b). The flight muscles showed absence of tonofibrils,
few myofibrils often not completely formed and many new muscle-forming nuclei indica-
tive of an ongoing myogenesis and incomplete maturation. Moreover, trophocytes with
nuclear fragmentation or absence of nuclei, intermingled with eosinophilic material were
evident between the muscle fibers. (Figure 2c). In contrast, the flight muscles of asymp-
tomatic honeybees consisted of numerous fibers showing many well-formed myofibrils.
No trophocytes were observed in asymptomatic samples (Figure 2d). The histopathological
evaluation of asymptomatic honeybees (6/25) highlighted the presence in 4/6 (66%) hon-
eybee samples of a great amount of melanin between the folds of the villi and in the lumen
of the midgut, and scattered in the hemocele (Figure 2e). Moreover, the presence of two
cell populations (hemocytes) was observed: one population characterized by small cells,
showing small and hyperchromic nuclei, often localized at the periphery, and clear, bright
eosinophilic cytoplasm, identified as plasmatocytes; the second population characterized
by bigger cells with dark nuclei and granular light eosinophilic cytoplasm, identified as
granulocytes. Plasmatocytes were localized in the epithelium of the midgut and in the
hemocele; granulocytes were mainly present near the abdominal fat body (Figure 3).

 
Figure 3. A. mellifera with asymptomatic infection of DWV and confirmed presence of ABPV. Fat
Body. Granulocytes near the abdominal fat body (thin arrows). H-E. 400× (40× objective and 10×
ocular). Scale bar: 40 μm.

Where melanin deposition occurred at the basal lamina level of the midgut villi and
high infiltration of plasmatocytes was present at this level, high level of midgut epithelial
cell exfoliation and only few regenerative cell nests were observed; in the severest cases,
epithelial cells showed pyknotic nuclei, and disruption of whole villi was noticed (Figure 4).
On the contrary, in symptomatic honeybees melanization was not present and hemocytes
were not observed in the midgut neither in the hemocele. The midgut epithelium appeared
intact and the peritrophic membrane appeared well lined (Figure 2f).
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Figure 4. A. mellifera with asymptomatic infection of DWV and confirmed presence of ABPV. Midgut.
Plasmatocytes in the epithelium and in the hemocele (thin arrows), epithelium exfoliation and
disruption of the villi (thick arrows). H-E. 400× (40× objective and 10× ocular). Scale bar: 40 μm.

Moreover, no spores of Nosema spp. were observed in any of the 25/40 analyzed
samples.

3. Discussion

DWV is recognized, in association with V. destructor, as one of the main causes of
colony collapse.

Unlike many other viruses, it is characterized by typical symptomatic infections show-
ing high pupal mortality, wing deformities, shortened, bloated and discolored abdomens;
however, the virus is also capable of infecting the entire colony silently [10,37]. Therefore,
the scarce presence or absence of clinical signs may not reflect the actual state of health of
the colony.

In this study, symptomatic and asymptomatic honeybee samples were collected
and subjected to biomolecular analysis to highlight the presence of viral genome and
to anatomo-histopathological analysis to evaluate the presence of any alterations of organs
and tissues. Biomolecular results showed elevated DWV viral titers in S samples com-
pared to A samples. Despite the limited number of samples analyzed, the results obtained
agree with previous studies [10,35]. We can therefore imply that also the samples used for
histopathological had high viral titers in symptomatic honeybees and lower viral titers in
asymptomatic honeybees.

Honeybees exhibiting anatomopathological alterations showed also histopathological
alterations of the hypopharyngeal glands and of the flight muscles.

In A. mellifera the hypopharyngeal glands are part of the digestive system and, ac-
cording to the role played in the colony, they are responsible for the production of royal
jelly, storage of glycogen for the flight muscles, synthesis of enzymes important for the
transformation of nectar into honey and for social immunity [38,39]. Moreover, the pres-
ence of vitellogenin, a glycoprotein necessary to produce immune system components and
for longevity, has been demonstrated in the hypopharyngeal glands [40]. In this study
the hypopharyngeal glands of symptomatic honeybees appeared hypotrophic, containing
few small vacuoles (mucous origin) and numerous eosinophilic granules (serous origin).
This seems to suggest an alteration of the secretory activity, particularly a shift towards an
increase production of serous secretion, typical of foragers [41,42]. A possible early passage
of honeybees to their role as foragers could be responsible for an unbalance in the castes
and premature aging of the colony. Considering the role of hypopharyngeal glands in
producing components of worker and royal jelly, essential for the efficient development of
larvae [43,44], a modification in secretion, could lead to an altered production of the com-
ponents of this substance and a consequent altered development of the larvae, which could
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be weaker and more susceptible to the action of the virus and of other pathogens [45,46].
Moreover, it can be hypothesized that alterations of the hypopharyngeal glands could also
lead to a reduced secretion of vitellogenin, and a consequent, at least partial, impairment of
the immune system [47,48]. These effects, in the long run could compromise colony fitness
and survival. Alterations of hypopharyngeal and mandibular glands of honeybees infected
with DWV, have already been described by Koziy et al. [49] and our observations match
what previously found, corroborating the theory of an action of the virus on these organs.

At the thoracic level, symptomatic honeybees showed incomplete development of
the flight muscles. In healthy honeybees, the mature muscles begin to form during pupal
development by replacement of the larval muscles with mature muscles, starting from new
muscle nuclei with an end-to-end trend. At the same time there is a gradual reduction
of the fat body due to the degeneration of the trophocytes. The myogenesis process ends
70 h after cell capping with the attachment of the muscles to the epidermis of the cuticle
using tonofibrils [50]. The histopathological study of the flight muscles of symptomatic
honeybees has highlighted the presence of eosinophilic material and trophocytic nuclear
debris between the muscle fibers, most of which appeared immature and detached from the
cuticle, consequent to the absence of tonofibrils. These aspects, found in adult honeybees,
could be indicative of incomplete myogenesis and could be responsible of an altered
development of honeybees and of a reduction of their size and inability to hatch and fly.
Localization of DWV in the flight muscles of symptomatic honeybees was described by
Lamp et al. [51], using immunohistochemical techniques, and we here describe for the first
time the presence of lesions at this level. Additionally, in this study not all samples showed
incomplete myogenesis, and the reason could be found in the different developmental
moment in which the virus infects the honeybee or in the titer of the virus.

Interestingly, honeybees showing no anatomopathological alterations, despite being
infected by the virus, did not show the same tissue alterations as the symptomatic ones,
but revealed the presence of a high number of inflammatory cells (plasmatocytes and
granulocytes) and melanin accumulation between the midgut villi and in the hemocele.
These findings suggest a strong activation of the immune system, particularly of the cel-
lular response. Honeybees can try to keep the virus under control thanks to an efficient
individual immune system, which is mainly composed by a first line defense and a second
line defense. Honeybee venom is present on the cuticle of adult honeybee and can be
considered as a chemical barrier and a first line defense against pathogens in the individ-
ual [52]. The exoskeleton cuticle and the peritrophic membranes of the digestive tract, also
are considered as a first line defense as they prevent pathogens from entering the body
and have access to the cells [53]. If unfortunately, a pathogen manages to surpass these
physical barrier, cellular and humoral immune responses will be activated as a second line
of defense [54]. The cellular response consists in activation of hemocytes function including
phagocytosis, nodulation, encapsulation of the pathogen, what in pathology is defined as
“granulomatosis reaction”, and melanization [55]. The humoral response involves secretion
of antimicrobial peptides (AMP), and other effectors, melanization, and the enzymatic
degradation of pathogens by different pathways [54]. Richardson et al. [56] have identified
and described the presence of two predominant cell types involved in the cellular response:
granulocytes and plasmatocytes. Granulocytes exhibit a strong propensity for phagocytosis
while plasmatocytes are involved in the encapsulation activity [57]. A strong and efficient
immune system is the key for honeybee health and colony fitness.

In our study, the midgut epithelium of asymptomatic honeybees showed slugged
epithelial cells, and as only few regenerative cell nests were present the adequate turnover
that could restore the non-functional epithelium was not guaranteed. It is intuitive that
a midgut showing these alterations cannot be functional both in absorption of nutrients
and secretion of substances useful for the wellbeing of the peritrophic membrane, and
consequently of the honeybees. It seems evident that, although no symptoms are evident,
the virus is still acting on cells and tissues and that the activation of the immune response
comes with a cost for the host.
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This study has highlighted the presence of significant morphological alterations in
symptomatic and asymptomatic honeybees infected with DWV and the results could
suggest a possible pathological action of the virus in both groups of honeybees, and a
possible role of the immune system, particularly of the cellular response, in keeping under
control the virus in asymptomatic infections. It could be discussed that the alterations
found could be linked to the action of other pathogens such other viruses or Nosema spp.
However, histopathological examination of the midgut has been proven to be an efficient
diagnostic tool for identifying the parasite in honeybees [58,59] and, as no spores have been
observed in our samples, we can exclude the role of the parasite in generating the lesions
observed. Regarding the possible action of other viruses, in this study we have screened
for the presence of six different viruses and ABPV was found in all samples. ABPV is often
associated to DWV in honeybee colonies [60], yet ABPV alone does not trigger humoral or
cellular immune response in honeybees and therefore should not be considered as directly
responsible for generating the immune response and melanization observed in the midgut
and in the hemocele [61]. However, we cannot exclude a co-participation of ABPV to the
generation of the alterations here found.

Therefore, further studies using other techniques such as FISH and immunohisto-
chemistry, are necessary to deepen this preliminary study and better understand the
etiopathogenesis of the findings here described.

4. Materials and Methods

During a regular visit to a beehive at an apiary located in Naples, Campania Region, it
was possible to observe the presence of numerous small honeybees with deformed wings
and shortened and discolored abdomens, suggesting the presence of a DWV infection.

The infected hive was clinically inspected, and the levels of V. destructor infesta-
tion were evaluated using the icing sugar technique [62] and assessed at 6% (18 mites/
300 honeybees). A total of 40 adult honeybee samples were randomly captured from the
frames and transported in 50 mL tubes to the laboratory of Veterinary General Pathol-
ogy and Anatomical Pathology of the Department of Veterinary Medicine and Animal
Productions, University of Naples “Federico II”.

4.1. Anatomopathological Analysis

After immobilization with chilling for 3 min at −20 ◦C [63], all collected samples (40)
were observed at the stereo microscope (Microscope Axioskop HBO50, Zeiss, Milan, Italy)
to better identify any anatomopathological lesions and classify individuals in symptomatic
and asymptomatic according to the presence/absence of typical clinical signs of the disease.

4.2. RNA Extraction, Reverse Transcription (RT) and PCR

A total of 15/40 honeybees were subjected to biomolecular investigation to verify and,
in case of positive results, quantify the presence of viral RNA.

Samples were individually chopped up with a sterile blade to facilitate subsequent
homogenization with the TissueLyser mechanical homogenizer (Qiagen, Hilden, Germany).
Each sample was put in 2 mL tubes along with a grinding metal bead and subjected to lysis
by two steps of five minutes at 50 Hz, interspersed with a cycle of ice cooling of 2 min to
avoid overheating and preserve the integrity of the biological molecules.

RNA was extracted and purified from genomic DNA using the RNeasy Plus Mini Kit
(Qiagen, Hilden, Germany), according to the protocol provided by the manufacturer, and
RNA concentration was measured by spectrophotometric reading.

For each sample, 250 ng of RNA were subjected to RT using the commercial iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufac-
turer’s recommendations.

Subsequently, 12.5 ng of cDNA for each sample were subjected to PCR to amplify
a segment of DWV genetic material and verify the presence/absence of the virus in the
samples using the AmpliTaq Gold DNA Polymerase kit (Applied Biosystems, ThermoFisher
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Scientific, Waltham, MA, USA) according to manufacturer’s instructions. The housekeeping
gene β-actin (Act β) of A. mellifera was also amplified to ensure the presence of amplifiable
cDNA in each sample. One no template control (NTC) was included in each PCR reaction
as negative control.

Subsequently, a new PCR was performed on the same samples to discriminate between
the two different variants DWV-A and DWV-B according to the protocols found in the
literature [64,65].

Moreover, a multiplex PCR was executed on the previous samples (15/40) to screen
for the presence of six other relevant honeybee viruses (ABPV, CBPV, SBV, BQCV, KBV,
IAPV) according to the protocol proposed and validated by Cagirgan and Yazici [66]. The
set of primers used for amplification of the genetic material of viruses and Act β used
in this study were found in literature and a complete list, together with the product size,
annealing temperature and application is reported in Supplementary Materials.

Amplification products were migrated by electrophoresis on 2.5% agarose gel in TBE
buffer (Tris-Borate-EDTA) along with a 50 bp molecular marker (Bioline), stained with
ethidium bromide and observed under UV with the ChemiDoc gel scanner (Bio-Rad).

4.3. Real-Time PCR (qPCR) for Detection of Relative Viral Load

In order to determine a relative quantization (RQ) of viral load of the samples, a
Real-Time PCR (qPCR) was carried out using the primers described above.

For each sample tested positive for DWV in PCR, 12.5 ng of cDNA were subjected to
qPCR using iTaq Universal SYBR Green Supermix kit (Bio-Rad), according to the manufac-
turer’s instructions.

Amplification of honeybee Act β as reference gene was also performed in parallel
to allow normalization of the results and an NTC was included in the reaction as nega-
tive control.

Relative quantization of DWV viral load was calculated by using the 2−ΔΔCq method
as previously described [67,68]. Briefly, fold change in viral load was estimated for each
individual S sample against A samples considered as control group.

4.4. Histopathological Analysis

Samples were processed as previously described [69]. Briefly, honeybees were indi-
vidually injected with 10 μL of 10% buffered formalin and then stored for 24 h in 50 mL
tubes containing the same fixative.

Subsequently, each sample was placed in an embedding cassette and processed. 3 μm
sections were cut, stained with hematoxylin and eosin, and observed by light microscopy
(Microscope Nikon Eclipse E-600, Tokyo, Japan). All tissues were observed to identify
possible alterations and analyzed for the presence of visible pathogens, i.e., Nosema spp.
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Abstract: Nosema ceranae is a large contributing factor to the most recent decline in honey bee health
worldwide. Developing new alternative treatments against N. ceranae is particularly pressing because
there are few treatment options available and therefore the risk of increased antibiotic resistance is
quite high. Recently, natural products have demonstrated to be a promising avenue for finding new
effective treatments against N. ceranae. We evaluated the effects of propolis extract of stingless bee,
Tetrigona apicalis and chito-oligosaccharide (COS) on giant honey bees, Apis dorsata, experimentally
infected with N. ceranae to determine if these treatments could improve the health of the infected
individuals. Newly emerged Nosema-free bees were individually inoculated with 106N. ceranae
spores per bee. We fed infected and control bees the following treatments consisting of 0%, 50%,
propolis extracts, 0 ppm and 0.5 ppm COS in honey solution (w/v). Propolis extracts and COS caused
a significant increase in trehalose levels in hemolymph, protein contents, survival rates and acini
diameters of the hypopharyngeal glands in infected bees. Our results suggest that propolis and COS
could improve the health of infected bees. Further research is needed to determine the underlying
mechanisms responsible for the improved health of the infected bees.

Keywords: Apis dorsata; chito-oligosaccharide; Nosema ceranae; propolis

1. Introduction

Honey bees play a vital role in agricultural crop production and ecosystem stability
due to their pollination services [1–6]. Despite their importance there has been a global
decline in bee health around the world at unsustainable rates [7–9]. The health decline
can be attributed to a number of health factors such as pesticide exposure and poor
nutrition, with parasitic infections as one of the major contributors [10,11]. Nosema disease
or nosemosis is one of the most widespread parasitic infections of adult honey bees and has
been implicated to play a major role in the most recent global bee health decline [12–14].
Nosemosis is caused by three species of microsporidia, Nosema apis, N. ceranae and N.
neumanni, but the most prevalent strain found in honey bees that has emerged is N. ceranae
displacing much of the N. apis infections worldwide [15,16]. Nosemosis is considered to
be a chronic infection that does not exhibit obvious external disease symptoms, but can
cause a poor nutrient and energy absorption leading to a suppressed immune function and
ultimately a shortened life span [17–21]. Infected bees have evidence of lower trehalose
and lipid levels, and a reduced hypopharyngeal gland resulting from the poor nutrient
absorption across the gut lining [22–24]. N. ceranae primarily lives and reproduces in the
gut lining which is likely the cause for the poor nutrient absorption in infected bees [25,26].
Consequently, infected individuals suffer from energetic stress, which results in increased
bee mortality on the individual and colony level [24,27–30].

There are only a few treatment options on the market for controlling Nosemosis. The
antibiotic Fumagillin has been on the market for a long time, but it is unable to kill the
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mature spore form of the parasite [31], so reinfections can occur [32,33]. Moreover, its
use has been banned in the European Union because it has been shown to contaminate
honey and could possibly lead to the buildup of antibiotic resistance in humans [34]. A
natural product that is completely safe and environmentally friendly is desirable, especially
for organic beekeepers. There have been a number of recent developments in this area
which include using phytochemicals, Bee Cleanse, zeolite clinoptilolite, plant extracts, and
propolis extract that have been documented to be effective alternative treatments [30,35–38].
These studies generally show lowered parasite loads and improved survival of the treated
bees, but very few assess the health of the bee to determine how the survival of the
treated bees are being increased. Among the various promising substances to control
N. ceranae- infection, ApiHerb® and Api-Bioxal®, commercial dietary supplements were
used as treatments against N. ceranae-infection effectively in both laboratory and colony
level [39]. The commercial probiotics, Vetafarm Probotic, Protexin Concentrate single-strain
(Enterococcus faecium), and Protexin Concentrate multi-strain (Lactobacillus acidophilus, L.
plantarum, L. rhamnosus, L. delbrueckii, Bifidobacterium bifidum, Streptococcus salivarius, and E.
faecium [40], and Parasaccharibacter apium (PC1 sp.) and Bacillus sp. (PC2 sp.) [41] also were
used to reduce spore loads and mortality in N. ceranae infected-honey bees. Currently, the
control of N. ceranae-infections involves the use of the natural compounds to stimulate the
immunity of honey bee, A. mellifera by inducing resistance against pathogens. Chitosan
and peptidoglycans were used to reduce N. ceranae-infection, and increase survivorship
of N. ceranae infected-bees. In addition, peptidoglycan and chitosan promoted the gene
expression of hymenoptaecin and defensin2 [42]. Another example of natural compounds
being effective at reducing N. ceranae loads involves using Brassicaceae defatted seed
meals (DSMs) containing antimicrobial and antioxidant properties [43]. Besides fumagillin,
sulforaphane was used to control N. ceranae-infection in laboratory. It was reported that
1.25 mg/mL of sulforaphane showed 100% reduction of spore counts, but also caused
100% bee mortality. The antimicrobial properties of this new alternative treatment may
be promising, however reducing its toxicity is required before it can be considered as an
alternative treatment for controlling N. ceranae [44].

Propolis extract of stingless bees is emerging to be an effective treatment to control
N. ceranae across three of the four honey bee species, A. cerana, A. mellifera, and A. flo-
rea, [30,45–47]. Propolis is collected by bees and contains a number of plant resins, which
are considered to be a natural product. In general, the plant resins are known to have
antimicrobial effects and are used by bees to aid in sanitizing their hives. These plant
resins also have recently been found to have a potential inhibitory effect on microsporidian
development [30,45–48]. However, the propolis has to be fed to the honey bee in order
to observe a reduction in the proliferation of N. ceranae in the midgut cells as the bees do
not preferentially consume food containing propolis when infected. When fed, propolis
extract treatment significantly enhances bee survival [30,45–47]. Another natural product,
chito-oligosaccharides (COS) promotes antimicrobial activity and has been shown to stim-
ulate the immune system thereby reducing N. apis infection in A. mellifera [48–51]. COS
is a derivative of chitosan which is known as a biopolymer and polysaccharide found in
the exoskeleton of insects and crustaceans. This water-soluble glycoprotein molecule has
been used as a pre-biotic for gastrointestinal infections and diarrhea. COS is also known to
aid in increased amino acid absorption across the gut lining, and also promote gut health
including anti-inflammation activity through activation of 5’ AMP-activated protein kinase
(AMPK) [52–55]. We, therefore, hypothesize that this treatment can aid in treating the
symptoms of a N. ceranae infection and consequently improve the health of the honey bee.

Whether the pathological effects from a N. ceranae infection is of the same magnitude
across the honey bee species and can be generalized to the giant honey bee, A. dorsata,
remains unknown. A. dorsata serves as a main pollinator for crop plants in Thailand and
provides a substantial amount of honey for a number of Asian countries [6]. Thus, the
first aim of this study is to investigate the pathological effects of a N. ceranae infection
in A. dorsata. Secondly, we aim to determine the efficacy of propolis extract and COS, as
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alternative treatment options for N. ceranae infections, by measuring hemolymph trehalose
levels, protein contents in the hypopharyngeal gland, survival rates and acini diameters of
the hypopharyngeal glands as health status indicators.

2. Results

2.1. Hemolymph Trehalose Levels

N. ceranae-infected bees without any treatment had the lowest hemolymph trehalose
levels on day 14 p.i. compared to all other treatment groups (χ2 = 34.52, df = 3, p < 0.0001,
Figure 1). The highest levels of hemolymph trehalose were found in uninfected bees
treated with propolis extract, CO-50P (273.2 ± 6.69 μg/bee) followed by the control group,
CO-0P (250.8 ± 2.26 μg/bee). However, N. ceranae-infected bees treated with 50% propolis
extract (NO-50P) showed higher levels of trehalose (204.2 ± 5.13 μg/bee) than that of N.
ceranae-infected bees without propolis extract treatment, NO-0P (148.0 ± 5.79 μg/bee). In-
terestingly, similar trend was found in bees treated with COS where the highest hemolymph
trehalose levels were found in the control group with 0.5 COS (CO-0.5COS) and without
COS(CO-0COS) treatment 250.8 ± 2.26 μg/bee and 254.2 ± 1.73 μg/bee, respectively.
The lowest hemolymph trehalose levels were found in the Nosema infected bees without
treatment (NO-0COS) 148.0 ± 5.79 μg/bee, while there was a significant increase in the
infected bees that received a COS treatment (NO-0.5COS) 184.2 ± 5.14 μg/bee (χ2 = 33.21,
df = 3, p < 0.0001, Figure 2).

Figure 1. A box plot with the lines representing the median levels of hemolymph trehalose across
the treatment groups of the propolis extract experiment. The control bees (CO-0P) (grey), propolis
control bees (CO-50P) (green), N. ceranae-infected bees not treated with propolis extract (NO-0P)
(red) and infected bees treated with 50% propolis extract (NO-50P) (light green) are represented by
each box plot. The hemolymph trehalose levels are measured on 14 days p. i. The box indicates the
inter-quartile range while the vertical bars indicate the range of the data. The different letters above
each box represent significant differences (Kruskal–Wallis test: χ2 = 34.52, df = 3, p < 0.0001).
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Figure 2. A box plot showing the median hemolymph trehalose levels data across treatments from
the COS experiment. The control bees not treated (CO-0COS) (grey), the treated COS control bees
(CO-0.5COS) (purple), N. ceranae-infected bees not treated (NO-0COS) (red) and the infected bees
treated with 0.5 ppm (NO-0.5COS) (light blue) are each indicated by a box plot. The hemolymph
trehalose levels were measured on day 14 p.i.. The boxes indicate the interquartile range, while
the vertical bars represent the range of the data. The different letters above each box plot represent
significant differences (Kruskal–Wallis test: χ2 = 33.21, df = 3, p < 0.0001).

2.2. Hypopharyngeal Gland Protein Content

The hypopharyngeal gland protein contents of control bees treated with propo-
lis extract (CO-50P) and not treated with 50% propolis extract (CO-0P) were signifi-
cantly higher than the infected bees (χ2 = 31.75, df = 3, p < 0.0001, Figure 3), they
were 1470.0 ± 65.06 μg/bee and 1326.23 ± 103.4 μg/bee, respectively. The N. ceranae-
infected bees treated with propolis extract (NO-50P) had significantly higher protein
levels, 963.0 ± 52.77 μg/bee, in comparison to the infected bees not treated with propo-
lis extract (NO-0P), which had 486.0 ± 32.5 μg/bee of protein, respectively (χ2 = 31.75,
df = 1, p = 0.0002). The similar trend was found in both groups of bees treated with 0.5COS
(χ2 = 31.39, df= 3, p < 0.0001, Figure 4). The highest protein content was found in the
control bees treated with COS (CO-0.5COS) (1500.0 ± 76.01 μg/bee), and it was not signifi-
cantly different from that of control bees not treated with COS (CO-0COS) (χ2 = 31.39, df= 1,
p = 0.5657). However, infected bees treated with 0.5 ppm COS had significantly increased
protein content of the hypopharyngeal glands (1006.0 ± 44.4 μg/bee), in comparison with
N. ceranae-infected bees that were not treated with COS (486.0 ± 32.5 μg/bee).
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Figure 3. A box plot showing the median levels of hypopharyngeal gland protein contents across the
treatments from the propolis extract experiment: control bees (CO-0P) (grey), control bees treated
with propolis extract (CO-50P) (green), N. ceranae-infected bees not treated with propolis (NO-0P)
(red) and infected bees treated with 50% propolis extract (NO-50P) (light green). The hypopharyngeal
gland protein content was measured 14 days p.i. The boxes indicate the interquartile range, while
the vertical bars indicate the range of the data. The different letters above each box plot represent
significant differences (Kruskal–Wallis test: χ2= 31.75, df = 3, p < 0.0001).

Figure 4. A box plot showing the median hypopharyngeal gland protein content levels from the COS
experiment. The following treatments are shown with each box plot: control bees not treated with
COS (CO-0COS) (grey), control bees treated with 0.5 ppm COS (CO-0.5COS) (purple), N. ceranae-
infected bees not treated with COS (NO-0COS) (red) and infected bees treated with 0.5 ppm of
COS (NO-0.5COS) (light blue). The hypopharyngeal gland was measured on day 14 p.i. The boxes
represent interquartile ranges, while the vertical bars indicate the range of the data. The different
letters above the box plots represent significant differences (Kruskal–Wallis test: χ2= 31.39, df = 3,
p < 0.0001).
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2.3. Acini Diameters of Hypopharyngeal Glands

The smallest acini diameter on average was found in the Nosema-infected workers
(NO) without any treatment, with a distance of 111.05 ± 0.4 μm. The mean diameters
of acini of the hypopharyngeal glands were largest in the untreated control bees (CO)
(134.55 ± 5.22 μm) and the COS treated control bees (CO-0.5COS) (137.13 ± 8.73 μm),
followed by the control bees treated with propolis extract (CO-50P) (128.75 ± 2.9 μm),
the infected bees treated with the propolis extract (NO-50P) (125.34 ± 2.9 μm), and the
infected bees treated with COS (NO-0.5COS) (120.44 ± 6.8 μm). When we compare
between Nosema-infected bees and the ones treated with propolis extract and COS, we
see a significant increase in the acini diameter on average (χ2 = 33.09, df = 5, p < 0.0001,
Figure 5). However, the COS treated bees have significantly lower acini distances than
the control bees (χ2 = 33.09, df = 1, p = 0.0022), but the propolis extract treated bees do not
have a significant difference in acini distance in comparison to the control bees treated with
propolis (χ2 = 33.09, df = 1, p = 0.0553).

Figure 5. A box plot showing the median acini diameters across the treatments for the propolis
extract and COS experiments. Each box plot represents a treatment: A. dorsata infected with N.
ceranae dosages 106 spores per bee without any treatment (NO) (red), N. ceranae-infected bees treated
with propolis extract (NO-50P) (light green), N. ceranae-infected bees treated with 0.5 ppm COS
(NO-0.5COS) (light blue), control bees without any treatment (CO) (grey), control bees treated with
0.5 ppm COS (CO-0.5COS) (purple), and control bees treated with 50% propolis extract (CO-50P)
(green). The boxes indicate interquartile ranges, while the vertical bars represent the range of the
data. The different letters above each box plot represents significant differences (Kruskal–Wallis test:
χ2 = 33.09, df = 5, p < 0.0001).

The histological structure of the hypopharyngeal glands of CO bees showed fully
developed and contained with several secretory units or acini (oval to rounded shape), each
unit composed of 5–8 secretory cells surrounded a central secretory duct. The secretory
cells contained with numerous secretory granules stained red-pink with PAS that surround
the large cell nuclei, stained greenish with light green (Figure 6), while the secretory units
of the hypopharyngeal glands of Nosema-infected bees (NO) were incomplete developed
in structure indicated by different irregular in shaped and sizes. Therefore, each cell
cytoplasm consisted of numerous small secretory vesicles stained pink with PAS (Figure 7).
Interestingly, the glands of NO-50P and NO-0.5COS showed fully developed acini. The
secretory cell contains several vesicles giving both positive and negative staining with
PAS, this indicated the cell storage both carbohydrate and non-carbohydrate molecules. In
addition, the large extracellular space between adjacent acinar cells were found indicated
by white gap between adjacent cells separating them from each other (Figures 8 and 9).
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(a) (b) 

Figure 6. Histology cross sections of the hypopharyngeal gland of A. dorsata worker: (a) the completely developed secretory
units of the glands on 14 dpi of control bees (CO). The secretory cells contain secretory granules surrounded the large nuclei
of the secretory cells; (b) a section of the hypopharyngeal gland of CO bees with the high magnification of light microscope,
the cytoplasm of the secretory cell is seen to contain variable numbers of secretory vesicles (stained red-pink with PAS). The
oval nuclei are stained greenish with light green. Abbreviations: ac, acinus; hp, hypopharyngeal gland; md, mandibular
gland; n, nucleus; op, optic lobe; vs, secretory vesicle.

  

(a) (b) 

Figure 7. A section of the hypopharyngeal gland of 106 N. ceranae-infected A. dorsata worker (a) on 14 dpi of 106 N.
ceranae-infected bees (NO), the cell cytoplasm contains variable numbers of secretory granules stained red-pink with PAS.
The large oval loose nuclei are stained greenish from a light green dye used as a counterstain; (b) A medial section of NO
bees on 14 dpi, the secretory cell contains secretory granules surround the large nuclei of the secretory cells. Abbreviations:
ac, acinus; n, nucleus; sd, secretory duct; vs, secretory vesicle.
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(a) (b) 

Figure 8. The light micrographs of: (a) A section of the hypopharyngeal glands of 106 N. ceranae-infected bees on14 dpi,
treated with 50% propolis (NO-50P). The cytoplasm of the secretory cell contains variable numbers of secretory granules
stained red-pink with PAS. The oval nuclei are stained a greenish color from light green; (b) with higher magnification of
NO-50P shows the secretory cell contains several secretory vesicles with negative staining using PAS, and also contains
secretory vesicles with smaller amounts of carbohydrate, which are characterized by a red-pink color from PAS staining.
Abbreviations: ac, acinus; co, compound eyes; hp, hypopharyngeal gland; md, mandibular gland; n, nucleus; op, optic lobe;
vs, secretory vesicle.

 
 

(a) (b) 

Figure 9. (a) A cross section of the hypopharyngeal gland from 106 N. ceranae-infected A. dorsata bees on 14 dpi that
were treated with 0.5 ppm COS (NO-0.5COS). The cytoplasm of the secretory cells contains variable numbers of secretory
granules stained red-pink with PAS. The oval nuclei are stained greenish from a light green; (b) a medial cross section
of the hypopharyngeal gland from 106 N. ceranae-infected A. dorsata bees on 14 dpi that were treated with 0.5 ppm COS
(NO-0.5COS). Abbreviations: ac, acinus; hp, hypopharyngeal gland; md, mandibular gland; n, nucleus; op, optic lobe; vs,
secretory vesicle.

2.4. Honey Bee Survival Rates

Kaplan–Meier curves showed that A. dorsata workers infected with N. ceranae dosed
with 106 spores per bee (NO-0P) had significantly lower survival in comparison to the
infected bees that received propolis treatment (χ2 = 17.33, df = 3, p = 0.0005, Figure 10). The
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control bees treated with propolis extract (CO-50P) had the highest survival, followed by
CO-0P and NO-50P, respectively. A similar trend was found in bees treated with 0.5 ppm
COS, except in this case there was no significant difference between the control bees and
the control bees treated with COS (χ2 = 16.08, df = 3, p = 0.0010, Figure 11).

Figure 10. Kaplan–Meier survivorship curves of A. dorsata workers after being infected with 106

N. ceranae spores (NO-0P), versus infected bees that received a propolis treatment (NO-50P) or no
infection and a propolis treatment (control: CO-0P and CO-50P). Survivorship curves with different
letters within treatments are significantly different (Kruskal–Wallis test: χ2 = 17.33, df = 3, p = 0.0005).

Figure 11. Kaplan–Meier survivorship curves of A. dorsata workers after N. ceranae infection at
106 spores (NO-0COS), NO-0.5COS or no infection (control: CO-0COS and CO-0.5COS). Survivor-
ship curves with different letters within treatments are significantly different (Kruskal–Wallis test:
χ2 = 16.08, df = 3, p = 0.0010).

3. Discussion

The increase of hemolymph trehalose levels, protein content of the hypopharyngeal
glands, and enhanced acini diameters of hypopharyngeal glands of the infected giant
honey bee, A. dorsata, all indicate improved health after 50% propolis extract and 0.5 ppm
COS treatment. Although the levels after treatment were not to the same level of the
uninfected control bees, except for the acini diameter from the propolis treatment, there
was still a significant increase for all health measures in comparison to the infected bees
without any treatment. Based on our results, both stingless bee propolis extract and COS
are effective treatments in improving the health of the honey bee. Propolis extract however
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may be a slightly better treatment as indicated by the full recovery of the acini diameter
distance of the hypopharyngeal gland, which was not the case for the COS treatment.
For both treatments there were no detrimental effects in the uninfected control bees for
hemolymph trehalose levels, protein content in the hypopharyngeal gland, and the acini
diameters in the hypopharyngeal gland, which suggests that these treatments are not
having any damaging side-effects for these health parameters measured. Whether the
increased trehalose levels and protein content of the hypopharyngeal gland is due to a
lower parasite load or the improved nutrient absorption across the gut lining in treated
bees—which results in higher tolerance of the parasite—remains to be investigated.

The higher trehalose levels in the uninfected bees treated with propolis extract in
comparison to the uninfected bees without any treatment suggests that propolis might
be affecting the sugar metabolism of the honey bee. This is interesting to note because
hemolymph trehalose levels are central to buffering against the energetic stress suffered
from the infected bees [24]. In addition, increased trehalose levels were found to be a key
difference in honey bees selected to better tolerate N. ceranae infections [56]. Therefore,
the increased hemolymph trehalose levels from propolis consumption could be one way
in which increased survival results from infected bees treated with this [30]. Propolis
extract also positively increased the protein contents of hypopharyngeal glands, and the
acini diameters of hypopharyngeal glands of honey bee. This suggests that the increased
health measures may also be due to the lowering of the N. ceranae load in the treated
bees. This corresponds to the results of the previous study which showed the potential
of propolis extracted from stingless bee to control N. ceranae infection in the red dwarf
honey bee, A. florea [30]. Recently, it has also been demonstrated that propolis extract
can increase the survival of A. mellifera [45,46]. Taken together, these results suggest that
propolis extract may have a general positive impact on bee health, across all honey bee
species. Further supporting this notion is the fact that stingless bee propolis extracts
are known to specifically have antifungal properties [57]. Moreover, a previous study
demonstrated abnormal structure of N. ceranae spores, inside A. cerana bees, after being
treated with propolis extract, which corresponded with the interference of spore growth
and development [47].

Bees treated with COS after infection with N. ceranae also had significantly higher
trehalose levels, protein contents of hypopharyngeal glands, and increased acini diameters.
However, it is more likely that these effects are resulting from indirect mechanisms such as
enhanced bee immunity or increased nutrient absorption across the gut lining as opposed
to directly reducing the reproduction and growth of the N. ceranae infection. COS is known
to improve nutrient digestibility, gut functions and gut modifications in animals [50]. COS
may affect Nosema development, but is more likely to achieve this through enhancing bee
immunity, that will eventually result in higher hypopharyngeal gland protein contents,
trehalose levels, and the increasing hypopharyngeal gland acini from decreased N. ceranae
loads [58]. This is plausible because N. ceranae typically suppresses the immune system in
infected bees in order for increased growth and reproduction inside the host [17,59].

It is important to note that N. ceranae can infect A. dorsata and develop well in this host.
As previously shown, A. mellifera, A. cerana and A. florea can also be infected by N. ceranae.
To date, all of the honey bee species have now been shown that not only can become
infected with this parasite, but they are also suffering from the pathological effects of the
infections as well. Based on our results A. dorsata is no exception, which raises concerns as
the honey bee species may be suffering from some of the same behavioral and physiological
changes that have been documented in A. mellifera from a N. ceranae infection [27]. Previous
results show that the parasite develops well in each of the four honey bee species and
that the intracellular life cycle is completed within three days p.i. [60–62]. Due to the
successful reproduction in all four of the honey bee species there are opportunities for cross
transmission between the species on a community level as they have overlapping foraging
ranges and are known to share the same floral species when foraging [62–64].
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The reduction in acini diameter of the hypopharyngeal glands of N. ceranae-infected
bees might due to deficiency of amino acids used for secretory cell development. This
is not surprising because previously it has been shown that the amino acid profiles in
the hemolymph of infected bees is altered and feeding pollen can increase the survival
of infected bees [65,66]. The recovery in the hypopharyngeal gland protein is important
because it has been noted to play a role in protein synthesis of royal jelly production [6].
Metabolite dysregulation of royal jelly secretions has been documented in N. ceranae in-
fected bee hives, which has implications for the antibacterial effectiveness of the secretions
when feeding the brood [18]. Our findings suggest that COS and propolis extract treatment
is likely to contribute to the increase of royal jelly productivity as well at the colony level,
due to the increase of protein contents and the acini diameters of the hypopharyngeal
glands. The lowering of the immune system is likely to be a result in the lack of pro-
tein nutrition resulting from the force feeding of spores that geminate and proliferate
within the midgut epithelial cells where they disrupt host nutrient absorption [67,68]. Al-
though infected bees do not exhibit obvious external disease symptoms, some of the main
pathophysiological effects from an infection identified from omics studies have pointed
to metabolic dysregulation [18,21,25,69]. Resulting from this metabolic dysregulation are
the key symptoms of infection, which are lowered trehalose levels and reduced hypopha-
ryngeal glands [22,24,62]. Therefore, we find that the measures used in this study to be
accurate predictors of bee health and recovery from a N. ceranae infection. The effects of a
N. ceranae infection on the colony level include lower colony population and the reduction
of honey production [61,70]. Thus, we are interested if this treatment at the colony level
might show an improvement in these colony level symptoms of infection.

The use of natural product such as propolis from stingless bees and COS will facilitate
new strategies that can be used to control Nosema and improve honey bee health and
beekeeping production. However, further experiments could be performed to determine
the optimal doses to maximize the effect for each of the treatments. In addition, long term
treatments could be investigated on a colony level to determine if they are great enough to
effectively reduce the N. ceranae parasitic loads in a more natural setting. Perhaps using
both treatments at the same time will synergistically improve the overall effectiveness in
improving the health and survival of the honey bee. On one hand, N. bombi might also be
another suitable target for this treatment which could lead to the health improvement of
bumble bees as well, but on the other hand, the non-lethal side effects of these treatments
should be investigated to determine if they pose any detriment to the health of bees. All
of these would be interesting avenues to pursue in the future to further understand the
practical use of stingless bee propolis extract and COS in terms of managing N. ceranae
infections around the world.

4. Materials and Methods

4.1. Propolis Extraction

We collected propolis from three different stingless bee, Tetrigona apicalis, colonies from
an apiary located in Chanthaburi Province, Thailand. We then dried the propolis in a hot air
oven (Binder ED 53, BINDER GmbH, Tuttlingen, Germany) at 80 ◦C for 72 h, this was then
frozen at −21 ◦C (Sharp SJ-X43T, Sharp Thai Co., Ltd. (STCL), Bangkok, Thailand) for 3 h
and grinded using a motor and pestle. We extracted 60 g of propolis powder with 100 mL
of 70% ethanol for 72 h, this was then followed by gravity filtration using a Whatman No.
4 filter paper [30]. After filtration a crude ethanol extract was formed that we defined as
100% propolis stock solution. For the experiments a 50% propolis solution was prepared
by diluting the stock solution with water (v/v).

4.2. Chito-Oligosaccharide Solution Preparation

We made a 104 ppm stock of COS, by taking 0.25 g of COS (6081 Da) and dissolving
it in 5 mL of pure A. dorsata honey (pH = 3.45). We then adjusted the final volume of this
to 20 mL with 50% sucrose solution (v/v). We then diluted the 104 ppm stock solution of
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COS to a 50% honey solution using water (v/v) to make a final concentration of 102 ppm.
Afterwards we then prepared a 0.5 ppm COS solution using the same methods that had a
pH of 3.77 (pH meter, Mettler Toledo Gmbh, Greifensee, Zurich, Switzerland).

4.3. Spore Preparation

Nosema ceranae spores were propagated from heavily infected A. florea colonies located
in the Chon Buri Province of Thailand. We fed isolated spores to A. mellifera workers
(5 × 107 spores for 50 bees) that were kept at 34 ± 2 ◦C (Memmert IPP 260, Schwabach,
Germany) with relative humidity (Barigo-8861, Schwenningen, Germany) (RH) between
50–55% for 14 days in order to propagate more spores for the experimental infections. To
propagate more spores, midguts were removed and transferred to a 1.5 mL microcentrifuge
tube containing 100 μL distilled water. The midguts were then homogenized using a sterile
pestle and centrifuged at 6000× g (Benchmark Scientific Z206-A, Sayreville, NJ, USA) for
10 min, this was repeated for 3 times [40]. We discarded the supernatant each time and the
white sediment at the bottom was collected to be counted using a hemocytometer (Hausser
Scientific, Horsham, PA, USA) under a light microscope (Olympus CX50, Shinjuku, Tokyo,
Japan) [71]. After one more centrifugation, we re-suspended the spores in 50% (w/v) sucrose
solution to make a final concentration of 5 × 105 spores per μL. We stored this syrup at
room temperature overnight until further use.

4.4. Propolis Extract and COS Treatment Experiments

We obtained 3 frames of sealed brood from three Nosema free colonies of A. dorsata
located in Samut Songkhram Province, Thailand. Colonies were confirmed to be Nosema
free following standard procedures [72,73]. To obtain newly emerged bees, the brood
frames were kept in an incubator (Memmert IPP 260, Schwabach, Germany) at 34 ± 2 ◦C
with RH (Barigo-8861, Schwenningen, Germany) between 50–55%. The newly emerged
bees, between 24–48 h of age, were confined to cages, in groups of 50, and divided into
8 groups. The first 4 groups, were individually force-fed with 2 μL 50% sucrose solution
(v/v) containing 106 N. ceranae spores per bee. We then provided 2 groups with 2 mL of
either 0% or 50% stingless bee propolis extracts, daily, and these groups were defined as
NO-0P and NO-50P, respectively. For the other 2 groups, we provided 2 mL of 0 ppm or
0.5 ppm of COS defined as NO-0COS and NO-0.5COS, respectively.

The control groups were individually force-fed with only 50% sucrose solution (v/v),
and were defined as the negative control bees CO-0P, CO-0COS, CO-0.5COS, and CO-50P,
respectively. In the CO-50P control group was each bee was also treated daily with 2 mL of
50% stingless bee propolis extract, while in the CO-0.5COS control group the bees were
treated daily with 2 mL of 0.5 ppm COS. For the duration of the experiment, each cage
was fitted with two gravity feeders, one containing distilled water, and the other sugar
syrup (50% w/v sucrose solution). We also supplied 60 g of pollen mixed with 17 mL of 50%
sucrose solution (w/v), each was replenished as necessary throughout the experiment. All
cages were placed in an incubator at 34 ± 2 ◦C (Memmert IPP 260, Schwabach, Germany),
with a RH ranging from 50–55%. The 50% stingless bee propolis extract was provided in
2 mL at a time in a 1.5 mL micro-centrifuge tube from the start of the experiment (0 Day
p.i.), until the end (30 Days p.i.), and was replaced as necessary. For the COS treatment, we
provided 2 mL of 0.5 ppm COS in 50% honey solution in a 1.5 mL micro-centrifuge at the
start of the experiment (0 Day p.i.) and this was replaced as necessary until the end of the
experiment (30 Days p.i.).

4.5. Hemolymph Trehalose Measurements

On Day 14 p.i., 10 honey bees were removed from each cage and were anaesthetized
at −21 ◦C for 5 min. Before we collected their hemolymph, honey bees were mounted on
a wax plate by a pair of insect pins crossing over the waist. Using a glass microcapillary
(Hirschmann® Laborgerate, Eberstadt, Germany), 5 μL per bee was collected by puncturing
abdomen segments between tergites 3 and 4, and the hemolymph was transferred to a
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microcentrifuge tube (Eppendorf, Hamburg, Germany) containing 45 μL of 0.85% NaCl.
For each sample, 2.9 mL of anthrone reagent was added and then vortexed for 30 s before
we quickly put them into a boiling water bath for 15 min. After this they were placed into
cold water (4 ◦C) for 20 min and read at 620 nm absorbance using a Shimadzu UV-visible
spectrophotometer (UV-1610). Quantification of the hemolymph trehalose amounts were
based on a standard curve.

4.6. Hypopharyngeal Gland Protein Content Measurements

Another 10 bees were randomly removed from each cage at 14 days post infection
(p.i.). These bees were decapitated so that their hypopharyngeal glands could be removed
under a stereomicroscope (Olympus CH30, Shinjuku, Tokyo, Japan). Glands of each bee
were stored in 50 μL of phosphate buffer solution (pH 7.8) in a 1.5 mL microcentrifuge tube.
These were then homogenized and centrifuged at 1000× g for 2 min. Supernatant from
each tube was used in the Bradford protein assay [74]. Quantification of protein content
was based on standard curves that were prepared using bovine serum albumin (BSA).
Protein absorbance was measured at 595 nm absorbance against a blank reagent using a
Shimadzu UV-visible spectrophotometer (UV-1610).

4.7. Measurements of Acinar Sizes of the Hypopharyngeal Glands and Histological Structure

Another 10 bees from each group were collected on 14 days p.i. and the heads were
dissected in insect saline (NaCl 7.5 g/L, Na2HPO4 2.38 g/L, KH2PO4 2.72 g/L) and then
fixed in Bouin’s solution for 24 h. Samples were dehydrated using a series of increasing
ethyl alcohol concentrations: 70%, 90%, 95%, and 100% for 10 min per concentration.
Samples were then soaked in xylene for 1 h and then embedded in paraffin wax. The
tissues were sectioned into 6 μm thickness using a rotary microtome (Leica, Wetzlar,
Germany), and then stained with Periodic acid Schiff’s reagent (PAS) followed by a counter
staining of light green dye [75,76]. Measurement of acinar sizes of the hypopharyngeal
glands were made under a light microscopy (Olympus CX 50, Shinjuku, Tokyo, Japan)
using a micrometer (ERMA: ESM-11, Japan); n = 10 per bee each treatment.

4.8. Survival Analysis

Survivorship curves of all treatment groups were generated using the Kaplan–Meier
approach by plotting number of surviving bees against days from initiation of the ex-
periment [30]. Honey bee survival rates were compared across the treatment groups
using a non-parametric, univariate analysis of variance and a corresponding post hoc test
(Kruskal–Wallis test and the Mann–Whitney U test).

4.9. Statistical Analyses

Hemolymph trehalose levels, protein contents of the hypopharyngeal gland, the
diameter of the hypopharyngeal gland acini of N. ceranae-infected bees on day 14 p.i., and
the survival rates were normally distributed (Jarque–Bera JB test: p > 0.05) but had unequal
variances (Levene’s test: p < 0.05). We, therefore, used a non-parametric Kruskal–Wallis test
and a Mann–Whitney U test to compare across the treatment groups. Multiple comparisons
were accounted for using a Bonferroni correction.
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Abstract: In this case report, we analyze the possible causes of the poor health status of a professional
Apis mellifera iberiensis apiary located in Gajanejos (Guadalajara, Spain). Several factors that potentially
favor colony collapse were identified, including Nosema ceranae infection, alone or in combination
with other factors (e.g., BQCV and DWV infection), and the accumulation of acaricides commonly
used to control Varroa destructor in the beebread (coumaphos and tau-fluvalinate). Based on the levels
of residues, the average toxic unit estimated for the apiary suggests a possible increase in vulnerability
to infection by N. ceranae due to the presence of high levels of acaricides and the unusual climatic
conditions of the year of the collapse event. These data highlight the importance of evaluating these
factors in future monitoring programs, as well as the need to adopt adequate preventive measures as
part of national and international welfare programs aimed at guaranteeing the health and fitness
of bees.

Keywords: honey bees; Apis mellifera; acaricides; pesticides; toxic unit; Varroa destructor; Nosema
ceranae; bee viruses; tau-fluvalinate; coumaphos

1. Introduction

Bees, including honey bees, bumble bees, and solitary bees, are a prominent and
economically important group of pollinators worldwide. In fact, 35% of the global food
crop production depends on these pollinators [1], and in Europe, the production of 84%
of crop species is, to some extent, dependent on animal pollination [2]. Bees also fulfill an
important role in the pollination of wild plants. Thus, habitat fragmentation seems to have
a negative effect on pollination and plant reproduction [3]. However, there is still a debate
on how to approach the pollen limitation in plant dynamics [4,5]. Furthermore, honey
bees provide additional economic inputs in temperate areas where honey production is a
fundamental source of income to professional beekeepers.

The honey bee colony is a complex system in which thousands of individuals work
together to ensure its sustainability. Multiple factors play an important role in colony via-
bility, such as climate, environment, nutrition, and pathogens, and consequently, in colony
pollination and production capabilities. Thus, any deterioration of honey bee colonies has
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a direct negative environmental impact and, in the case of honey bees, economic conse-
quences in countries where there is a large proportion of professional beekeepers as in
Mediterranean areas [6].

Many factors have been related to the decline in honey bee colonies over the past
decades (revised in [7]). On one hand, the global spread of pathogens related to colony
losses entails changes to the ecological and evolutionary dynamics of both pathogens
and hosts, often leading to the selection of the most virulent variant of the pathogen and
reducing the heterogeneity of the host. A range of treatments exist to combat pathogens
and diseases during the last decades. Thus, chemicals that keep Varroa mite populations
under control may accumulate in different hive matrices, chronically exposing honey bees
to the residues of chemicals. Due to foraging activities, honey bees may also be exposed to
a wider range of potentially toxic compounds (naturally produced or not), which may also
accumulate inside the hive. The action of pathogens and xenobiotics or the combination of
both provokes physiological changes, immunosuppression, and gut microbiota disruption
on honey bees, which may finally produce the collapse of colonies. These changes may
be also influenced by the nutrition quality of the collected pollen, which depends on the
seasonal climatological conditions [8–10]. Overall, the impact of pathogens on this decline
(mainly parasites and related viruses) may be particularly important [11–13], probably
in conjunction with the accumulation of pesticide residues in hive matrices. Thus, the
combined effect of two or more such stressors could drive the mortality of individuals,
eventually leading to colony collapse [14–16].

Accordingly, we present here a screening study of a professional Spanish apiary
that reported a problematic health situation. To investigate the factors that had possibly
provoked this situation, we performed a comprehensive evaluation of multiple drivers,
including pathogens and pesticides, also analyzing the foraging flora, in an attempt to
determine whether new factors should be examined in future monitoring programs.

Severe Nosema ceranae infection, in conjunction with the accumulation of acaricides
used to control Varroa mite infestations in honey bee hives, represents a real threat to
colonies, indicating that appropriate preventative strategies should be adopted in honey
bee health programs.

2. Results

2.1. Veterinary Inspection

A professional beekeeper who managed 400 honey bee colonies (Apis mellifera iberien-
sis) in Gajanejos (Guadalajara, Central Spain; lat. 40.8423, long. −2.8933) reported health
problems in his colonies. He revised all his colonies in September 2015 while applying
a compulsory treatment for Varroa destructor with CheckMite® strips (a.m.: coumaphos),
according to the manufacturer’s recommendations. No health problems had previously
been noted in the colonies, which appeared to be in satisfactory health at the beginning
of autumn, September 2015, with a normal population of worker honey bees. When the
acaricide strips were removed 6 weeks after their application (November 2015), the bee-
keeper noticed a reduction in worker honeybee population in some of the colonies, and
consequently, he began to inspect the apiary more often. The first dead colonies were
detected that winter, and losses continued until the next spring, March 2016.

Upon veterinary inspection in early March 2016, around 50% of the bee colonies had
died. The hives of the dead colonies were stored at the beekeeper’s warehouse in the same
conditions that he found them in the field, awaiting cleaning (Figure 1A).

Only a few dead bees were found in the brood chamber frames of these hives,
(Figure 1B), with no anatomical deformities and no Varroa mites detected at the bottom
of the hives or in worker bees and sealed brood. Moreover, there were no clinical signs
of chalkbrood and American or European foulbrood. The beekeeper also conserved the
acaricide strips used in the previous autumn in plastic bags (Figure 1C).

132



Pathogens 2021, 10, 955

Figure 1. Pictures obtained during the inspection of colonies. (A) Hives stored in the beekeeper’s warehouse; (B) brood
combs from the dead colonies with a few honey bees and sealed brood in the frames; (C) CheckMite® strips kept by the
beekeeper after their removal; (D) apiary with many empty spots and a few surviving colonies; (E) weak surviving colony
with a small honey bee population; (F) details of some CheckMite® strips with low interaction with honey bees.

In the surviving colonies (Figure 1D), there were no more than two combs from the
brood chamber that were covered with adult honey bees, much fewer than the five to
seven combs that would be expected to be covered in this geographical area at that time
(Figure 1E). The acaricide strips used in the autumn treatment were essentially untouched
by the honey bees (Figure 1F), and there were no clinical signals of varroosis or other
diseases in the brood or in adult worker honey bees. Varroa mites were not identified in
brood cells or at the bottom of the hives.

The presence of accessible pollen and honey reserves in both the dead and surviving
colonies ruled out death by starvation.

Most of the surviving colonies (approximately 200) did not have a large-enough adult
population to ensure their future survival.

Samples of worker honey bees and stored pollen were collected from the brood
chamber from the dead and surviving colonies by veterinarians from the Centro de Investi-
gación Apícola y Agroambiental’ (CIAPA) in Marchamalo (Guadalajara, Spain) to make
a diagnosis of the causes of the collapsing event.

With the permission of the beekeeper, dead colonies (n = 5) and surviving colonies
(n = 10) with sufficient honey bees in the frames were randomly selected to take around
300 worker honey bees per hive to study pathogens according to the methodology described
in Section 4. In addition, four or five pieces of honey bee combs (10 × 15 cm each) that
contained stored pollen were also randomly taken from different areas of the brood chamber
from each colony surveyed in order to conduct a chemical and palynological analysis of
the stored pollen (beebread). Finally, climatic parameters were also considered in the
diagnostic analysis.

2.2. Pathogen Screening

In only one of the sampled dead colonies, there was a 5% parasitization by V. destructor,
and the mite was not detected in any of the other hives. Of the surviving colonies sampled,
only two were positive for Varroa mite with infestation rates of 25% and 1%.

All the samples were positive for N. ceranae, with severe percentages of parasitization
that were statistically higher in dead colonies (p-value = 0.001312).
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The presence of deformed wing virus (DWV) was confirmed in surviving colonies
infected by Varroa and in six other samples. Moreover, black queen cell virus (BQCV)
was present in six samples, one of which was positive for V. destructor (Table 1). Finally,
N. apis, Acarapis woodi, Trypanosomatids, Neogregarines, Lake Sinai virus complex (LSV),
and acute bee paralysis virus–Kashmir bee virus–Israeli acute paralysis virus complex
(AKI) were not detected in any sample.

Table 1. Results of pathogen and pesticide residue screening and palynological analysis of beebread samples from dead
(D) and weak yet surviving (S) colonies. Pathogen screening: V. destructor parasitization (% VD), prevalence of N. ceranae
(% NC), and detection (+ or −) of deformed wing virus (DWV) and black queen cell virus (BQCV). Residues quantified
in beebread (ppb): tau-fluvalinate (FVT) and coumaphos (CMF). Natural logarithm of the toxic unit of the mixture in
each colony (Ln(TUm)). Palynological analysis: percentage of wild foraging plants (%WP). Grey cells in the table indicate
parameters not analyzed.

Status of the Colonies Colony Code %VD %NC * DWV BQCV FVT (*) CMF * LN(TUm) * %WP

Dead

D1 5 70 7 435 −6.38 96.3
D2 0 80 7 415 −6.43 45.1
D3 0 75 <LOQ 202 −7.154 89.3
D4 0 92 13 350 −6.59 65.1
D5 0 89 9 323 −6.68 79.4

Surviving

S1 25 20 + + 7 283 −6.81 90.5
S2 1 30 + − 9 545 −6.16 30.7
S3 0 25 + − 10 2230 −4.75 15.2
S4 0 60 + + 15 465 −6.31 30.5
S5 0 36 + + 20 1165 −5.42 33.7
S6 0 20 + − 16 305 −6.73 77.7
S7 0 30 − + 18 775 −5.80 92.1
S8 0 45 − + 19 850 −5.71 55.6
S9 0 35 + − 13 936 −5.62 85.4

S10 0 35 + + 13 845 −5.72 93.7

* Statistically significant differences between dead and surviving colonies at α = 0.05. LOQ: level of quantification.

Varroa Mite Resistance to Acaricides

Only 1 of the 15 colonies sampled (S1) complied with the criteria for conducting
a resistance test [17]. The number of alive mites was lower (0, 1) than in control (7, 9) after
6 or 24 h of incubation, respectively. Therefore, it is concluded that this colony did not
show any evidence of Varroa mite resistant to acaricides in any batch exposed to different
acaricides (Table 2).

Table 2. Results of the screening to identify Varroa mites from the S1 colony resistant to acaricides.

Incubation Time Mites Control
CheckMite®

(Coumaphos)
Apistan®

(Tau-Fluvalinate)
Apitraz®

(Amitraz)

6 h
Dead 1 10 5 8
Alive 7 0 0 0

24 h
Dead 2 11 7 8
Alive 9 0 1 1

2.3. Stored Pollen Analysis

Of the 67 substances analyzed in beebread samples, only tau-fluvalinate and coumaphos
were detected (Table 1), and there were statistically higher concentrations of tau-fluvalinate and
coumaphos in the beebread samples from the surviving colonies (W = 43.5, p-value = 0.01312;
W = 42.0, p-value = 0.02165, respectively; Table 1). The mean TUm value of the whole apiary
was 0.00262 ± 0.00199. TUm values were <1 in both the dead and surviving colonies
(Table S1), indicating that the residue levels did not, in principle, reach the threshold of
acute toxicity. Tau-fluvalinate represented less than 1% of TUm of the colonies (Table S1).
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All the compounds identified in a given mixture contribute to TUm in accordance
with their potency and the levels of their residues. Thus, as the levels of residues were
significantly higher in the surviving colonies, TUm was also significantly higher in these
hives (Table S1).

No significant differences were found between the dead and surviving colonies re-
garding the presence of wild flora in the beebread samples (W = 18.0, p-value = 0.21299). In
four of the five samples from the dead colonies, wild plants were majorly present in the
beebread. The most frequent taxa of wild plants identified were: Araliaceae, Labiatae, Aster-
aceae, Chenopodiaceae, and Diplotaxis spp. The major cultivated taxa detected was sunflower
(Helianthus annuus, L.). In the surviving colonies, the predominant pollen was from wild
plants in 6 out of 10 samples belonging to eight taxa: Araliaceae, Labiatae, Caryophyllaceae,
Cichorioideae, Convolvulaceae, Asteraceae, Chenopodiaceae, and Diplotaxis spp. In the remaining
4 samples, the predominant taxa identified in the beebread were H. annuus, Prunus spp.,
and Brassicaceae (Figure S1).

2.4. Meteorological Data

Figure 2a shows a Walter–Leith diagram (see Section 4.3 for details) of the meteorolog-
ical station nearest the apiary for historical data (2013–2021). The mean annual temperature
was 12.7 ◦C, and the yearly precipitation for this period of time was 485.3 mm. The sea-
sonal distribution of the precipitation showed a maximum peak during the spring season
and a secondary one during the fall–winter season. The dry season extends from June to
September. The different bioclimatic indices estimated showed that the climate in the loca-
tion corresponds to the eutemperate latitudinal belt, and it can be classified as oceanic-low
continental. The bioclimate is classified as Mediterranean pluviseasonal-oceanic, within
the low supramediterranean upper dry bioclimatic belt.

(a) (b)

Figure 2. Climatic diagram drawn according to Walter and Leith (1960) for (a) the period 2013–2021 and (b) the studied year
(2015) data of the Brihuega station. (——) monthly mean temperature (◦C); (—–) monthly precipitation. The plot shows
1 = dry season and 2 = rainy season.

In contrast, the year of the colony collapse event (2015) was characterized to be drier
than the historical data (p = 266.4 mm), especially during the autumn–winter season, and it
had a wider temperature amplitude between the coldest and hottest months (Figure 2b).

3. Discussion

Here we investigated a specific case study of the weakening and death of honey bee
colonies in the field, a situation that has occurred quite frequently in Spain in recent years.
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The first suspected cause of colony death in this apiary was the action of the Varroa mite due
to a failure in acaricidal treatment, often proposed to cause these effects [18]. However, the
visual examination and pathogen screening suggested a different origin of the collapse, and
in fact, V. destructor was detected in only 20% of the colonies sampled (3 out of 15). There
were no clinical signs consistent with generalized varroosis in the apiary or in the hives in
which the honey bee colonies died. Moreover, 2 of the positive colonies had a parasitic mite
load of only 1% and 5%, not apparently representing an immediate risk to bee health [18].
Only 1 of the surviving honey bee colonies sampled (10%) had a higher parasite load (25%)
and was thus at risk of suffering the negative effects of this mite [18]. After decades of
miticide use against varroosis, there is a general concern about the selection of Varroa mites
tolerant to acaricides [19]. However, the preliminary results of the acaricide resistance
test and the absence of clinical signs of varroosis upon inspection suggest that resistant
Varroa mites do not affect treatment efficacy in this apiary. Hence, it was concluded that the
symptoms observed were not due to clinical varroosis after therapeutic failure. Overall,
these results indicate that the Varroa mite might have exerted a degree of pressure on some
individual colonies, but it is insufficient to provoke the collapse/weakening evident across
the entire apiary.

By contrast, severe N. ceranae infection was detected in all cases, especially in dead
colonies, with clinical signs and symptoms in all cases (dead and surviving) in line with
the infections observed previously in colonies that collapsed in winter due to such infes-
tation [20]. The dynamics of nosemosis C in the colony provokes the mean spore count
to fluctuate greatly from the start to the end of the disease in interior bees, and it is not
a reliable measure of a colony’s health when bees are infected with N. ceranae [20]. In
fact, the proportion of foraging bees infected with N. ceranae was the strongest indicator
of the spread of the disease in the colony. In this sense, forager bees are always more
infected than house bees. The more foragers that are infected, the smaller size of the bee
colony. However, percentages of parasitization by N. ceranae in house bees higher than
35%–40% indicate a serious risk for the colony of suffering from nosemosis C, which could
reach collapse [21]. Moreover, as expected, a lower infestation was seen in early spring,
as described in the phases 3 and 4 of the disease [20] and consistent with its evolution
in different seasons [20,22,23]. The fact that the acaricide strips did not change color or
underwent propolization probably reflects a change in honey bee behavior due to N. cer-
anae infection, which could produce a serious risk that the acaricide treatment would lose
efficacy if the V. destructor mites were abundant [23,24]. Indeed, N. ceranae alters various
physiological processes in individual honey bees involving immunomodulation [25–27]
and energetic stress [28,29], inducing early foraging activities [30,31]. These alterations
have a direct impact on the colony [20,21,32], especially in geographical areas with warmer
climates where there is a large concentration of professional beekeeping [33–35], in contrast
to colder climates ([36–39] reviewed in [23]).

Although there was a scattered presence of BQCV and DWV in the samples, their
detection may be a consequence of a side effect of the presence of Varroa mites [18,40–42]
and Nosema spp. [40,41,43,44]. The viral loads were not determined because workers did
not display DWV clinical signs. The latent presence of viruses in Apis mellifera is well
known in the literature, and while showing no signs of disease, they may destroy bee
fitness and health during favorable conditions (e.g., V. destructor infestations). However,
in the case of infection by N. ceranae, it has been demonstrated that these two pathogens
are not acting synergistically [45–48]. Moreover, under laboratory conditions, it has been
observed that the inoculation of DWV does not have an impact on N. ceranae infection. On
the contrary, prior establishment of N. ceranae has a significant negative impact on the load
of DWV [49].

Neonicotinoids and other agrochemicals were not detected in the beebread, consistent
with the fact that honey bees mainly visited wild flora. Nevertheless, the high concen-
trations of tau-fluvalinate and coumaphos detected in beebread samples were assumed
to have a beekeeping origin as these chemicals are registered in Spain to control Varroa
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mite. Moreover, tau-fluvalinate and coumaphos have octanol, water partitioning coeffi-
cient (logKow) > 3 [50,51], indicating high lipophilicity and potential to accumulate in
wax [52,53] and other hive matrices [54], where they may remain relatively stable for long
periods of time [55–57]. Indeed, both of these acaricides are estimated to need 5 years
to completely disappear from bee matrices [58]. Moreover, their concentration in wax
may increase due to the wax recycling processes [55,56], explaining why their residues are
frequently found in wax and beebread worldwide [53,59–61]. If the acaricide residue levels
in beebread reaches toxic levels, the health of the honey bee colony might be compromised.
Thus, a synergetic toxic effect between these acaricides cannot be ruled out. Indeed, acute
contact toxicity of coumaphos increased up to 3- to 4-fold when 4-day-old honey bees were
pretreated with tau-fluvalinate at a dose of 1 or 3 μg/bee, and the contact toxicity of tau-
fluvalinate increased up to 32-fold when the individuals were pretreated with coumaphos
at a dose of 10 μg/bee [62].

In addition, high concentrations of acaricides may have made the honey bee colonies
more sensitive to N. ceranae infection [63]. In this sense, following the toxic unit (TU)
approach and based on acute toxicity, LC50, it has been proposed that Ln (TU) = −6.706
may represent as a preliminary break point regarding the increment of N. ceranae when
assessed in the presence of a mixture of xenobiotics [14]. The mean Ln(TUm) in the
present apiary was −5.95, suggesting that it may have been more vulnerable to N. ceranae
infection [63]. However, Ln(TUm) values were higher in surviving colonies, which also
had lower N. ceranae infection. This may lead to the erroneous conclusion that a high
miticide concentration contributes to colony survival. However, this was not the case
because their viability was compromised in early spring due to the small adult honey bee
population. Thus, while more than 50% of the dead honey bees are expected to be infected
in colonies that collapsed due to nosemosis C in the cold months, this percentage is lower
when colonies collapse later in the year, probably due to an increment in the proportion of
uninfected newborn honey bees [20].

Finally, the unusual climatic conditions of the year of the collapse event may have had
an influence on the strength of the colonies. On one side, the warmer and drier conditions of
this year may have provoked a change in the phenology and physiology of the vegetation
of the zone, with a decrease in the length of the flowering period and, therefore, and
quality of the collected pollen [64], which may indirectly have affected the strength of the
colonies [65,66]. In this direction, the impact of weather conditions on the overwintering
survival of colonies has recently been studied in Pennsylvania for 3 years [67]. Despite the
short database, the authors found adverse effects of both too-cool and too-hot summer on
overwintering colony survival [67]. These results are in line with the ones found in other
countries [67]. In addition, these climatic conditions may have favored the infection with
N. ceranae, whose spores resist high temperatures and desiccation, and they complete their
life cycle more efficiently at high temperatures [68].

4. Material and Methods

4.1. Pathogen Screening

The number of bees present in each sample (around 300 bees) was counted, and the
bees were examined individually to detect the presence of Varroa mites and collect them
by means of sterile tweezers [14]. Each mite detected was analyzed macroscopically to
confirm the species. A honey bee colony was considered 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 in relation to the number of adult bees
in each sample, and it was expressed as the number of Varroa mites/100 bees/sample [69].

The presence of Nosema spp., Trypanosomatids, Neogregarines, and Acarapis woodi
was evaluated in a sample (n = 60) from each colony. The remaining bees were kept frozen
at −80 ◦C.

The presence of different viruses was only analyzed in the surviving colonies sampled
because the viral RNA integrity could not be ensured in the dead colonies.
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The subsample of each colony (n = 60) was macerated in 50% AL buffer (Qiagen
GmbH, Hilden, Germany) before DNA and RNA were extracted, as detailed in [69–71].

Briefly, macerated bees were centrifuged at 3000 rpm for 10 min, and the resulting
pellets were used for DNA extraction, and the supernatants for RNA extraction. Both
the pellets and supernatants were stored at −80 ◦C prior to nucleic acid (DNA or RNA)
extraction. For DNA extraction, the pellets were resuspended in 3 mL MilliQH2O, and
a 400 μL aliquot was transferred to a 96-well plate (Qiagen) with glass beads (2 mm diame-
ter, Merck KGaA, Darmstadt, Germany) using disposable Pasteur pipettes. After overnight
preincubation with proteinase K (20 μL, Qiagen), the samples were then processed as
described previously [71] following the BS96 DNA Tissue extraction protocol in a BioSprint
station (Qiagen). The plates were then stored at −20 ◦C. For RNA extraction, 400 μL of
the supernatant was incubated for 15 min with protease (20 μL, Qiagen) at 70 ◦C, and
the nucleic acids were then extracted as described above (BioSprint 96 DNA in, BioSprint
workstation, Qiagen). The total nucleic acids recovered were then subjected to DNA di-
gestion with DNase I (Qiagen) to completely remove any genomic DNA, and the total
RNA recovered was used immediately to generate firststrand cDNAs using the QuantiTect
Reverse Transcription Kit (Qiagen) according to the manufacturer’s instructions. The
resultant cDNA was used for subsequent virus analysis with no further dilution [70].

Negative and positive controls were run in parallel for each step: bee maceration,
DNA and RNA extraction, and reverse transcription [69].

Published PCR or RT-PCR protocols were considered to screen Nosema apis and
N. ceranae [71], Trypanosomatids and Neogregarines [72,73], Acarapis woodi [74], LSV com-
plex [75], AKI complex [76], DWV, and BQCV [77]. Table S2 includes the primers used.

In addition, the proportion of Nosema spp. infection was determined by PCR on
25 individual worker honey bees from each colony sampled [71].

Test of Varroa Mite Resistance to Acaricides

When possible, mite resistance to acaricides was determined using the respective
marketed products, CheckMite® (a.m.: coumaphos), Apistan® (a.m.: tau-fluvalinate), and
Apitraz® (a.m.: amitraz), according to the protocol described previously [17] with the
following modifications:

1. Inclusion of an additional batch for a 24 h incubation period;
2. Feeding the honey bees with syrup during the incubation periods; and
3. Freezing the honey bees at the end of the incubation period to collect the remaining

Varroa mites (−80 ◦C, 15 min).

The honey bees were kept at 35 ◦C during the test, and after incubation periods,
a control test without treatment was used to determine how the basal conditions affected
Varroa mite mortality.

4.2. Stored Pollen Analysis

Beebread was extracted aseptically from the combs, removing the wax and preparing
a composite sample for each colony. Finally, each pollen sample was divided into two 100 g
aliquots, for chemical and palynological analyses, and stored at −80 ◦C.

A multiresidue chemical analysis of 60 substances was carried out following a method
described elsewhere [59], assessing acaricides (AC), fungicides (FU), herbicides (HB), and
insecticides (IN). In addition, 7 neonicotinoid INs (acetamiprid, clothianidin, dinotefuran,
imidacloprid, nitenpyram, thiacloprid, and thiamethoxam) were measured as described
previously [78].

Based on the results of the multiresidue analysis and the toxicity data reported pre-
viously (Table A2 in [14]), the toxic unit of the mixtures (TUm) was calculated following
an approach given elsewhere [14] to assess the risk of the chemical mixture found in
each hive sampled. Subsequently, the natural logarithm (Ln(TUm)) was estimated for
comparison purposes with [14]. In that work, the possible relationships between TUm and
the prevalence of pathogens were studied by using a factor analysis. The natural logarithm
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of TUm, Ln(TUm), was derived to normalize data. Thus, the higher the value of Ln(TUm),
the higher the toxicity risk.

Finally, the type of foraging flora was confirmed by analyzing beebread samples as
described elsewhere [11,20,21] and estimating the proportion of pollen from wild (WP) and
cultivated (CP) plants. The pollen of the beebread was extracted by diluting 0.5 g in 10 mL
of acidulated water (0.5% sulfuric acid) and centrifuging at 2500 r.p.m. for 15 min. The
pellet was washed with double-distilled water and centrifuged twice. The sediment was
placed onto a glycerine jelly slide and examined microscopically in order to identify the
pollen. The frequency of the pollen grains of each taxon is expressed as a percentage of the
total pollen grains. Between 300 and 1200 pollen grains were counted in each sample.

The pollen grains were identified and classified on the basis of the identification
keys [79,80] and the pollen slide reference collection available at the honey laboratory at
the CIAPA.

4.3. Meteorological Data

A Walter–Leith diagram [81] was developed with historical weather data obtained
from the meteorological station of Brihuega (lat. 40.765, long. −2.874) from the network of
the State Meteorological Agency (AEMET) to compare it with the data for the period of the
study. This weather station is located 9 km far away from the studied areas.

Walter and Leith climate diagrams are brief summaries of average climatic variables
and their time course. They illustrate precipitation and temperature changes throughout
the year in 1 standardized chart. Originally aimed at visualizing those climatic variables
and their dynamics, which are particularly important for vegetation, they have proven
useful for a wide range of sciences. The diagrams were developed with the diagnostic tool
of the Worldwide Bioclimatic Classification System, 1996–2021 [82].

4.4. Statistical Analysis

A 1-tailed Mann–Whitney test (α = 0.05) was used to analyze possible differences
between the dead and surviving colonies in terms of the different experimental parameters
measured (pathogens, % wild pollen in beebread, chemical residues, and TUm). The
analysis was carried out with Statgraphics Centurion 18©.

5. Conclusions

The veterinary inspection and analytical evidence presented here indicate that nose-
mosis C infection was the underlying cause of the colony weakness and collapse of the
professional apiary studied, probably accelerated by the presence of high levels of miticides
and unusual climatic conditions. In conjunction with the unchecked concentrations of
acaricide that accumulated in honey bee hives, N. ceranae infection represents a real danger
in honey bee colony survival. Therefore, in addition to the correct use of veterinary prod-
ucts to control V. destructor, appropriate wax renewal of the combs should be introduced
to develop specific preventive strategies aimed at controlling possible infections from
prevalent pathogens.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10080955/s1, Table S1: Details of calculation of TUm values. Table S2: Primers used
for each pathogen in PCR reactions. Figure S1: Main taxa identified of the pollen grains found in the
beebread samples.
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38. Stevanovic, J.; Simeunovic, P.; Gajić, B.; Lakic, N.; Radovic, D.; Fries, I.; Stanimirovic, Z. Characteristics of Nosema ceranae
infection in Serbian honey bee colonies. Apidologie 2013, 44, 522–536. [CrossRef]

39. Stevanovic, J.; Stanimirovic, Z.; Genersch, E.; Kovacevic, S.; Ljubenkovic, J.; Radakovic, M.; Aleksic, N. Dominance of Nosema
ceranae in honey bees in the Balkan countries in the absence of symptoms of colony collapse disorder. Apidologie 2011, 42, 49–58.
[CrossRef]

40. Dainat, B.; Evans, J.; Chen, Y.P.; Gauthier, L.; Neumann, P. Predictive Markers of Honey Bee Colony Collapse. PLoS ONE 2012, 7,
e32151. [CrossRef]

41. Francis, R.M.; Nielsen, S.L.; Kryger, P. Varroa-Virus Interaction in Collapsing Honey Bee Colonies. PLoS ONE 2013, 8, e57540.
[CrossRef]

42. Mordecai, G.J.; Wilfert, L.; Martin, S.; Jones, I.; Schroeder, D. Diversity in a honey bee pathogen: First report of a third master
variant of the Deformed Wing Virus quasispecies. ISME J. 2015, 10, 1264–1273. [CrossRef] [PubMed]

43. Chen, Y.P.; Siede, R. Honey Bee Viruses. Adv. Virus Res. 2007, 70, 33–80. [CrossRef] [PubMed]
44. Mendoza, Y.; Antúnez, K.; Branchiccela, B.; Anido, M.; Santos, E.; Invernizzi, C. Nosema ceranae and RNA viruses in European

and Africanized honeybee colonies (Apis mellifera) in Uruguay. Apidologie 2013, 45, 224–234. [CrossRef]
45. Costa, C.; Tanner, G.; Lodesani, M.; Maistrello, L.; Neumann, P. Negative correlation between Nosema ceranae spore loads and

deformed wing virus infection levels in adult honey bee workers. J. Invertebr. Pathol. 2011, 108, 224–225. [CrossRef] [PubMed]

141



Pathogens 2021, 10, 955

46. Dussaubat, C.; Brunet, J.-L.; Higes, M.; Colbourne, J.; Lopez, J.; Choi, J.H.; Hernández, R.M.; 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] [PubMed]

47. Hedtke, K.; Jensen, P.; Jensen, A.B.; Genersch, E. Evidence for emerging parasites and pathogens influencing outbreaks of
stress-related diseases like chalkbrood. J. Invertebr. Pathol. 2011, 108, 167–173. [CrossRef] [PubMed]

48. Martin, S.J.; Hardy, J.; Villalobos, E.; Hernández, R.M.; Nikaido, S.; Higes, M. Do the honeybee pathogens N osema ceranae and
deformed wing virus act synergistically? Environ. Microbiol. Rep. 2013, 5, 506–510. [CrossRef]

49. Doublet, V.; Natsopoulou, M.; Zschiesche, L.; Paxton, R. Within-host competition among the honey bees pathogens Nosema
ceranae and Deformed wing virus is asymmetric and to the disadvantage of the virus. J. Invertebr. Pathol. 2015, 124, 31–34.
[CrossRef]

50. Authority, E.F.S. Conclusion on the peer review of the pesticide risk assessment of the active substance tau-fluvalinate. EFSA J.
2010, 8, 1645. [CrossRef]

51. Garten, C.; Trabalka, J.R. Evaluation of models for predicting terrestrial food chain behavior of xenobiotics. Environ. Sci. Technol.
1983, 17, 590–595. [CrossRef]

52. Chauzat, M.-P.; Carpentier, P.; Martel, A.-C.; Bougeard, S.; Cougoule, N.; Porta, P.; Lachaize, J.; Madec, F.; Aubert, M.; Faucon, J.-P.
Influence of pesticide residues on honey bee (Hymenoptera: Apidae) colony health in France. Environ. Ѐntomol. 2009, 38, 514–523.
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Abstract: Honey bees, and pollinators in general, play a major role in the health of ecosystems. There
is a consensus about the steady decrease in pollinator populations, which raises global ecological
concern. Several drivers are implicated in this threat. Among them, honey bee pathogens are
transmitted to other arthropods populations, including wild and managed pollinators. The western
honey bee, Apis mellifera, is quasi-globally spread. This successful species acted as and, in some cases,
became a maintenance host for pathogens. This systematic review collects and summarizes spillover
cases having in common Apis mellifera as the mainteinance host and some of its pathogens. The
reports are grouped by final host species and condition, year, and geographic area of detection and
the co-occurrence in the same host. A total of eighty-one articles in the time frame 1960–2021 were
included. The reported spillover cases cover a wide range of hymenopteran host species, generally
living in close contact with or sharing the same environmental resources as the honey bees. They also
involve non-hymenopteran arthropods, like spiders and roaches, which are either likely or unlikely
to live in close proximity to honey bees. Specific studies should consider host-dependent pathogen
modifications and effects on involved host species. Both the plasticity of bee pathogens and the
ecological consequences of spillover suggest a holistic approach to bee health and the implementation
of a One Health approach.

Keywords: spillover; inter-species transmission; honey bee diseases; pathogens; virus; bacteria;
microsporidia; Nosema; trypanosomatids; wild bees; arthropods; Hymenoptera

1. Introduction

Interspecific transmission may occur from a definite maintenance host (aka “reser-
voir”) to an incidental or non-maintenance species (aka “spillover host”). Spillover cases
are crucial to pathogen dynamics [1,2].

In a single-host scenario, reservoirs are sufficient and pathogen replication does not
need other host species [3]. The basic reproduction number (R0) defines the frequency of
new cases originating from each primary event, where R0 = 1 is the threshold between
declining infections (R0 < 1) and pathogen persistence within the population by intra-
specific transmission (R0 > 1) [4]. When multiple host species are involved, the presence of
new maintenance or incidental hosts may result in an increased pathogen transmission [1].
In this case, R0 >> 0 denotes multi-host pathogen scenarios that may be respectively true
or apparent, depending on the high or low interspecies transmission. When the R0 is
between 0 and 1, the event is called “apparent multi-host pathogen”, while “true multi-host
pathogen” indicates an event in which there are two different maintenance hosts and the
occurrence of interspecies transmission is higher than 1 [5].

Strictly speaking, spillover only occurs when the recipient species is characterized by
R0 ≈ 0 [5]. However, in this review, we follow the use of the term sensu lato, commonly
indicating a multifaceted range of host shift events [2].

Pollinators are crucial to the generation of crops contributing to the human diet [6].
These agroecosystem service is provided by a range of different species, including honey
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bees, wild bees, wasps, hoverflies, and butterflies [7–10]. However, different factors
contribute to a decline of pollinating entomofauna, in terms of population size, biodiversity,
abundance and distribution [11–19].

Pathogens and parasites are deemed drivers of this decline, together with other factors
including pesticides and global warming. Nonetheless, the global picture is certainly
far from complete, since data may misrepresent the actual distribution and gaps remain
in our understanding of both epidemiological features and invasion dynamics of many
pathogens [12,20–25]. Apis mellifera is known to share pathogens with bumblebee species,
including viruses, bacteria, fungi and protozoa [26–34]. After acting as incidental hosts,
western honey bees may become the primary maintenance host, as occurred in the cases
of Nosema ceranae, Crithidia bombi, and Apicystis bombi [35]. Pathogens may also geneti-
cally adapt to a range of new species [12,13,23,30,36], acting as incidental or maintenance
hosts [37–39].

Interspecific transmission to arthropods sharing the same environment as honey
bees may occur orofecally, via direct contact and by pollen contamination [38]. Besides,
infected foragers may contaminate pollen, nectar and floral organs with pathogens [40–44].
Spillover could also involve species not expected to come into direct contact with the bees.
Wasps predating infected bees [45–48] and cannibalizing their carcasses [49–51] are likely
to become contaminated with pathogens.

Honey bees and other insects have natural immune defense systems against bacteria,
protozoa, mites, and viruses. They include antimicrobial peptides like apidaecin, defensin,
abaecin, hymenoptaecin, and lysozyme, which are regulated by the immune pathways Toll,
IMD, JAK/STAT and JNK [52]. Those defenses are challenged by insecticides and other
pesticides used in modern agriculture [53].

Spillover events are difficult to prove. Indeed, viral infection and replication in new
hosts, which may not develop under artificial conditions, can occur in nature [36,54,55]. The
increasing number of reports about honey bee pathogens found in new hosts contributes
to depict a scenario including one reservoir species and multiple spillover events. Indeed,
population studies might elucidate those aspects [56] which, in the specific case of wild
bees, are complicated by the peculiar characteristics of those species [17,57,58]. This makes
spillover routes generally unknown and undetermined [59], albeit each report deserves
further research to illustrate thoroughly their respective epidemiological scenarios.

This systematic review is intended to collect, group, and summarize the spillover
cases sensu lato reported by the literature and involving honey bee pathogens. Other
arthropods were also considered as alternative hosts. The spillover cases are grouped by:
(i) host species, condition and stage, (ii) geographical region and year of the report, and
(iii) co-occurrence in the same host.

2. Results

In total, from 1960 to 2021, 81 studies investigated spillover cases of honey bee
pathogens to wild and/or managed arthropods (Figure 1). Some of the studies con-
sidered more than one species. In detail, they considered the spillover to other bee species
(Supplementary Table S1), other Hymenoptera (Supplementary Table S1) and other arthro-
pods (Supplementary Table S2).
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Figure 1. Cumulative number of spillover studies of honey bee pathogens available in the literature
between 1960 and 2021 involving other bees (A), non-bee Hymenoptera (B), and other arthropods (C).
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As shown in Figure 1A, the first article about spillover of honey bee pathogens to other
bees was published in 1964, but the number of articles on this topic steadily increased from
the year 2020, likely due to the quick development of molecular genetic tools for pathogen
detection. Considering other hymenopteran species, the first detection of spillover cases
dates back to 2008, with a rapid increase of cases in the following years (Figure 1B). The first
spillover case to other arthropods was assessed in 2009, but later the frequency increased,
covering a wide range of species (Figure 1C).

The geographical distribution of spillover studies present in the literature (Figure 2)
shows a high number of studies in both North and South America, Europe and New
Zealand, whereas the reports from other countries were less frequent.

 

Figure 2. Geographical distribution of the honey bee pathogen spillover studies reported in the literature. The number of
published cases is indicated for each country and highlighted by different shades of green.

Figures 3 and 4 summarize the spillover cases for each honey bee pathogen in relation
to arthropods groups. In events encompassing at least 20 spillover cases, DWV was the
most frequently detected (158 cases). BQCV, SBV, IAPV, ABPV, KBV, N. ceranae, SBPV and
LSV resulted implicated with progressively decreasing frequency.

The chord graph (Figure 3) shows all spillover cases described in this review, evaluat-
ing the relationship to the investigated arthropod genus. Additionally, Figure 4 highlights
the reported frequency of honey bee pathogens in the investigated arthropod communities,
to emphazise their plasticity to the host.

Some individuals were found infected with multiple honey bee pathogens (Figure 5).
The highest incidence of coinfections was found in bumblebees, followed by mason bees,
mining bees and the honey bee pest Aethina tumida. A high number of co-infections was
reported for Eucera nigrescens, Osmia bicornis and Osmia cornuta, for which 6 pathogens
were found in the same individuals. Besides, the most abundant coinfecting pathogens
able to co-infect the arthropods hosts were DWV, BQCV, SBV, ABPV and N. ceranae.

148



Pathogens 2021, 10, 1044

Figure 3. Visual schematization of honey bee pathogen spillover to alternative host arthropods reported in the literature.
Different colors denote distinct pathogens or host genera. Legend: ABPV: Acute Bee Paralysis Virus; IAPV: Israeli Acute
Paralysis Virus; BQCV: Black Queen Cell Virus; SBV: Sacbrood Virus; DWV: Deforming Wing Virus; LSV; Lake Sinai Virus;
AmFV: Apis mellifera Filamentous Virus; KBV: Kashmir Bee Virus; SBPV: Slow Bee Paralysis Virus; CBPV: Chronic Bee
Paralysis Virus; VdMLV: Varroa destructor Macula-like Virus.
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Figure 4. Frequency of spillover events involving single honey bee pathogens and the range of
arthropods found infected with them. Different colors denote distinct host groups. Legend: ABPV:
Acute Bee Paralysis Virus; IAPV: Israeli Acute Paralysis Virus; BQCV: Black Queen Cell Virus;
SBV: Sacbrood Virus; DWV: Deforming Wing Virus; LSV; Lake Sinai Virus; AmFV: Apis mellifera
Filamentous Virus; KBV: Kashmir Bee Virus; SBPV: Slow Bee Paralysis Virus; CBPV: Chronic Bee
Paralysis Virus; VdMLV: Varroa destructor Macula-like Virus.

150



Pathogens 2021, 10, 1044

Figure 5. Co-occurrence of honey bee pathogens in individual hosts. These are grouped as bees, beetles, and wasps. Box
size is indicative of the frequency. Legend: ABPV: Acute Bee Paralysis Virus; IAPV: Israeli Acute Paralysis Virus; BQCV:
Black Queen Cell Virus; SBV: Sacbrood Virus; DWV: Deforming Wing Virus; LSV; Lake Sinai Virus; AmFV: Apis mellifera
Filamentous Virus; KBV: Kashmir Bee Virus; SBPV: Slow Bee Paralysis Virus; CBPV: Chronic Bee Paralysis Virus; VdMLV:
Varroa destructor Macula-like Virus.
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3. Discussion

The results of this systematic review highlights that the case history of spillover events
involving honey bee pathogens increased over the past six decades. This is consistent
with the growing interest of the scientific community in understanding the underlying
factors [12,20,22,54]. The higher incidence of spillover cases recorded in Europe, New
Zealand, and the Americas may reflect their advances in research and apiculture compared
to other regions [60–67].

Viruses vectored by V. destructor (DWV, KBV, and IAPV) and quasi-ubiquitous pathogens
(BQCV, SBV and N. ceranae) were among the most frequently reported cases.

Bumblebees, mason bees and leafcutter bees were the species in which the spillover
was studied more intensely, possibly because of their use in crops and fruit pollination.
The fact that some of the surveys were carried out on arthropods ranging freely in the same
environment as the managed honey bees is indicative of a pathogen circulation in their
common environment. Despite honey bee pathogens were detected in other arthropods,
symptoms and other effects on the alternative host populations remain unknown—except
for some publications reporting individual bumblebees with crippled wings and scoring
positive to DWV [68,69].

The importance of investigating the spillover of honey bee pathogens is also indicated
by the discovery of active coinfections in wild hymenopteran individuals. As for the honey
bees [30,70,71], multiple infections were found in wild bees, wasps and Aethina tumida
individuals, which shows the importance of other arthropods as incidental hosts. The
multiple infections that were identified (Figure 5 and Supplementary Table S1) have both
the effect to increase the circulation of pathogens within the arthropod communities, and
to recirculate them to the managed honey bee colonies, so generating damage at individual
and colony levels.

All of these aspects, including their modifications and effects encompass the imple-
mentation of a One Health approach to bee health [72,73]. The health of managed honey
bees is dependent on the health of wild bees and other arthropods, and vice versa. This
approach is essential to provide suitable ecosystems to pollinators and other arthropods
contributing to human livelihoods and environmental health, and for understanding the
eco-immunology to prevent the transmission of pathogens and pests, thereby limiting
damages in managed and wild insect populations [73–75]. Therefore, the circulation/re-
circulation and the possible impact of honey bee pathogens to the arthropod communities
are crucial to build the basis for the One Health approach to the bee health. Here we
provide a brief discussion of each of the honey bee pathogens reported in Supplementary
Tables S1 and S2, in relation to their spillover hosts.

3.1. Viruses
3.1.1. Deformed Wing Virus (DWV)

DWV is a non-enveloped ssRNA (+) virus belonging to Iflavirus genus within the
Picornaviridae family [76]. The DWV is a pathogen including three distinct genomotypes:
A, B and C [77,78].

The DWV is probably the most known, spread, prevalent, and studied honey bee
pathogen, often associated to V. destructor [79]. The DWV can be asymptomatically repli-
cated in V. destructor mites [80].

The impact of DWV on honey bees leads to increased interspecific transmission, reaching
several species of hymenopterans and other arthropods (Supplementary Tables S1 and S2).

The virus was identified not only in species living in close contact with the honey
bees, like A. tumida, G. mellonella, Vespa spp. [39,45,47,81,82], but also in Apis and non-Apis
species that may act as incidental hosts [38,39]. DWV was found in naturally and artificially
infected asymptomatic arthropods [38,39,54,59,79], although some commercial and wild
B. terrestris and B. pascuorum individuals were found with crippled wings [68,69]. Besides,
artificial infection experiments highlighted that DWV reduced the individual lifespan in
some Bombus species [40,83–85] or generate reinfection in the honey bees [38,39,81,82,86].

152



Pathogens 2021, 10, 1044

3.1.2. Kashmir Bee Virus (KBV)

KBV is a non-enveloped ssRNA (+) virus belonging to the Cripavirus genus within the
Dicistroviridae family [28,81,87]. The genome of KBV is strictly related to ABPV (Acute Bee
Paralysis Virus) and IAPV (Israeli Acute Paralysis Virus) [88–90].

Although the virus is considered endemic in America and New Zealand, it has been
rarely reported in other regions, both in honey bees and other arthropods (Supplementary
Tables S1 and S2).

KBV was found in various Hymenoptera species, like Bombus spp. [38,91–93], Eucera spp.,
Anthophora spp., Osmia spp. [38], wasps, hornets [46,91,94,95], and ants [49,91]. It was also
detected in A. tumida [39,81], Galleria melonella, earwigs, roaches and crickets [39,91].

3.1.3. Acute Bee Paralysis Virus (ABPV)

ABPV is a non-enveloped virus and widespread ssRNA (+) virus belonging to Apavirus
genus within the Dicistroviridae family [28,96]. As reported above, ABPV is genetically
linked to KBV and IAPV [88]. ABPV was detected in V. destructor, where is is reported
incapable to replicate [97,98]. ABPV spillover is not recent (Figure 1 and Supplementary
Table S1) as in 1964 various Bombus species were found infected in the United Kingdom [99].
The list of bees in which ABPV was found increases constantly, including many Bombus
species as well as a wide range of other bee species [54,100,101]. In non-bee Hymenoptera,
ABPV was detected in Ancistrocerus auctus, Polistes spp., V. germanica, Scolia flavifrons and
Linepithema humile [49,54,94].

3.1.4. Israeli Acute Paralysis Virus (IAPV)

Israeli acute paralysis virus (IAPV) is a non-enveloped ssRNA (+) virus, belonging
to Apavirus genus within the Dicistroviridae family, whose genome shows high homology
to ABPV and KBV [88,102,103]. The virus has been isolated in Israel, but there are several
known strains [102]. In honey bees, it induces disorientation, shivering wings, crawling,
progressive paralysis and death within or ourside the nest [104].

The IAPV is widespread [102] and spillover cases were studied in a wide range of non-
Apis bee species (Supplementary Table S1). Furthermore, the virus was found in the wasps,
V. germanica and V. vulgaris [38,94] and in the ants, Camponatus spp. and L. humile [39,49].
Outside Hymenoptera, earwigs, spiders, moths, small hive beetles [39], and V. velutina [48]
showed to act as IAPV incidental hosts.

3.1.5. Slow Bee Paralysis Virus (SBPV)

Slow bee paralysis virus (SBPV) is an icosahedral non-enveloped ssRNA(+) virus from
the Iflavirus genus within the Iflaviridae family [105,106]. The infection is responsible for
paralysis of the first and second pairs of legs in roughly 12-day old honey bees and their
sudden death [107,108].

Recently, it was found in wild Bombus spp., E. nigriscens and O. bicornis in Kyrgyzstan,
Germany and Georgia [109], in the United Kingdom [110,111] and Belgium [112]. Further-
more, E. nigriscens and O. bicornis species in Kyrgyzstan, Germany and Georgia scored
positive for SBPV infection [109] (Supplementary Table S1). No further spillover events
have been reported so far in other arthropods.

3.1.6. Chronic Bee Paralysis Virus (CBPV)

Chronic bee paralysis virus (CBPV) is an unclassified enveloped ssRNA (+) virus
carachterized by articulate genome and association to a satellite virus (CBPSV) [113,114].
The infection causes a multifaceted disease encompassing different combinations of symp-
toms evidencing neurotropism like ataxia, incapability to fly, and trembling, as well as
hairlessness and dark colour in the infected bees [114,115].

CBPV is capable to infect other insects. Spillover was reported in the wild in individuals
of B. dalhbomii [92], B. impatiens and B. ruderatus [116], B. pauloensis [117], B. terrestris [92,116],
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X. augusti and X. nigrocinta [117], X. dissimilis [109], H. amplilobus [117] and H. parallelum [109].
Replicative CBPV was found in two ant species, C. vagus and F. rufa also [118].

3.1.7. Sacbrood Virus (SBV)

SBV is a non-enveloped ssRNA (+) virus belonging to Iflavirus genus and Dicistroviridae
family [27,28,119]. It is very common in honey bees, that exhibit symptoms in pre-imaginal
stages coming into contact with the virus during the brood tending [27]. The virus is spread
worldwide and genetic variants were identified in Korea (K-SBV), China (C-SBV), Thailand
(T-SBV), Europe (E-SBV) and New Guinea (G-SBV) [120–124]. SBV was detected in a
wide range of non-Apis bees (Supplementary Table S1) and other hymenopteran species
(Supplementary Table S2) [38,39,54,110,116,125–128]. CBPV was detected in hoverflies,
small hive beetles, spiders and lepidopterans also [39,82,129,130].

3.1.8. Black Queen Cell Virus (BQCV)

BQCV belongs to the Cripavirus genus within Dicistroviridae family. As the other
Dicistroviridae, BQCV is non-enveloped and ssRNA (+) virus [22,131,132].

Despite a high prevalence in adult honey bees [28,97,133–135], symptomatic infections
occur in queen pupae and/or pre-pupae, that decompose in irregular, black cells [133,136].

BQCV is spread worldwideand affects several honey bee species and subspecies, like A. mellifera,
A. cerana indica, A. cerana japonica, A. dorsata and A. florea [137]. The range of possible hosts is very
wide and includes several wild hymenopteran species [37–39,46,54,109,110,125,126,138,139]. Small
hive beetles, hoverflies, roaches, spiders and wax moths scored positive to BQCV also [39,129,130].

3.1.9. Lake Sinai Virus (LSV)

LSV is an ssRNA(+) belonging to the Sinhaliviridae family and Sinaivirus genus, of
which two strains have been identified so far: LSV-1 and LSV-2 [140]. The virus was
discovered in honey bees sampled during a colony transhumance near the Lake Sinai,
South Dakota, USA. LSV was reported as involved in the colony collapse disorder, despite
both pathogenicity and epidemiology have not been clarified yet [70,141].

Cases of LSV spillover have been reported in Andrena spp. [37,127], Bombus spp., [85,112,127],
and species belonging to the families of Halictidae and Megachilidae [127]. LSV has never been
detected outside the Apoidea superfamily so far.

3.1.10. Apis mellifera Filamentous Virus (AmFV)

AmFV is an unclassified dsDNA isolated from honey bees, whose relationship with
the host and epidemiology are poorly studied. Originally, the pathogen was described as a
rickettsia disease, but recently it has been recognized as a virus [142,143]. Severe infections
of adult honey bees are associated to milk white hemolymph as a consequence of the high
virion concentration. The infected bees show signs of weakness and tend to gather at the
hive entrance. Nevertheless, the virus is weakly pathogenic and has low impact on bee
lifespan [143–146].

Few spillover cases have been reported so far. They involved as alternative hosts
Andrena spp. [37], Bombus spp. [147], Osmia spp. [37] and in A. tumida [148] (Supplementary
Table S1).

3.1.11. Varroa destructor Macula-like Virus (VdMLV)

VdMLV is an unclassified ssRNA(+) virus of the Tymoviridae family. The mite V. destructor
is its primary host and the virus was found in the honey bees as a likely result of the trophic
activity of the parasite [149]. Little knowledge is available for this virus. Few spillover cases
have been reported so far about VdMLV (Supplementary Table S1), all of them in the wild.
Those involved B. lapidarius, B. pascuorum and B. pratorum as host species [112].
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3.1.12. Moku Virus

Moku virus is an unclassified ssRNA (+) Iflavirus. The virus was first discovered
in Vespula pensylvanica in Hawaii, but it spread in honey bees too, often associated to
V. destructor [150]. Since its discovery, Moku virus findings increased rapidly until the
detection in a wide range of Hymenoptera species (Supplementary Table S1), that includes
Polistes spp. [91], Vespula spp. [91,95,130,150], V. velutina [151] and L. humile [91]. Besides,
Moku virus was found capable to infect the spiders H. minitabunda and S. capensis [91]
(Supplementary Table S2).

3.2. Fungi
3.2.1. Nosema ceranae

Nosema ceranae is a microsporidium that causes nosemosis type C in western honey
bees [152,153]. It is an intracellular obligate parasite, infecting the ventricular epithelial
cells [154,155]. The effects of N. ceranae infections can be recognized both at individual and
colony levels, impacting the bee lifespan, inducing lethargic behaviour, reducing the pollen
and honey harvest, and causing colony dwindling [156–159].

The main known spillover event occurred when the pathogen jumped from the Asian
honey bee A. ceranae, which is deemed as the original host, to the western honey bee
A. mellifera [152,153].

In addition to A. cerana and A. mellifera, the microsporidium was reported in several
other Hymenoptera (Supplementary Table S1), including A. ventralis, H. truncorum and
Osmia spp. [37], commercial and wild Bombus species [36,37,83,125,147,160–162], stingless
bees, and Polybya spp. [163]. Besides, it was detected in the small hive beetle as well as in
A. tumida [148,164]. Finally, the microsporidium was found in the regurgitated pellets of
the European bee-eater Merops apiaster [165].

3.2.2. Nosema apis

Nosema apis is the classic microsporidium infecting A. mellifera, which is responsible for
the nosemosis Type A [166]. Like the other microsporidians, it is an intracellular obligate
parasite. It causes, in contrast to N. ceranae, severe dysentery that impacts mainly the
colony foragers [166–168]. Presently, its spread is limited to specific ecological niches
as a possible consequence of the competition with the predominant N. ceranae [71,157].
N. apis was detected in commercial B. terrestris colonies [20], but the transmission route
remained unclarified.

3.2.3. Ascosphaera apis

The fungus Ascosphaera apis is a honey bee pathogen responsible for the mycosis
called chalkbrood disease [169,170]. The infection occurs by spore ingestion in bee lar-
vae, especially in those of the fifth instar, that reduces food consumption and prevents
eating [169,170]. The proliferating mycelium invades the larval body, which is transformed
into a chalk-like “mummy”, so the disease name [169,171,172].

Despite the disease is typical to the honey bees, artificial infections showed the
pathogen capability to colonize the intestine of B. terrestris adults and larvae [20].

3.3. Bacteria
3.3.1. Melissococcus plutonius

The bacterium M. plutonius is the Gram-negative coccus representing the etiological
agent of the European foulbrood disease [173,174].

The pathogen is spread worldwide and infects the brood, which dies by under-
nutrition [175,176]. The infected larvae become flaccid and yellowish by 5 days after
infection [173,175,176].

In the United Kingdom, M. plutonius was found to impair the development of
B. terrestris colonies [20].
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3.3.2. Spiroplasma apis

Spiroplasma apis is a small, helical and motile Gram-positive Eubacterium deprived of a
cell wall [177,178]. The bacterium was isolated in France from colonies showing symptoms
of “May disease” [179]. S. apis is lethal to the honey bees when ingested, and the infection
may spread by faecal contamination [179].

Strains of S. apis were isolated and detected in wild specimens belonging to B. atratus [125]
and O. bicornis [37], with unknown effects.

3.3.3. Spiroplasma melliferum

Spiroplasma melliferum is another Eubacterium isolated from the honey bees [180]. The
S. melliferum infection has similar symptoms and transmission route as S. apis, although
less virulent [179,180]. As for S. apis, S. melliferum spillover was observed occasionally
(Supplementary Table S1). This is the case of O. bicornis individuals, that were found
infected in Belgium [37].

3.3.4. Wolbachia spp.

Wolbachia spp. are Gram-negative intracellular bacterial symbionts, which can infect
the cells of both female honey bees and drones [181,182]. Wolbachia spp. impacts the host
reproduction. The vertical transmission via the eggs represents the main transmission
route to persist in honey bee populations [183,184].

During a national survey in the U.S.A. (Supplementary Tables S1 and S2), several arthro-
pods scored positive to Wolbachia spp.: Andrena spp., several Bombus species, Lasioglossum spp.,
Halictus spp., D. sylvestris, V. germanica and V. vulgaris, and two hoverflies [128].

3.4. Trypanosomatidae
3.4.1. Lotmaria passim

Lotmaria passim is a trypanosomatid with a single flagellum, capable to colonize the
digestive tract of A. mellifera [185,186]. The parasite spreads within the colony by fecal
contact, and the transmission occur via the oro-faecal route [187,188]. The infection impacts
the colony by altering behaviour and lifespan of the infected bees [141,189]. L. passim
is spread worldwide. The colonization implied the replacing of the other honey bee
trypanosomatids Crithidia mellificae [190,191].

Besides, L. passim is present in bumblebee species (Supplementary Table S1) namely
th South American B. funebris, B. dalhbomii, B. opifex, B. ruderatus and B. terrestris [92,147].

L. passim was found also in the small hive beetle, A. tumida, as a possible result of the
feeding behaviour of this scavenger [81,148].

3.4.2. Crithidia mellificae

Crithidia mellificae is another trypanosomatid which can replicate in the honey bee
intestine to survive [185,186]. Transmission route and impact on bees are very similar to
the other parasite L. passim [187,188,192]. C. mellificae was almost completely replaced by
L. passim and its infection has been rarely observed [185,193,194].

Despite that, one spillover case was observed in A. tumida, that live in contact with
bee colony debris [81].

3.4.3. Crithidia bombi

Crithidia bombi is a trypanosomatid infecting B. terrestris colonies [195,196]. The infec-
tion occurs during the external activity of the forager bumblebees [197,198] and, back to the
nest, it spreads by fecal contamination to the other workers [199,200]. C. bombi may harm
the bumblebee populations as hibernating queens may reduce the success in founding the
colonies and remarkably lower their fitness [201]. On queen emergence from the diapause,
C. bombi infections grow together with the colony that is being established [200].

C. bombi is transmitted during the foraging activity. The pathogen was detected in the
wild on A. vaga and O. bicornis individuals [37] and in small hive beetles collected from the
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nest of honey bee colonies [148]. Artificial infections showed that C. bombi can replicate in
O. lignaria, M. rotundata and H. ligatus [202,203].

3.5. Neogregarine
Apicystis bombi

Apicystis bombi is a parasite found primarily in bumblebees. It was found to occur
also in honey bees from Europe and North America [204–206]. Upon the ingestion of
the oocytes by the bee, the sporozoites develop and migrate to the fat body, where they
develop, multiply and disrupt the adipose tissue. The infection increases the worker
mortality rate and, due to the fat body disruption, both queen survival to hibernation and
colony foundation success are impaired [84,207,208].

Likely, the infection occurs via contact on contaminated flowers [208]. Indeed, A. bombi
was found in wild species also, namely A. vaga, A. ventralis, H. truncorum, O. bicornis and
O. cornuta [37].

4. Materials and Methods

Protocol and Literature Search

This systematic review was carried out according to the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) protocols [209]. The research question to
be reviewed was: “Which honey bee pathogens may generate spillover to managed and
wild Hymenoptera species and, more in general, to the arthropofauna?”

The search intentionally excluded arthropods living in close contact with the honey
bees that, like V. destructor, are obligate parasites.

The article search was carried out in PubMed, Web of Science, Science Direct, Google
Scholar, and Scopus scientific databases for studies aimed to assess the detection of spillover
cases of honey bee pathogens. Filters were used to select articles published from January
1960 to April 2021. The last search date was 31 May 2021.

The following search strategy was designed and utilized: “Honey Bee Pathogens” OR
“Bumblebee Pathogens” OR “Spillover” OR “Spill-over ” OR “Inter species transmission”
OR “Inter taxa transmission” OR “Host species transmission” OR “Apis mellifera” OR
“Honey Bee Diseases” OR “Honey Bee Virus” OR “Honey Bee Bacteria” OR “Honey
Bee Microsporidia” OR “Honey Bee Protozoa” OR “Managed Bees” OR “Wild Bees” OR
“Commercial Bees” OR “Artificial Infection” OR “Replicative Virus” OR “Bumblebees” OR
“Colony Collapse Disorder” OR “Deformed Wing Virus” OR “Acute Bee Paralysis Virus”
OR “Israeli Acute Paralysis Virus” OR “Black Queen Cell Virus” OR “Sacbrood Virus” OR
“Apis mellifera Filamentous Virus” OR “Kashmir Bee Virus” OR “Slow Bee Paralysis Virus”
OR “Lake Sinai Virus” OR “Varroa destructor” OR “Macula-like Virus” OR “Nosema apis” OR
“Nosema ceranae” OR “Nosema bombi” OR “Spiroplasma” OR “Ascosphaera” OR “Apicystis”
OR “Arthopods” OR “Entomofauna” OR “Hive Hosts” OR “Hive” OR “Free-Ranging
Insect” OR “Bee Interaction” OR “Varroa destructor”. The logical operator “OR” was used
to combine the descriptors.

Studies carried out both in field and laboratory conditions were selected. Besides,
studies that did not assess whether the presence of the honey bee pathogens could be
related to external contamination were not included. The detected active replication of
honey bee viruses was also reported in the Supplementary Materials with an asterisk.

Duplicate studies were excluded. The search and screening for titles, abstracts and
results were carried out independently by the authors, including all articles, letters, notes,
scientific notes and communications aimed to assess a spillover case of honey bee pathogens
and excluding reviews, books, book chapters and theses.

The potentially eligible research articles were read and reviewed independently by
the authors and the data were compared to ensure integrity and reliability.

For each article included in this review, relevant information related to the authors,
publication year, host species, host conditions, host stage, pathogens and prevalence were
extracted. The data from the eligible studies are expressed in the Supplementary Materials
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and Figures. The authors provided a narrative synthesis of the results for each pathogen
capable to generate a spillover case, according to the main characteristics and results related
to the topic addressed.

5. Conclusions

This review shows that, in recent years, the frequency of recorded spillover cases
of honey bee pathogens to other arthropods, including wild bees, has dramatically in-
creased. Certainly, human movements and globalization have fostered the inflow of novel
pathogenic microorganisms, often with detrimental consequences. However, it should also
be considered that the analytical methods currently available give impulse to the research
on bee pathology, increasing the chance to identify interspecific transmission events.

The host plasticity shown by some honey bee pathogens raises ecological concern for
the potential negative consequences on the pollinating entomofauna and ecosystems in
general. Despite the fact that research on these pathogens has significantly improved, we
have limited knowledge of their potential impact on other bees, insects, and arthropods
in general and the cascade of environmental effects. Laboratory studies are not sufficient
to cover this gap, for the intricate interaction of the involved biotic and abiotic factors.
For the same reasons, the exploitation of these pathogens in the control of arthropods
considered as pests (e.g., A. tumida, G. melonella, V. velutina, L. humile) should be considered
with extreme carefulness.

The tight interaction between honey bees and the other environmental components
suggests a holistic approach to the study of bee diseases, including their control. Indeed,
pathogens may survive in alternate hosts, generating spillback events and possibly jeop-
ardizing the efficacy of the treatments. This emphasizes the beekeeper’s responsibility to
maintain healthy colonies to benefit both their production and the environment.

Spillover of honey bee pathogens may have undetected yet important repercussions
on the health and functioning of an ecosystem. Health management of honey bee colonies
is of high importance in this context. Honey bees and the beekeeping industry should,
therefore, undertake an essential role in the One Health concept. This requires the adoption
of dedicated research actions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10081044/s1, Table S1: Bee pathogen spillover and prevalence identified in hy-
menopteran hosts, of which are reported condition, stage, geographical area and year, Table S2: Bee
pathogen spillover and prevalence identified in arthropod hosts, of which are reported condition,
stage, geographical are and year [210–232].
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Abstract: Slovenia has a long tradition of beekeeping and a high density of honeybee colonies,
but less is known about bumblebees and their pathogens. Therefore, a study was conducted to
define the incidence and prevalence of pathogens in bumblebees and to determine whether there
are links between infections in bumblebees and honeybees. In 2017 and 2018, clinically healthy
workers of bumblebees (Bombus spp.) and honeybees (Apis mellifera) were collected on flowers at four
different locations in Slovenia. In addition, bumblebee queens were also collected in 2018. Several
pathogens were detected in the bumblebee workers using PCR and RT-PCR methods: 8.8% on acute
bee paralysis virus (ABPV), 58.5% on black queen cell virus (BQCV), 6.8% on deformed wing virus
(DWV), 24.5% on sacbrood bee virus (SBV), 15.6% on Lake Sinai virus (LSV), 16.3% on Nosema bombi,
8.2% on Nosema ceranae, 15.0% on Apicystis bombi and 17.0% on Crithidia bombi. In bumblebee queens,
only the presence of BQCV, A. bombi and C. bombi was detected with 73.3, 26.3 and 33.3% positive
samples, respectively. This study confirmed that several pathogens are regularly detected in both
bumblebees and honeybees. Further studies on the pathogen transmission routes are required.

Keywords: bumblebees; honeybees; viruses; Nosema spp.; Crithidia bombi; Apicystis bombi; Lotmaria
passim; pathogens transmission

1. Introduction

Honeybees and wild pollinators play an essential role in plant pollination, which is im-
portant for both agricultural production and biodiversity conservation [1,2]. In addition to
the honeybees, the role of wild pollinators is also very important, as they are in many cases
even more effective than honeybees and it is now known that honeybees can complement
but not replace wild pollinators [3]. Evidence of pollinator decline and disappearance is
alarming in many countries around the world [4]. However, the importance of bumblebees
has only been increasingly researched in recent years, when the proportion of publications
on bumblebee conservation began to grow exponentially [5]. In Europe, more than 20% of
bumblebees are threatened with extinction and populations are declining in nearly 50% of
species [4]. Important reasons for the decline of pollinator populations and diversity are
not only habitat degradation and loss mainly due to urbanisation [6], intensive agriculture,
which also involves the use of pesticides [7,8] and climate changes [9,10], but also various
pathogens that affect wild pollinators [5,11–14].

Many diseases occur in both honeybees and wild bees, but less is known about
pathogen transmission routes between them [12,15–17]. The collection of nectar and pollen
by pollinators on flowers allows transmission of pathogens between different pollinator
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species [18–21]. Typically, pathogen transmission occurs from farmed species, such as hon-
eybees and commercial bumblebee farms, to wild species [22–25]. Two main mechanisms
of parasite spread between managed and wild populations are spillover and spillback.
Facilitation also leads to a decline in wild bees, while a high density of managed bees leads
to wild bees being stressed and more susceptible to infection [24], which is also influenced
by adequate food in the environment [26].

The commonly found pathogens in bumblebees are Apicystis bombi (A. bombi), Crithidia
bombi (C. bombi), Nosema bombi (N. bombi), Nosema ceranae (N. ceranae) and several viruses
such a Deformed wing virus (DWV), Acute bee paralysis virus (ABPV), Black queen cell
virus (BQCV), Sacbrood bee virus (SBV) and Lake Sinai virus (LSV) [11,12,27]. Many
of these pathogens primarily or commonly infect honeybees. Infection with C. bombi,
an intestinal trypanosome, can cause behavioural changes and disturbances in flower
colour perception in bumblebees, reducing their ability to forage [28]. C. bombi infection
can also reduce the survival of bumblebee queens in hibernation [29] and their ability
to successfully establish colonies [30]. Lotmaria passim (L. passim) is a highly prevalent
trypanosomatid in honeybees but its pathogenicity/impact on the bumblebee health is
not yet clear [31,32]. Nosema spp. is a microsporidian that is widely distributed among
honeybees and bumblebees. N. bombi has been shown to have negative effects on the
vitality of bumblebees by impairing the ability of queens to form new colonies, affecting
colony size and the vitality of young queens and drones and shortening the life span of
workers and drones [33–35]. N. ceranae is primarily a pathogen of the Asian bee Apis
ceranae and is also found in bumblebee colonies worldwide. As previously confirmed, N.
ceranae can infect bumblebees, affecting their longevity [12,36], but this has not always
been demonstrated [37]. A. bombi is a neogregarine pathogen that is recognised as one
of the causes of bumblebee declines [38]. Experimentally, high virulence on bumblebee
queens has been found in individuals with A. bombi infection [39]. Spillover from farmed
bumblebees to wild bumblebees is suspected due to higher pathogens prevalence around
greenhouses with commercial bumblebees [40].

Several viruses infect honeybees and can cause pathological changes at different
stages. The use of molecular methods in recent studies has confirmed the occurrence
of these honeybee viruses in commercial and wild bumblebees as well [12,14,27]. In
bumblebees, virus replication with some clinical changes has also been recognised [41,42].
Clinical signs of DWV infection have been found in B. terrestris and B. pascuorum [43] and
an association between wing deformities and virus localisation in the bumblebee head
has been confirmed in commercially bred colonies of B. terrestris [44]. By sequencing and
phylogenetic analysis of individual viruses, the same strains of ABPV, BQCV, SBV and
LSV were identified in bumblebees and honeybees, confirming the assumption that viruses
are successfully transmitted between different species [27]. Very little is known about
the impact of bee viruses on bumblebee decline and the occurrence of other, unexplored
viruses in bumblebees [45].

Over 500 different species of wild bees have been found in Slovenia, of which 35 are
bumblebees (Bombus spp.). The trend that wild bee populations are declining has also been
observed in Slovenia [46]. It is extremely important to identify all threatening factors in
order to determine the appropriate protection measures. On the other hand, Slovenia is
a country with a long beekeeping tradition and is home to the Carniolan honeybee (Apis
mellifera carnica), which is protected by law. Slovenia is only 20,271 square kilometres
in size and has a population of about 2 million, but according to the national register of
apiaries there are about 11,000 beekeepers with more than 200,000 honeybee colonies and
the number of honeybee colonies in Slovenia has grown rapidly in recent years (data from
Ministry of agriculture, forestry and food for year 2020). There is a lack of knowledge about
the presence of some pathogens in wild pollinators in Slovenia and about the possible
effects of high honeybee density on wild pollinators.

The aim of this research is to monitor the health status of the bumblebee population
and to compare the prevalence of pathogens in bumblebees with the status of honeybees at
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four different locations in Slovenia. We were also interested in how bumblebees become
infected, whether with transmission from queen to nest, or whether bumblebee workers
become infected when collecting food on flowers. Therefore, the study of prevalence of
some pathogens on bumblebees compared to honeybees was conducted in Slovenia in 2017
and 2018.

2. Results

A total of 147 bumblebees and 8 pooled samples of honeybees from four different
locations in Slovenia and 15 bumblebee queens from two locations were analysed. Overall,
8.8% of bumblebee workers were detected positive on ABPV, 58.5% were positive on BQCV,
6.8% were positive on DWV, 24.5% were positive on SBV, 15.6% were positive on LSV,
16.3% were positive on N. bombi, 8.2% were positive on N. ceranae, 15.0% were positive
on A. bombi and 17.0% were positive on C. bombi (Table 1). For honeybee samples, 62.5%
were positive on ABPV, 100% were positive on BQCV, 12.5% were positive on chronic bee
paralysis virus (CBPV), 25% were positive on DWV, 50% were positive on SBV, 87.5% were
positive on LSV, 87.5% were positive on N. ceranae, 12.5% were positive on A. bombi, 75.0%
were positive on C. bombi and 100% were positive on L. passim. There were no positive
honeybee samples on N. bombi and N. apis (Table 2). In bumblebee queens, the presence of
BQCV, A. bombi and C. bombi was detected with 73.3, 26.7 and 33.3% positive bumblebee
queens, respectively. There were no bumblebee queens positive on CBPV, N. apis and L.
passim (Table 3).

Table 1. Results of laboratory tests, obtained by RT-PCR and PCR methods of bumblebee worker samples at four locations
(Sevno, Lukovica, Naklo and Ljubljana), in two years (2017, 2018) and for different bumblebee species (BT = Bombus
terrestris/lucorum, BL = Bombus lapidarious, BS = Bombus sylvarum, BP = Bombus pascuorum, BHO = Bombus hortorum, BHU =
Bombus humilis). Results are presented as number of positive samples/number of tested samples and % of positive samples
(in bracket) for each pathogen, year, bumblebee species and location of sampling.

ABPV BQCV CBPV DWV SBV LSV
Nosema
ceranae

Nosema
bombi

Nosema
apis

Crithidia
bombi

Apicystis
bombi

Lotmaria
passim

Sevno
2017

BT 1/9
(11.1%)

0/9
(0%)

0/9
(0%)

4/9
(44.4%)

0/9
(0%)

0/9
(0%)

0/9
(0%)

1/9
(11.1%)

0/9
(0%)

1/9
(11.1%)

0/9
(0%)

0/9
(0%)

BL 3/10
(30%)

6/10
(60%)

0/10
(0%)

4/10
(40%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

BP 2/5
(40%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

Sevno
2018

BT 0/10
(0%)

7/10
(70%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

2/10
(20%)

4/10
(40%)

4/10
(40%)

0/10
(0%)

7/10
(70%)

0/10
(0%)

0/10
(0%)

BL 0/10
(0%)

9/10
(90%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

1/10
(10%)

0/10
(0%)

1/10
(10%)

0/10
(0%)

1/10
(10%)

0/10
(0%)

0/10
(0%)

BS 0/10
(0%)

9/10
(90%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

1/10
(10%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

Lukovica
2017

BT 1/5
(20%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

1/5
(20%)

0/5
(0%)

0/5
(0%)

1/5
(20%)

0/5
(0%)

1/5
(20%)

1/5
(20%)

0/5
(0%)

BP 0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

2/5
(40%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

Lukovica
2018

BT 0/5
(0%)

5/5
(100%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

2/5
(40%)

1/5
(20%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

BP 0/10
(0%)

6/10
(60%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

5/10
(50%)

1/10
(10%)

8/10
(80%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

Naklo
2017

BT 2/10
(20%)

6/10
(60%)

0/10
(0%)

0/10
(0%)

8/10
(80%)

2/10
(20%)

1/10
(10%)

2/10
(20%)

0/10
(0%)

0/10
(0%)

2/10
(20%)

0/10
(0%)

BP 0/10
(0%)

2/10
(20%)

0/10
(0%)

1/10
(10%)

8/10
(80%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

1/10
(10%)

1/10
(10%)

0/10
(0%)
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Table 1. Cont.

ABPV BQCV CBPV DWV SBV LSV
Nosema
ceranae

Nosema
bombi

Nosema
apis

Crithidia
bombi

Apicystis
bombi

Lotmaria
passim

Naklo
2018

BS 0/2
(0%)

2/2
(100%)

0/2
(0%)

0/2
(0%)

2/2
(100%)

0/2
(0%)

0/2
(0%)

0/2
(0%)

0/2
(0%)

1/2
(50%)

1/2
(50%)

0/2
(0%)

BP 0/10
(0%)

7/10
(70%)

0/10
(0%)

0/10
(0%)

7/10
(70%)

1/10
(10%)

0/10
(0%)

1/10
(10%)

0/10
(0%)

0/10
(0%)

2/10
(20%)

0/10
(0%)

BHO 2/3
(66.7%)

3/3
(100%)

0/3
(0%)

0/3
(0%)

1/3
(33.3%)

1/3
(33.3%)

0/3
(0%)

1/3
(33.3%)

0/3
(0%)

0/3
(0%)

1/3
(33.3%)

0/3
(0%)

BHU 0/2
(0%)

2/2
(100%)

0/2
(0%)

1/2
(50%)

0/2
(0%)

0/2
(0%)

0/2
(0%)

0/2
(0%)

0/2
(0%)

0/2
(0%)

1/2
(50%)

0/2
(0%)

Ljubljana
2017

BT 0/5
(0%)

2/5
(40%)

0/5
(0%)

0/5
(0%)

1/5
(20%)

1/5
(20%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

1/5
(20%)

0/5
(0%)

0/5
(0%)

BP 0/6
(0%)

4/6
(66.7%)

0/6
(0%)

0/6
(0%)

0/6
(0%)

1/6
(16.7%)

1/6
(16.7%)

0/6
(0%)

0/6
(0%)

1/6
(16.7%)

1/6
(16.7%)

0/6
(0%)

Ljubljana
2018

BT 1/10
(10%)

9/10
(90%)

0/10
(0%)

0/10
(0%)

1/10
(10%)

2/10
(20%)

4/10
(40%)

5/10
(50%)

0/10
(0%)

9/10
(90%)

8/10
(80%)

0/10
(0%)

BP 1/10
(10%)

7/10
(70%)

0/10
(0%)

0/10
(0%)

7/10
(70%)

2/10
(20%)

0/10
(0%)

0/10
(0%)

0/10
(0%)

2/10
(20%)

4/10
(40%)

0/10
(0%)

Table 2. Results of laboratory tests of honeybee worker samples collected in 2017 and 2018 at four locations (Sevno, Lukovica,
Naklo and Ljubljana). Results obtained by RT-PCR and PCR methods are presented as positive (+) or negative (−) sample
for each pathogen tested.

Location and Year
of Sampling

ABPV BQCV CBPV DWV SBV LSV
Nosema
ceranae

Nosema
bombi

Nosema
apis

Crithidia
bombi

Apicystis
bombi

Lotmaria
passim

Sevno 2017 + + − − − − + − − − − +

Sevno 2018 − + − − − + + − − + − +

Lukovica 2017 − + − − − + + − − + − +

Lukovica 2018 − + − − − + + − − − − +

Naklo 2017 + + − − + + − − − + + +

Naklo 2018 + + + + + + + − − + − +

Ljubljana 2017 + + − + + + + − − + − +

Ljubljana 2018 + + − − + + + − − + − +

Table 3. Results of laboratory testing obtained by RT-PCR and PCR methods of 15 bumblebee queens of three species
(BT = Bombus terrestris/lucorum, BL = Bombus lapidarious, BP = Bombus pascuorum), collected in 2018 from two locations
(Sevno n = 10 samples and Ljubljana n = 5 samples). Results are presented as number of positive queen samples/ number
of tested samples and % of positive samples (in bracket) for each pathogen, bumblebee species and location of sampling.

ABPV BQCV CBPV DWV
Nosema
ceranae

Nosema
bombi

Nosema
apis

Crithidia
bombi

Apicystis
bombi

Lotmaria
passim

Sevno BT 0/5
(0%)

5/5
(100%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

2/5
(40%)

2/5
(40%)

0/5
(0%)

BL 0/5
(0%)

3/5
(60%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

1/5
(20%)

2/5
(40%)

0/5
(0%)

Ljubljana BP 0/5
(0%)

3/5
(60%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

0/5
(0%)

2/5
(40%)

0/5
(0%)

0/5
(0%)

Results for bumblebee workers were presented together for samplings in 2017 and
2018 and calculated as a percentage of total positive samples for each location (Figure 1). To
compare the results for different species, results for honeybees were also summed for 2017
and 2018 and calculated as a percentage of positive samples. Results for bumblebee queens
sampled in 2018 were calculated as a percentage of positive samples. Calculated honeybee
and bumblebee queen results were compared to bumblebee worker results (Figure 2).
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Figure 1. Comparison of positive bumblebee samples at four locations (Sevno, Lukovica, Naklo and Ljubljana). Results are
presented together as a percentage of positive samples for samplings in 2017 and 2018 for all tested pathogens (BQCV =
black queen cell virus, ABPV = acute bee paralysis virus, CBPV = chronic bee paralysis virus, DWV = deformed wing virus,
SBV = sacbrood bee virus, LSV = Lake Sinai virus).

Figure 2. Comparison of percentage of positive bumblebee worker, bumblebee queen and honeybee samples. Results for
both years of sampling and for all four locations are presented together for all tested pathogens (BQCV = black queen cell
virus, ABPV = acute bee paralysis virus, CBPV = chronic bee paralysis virus, DWV = deformed wing virus, SBV = sacbrood
bee virus, LSV = Lake Sinai virus).

The results of determining the presence of pathogens in worker bumblebees were also
analysed according to the bumblebee species. Since only three specimens of B. hortorum
and two of B. humilis were collected in this study; these two species were excluded from the
analysis. The results of analysis are shown in Figure 3 as percentage of positive samples for
each pathogen. As no positive samples were determined for CBPV, N. apis and L. passim,
these pathogens are not included.
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Figure 3. Comparison of percentage of positive bumblebee worker samples for each pathogen
(BQCV= black queen cell virus, ABPV= acute bee paralysis virus, DWV= deformed wing virus,
SBV= sacbrood bee virus, LSV= Lake Sinai virus), analysed by bumblebee species (BT = Bombus
terrestris/lucorum, BL = Bombus lapidarious, BS = Bombus sylvarum, BP= Bombus pascuorum).

For all sampled bumblebee workers, the analysis of the number of individual pathogens
confirmed in each bumblebee was done. At the Sevno location, no pathogen was detected
in 10 (18.5%) samples, while one, two, three and four pathogens were detected in 27 (50%),
12 (22.2%), 3 (5.6%) and 2 (3.7%) samples, respectively. At Lukovica location, 4 (16%) of the
bumblebee workers were without pathogens, while one, two, three and four pathogens
were detected in 10 (40%), 9 (36%), 1 (4%) and 1 (4%) sample, respectively. At Naklo location
no pathogen was detected in 2 (5.4%) samples, one, two, three and four pathogens were
detected in 12 (32.4%), 11 (29.7%), 9 (24.3%) and 3 (8.1%) samples, respectively. At Ljubljana
location, no pathogen was detected in 3 (9.7%) samples, one, two, three and four pathogens
were detected in 6 (19.4%), 6 (19.4%), 10 (32.3%) and 4 (12.9%) samples, respectively, while
at this location 1 (3.2%) bumblebee worker was infected with five pathogens and 1 (3.2%)
with six pathogens (Figure 4). All four bumblebee sampling sites are in the same category
in terms of the honeybee colonies density of 11.6–13.5 honeybee colonies per km2 (data
from national register of apiaries for year 2020, Ministry of agriculture, forestry and food).

Figure 4. Results of pathogen prevalence analysis for each bumblebee worker. Numbers 0–6 represent
the number of pathogens detected per sample; results are presented as percentage of samples with
number of pathogens detected.
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3. Discussion

This study is the first comprehensive investigation of the occurrence and prevalence
of various pathogens in bumblebees in Slovenia. Our results also show that bumblebees
can be simultaneously infected with several pathogens and that many of them are shared
with honeybees. In bumblebees, ABPV, BQCV, DWV, SBV and LSV were confirmed, while
no CBPV was detected in healthy bumblebees, as expected, since CBPV is one of the
most pathogenic viruses of adult honeybees [47]. Among the detected viruses, most of
the bumblebees were positive for BQCV (58.5%), followed by SBV (24.5%), LSV (15.6%),
ABPV (8.8%) and DWV (6.8%). The collected 10 honeybees at each of the four locations
were pooled into one pool sample per sampling day, thus eight honeybee samples were
included in this study to prove the presence or absence of the individual pathogen at the
time of collection also among the honeybees. Although precise data on the proportion
of positive individual honeybees were not obtained, the results of these samples serve as
good evidence that the detected pathogen was present locally at the time of samplings and
a comparison with prevalence in bumblebees was possible. Among the honeybee samples,
BQCV (100%) was the most frequently detected virus, followed by LSV (87.5%), ABPV
(62.5%), SBV (50.0%), DWV (25.0%) and CBPV. (12.5%). When comparing these results
with previously published data [48], the most frequently detected virus in honeybees in
Slovenia was also BQCV (83.3%), followed by DWV (70%), ABPV (40%), CBPV (18.3%)
and SBV (8.3%). In data interpretation, it should be noted that this time we collected
clinically healthy specimens of honeybees on flowers, whereas in a previous study we
collected samples from honeybee colonies with some notable pathology, and this is the
main reason for the observed differences in prevalence. The results of this study showed
that CBPV was not detected in any of the bumblebee samples, although this virus is present
and regularly/yearly detected in Slovenia mainly in clinically diseased honeybees. The
same observation for CBPV was also reported by some other authors in their previous
studies [11,13,14].

In addition to viruses, N. ceranae, N. bombi, C. bombi and A. bombi have also been
detected in bumblebee workers, confirming the observation of previous studies [11,29,38].
The highest prevalence was found for C. bombi (17%), followed by N. bombi (16.3%), A.
bombi (15%) and N. ceranae (8.2%), while we could not confirm N. apis and L. passim.
In our experience, L. passim is very common in honeybees in Slovenia, as well as in
some other countries [31,32]. Therefore, we included it in our study to see if it is also
transmitted to bumblebees, but we could not detect it in any bumblebee sample, although
all collected honeybee samples at the same locations were positive. It could be concluded
that bumblebees are not susceptible to infection with L. passim and that various honeybee
pathogens are not present in bumblebees only as a result of contamination on flowers. In
Slovenia, N. apis was not detected in honeybee samples for years, so it was not surprising
that all bumblebee samples were negative. N. ceranae, on the other hand, is frequently
diagnosed in honeybees in Slovenia, which is also evident in this study (7 out of 8 pool
samples were detected positive). Our results show that N. ceranae also infects bumblebees.
Despite the fact, that N. bombi, C. bombi and A. bombi are pathogens, known to infect
bumblebees [11,28,29,38], we found C. bombi and A. bombi also in honeybees.

Comparing the data presented for bumblebee workers, bumblebee queens and hon-
eybee samples, a correlation of the occurrence and prevalence of pathogens between
honeybees and bumblebees can already be evident for individual pathogens (Figure 2).
According to these results and studies by other authors [11–14,24,25,27] there is spillover of
pathogens between managed honeybees and wild bumblebees. We found the bumblebee
pathogens C. bombi (6 positive pool samples out of 8) and A. bombi (1 positive pool sample
out of 8) also in honeybees. This suggests that the spillback effect is probably also present,
mainly due to the high density of honeybee colonies/apiaries in Slovenia, which was more
than 10 colonies per km2 in 2020, according to the national register of apiaries.

The results are also analysed by bumblebee species. In the Figure 3 same differences
between species are evident, but we cannot say that there is one species of bumblebee
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that is more or less healthy, since there are several pathogens present in each species. The
different number of samples for each species must be taken into account. Since we had
only three and two samples of B. hortorum and B. humilis, respectively, these two species
were excluded from the analysis. It is obvious, that in species with a higher number of
examined samples (B. terrestis/lucorum and B. pascuorum) more pathogens were detected, as
the probability of collecting infected specimen is higher. Despite a few differences between
species, there are no significant results, except for a slightly higher percentage of positive B.
pascuorum samples in the SBV, for which we do not know the reason. However, it may be
useful to examine B. pascuorum nests for the presence of clinical signs of SBV in the future.

To monitor the health status of the bumblebee population in Slovenia, the results were
analysed and interpreted according to the number of pathogens detected in each bumblebee.
Between zero and four pathogens were detected in most of bumblebee samples, while at
the location of Ljubljana one bumblebee was identified with five pathogens and another
with six pathogens. The presented data on prevalence analysis for each bumblebee worker
sample (Figure 5) showed important differences between four locations, the least pathogens
in individual bumblebees were found at the location Sevno, followed by Lukovica, Naklo
and the most at the location Ljubljana. We do not know the real reason for this result,
as the locations do not differ significantly in terms of honeybee colony density, perhaps
the proximity of urban area (Ljubljana is the capital of Slovenia) is more stressful for
bumblebees.

Figure 5. Four locations (Sevno, Lukovica, Naklo and Ljubljana) on the map of Slovenia where
samples were collected in 2017 and 2018.

In our previously published research study based on a molecular epidemiological
approach and phylogenetic comparison of detected ABPV, BQCV, SBV and LSV in different
species, we confirmed that several viruses are undoubtedly transmitted between bees
and bumblebees [27]. To identify the possible ways of transmitting pathogens between
different species, 15 bumblebee queens were sampled in April of the second year of the
study and included in the comparison. Since bumblebee queens are the only ones that
overwinter and form a new colony during the season, these samples were tested for ABPV,
BQCV, CBPV, DWV, N. bombi, N. ceranae, N. apis, A. bombi, C. bombi and L. passim for the
first time. Only the presence of BQCV, A. bombi and C. bombi was detected in queens.
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Regarding this observation, it seems that Nosema spp. and some viruses are not transmitted
by queens, indicating the possibility of infection of bumblebee workers by indirect contacts
on flowers. If pathogens are transmitted between different species in this way, they may
also be transmitted among honeybees, especially if there is a high density of honeybee
colonies in areas with a rich honey flow. When diseases spread among managed bees,
pathogens multiply more easily and are transmitted even more to wild pollinators [25].
This also adds a new dimension to the health of honeybees and other pollinators that
should be considered by beekeepers and policy-makers. Even more, effects in the nature
are so closely related that we cannot separate the care of honeybees from the conservation
of wild pollinators. However, further studies are needed to confirm the possibility of
disease transmission between honeybees and various pollinators during their pollination
activities.

4. Materials and Methods

In August 2017 and August 2018, a total of 147 clinically healthy bumblebee workers
of different species: Bombus terrestis/ lucorum, B. lapidarious, B. sylvarum, B. pascuorum, B.
hortorum and B. humilis (Table 4) were individually collected on flowers in nature. Sampling
was carried out at four different locations in Slovenia (Figure 5): 24 and 30 bumblebees
were collected in Sevno in 2017 and 2018, 10 and 15 in Lukovica, 20 and 17 in Naklo and
11 and 20 in Ljubljana, respectively. At the same locations (Sevno, Lukovica, Naklo and
Ljubljana) on the day of bumblebee sampling, also 10 clinically healthy honeybee workers
(Apis mellifera carnica) were collected on flowers, for a total of 80 clinically healthy honeybee
workers. In April 2018, also 15 clinically healthy bumblebee queens were collected on the
same way as bumblebee workers on flowers, 10 samples at the Sevno site (5 samples of
B. terrestris/lucorum and 5 samples of B. lapidarious) and 5 samples of B. pascuorum at the
Ljubljana site. All samples were frozen and stored at minus 60 ◦C until use.

Table 4. Number of tested bumblebee workers of six different species collected in Slovenia in 2017
and 2018.

Species/Year 2017 2018 Total

Bombus terrestris/lucorum 29 25 54

Bombus lapidarious 10 10 20

Bombus sylvarum 0 12 12

Bombus pascuorum 26 30 56

Bombus hortorum 0 3 3

Bombus humilis 0 2 2

All collected samples of Bombus spp. 65 82 147

In the laboratory, each bumblebee was placed in an Ultra-Turrax DT-20 tube (IKA,
Germany) and 3 mL of RPMI 1640 medium was added. Clinically healthy honeybees
collected on the same day at each location were pooled (10 bees from the same location and
at the same time of sampling in one pool) and in laboratory 5 mL of RPMI 1640 medium
(Gibco, UK) was added to each sample. The samples were homogenised, and 1 mL of
the suspension was taken for isolation of DNA before centrifugation. The remainder
was centrifuged at 2500× g for 5 min. Total RNA was isolated from each sample using
the QIAamp viral RNA mini kit (Qiagen, Germany) according to the manufacturer’s
instructions.

DNA was isolated using a commercial isolation kit (Institute of Metagenomics and
Microbial Technologies-IMMT, Slovenia). Briefly, 1 mL of the mixture was added to a 2-mL
tube containing ≤106-μm-diameter glass beads (Sigma-Aldrich, St. Louis, MI, USA) and
centrifuged at 10,000× g for 5 min. The pellet was resuspended in 392 μL of lysis buffer
and 8 μL of proteinase K (Sigma-Aldrich, St. Louis, MI, USA). This was followed by bead
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beating on a MagNALyser device (Roche, Basel, Switzerland), at 6400 rpm for 60 s and
incubation at 56 ◦C for 15 min. Bead beating and incubation were repeated three times and
twice, respectively. The rest of the isolation was performed according to the manufacturer’s
protocol.

The RNA of six honeybee viruses in bumblebee workers: ABPV, BQCV, CBPV, DWV,
SBV and LSV was detected by specific reverse transcription and polymerase chain reaction
method (RT-PCR) as previously described [27,48]. Results were considered positive based
on the size of the RT-PCR products in the agarose gel when the expected product size was
present (ABPV 452 nt, BQCV 770 nt, CBPV 570 nt, DWV 504 nt, SBV 814 nt and LSV 603 nt).
Isolated RNA from bumblebee queens was tested for ABPV, BQCV, CBPV and DWV as
described above.

Isolated DNA from each bumblebee worker and queen was used to detect N. bombi,
N. ceranae, N. apis, A.s bombi, C. bombi and L. passim. Polymerase chain reactions (PCR)
and real-time polymerase chain reaction (qPCR) were performed according to previously
published protocols [49–51].

5. Conclusions

In 147 bumblebees tested, the prevalence of ABPV, BQCV, DWV, SBV, LSV and N.
ceranae, N. bombi, C. bombi and A. bombi was detected for the first time in Slovenia, while
honeybees sampled at the same time and locations were positive for ABPV, BQCV, CBPV,
DWV, SBV, LSV, N. ceranae, C. bombi, A. bombi and L. passim. In bumblebee queens, only
BQCV, C. bombi and A. bombi were diagnosed.

The study raised some new questions regarding the transmission of pathogens be-
tween honeybees and bumblebees. However, it must be kept in mind that many factors
can have an impact on surviving pollinators, including the transmission of pathogens
from managed bees to wild pollinators. The evident spillover is why we need to put more
attention also in good care of managed bees in order to preserve wild bees.
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Abstract: To determine the presence and the prevalence of four different honeybee viruses (acute bee
paralysis virus—ABPV, black queen cell virus—BQCV, chronic bee paralysis virus—CBPV, deformed
wing virus—DWV) in wild bumblebees, pooled randomly selected bumblebee samples were collected
from twenty-seven different locations in the territory of Croatia. All samples were prepared and
examined using the RT-PCR methods for quantification of mentioned honeybee viruses. Determined
prevalence (%) of identified positive viruses were in the following decreasing order: BQCV > DWV
> ABPV, CBPV. Additionally, direct sequencing of samples positive for BQCV (n = 24) and DWV
(n = 2) was performed, as well as a test of molecular phylogeny comparison with those available in
GenBank. Selected positive field viruses’ strains showed 95.7 to 100% (BQCV) and 98.09% (DWV)
nucleotide identity with previously detected and deposited honeybee virus strains in the geographic
areas in Croatia and neighboring Slovenia. In this article, the first detection of four honeybee viruses
with genetic characterization of high diversity strains circulating in wild bumblebees in Croatia
is presented.

Keywords: Bombus spp.; honeybee viruses; deformed wing virus; black queen cell virus; acute bee
paralysis virus; chronic bee paralysis virus; genetic characterization; sequencing; transmission routes

1. Introduction

Requirements for food production and agricultural intensification are resulting in a
growing demand for insect pollination services [1]. Bumblebees (Bombus spp.) are vital
and important insect pollinators to both the agricultural crops and wild plants in natural
ecosystems, worldwide [2]. Their commercial rearing has boosted the economic importance
of this insect in crop pollination [3]. Free-living bumblebee colonies are integral pollinators
within native plant communities throughout temperate ecosystems. Adult bumblebees’
robust size, long tongues, and buzz-pollination behavior result in their great pollination
effectiveness. Therefore, they are indispensable, particularly for some plant species.

The decline in the number of insects pollinators is determined by various factors, such
as climatic niche changes combined with reductions in natural food availability, the lack of
the nesting materials, landscape alteration, agricultural intensification, and the spread of
pathogens [4,5]. Reports of pollinator numbers declining due to the increased mortality in
recent years are alarming on a global level [5–7].

Currently, pollinators are facing increased vulnerability to infectious diseases and
other negative environmental stressors, such as harmful pesticides [8]. A reported decline
in the abundance and diversity of beneficial insect pollinators can be caused by virus
infections. The wild bumblebee population is also under the threat of viral infections [9].
Viruses are spilling over from managed and imported honeybees to free-living insect
pollinators, including bumblebees [10,11]. Consequently, there is the possibility of disease
occurrence after direct transmission through shared contaminated floral resources or
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facilitated by changes in host immune status and susceptibility [1]. Moreover, recently,
genetically identical strains of deformed wing virus (DWV) were detected in honeybee
colonies (Apis mellifera) and in Varroa destructor, their obligate parasitic mite, making it a
vector of this virus disease [10,12].

The importation and deployment of managed honeybee and bumblebee colonies
may be a source of pathogen introductions in new geographical areas or alterations in
the dynamics of native parasites and causative agents of secondary diseases, e.g., viruses,
that ultimately increase disease prevalence in wild bees [1]. Insect pollinator decline
has become a worldwide issue [4,5], causing increased concerns over effects on global
food production [5], the stability of pollination services [13], and the disruption of the
plant–pollinator link [14].

It is known that RNA honeybee viruses, due to their short generation of life and high
mutation rates, have already crossed species barriers and have successfully infected a wide
range of new insect hosts, such as free-living wild bees—solitary bees and bumblebees,
wasps, hoverflies, and ants [9,15].

In recent years, there have been several reports of bumblebees infected with viral
honeybee pathogens: DWV, black queen cell virus (BQCV), Israeli acute paralysis virus
(IAPV), chronic bee paralysis virus (CBPV), Kashmir bee virus (KBV), and Sacbrood bee
virus (SBV) [10,15,16]. In Croatia, the prevalence and regional distribution patterns of seven
different honeybee viruses was studied, and simultaneous infection of adult honeybee
samples with two to four different viruses was identified [17,18].

The aim of this research was to determine the presence and quantification of different
honeybee viruses (ABPV, CBPV, BQCV, and DWV) in wild bumblebee samples originating
from 27 geographically different locations. This is the first record of molecular viral
examinations, as well as important new phylogenetic comparison information for endemic
honeybee virus strains circulating in bumblebees in the territory of Croatia.

2. Results

Collected samples of bumblebees, originating from different locations in Croatia, were
found positive with prevalence for ABPV (3.70%), BQCV (88.89%), CBPV (3.70%), and
DWV (37.40%) (Figure 1).

Figure 1. The determined prevalence (%) of the 27 tested bumblebee samples for the presence of four
different honeybee viruses (ABPV, BQCV, CBPV, and DWV).

The obtained Ct value for one ABPV-positive sample was 35.04, corresponding to
9.082 × 102 copy number/5 μL. Altogether, BQCV was detected in 24 out of 27 samples,
with Ct values from the lowest 17.24 to the highest 29.71 (corresponding to copy num-
ber/5 μL from 1.251 × 104 to 1.224 × 108). One bumblebee sample was detected as
CBPV-positive with Ct value 41.00. The detected Ct values for ten DWV-positive samples
varied from 27.38 to 41.84 with copy number/5 μL from 6.33 to 6.392 × 104 (Table 1).
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Table 1. The determined copy number in 27 tested bumblebee samples by real-time RT-PCR assay for the detection of ABPV,
BQCV, CBPV, and DWV, collected from 27 different geographical locations in Croatia.

Sample Number
Name

of Sample
ABPV Copy

Number/5 μL
BQCV Copy
Number/5 μL

CBPV Copy
Number/5 μL

DWV Copy
Number/5 μL

Number of
Viruses

1 Bombus-Zac/2018 9.082 × 102 1.251 × 104 0 0 2

2 Bombus-Kri/2018 0 4.415 × 106 0 0 1

3 Bombus-Pas/2018 0 0 0 0 0

4 Bombus-Uglj/2018 0 0 0 1.739 × 102 1

5 Bombus-Bnm/18 0 0 0 1.257 × 104 1

6 Bombus-Mak/2018 0 9.160 × 107 0 1.260 × 104 2

7 Bombus-Mar/2018 0 2.198 × 106 0 0 1

8 Bombus-Kra/2018 0 4.212 × 106 0 0 1

9 Bombus-Var/2018 0 3.511 × 106 0 0 1

10 Bombus-Ses/2018 0 18.09 × 107 0 6.234 × 10 2

11 Bombus-Zel/2018 0 25.83 × 105 0 0 1

12 Bombus-Kop/2018 0 2.257 × 105 0 0 1

13 Bombus-Zab/2018 0 1.678 × 106 0 0 1

14 Bombus-Dur/2018 0 2.777 × 106 0 0 1

15 Bombus-Ora/2018 0 4.400 × 105 0 0 1

16 Bombus-Bje/2018 0 1.042 × 106 0 0 1

17 Bombus-Dug/2018 0 2.131 × 105 0 0 1

18 Bombus-Jad/2018 0 3.200 × 107 0 3.351 × 10 2

19 Bombus-Rov/2018 0 1.588 × 105 0 0 1

20 Bombus-Krk/2018 0 8.975 × 103 0 3.08 2

21 Bombus-Dub/2018 0 1.656 × 105 6.33 0 2

22 Bombus-Sib/2018 0 1.110 × 106 0 6.392 × 104 2

23 Bombus-Vet/2018 0 7.72 × 105 0 1.285 × 102 2

24 Bombus-Zag/2018 0 1.309 × 105 0 0 1

25 Bombus-Gos/2018 0 1.348 × 105 0 3.741 × 102 2

26 Bombus-Mur/2018 0 1.360 × 105 0 0 1

27 Bombus-Nez/2018 0 1.224 × 108 0 1.140 × 103 2

For 24 BQCV-positive bumblebee samples, the 653 nucleotide long sequences were
successfully determined and compared with those available in GenBank. High genetic
diversity among 24 Croatian sequenced BQCV-positive samples in bumblebee were iden-
tified, with 95.7 to 100% nucleotide identity to each other. The majority of the identified
BQCV strains were closely related with BQCV stains from Slovenia. Strain BQCV Bombus-
Gos/2018 (MW488258) has 100% nucleotide identity with bumblebee strain BQCV Bombus
BT23/2017 (MH900014) and honeybee isolate 279/2017 (MH899977), both detected in the
neighboring country of Slovenia. A group of 17 closely related BQCV-positive samples,
located on the same branch of phylogenetic tree, were collected throughout the terri-
tory of Croatia, and have from 98.47 to 100% nucleotide identity with isolate 281/2017
(MH899979), detected in Slovenia. The BQCV strain Bombus-Var/2018 (MW488242) has
99.54% nucleotide identities with isolate BQCV 637/2009 (MH899994) detected in Slove-
nia and 98.82% nucleotide identity with strain Sydney ((MF623171) detected in Australia.
Strain Bombus-Vet/2018 (MW488256) has 99.69% nucleotide identity with strain 287-1/2007
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(MH899983), while with the strain Bombus-Mak/2018 (MW488239) has 99.08% identity. De-
tected strain Bombus-Kri/2018 (MW488238) collected in Križevci showed 100% nucleotide
identity with Slovenian honeybee strain 1/2008 (MH899946). Strain Bombus-Ses/2018
(MW488243) and Bombus-Nez/2018 (MW488260) have 99.39% nucleotide identities with
isolate 1956/2009 (MH899996) identified in Slovenia in 2009 in clinically affected honeybee
samples (Figure 2).

Figure 2. The BQCV tree was constructed from 653 nt long sequences of capsid protein gene
(between nt positions 7774 and 8426; numbering according to BQCV isolate Sydney, MF623171)
for 24 Croatian and 56 DWV isolates from GenBank. BQCV bumblebee samples from Croatia (•)
and BQCV bumblebee positive samples from Genbank (O) are marked on the phylogenetic tree.
The maximum likelihood phylogenetic tree with the Tamura 3-parameter substitution model with
Gamma distribution. Statistical support for the tree was evaluated by bootstrapping, based on 1000
repetitions. Bootstrap values lower than 70 are not shown.
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For 2 samples out of 10 DWV-positive bumblebee samples, the 471 nucleotide long
sequences were successfully determined and compared with those available in GenBank.
A DWV-positive sample Bombus-Mir/2018 (MW488261) was collected in 2018 in Zagreb
and has 98.09% nucleotide identity with the closely related strains YU4 (JF346630) and YU5
(JF346631) in GenBank, collected in 1988 near Turopoljski Lug, which is located about 50 km
from Zagreb city. The second DWV-positive sample Bombus-Nik/2018 (MW488262) was
collected near Šibenik and has 98.09% nucleotide identity with strain SLO/BM199/2013,
detected in A. mellifera in 2013 in Slovenia, while with DWV strain MeDWV1 (MW222481)
and DWV strain Maryland/2015/422 (MG831202), both from the USA, it shares from 97.45
to 97.66% nucleotide identity (Figure 3).

Figure 3. The DWV tree was constructed for two Croatian and 33 DWV isolates from GenBank from
471 nt long sequences of L protein gene (between nt positions 1357 and 1827; numbering according
to isolate Austria 1414, KU847397). The two DWV bumblebee samples from Croatia determined in
this study are marked (•) on the phylogenetic tree. The maximum likelihood phylogenetic tree with
the Tamura 3-parameter substitution model with Gamma distribution. Statistical support for the
tree was evaluated by bootstrapping, based on 1000 repetitions. Bootstrap values lower than 70 are
not shown.
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Genetically closely related strains, previously detected in the same geographic region
among honeybees, were also detected in randomly selected bumblebee samples in Croa-
tia. Twenty-six determined sequences from this study were deposited in GenBank with
accession numbers MW488237-MW488262.

3. Discussion

This study is the first attempt to constitute an epidemiological baseline regarding
the geographical distribution patterns and prevalence of four honeybee viruses in wild
bumblebee samples across the territory of Croatia. Results showed that a higher prevalence
of BQCV and DWV was determined in tested wild bumblebee samples collected in the
continental part of country where the honeybee colonies’ density is higher, in comparison
with locations at the Adriatic coast and on islands. In particular, high BQCV prevalence
was determined at all locations, except in samples originating from the Dalmatian islands
of Ugljan and Pašman. Similar results were presented by Alger et al. (2019) and Toplak et al.
(2020), which provided support to the observations that honeybee viruses are probably
spilling over from managed honeybee colonies to wild bumblebees through visits to the
same floral sources [10,11].

Since the current study does not include bumblebee species differentiation, we are not
able to discuss possible differences in the species-specific vulnerability of bumblebees to
tested honeybee viruses. However, according to Toplak et al. (2020) the different species
of bumblebees tested in two consecutive years showed high variability in prevalence for
different viruses and species. In addition, their results showed high variability for different
species of bumblebees in a short period in the same geographic area [11]. Nevertheless, in
our study, the important first data were obtained regarding the prevalence of four honeybee
viruses on bumblebees from our region.

This research confirmed that genetically identical or closely related honeybee strains
of BQCV and DWV were also identified among tested bumblebees, collected from the same
location (geographic area). The high genetic identity with previously determined Slovenian
BQCV and DWV strains is not surprising because of the neighboring area and historically
long tradition of honeybee pasturing during spring and summer time. Furthermore, those
two countries have a good beekeeper connection via trade. The identification of a group of
17 genetically closely related BQCV-positive samples, which were collected throughout
territory of Croatia, is probably the result of recent years’ transmission events. The opposite
observation with the identification of relatively high diversity of BQCV strains among
bumblebees is the result of the persistence of this virus for a long period in the population
and was like that observed in a previous study in Slovenia [10]. Although honeybee
positive samples from Croatia were not included in this study, the genetically very similar
strains of BQCV and DWV than identified in bumblebees could be expected in honeybees
from the same territory. This was confirmed with the identification of DWV-positive sample
Bombus-Mir/2018 (MW488261), which has 98.09% nucleotide identity with the two closely
related DWV strains YU4 (JF346630) and YU5 (JF346631), collected more than 30 years ago
in Croatia, both DWV-positive samples were collected in A. mellifera, from a location near
Zagreb city [19].

Interestingly, ABPV and CBPV were detected only in one sample from one location
each, with a very low viral load copy number. Due to low positive samples of both ABPV
and CBPV, the sequencing and phylogenetic analyses were not possible in this study.
In contrast, ten examined bumblebees’ samples were DWV-positive (37.40%), which is
significantly higher infection prevalence than results presented in previously published
studies, where the range was 2.70 to 11% positive bumblebees’ samples [9–11,15]. However,
general observation for both BQCV- and DWV-positive samples showed that low copy
numbers were identified in each pool of five bumblebees’ positive sample, suggesting that
these viruses are present in bumblebees, but they may have limited impact on bumblebee
pathology. Tehel et al. (2020) reported higher viral titers of BQCV, DWV genotype A, and
DWV genotype B in bumblebees after experimental inoculation of a pathogen by injection
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in comparison with oral inoculation [20]. Namely, among more than 30 honeybee-infecting
known viruses [21,22], three are characterized by specific clinical symptoms: CBPV, DWV,
and SBV [23]. BQCV and ABPV with its belonging complex can show alterations in the
morphology of developmental stages of honeybees and adults’ behavior. Furthermore,
some can be present as inapparent or subclinical infections [24].

It is not yet completely ascertained if field viruses’ strains are able to cause clinical
manifestation in bumblebees. It is also not clear which environmental stressors are promot-
ing factors for converting an asymptomatic infection into symptomatic and overt. In this
study, all collected bumblebees were without visible morphological or behavioral changes,
so they were considered clinically healthy. Although the virus presence could also be
detected in individual bumblebee tissues or organs, this approach was not applied in our
study and was assessed firstly to define the prevalence and diversity of four tested viruses.
However, for further research it would be good to use individual bumblebee tissues for the
estimation of individual virus tropism for specific tissue and for evaluating the possible
effects that those viruses may have on their bumblebee hosts. In addition, according to
Manley et al. (2019), honeybee parasitic mite V. destructor drives DWV prevalence and titer
in honeybees and wild bumblebees [25]. Similarly, experimental injections of DWV under
laboratory conditions or natural direct inoculation through V. destructor host feeding into
insect body haemocoel causes an increase in prevalence and virulence in honeybees [26,27].

In our study, BQCV-positive samples were determined in very high prevalence (24 pos-
itive samples/27 total number of samples), which is contrary to the published findings of
Dolezal et al. (2016), where same virus was detected extremely rarely in wild bees [28].
However, a recent publication from Slovenia, with the identification of genetically identical
strains of ABPV, BQCV, SBV, and Lake Sinai virus (LSV) supports the observation of our
study, that identical strains are present in honeybees and bumblebees [10]. Previously
published data from Croatian honeybee samples originating from 82 apiaries located in
20 different districts showed a wide spread of honeybee viruses, with 9.75% of CBPV-
positive samples, while ABPV, BQCV, and DWV were found in 10.97%, 40.24%, and 95.12%
of tested apiaries, respectively [17]. Simultaneous infections with a maximum of two
different viruses were detected in 10 (37.03%) of 27 bumblebee samples, and this was lower
than the previously observed 64.6% of multiple infections among tested honeybees in
Croatia [18].

4. Materials and Methods

4.1. Field Sampling

To determine the presence and the prevalence of four different honeybee viruses
(ABPV, BQCV, CBPV, and DWV) in wild bumblebees (Bombus terrestris, Bombus lapidarius,
Bombus pascuorum), 27 randomly selected bumblebee samples were collected from a total of
27 sampling locations from the territory of Croatia (Figure 4). Sampling was conducted
during July and August 2018. At each site, five clinically healthy bumblebees were taken
from flowers, representing one pool sample from each location. Each sample was marked
with the number of the sampling location. Collected samples of bumblebees were stored
under –70 ◦C until the start of molecular analyses.

4.2. Molecular Analyses in Laboratory Conditions

For RNA extraction purposes, each pooled sample consisting of five bumblebees’
specimens was placed into Ultra-Turrax DT-20 tubes (IKA, Königswinter, Germany) with
five mL of RPMI 1640 medium (Gibco, Paisley, UK) and incubated at room temperature
for 30 min. Then, prepared samples were homogenized and centrifuged for 15 min at
2500× g. Two milliliters of supernatant were stored from each sample as a suspension for
further extraction.
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Figure 4. Sampling location sites (sample number) where a total of 27 samples of healthy bumblebees was collected during
July and August 2018. The sample numbers represent different locations on the map of Croatian territory corresponding to
the names of those locations, as indicated in accompanying table.

Primers, TaqMan probes, and quantification standards for ABPV [29], BQCV [30],
CBPV [31], and DWV [32] were set with reagents according to previously published protocol.

Briefly, the total RNA was extracted from 140 μL of suspension from each sample by
the QIAamp viral RNA mini-kit (Qiagen, Hilden, Germany) and recovered from a spin
column in 60 μL of elution buffer. Reverse transcription with RT-qPCR assay was made in a
single step using QuantiNova Pathogen + IC Kit (Qiagen, Hilden, Germany). The RT-qPCR
mix consisted of 5 μL QuantiNova Master Mix, 2 μL 10× Internal (inhibition) Control (IC)
Probe Assay, 1 μL IC (1:100), 4.5 μL deionized water, 1 μL forward primer (200 nM), 1 μL
reverse primer (200 nM), and 0.5 μL probe (100 nM) and 5 μL of extracted RNA with a
total of 20 μL final volume. Thermal cycling was performed on Mx3005P thermocycler
(Stratagene, La Jolla, CA, USA) with the following conditions: 20 min 50 ◦C, 2 min 95 ◦C,
followed by 45 cycles of 15 s 95 ◦C, 30 s 60 ◦C, and 30 s 60 ◦C. In each run, the positive
control was included, prepared as a mixed suspension of previously determined positive
field samples of four different viruses (ABPV, BQCV, CBPV, and DWV). The negative
control was prepared and used in the same way as the positive, while each negative control
consisted only of 160 μL of RPMI 1640 medium (Gibco, Paisely, UK) in aliquot.
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4.3. Data Processing, Statistical Analysis, and Reporting

The known copy number of the standard for each virus, with 10-fold dilutions from
10−3 to 10−7, were prepared and added in each RT-qPCR run. The exact number of RNA
viral molecules in individual sample was calculated for positive samples from the standard
curve for each of the four honeybee viruses.

The results for each sample were analyzed using MxPro-Mx3005P v4.10 software
(Stratagene, La Jolla, CA, USA) and the exact copy number was determined from the
standard curve. Results were expressed as number of detected viral copies in 5 μL of
extracted RNA.

For sequencing purpose, the BQCV- and DWV-positive samples were amplified by
using a specific method of reverse transcription and polymerase chain reaction (RT-PCR),
as previously described [33]. Results were evaluated based on the size of RT-PCR products
in the agarose gel as positive in the case of the expected product size: for BQCV, 770 nt,
and for DWV, 504 nt [33]. In the case of a positive result, the selected RT-PCR products of a
single virus were directly sequenced with the Sanger sequencing protocol, using the same
primers as used for specific RT-PCR as described previously [10]. Individual sequences
were analyzed using the DNASTAR 5.05 (Lasergen, WI, USA) program, and 26 positive
samples of two viruses (BQCV n = 24 and DWV n = 2) were detected in bumblebees together
with closely related sequences from GenBank and interpreted according to the results of
the nucleotide sequence matching between honeybee and bumblebee samples. Multiple
alignments were created using the program MEGA 6.06. Genetic distances were calculated
from the alignment based on the Tamura three-parameter model, and phylogenetic trees
were generated using the maximum likelihood (ML) statistical method implemented with
the Tamura 3-parameter model with Gamma distribution [34]. The test of phylogeny was
performed through 1000 bootstrap replicates. Only bootstrap values higher than 70%
were presented on phylogenetic trees. The comparative analyses of collected samples at
27 locations and comparison with previously detected viruses in honeybees and with the
most closely related sequences available in GenBank were performed.

5. Conclusions

Results of this research confirm that several honeybee viruses (ABPV, CBPV, BQCV,
DWV) were found in wild bumblebees in Croatia. It can also be concluded that the presence
of the examined viruses was higher in continental parts of the country compared with
the Adriatic coast and islands. However, because the virus’s presence was not studied in
internal bumblebee tissues of separate bumblebee species, in further studies, samples of
different bumblebee species will be tested individually to define species-specific prevalence
and to evaluate the possible impact that those viruses may have on their bumblebee hosts.
Moreover, due to the neighborhood and a good beekeeper connection via trade, virus
genetic matches were determined in Croatia and Slovenia.
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Abstract: Knowledge regarding the honey bee pathogens borne by invasive bee pests remains scarce.
This investigation aimed to assess the presence in Aethina tumida (small hive beetle, SHB) adults
of honey bee pathogens belonging to the following groups: (i) bacteria (Paenibacillus larvae and
Melissococcus plutonius), (ii) trypanosomatids (Lotmaria passim and Crithidia mellificae), and (iii) viruses
(black queen cell virus, Kashmir bee virus, deformed wing virus, slow paralysis virus, sacbrood virus,
Israeli acute paralysis virus, acute bee paralysis virus, chronic bee paralysis virus). Specimens were
collected from free-flying colonies in Gainesville (Florida, USA) in summer 2017. The results of the
molecular analysis show the presence of L. passim, C. mellificae, and replicative forms of deformed
wing virus (DWV) and Kashmir bee virus (KBV). Replicative forms of KBV have not previously been
reported. These results support the hypothesis of pathogen spillover between managed honey bees
and the SHB, and these dynamics require further investigation.

Keywords: honey bee; small hive beetle; invasive pest; trypanosomatids; honey bee virus; deformed
wing virus; Kashmir bee virus; replicative virus; strand-specific RT-PCR

1. Introduction

Aethina tumida (Murray 1867), the small hive beetle (SHB), is a coleopteran species
belonging to the Nitidulidae family [1]. Native to Sub-Saharan Africa [2], it is a destructive,
invasive pest of Apis mellifera (western honey bee) colonies [3], and it causes significant
damage to brood, pollen, and honey stores [4]. Presently, the SHB is recorded in all conti-
nents except Antarctica [3,5–8], having reached North America in 1996; Australia in 2000;
and, more recently, countries in Europe, South America, and Asia [9–12]. The SHB is an
ecological generalist [4] and creates persistent populations in colonies in areas in which it
has been introduced [13].

Honey bees are exposed to pests and pathogens belonging to different groups (viruses,
bacteria, fungi, protists, mites, insects, etc.), some of which are responsible for severe
health impairment and colony collapse [14–17]. Adult SHBs invade colonies, where they
feed, thrive, and reproduce. This allows contact between SHBs and other bee pests and
pathogens [18–23].

Lotmaria passim and Crithidia mellificae are two trypanosomatid species capable of
colonizing the digestive system of honey bees [24,25]. The transmission is deemed to
occur by the oral–fecal route [26,27], and the presence of infected faeces within the hive
may promote the circulation of the parasite among worker bees [26]. Both pathogens are
deemed to impact colony health by altering bee behavior, physiology, immune response,
and lifespan [28–31]. Nevertheless, the details of their pathogenic effects are still not fully
understood. Lotmaria passim has been described only recently [25], and it is presently
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acknowledged as the most prevalent A. mellifera trypanosomatid [32]. Infections have
been reported in Asian, European, and South and North American colonies [8], whereas
C. mellificae infections have been rarely observed [8,33–35].

Deformed wing virus (DWV) is a positive-sense ssRNA virus belonging to the Picor-
naviridae family within the Iflavirus genus [36,37]. Spread globally [32,36–38], three genetic
variants have been acknowledged and identified as types A, B, and C [39,40]. Type A is by
far the most widespread [40], and it may generate asymptomatic or symptomatic infections,
the latter including deformed or missing wings, shortened abdomens, and premature
bee death [36]. Generally, this virus is transmitted through puncture wounds produced
by the ectoparasite Varroa destructor as it feeds on immature honey bees [41]. However,
the infection may be transmitted horizontally by bee-to-bee contact, especially in cases of
severe infections [42–46], curbicular pollen, bee products, and floral contamination [47–49].

Kashmir bee virus (KBV) is a positive-sense ssRNA virus of the Dicistroviridae family
within the Cripavirus genus [50,51], considered endemic in North America and Aus-
tralia [52,53] but rarely reported in Europe [54–58]. It is genetically related to acute bee
paralysis virus (ABPV) [59], and the two may co-infect the same colony or the same indi-
vidual bee [59,60]. Low viral titers are generally detected in subclinical colonies; however,
viral replication may be triggered by the presence of stressors, including A. tumida infesta-
tions [46,52,60], with a lethal outcome for different honey bee stages [59,61,62]. Ingestion
of contaminated brood food [49,59,63] and Varroa feeding behavior [64–66] may elicit the
transmission of KBV infections.

Herein, we aimed to assess the presence of the abovementioned pathogens (L. passim,
C. mellificae, KBV, and DWV) in addition to pathogenic bacteria (Paenibacillus larvae and
Melissococcus plutonius) and other bee viruses (ABPV), Israeli acute paralysis virus (IAPV),
black queen cell virus (BQCV), sacbrood virus (SBV), chronic bee paralysis virus (CBPV),
and slow paralysis virus (SPV, major and minor)) in SHB specimens collected in Florida,
USA in 2017. This is an important first step in determining the role SHBs may plan in the
movement of pathogens between honey bee colonies.

2. Results

The investigated samples, coming from the same honey bee colony, tested positive
for C. mellificae, L. passim, KBV, and DWV (Table 1). No amplicons were detected for
P. larvae, M. plutonious, ABPV, IAPV, BQCV, SBV, CBPV, SPV major, and SPV minor in SHB
individuals and the pool of SHBs.

Table 1. Summary of the Aethina tumida (SHB = small hive beetle) samples that tested positive for a given pathogen with
the RT-PCR.

Target Pool (n = 30) SHB 1 SHB 2 SHB 3 SHB 4 SHB 5 SHB 6 SHB 7 SHB 8 SHB 9 SHB 10

Crithidia.
mellificae POS - - POS - POS - - POS - -

Lotmaria
passim POS - POS - POS - POS - - POS -

KBV POS * POS * - - - - - - - - POS *
DWV POS * POS * POS * POS * - POS * POS * - POS * POS * -

POS: positive; POS *: positive samples with replicative virus forms.

One of the SHB individuals was negative for all pathogens, whereas the other nine
tested positive for one or two of them. The SHB pool was positive for both trypanosomatid
species and the two virus types.

In the SHB individuals, no significant difference was found in the prevalence between
C. mellificae and L. passim positives (bilateral Fisher’s exact test: p = 0.675). No co-infections
with the two were detected.

The frequencies of DWV- and KBV-positive individuals did not significantly differ
(bilateral Fisher’s exact test: p = 0.070). Viral coinfections were found only in one individual
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SHB, representing a significantly lower proportion of the positives (bilateral Fisher’s exact
test: p = 0.010).

A strand-specific PCR demonstrated active viral replication of KBV and DWV in
PCR-positive samples. Blast analysis on the sequences obtained from positive amplicons
confirmed the specificity of the results, with high similarity (99%) to specific virus genome
sequences deposited in GenBank. For each virus, the same sequence was recorded in
all positive samples. Phylogenetic analysis and pairwise distance analysis indicated the
highest homology to DWV type A (Figure 1).

Figure 1. Molecular phylogenetic analysis for RNA-dependent RNA polymerase of deformed wing virus (DWV) using the
maximum likelihood method. The evolutionary history was inferred using the maximum likelihood method based on the
Tamura–Nei model. The branch lengths of the tree measured the number of substitutions per site. The analysis involved 28
nucleotide sequences. There were 255 positions in the final dataset. Accession number, host, state, and year of available
GenBank DWV sequences are shown. DWV sequence accession numbers are reported and associated with year and site of
origin and type. The DWV sequence obtained from the tested Aethina tumida samples is in a red box.

A similar analysis was conducted for the KBV sequence. A close relationship with
sequences found in A. mellifera and V. destructor from the USA was detected (Figure 2).
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Figure 2. Molecular phylogenetic analysis for RNA-dependent RNA polymerase of Kashmir Bee
Virus (KBV) using the maximum likelihood method. The evolutionary history was inferred using
the maximum likelihood method based on the Tamura–Nei model. The branch lengths of the tree
measured the number of substitutions per site. The analysis involved 35 nucleotide sequences. There
were 297 positions in the final dataset. Accession number, host, state, and year of available GenBank
KBV sequences are shown. KBV sequence accession numbers are reported and associated with the
year and site of origin. The DWV sequence obtained from the tested Aethina tumida samples is in a
red box.

3. Discussion

To date, only a few instances of individual SHBs bearing bee pathogens have been
reported. This is the case for samples from Mexico (positive for L. passim, Apis mellifera
filamentous virus (AmFV), C. bombi, Ascosphera apis, and Nosema ceranae [22]), Florida
(positive for N. ceranae [20]), and other areas of the USA (positive for DWV, SBV and
P. larvae [19,20,22,24]).

The present study showed the presence of the honey bee pathogens L. passim, C. melli-
ficae, DWV, and KBV in SHB adults collected from free-flying colonies in Florida. Further-
more, all SHB samples that were positive for DWV and/or KBV contained replicative viral
forms. Although DWV replication in SHB adults is not a new finding [18,23], replication of
KBV in SHBs is.

This is not the first time that DWV and KBV have been reported to infect non-Apis
hosts. Replicative DWV was found in hornets (Vespa crabro) [67], Asian hornets (V. ve-
lutina) [68], and Argentine ants (Linepithema humile) [69]. Replicative KBV has been found
in V. velutina [54], Vespula germanica, and Vespula vulgaris [70–72]. However, the current
and previous [18,23] detections on coleopterans suggest that DWV and KBV can infect a
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wide range of potential hosts, thus envisaging a scenario where wild and managed insect
species may act as virus reservoirs that fuel reciprocal spillover. Furthermore, the occur-
rence of replicative DWV and KBV in the same individuals indicates the possibility of viral
co-infections in SHBs, as already reported in A. mellifera and other insect species [59,73,74].

The sequence analysis of DWV and KBV resulted in high identity rates to viral
sequences identified in A. mellifera. The phylogenetic analysis highlighted that the DWV
genome detected in the SHB samples belonged to DWV type A, the less virulent genetic
variant of this virus [36]. The KBV genome found in the investigated samples bore a close
relationship to other KBV outbreaks reported in the USA, thus excluding the involvement
of viruses originating from other countries.

The prevalence of L. passim-positive individuals detected in this study (40% of all
samples) mirrors that reported in a previous survey in which C. bombi was also reported
in larval SHBs [22]. Additionally, we report for the first time SHB samples positive for
C. mellificae. Although C. mellificae is generally considered less spread than L. passim in
honey bees [33–35], the prevalence levels of the two trypanosomatids in our individual
samples did not significantly differ.

None of the samples was positive for P. larvae, M. plutonious, ABPV, IAPV, BQCV, SBV,
CBPV, SPV major, or SPV minor. This coincides with the results of previous investigations
showing low P. larvae [19] and SBV [21] loads in SHB adults. This likely reflects the health
of the colonies that were visited by the SHBs prior to sampling.

The finding results highlight the need to clarify pathogen transmission between honey
bees and SHB adults better. In the case of DWV, horizontal transmission occurs chiefly
by the oral route [18]. In this regard, SHBs are able to trick honey bee adults into feed-
ing them [75,76], possibly acquiring DWV during the exchange of food via trophallaxis.
However, the multifaceted host–parasite interaction [77] allows multiple pathways, in-
cluding oral–oral and fecal–oral transmission. Adult SHBs also may acquire honey bee
pathogens by feeding on bee products that are contaminated with multiple microorganism
species [41,47,48,78], cannibalizing bee carcasses, or ingesting infected faeces [78–80].

The articulate interactions above and active flying behavior [8] may bring together
adult SHBs of different origins that congregate in the same host colony, generating the
detected diversity in the pathogen load. On the other hand, the horizontal transmission may
occur bi-directionally, as both SHB adults and larvae might defecate inside the hive [77],
potentially spreading infected feces that could transmit and perpetuate infective agents
within the colony. Infections may also be transmitted vertically. Bee pathogens may be
found in SHB larvae [22,23] as consequences of feeding, environmental contamination, and
congenital transmission. Nevertheless, the role that SHBs play in the transmission of honey
bee pathogens remains unclear.

4. Materials and Methods

4.1. Sample Collection

In summer 2017, one honey bee colony of mixed European origin was selected from
an experimental apiary of the University of Florida (Gainesville, FL, USA) based on a
conspicuous SHB infestation. No evident signs of other diseases could be detected. Forty
SHB adults were randomly sampled alive from the colony combs and hive floor. Once in
the laboratory, the collected specimens were randomly separated to compose one pool of
thirty adults and ten individual beetle samples.

4.2. Extraction of Total Nucleic Acids

All the SHBs were washed with 95% ethanol to remove possible external microbial
contaminants. The ethanol was then allowed to evaporate at room temperature.

A TissueLyser II (Qiagen, Hilden, Germany) was used for 3 min at 25 Hz to crush all
SHB samples in separate 2 mL Eppendorf tubes filled to the mark with RNase-free water.
The resulting suspensions were then split into two equal aliquots from which nucleic acids
were extracted (one for DNA and one for RNA).
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DNA and total RNA were extracted with DNeasy Blood & Tissue Kit (Qiagen) and
RNeasy Mini Kit (Qiagen) as previously described [20,67]. All samples were eluted in 30 μL
DNAase-RNase-free water.

DNA and RNA extracts were stored at −80 ◦C until analysis. High pure sterile DNA-
and RNA-free water was used as a negative control in all analytical steps.

4.3. PCR Assays to Detect Bacteria and Protozoa DNA

The extracted DNA was analyzed by real-time PCR to detect bacteria and trypanoso-
matids. The primers that were used are reported in Table 2.

For each target gene, a total reaction volume of 15 μL was prepared as previously
described [81] using 2x QuantiTect Probe PCR Master Mix (Qiagen), forward and reverse
primers (2 μM), forward and reverse probes (500 nM), and 3 μL DNA extract. The real-time
PCR assay was performed on a Rotorgene Corbett 6000 (Corbett Research, Sydney, Aus-
tralia) following the protocols for either gene sequence [54,68]. DNA extracted previously
from positive honey bees was used as the positive control for each investigated bacterial
and protozoan species.

Table 2. List of primers used to detect bacteria and trypanosomatids in Aethina tumida.

Target Primer Name Sequence (5′-3′) Reference

Paenibacillus larvae
AFB-F CTTGTGTTTCTTTCGGGAGACGCCA

[82]AFB-R TCTTAGAGTGCCCACCTCTGCG

Melissococcus plutonius MelissoF CAGCTAGTCGGTTTGGTTCC
[83]MelissoR TTGGCTGTAGATAGAATTGACAAT

Crithida mellificae Cmel_Cyt_b_F TAAATTCACTACCTCAAATTCAATAACATAATCAT
[84]Cmel_Cyt_b_R ATTTATTGTTGTAATCGGTTTTATTGGATATGT

Lotmaria passim Lp2F 459 AGGGATATTTAAACCCATCGAA
[33]Lp2R 459 ACCACAAGAGTACGGAATGC

4.4. PCR Assays to Detect Virus RNA

All RNA extracts were retro-transcribed by M-MLV reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) using a blend of oligo-d (T) primers and random hexamers following
the manufacturer’s instruction. Five microliters of the obtained cDNAs were used as a
template for the PCR reactions, performed using HotStarTaqPlus Polymerase Mix (Qiagen).
Primers to amplify the viral genomes of the honey bee viruses investigated herein are
reported in Table 3. The real-time PCR assay was performed on a Rotorgene Corbett 6000.
RNA extracted previously from positive honey bees was used as the positive control for
each investigated virus.

Table 3. List of primers used to detect viruses in Aethina tumida.

Target Primer Name Sequence (5′-3′) Reference

KBV
KBV 83F ACCAGGAAGTATTCCCATGGTAAG [85]KBV 161R TGGAGCTATGGTTCCGTTCAG

DWV
DWV Fw 8450 TGGCATGCCTTGTTCACCGT [47]DWV Rev 8953 CGTGCAGCTCGATAGGATGCCA

ABPV
APV 95F TCCTATATCGACGACGAAAGACAA

[85]APV 159R GCGCTTTAATTCCATCCAATTGA

IAPV
IAPV B4S0427_R130M RCRTCAGTCGTCTTCCAGGT [86]IAPV B4S0427_L17M CGAACTTGGTGACTTGARGG

BQCV BQCV 9195F GGTGCGGGAGATGATATGGA
[85]BQCV 8265R GCCGTCTGAGATGCATGAATAC
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Table 3. Cont.

Target Primer Name Sequence (5′-3′) Reference

SBV
SBV 311F 79 AAGTTGGAGGCGCGyAATTG

[85]SBV 380R CAAATGTCTTCTTACdAGAGGyAAGGATTG

CBPV
CPV 304F 79 TCTGGCTCTGTCTTCGCAAA

[85]CPV 371R GATACCGTCGTCACCCTCATG

SPV major SPV 8383F 81 TGATTGGACTCGGCTTGCTA
[59]SPV 8456R CAAAATTTGCATAATCCCCAGTT

SPV minor
SPV Minor F1 ATAGCGCTTTAGTTCAATTGCCAT

[38]SPV Minor R1 CTGGAATATGACCATCACGCAT
KBV: Kashmir bee virus; DWV: Deformed wing virus; ABPV: Acute bee paraylis virus; IAPV: Israeli acute bee
paryalis virus; BQCV: Black queen cell virus; SBV: Sac brood virus; CBPV: Chronic bee parylis virus; SPV: slow
paralysis virus.

4.5. Strand-Specific RT-PCR

To evaluate the replication of the detected viruses, strand-specific RT-PCRs were
performed using specific primers, as previously described [47]. All cDNAs were amplified
by PCR for the related viral target. The amplicons were detected on a 2% agarose gel,
sequenced (BMR Genomics, Padua, Italy), and analyzed using BLAST [87]. Phylogenetic
analysis was performed using the maximum likelihood method based on the Tamura–Nei
model using MEGA software [88].

4.6. Statistical Analysis

The prevalence of the individuals that were positive for C. mellificae or L. passim and of
those showing DWV or KBV infections were statistically compared with a bilateral Fisher’s
exact test under the null hypothesis of equality. The same test was also used to compare
the frequency of multiple vs. single viral infections. Due to the small number of samples,
the test for independence χ2 was not used in this case.

5. Conclusions

This investigation suggests that the honey bee trypanosomatids L. passim and C. mel-
lificae may colonize, and the viruses DWV and KBV successfully infect A. tumida adults.
Additional studies are needed to determine whether these pathogens generate clinical
evidence and signs of infection in SHBs. The horizontal and vertical transmission routes of
these pathogens in/between SHBs should also be clarified, as well as the potential, if any,
of these pathogens to limit SHB populations in the wild.

Finally, further research is needed to elucidate the epidemiological role that SHBs
play in pathogen transmission to honey bees and other insects as a possible dead-end host
or vector.
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