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ABSTRACT

SARS-CoV-2 is responsible for the COVID-19 pandemic. Airflows sustain the infection spread, and in densely ur-
banized areas airborne particulate matters (PMs) are deemed to aggravate the viral transmission. Apis mellifera
colonies are used as bioindicators as they allow environmental sampling of different nature, PMs included. This
experiment demonstrates for the first time the possible use of honey bee colonies in the SARS-CoV-2 monitoring.
The trial was conducted in Bologna on 18 March 2021, when the third wave of the Italian pandemic was at its
peak and environmental conditions allowed high PM concentrations in the air. Sterile swabs were lined up at
the hive entrance to sample the dusty material on the body of returning foragers. All of them resulted positive
for the target genes of viral SARS-CoV-2 RNA. Likewise, internal samples were taken, but they resulted in no am-
plification of the target sequences.
This experiment does not support speculations about the role of honey bees or their products in SARS-CoV-2
transmission. However, it indicates a novel use of A. mellifera colonies in the environmental detection of airborne
human pathogens, at least in a densely urbanized area, deserving better understanding and possible integration
with data from automatic air samplers.
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1. Introduction

The COVID-19 pandemic originated from the SARS-CoV-2 outbreak
reported in China in December 2019 (Lai et al., 2020). The infection
reached Italy in February 2020, when the first case was officialised
(Grasselli et al., 2020), and quickly spread nationwide. Initially, it af-
fected mainly the North of the country (Distante et al., 2020). Emilia-
Romagna lies in that area and eventually turned into the third most
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severely hit Italian administrative region. On a regional population of
approximately 4.4 million inhabitants (http://dati.istat.it/Index.aspx),
by 31/04/2021 Emilia-Romagna witnessed 346,820 positive cases and
12,380 fatalities (Gamberini et al.,, 2021; Vignatelli et al., 2021). Official
records report 27,790 and 86,856 new cumulative infections, respec-
tively in the course of the first (March 2020) and third (March-April
2021) pandemic wave (Italian Ministry of Health) (Ministero della
Salute and Istituto Superiore di Sanita, 2021).

Like other coronaviruses, SARS-CoV-2 is an ssRNA viral strain with a
crown-like external layer of spike proteins (Wang et al., 2020a). As the
virus misses a lipidic membrane, its stability substantially depends on
high relative humidity (Wu et al., 2020a; Wu et al., 2020b). Aerosols
generally promote transmission, which may occur through droplets
(<5 pm) and droplet nuclei (5-10 um) (Leung et al., 2020). Before fall-
ing, droplets may float in the air for long distances, depending on air-
flow, temperature, and humidity (Seto, 2015), but droplet nuclei
persist airborne only a few hours and tend to disperse within a narrow
range (<1 m) (Leung et al., 2020; Li et al., 2020). Thus, aerosols and their
size may influence the dispersion of airborne pathogens like SARS-CoV-
2 (Zhao et al., 2019).

Atmospheric particulate matter (PM) plays a role in SARS-CoV-2
transmission, as it may bear the virus and foster its spread (Comunian
et al., 2020). Conventionally, PM is defined by the particle size. PM;q
and PM, 5 are respectively particles and fine particles with a 50% cut-
off aerodynamic diameter of 10 and 2.5 pm. Studies indicate a high inci-
dence of new SARS-CoV-2 infections in conditions of remarkable air pol-
lution, especially in dense metropolitan areas connotated by high levels
of smog (Liu et al., 2021; Travaglio et al.,, 2021; Wang et al.,, 2020b; Wu
et al., 2020c; Yao et al., 2021; Zhu et al., 2020). In northern Italy, the
SARS-CoV-2 RNA was found in filters used in monitoring the air quality
(Belosi et al., 2021; Borro et al., 2020; Chirizzi et al., 2021; Fattorini and
Regoli, 2020; Setti et al., 2020). This leads to the hypothesis of PM-
mediated vehiculation of the virus.

Emilia-Romagna is one of the four Italian regions encompassing the
Po Valley, where the intensity of industrial and urban settlements, road
traffic, and agricultural activities act as almost incessant fume genera-
tors. On the other hand, the whole area distinguishes for limited air cir-
culation and a relatively stable climate. These conditions hinder the
dispersion of air pollutants and promote smog accumulation, especially
in the winter (Chirizzi et al., 2021; Contini et al., 2015; Ferrero et al.,
2010).

Honey bee (Apis mellifera, L. 1758) colonies are frequently used as
bioindicators in environmental monitoring plans (Barganska et al.,
2016; Rissato et al., 2007; van der Steen et al., 2012; van der Steen,
2016). Individual morphology and behaviour make honey bees suitable
for this purpose for their: i) high mobility within the explored area; ii)
large populations of flying colony members; iii) high sensitivity to
chemical pollution; iv) frequent flights of forager bees; v) ubiquity; vi)
flight radius approximately 1.5 km wide, corresponding to 7 km?; vii)
body covered by hairs and bristles, capturing pollen and other particles
during the flight (Celli and Maccagnani, 2003; Herrero-Latorre et al.,
2017; Porrini et al., 2002), PMs included (Capitani et al., 2021; Negri
et al., 2015; Pellecchia and Negri, 2018). That makes possible the detec-
tion of environmental contaminants: radioactive fallouts (Barisic et al.,
1994, 1992), heavy metals (Conti and Botre, 2001; Garcia et al., 2006;
Perugini et al., 2011; Ruschioni et al., 2013; Skorbilowicz et al., 2018;
van der Steen et al, 2016, 2015), pesticides (Balayiannis and
Balayiannis, 2008; Ghini et al., 2004; Porrini et al., 2014, 2003), and
plant pathogens (Ghini et al., 2002; Girotti et al., 2020, 2013, 2005;
Sabatini et al., 2006; van der Steen, 2016) by the analysis of honey bee
bodies and their products, in particular pollen and bee-bread.

This trial was designed to evaluate whether forager bees can capture
during the activity outside the hive and release on return detectable
amounts of SARS-CoV-2. That might lead to the extension of honey
bee monitoring to pathogens responsible for human diseases. For this
aim, a trial was conducted during the third Italian wave of the COVID-
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19 pandemic in an apiary located in a densely populated metropolitan
area of the Emilia-Romagna region.

2. Material and methods
2.1. Sampling

The trial was conducted in the apiary of CREA - Centro di Ricerca
Agricoltura e Ambiente, located in Bologna, Italy (44°31'27.1"N 11°21’
03.6”E) and consisting of approximately sixty honey bee colonies. On
18 March 2021, ten colonies housed in Dadant-Blatt (DB) hives were
randomly selected from the ones showing the expected phenology for
the location and season.

Under clean laboratory conditions, seventeen sterile swabs for use in
microbiology were lined up alternated in two arrays on each of ten
wooden bars, fixed with adhesive tape, and nailed in the front side of
movable flight entrances. Spacing within and between the arrays was
sufficient to allow free bee movement, but forcing leaving and returning
foragers to rub against the swabs. Before putting the system in place, the
swabs were drenched with pure glycerol. The substance was used to
promote particulate adhesion and viral RNA preservation due to its vis-
cosity and hygroscopicity, thus increasing the probability to capture
measurable amounts of SARS-COV-2 brought in by the foragers (Fig. 1).

The flight entrances provided with swabs were installed in front of
the openings of the selected hives from early morning to late afternoon
of 18 March, so covering most of the foragers' flight time. After some
disorientation due to the rearranged hive opening, soon the bees re-
sumed regular flight activity. Pollen-coloured spots on the swabs gave
evidence of effective rubbing.

After swab removal, each colony was inspected to evaluate the num-
ber of both combs covered with bees and containing brood. To rule out a
possible in-hive viral accumulation, samples were taken to assess
whether internal SARS-CoV-2 contamination had occurred, possibly
carried by the foragers to the hive by contact or through pollen
collection. That was accomplished respectively by i) brushing with
new sterile swabs the surface of both sides of the two external combs,
where pollen foragers were seen to concentrate and ii) sampling with
a Beebread Collector® approximately 2 g of visibly fresh bee bread
from three combs, three cells per comb, into 15 mL centrifuge tubes
(Fig. 2).

Upon termination of sampling, the swabs from hive entrances and
the ones used to brush the comb surface had their stems cut and were
plunged separately by colony into two different 50 mL centrifuge
tubes containing 10 mkL lysis buffer from the RNA extraction kit
(GeneJET RNA Purification Kit, ThermoFisher Waltham, MA, U.S.) and
10 mL of TRIzol™ Reagent (ThermoFisher). Each tube containing the
bee bread was added 5 mL lysis buffer and 5 mL TRIzol™ Reagent and
vortexed until homogenisation.

As the lysis buffer/TRIzol™ Reagent mixture does inactivate the
SARS-CoV-2, the activity above was made in the apiary as a safety mea-
sure to prevent viral laboratory contamination, so undertaking the pro-
cedure prescribed for handling samples from definitely positive
individuals (Bain et al., 2020; Risson, 2020; Xia et al., 2021). The samples
were stored at —80 °C until analysis.

2.2. Molecular analysis

The total viral RNA was extracted under a laminar flow hood, with a
Gene]ET RNA Purification Kit (ThermoFisher) used according to the
manufacturer's instructions.

The RT-Real Time PCR was conducted with a SARS-CoV-2
(2019-nCoV) CDC RUO Primers and Probes kit (Integrated DNA
Technologies, Coralville, lowa, U.S.), thus adopting the setup rec-
ognized by the Centers for Disease Control and Prevention
(CDC), intended for the detection of two conserved regions of N
gene (N1 and N2) [54]. Accordingly, a total reaction volume of
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Fig. 1. Upon installation, the array of swabs used for sampling (A) was drenched with glycerol (B) and arranged on the flight entrance of the testing colonies (C). Normal flight activity was

resumed within a few hours (D).

15 pL was prepared as follows: 5.0 puL TagPath™ 1-Step RT-qPCR
Master Mix2x (ThermoFisher), 1.5 pL combined primers probes
mentioned above, 6.5 pL DNase/RNase-Free distilled water, 2 pL
RNA extract from samples. The same analytical procedure was
used for all samples, irrespective of their nature.

The reference honey bee gene (3-actin was selected to control the
successful amplification and confirm sample integrity throughout the
analytical procedure (Chen et al., 2005). The 2019-nCoV_N_Positive
Control (Integrated DNA Technologies) was used as the positive control
containing the complete SARS-CoV-2 nucleocapsid gene. All RT-Real
Time assays were made in two technical replicates on an Applied
Biosystems 7300 Real-Time PCR System (ThermoFisher).

2.3. Environmental and epidemiological characterization

The landscape of the study area was described with the open-source
geographic information system Q-GIS v 3.10. A circular buffer with a ra-
dius of 1.5 km around the apiary site was deemed a representative
range for the forager bee activity (Porrini et al.,, 2014, 2002).

The minimal spatial resolution was consistent with the regional car-
tography data “2017-Coperture vettoriali uso del suolo in dettaglio”,
which relies on a surface details of 0,16 Ha for polygonal areas and a

length of 7 m for linear components (https://geoportale.regione.
emilia-romagna.it/catalogo/dati-cartografici/pianificazione-e-catasto/
uso-del-suolo/layer-9). The map legend bases on the third CORINE Land
Cover level, which was further detailed according to the fourth level.
Those data describe the landscape of the area of interest with remark-
ably better details than the newer CORINE Land Cover Map 2018, that
applies at national level (http://groupware.sinanet.isprambiente.it/
uso-copertura-e-consumo-di-suolo/library/copertura-del-suolo/
corine-land-cover/clc2018_shapefile).

The open-source system Dext3r (https://simc.arpae.it/dext3r/), im-
plemented by the Agency for Prevention, Environment and Energy of
the Emilia-Romagna region (Arpae), was used to retrieve environmen-
tal data for the period 7-23 March 2021. In detail, meteorological data
(precipitation, air temperature, scalar wind speed, relative humidity)
and pollen grain concentration refer to the automatic weather monitor-
ing station located in Dozza (44°32'02.3"N 11°22'05.4"E). The closest
automatic environmental monitoring station to obtain concentration
data of PM;o and PM,; 5 was the one located in San Felice (44°30'00.1”
N 11°19'42.6"E) (Fig. 3).

The searchable dashboard based on the open-source system ArcGIS
provided by the Italian Ministry of Health (https://opendatadpc.maps.
arcgis.com/apps/dashboards/b0c68bce2cce478eaac82fe38d4138b1)

Fig. 2. Sampling of bee bread from a brood comb (left) with a Beebread Collector® (right).
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Fig. 3. Aerial view of the city of Bologna (WMS: http://servizigis.regione.emilia-romagna.
it/wms/CGR2018). Triangle: city centre; hexagon: apiary site; red circle: buffer of 1.5 km
indicating the bee flight range; blue dot: weather station (Dozza); black dot:
environmental monitoring station (San Felice). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

was accessed to download epidemiological data of new daily cases, total
positives and deceased at national level and for the metropolitan city of
Bologna.

3. Results

The colonies selected for the trial measured 4.2 4+ 0.4 combs with
adult bees and 3.4 4 0.4 combs containing brood (average + standard
error).
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The target genes of viral SARS-CoV-2 RNA were amplified from all
extracts from the swabs collecting dusty material from returning for-
agers. None of the internal samples, either swabs or bee bread, scored
positive for the N gene of SARS-CoV-2.

The leftmost column of Table 1 reports the surface coverage charac-
terization according to the four I Corine levels that were present within
the 1.5 km buffer from the apiary site. Consistently with the highly pop-
ulated nature of the territory, artificial surfaces occupied almost 90% of
the buffer, whereas agriculture, forest/seminatural coverage, and
water bodies were restricted to minor areas. The other columns and
Fig. 4 provide better details of land use. Categories corresponding to lim-
ited surfaces (<2.5%) in II-IV CORINE Land Cover levels are not shown.
Urban, industrial, commercial, and transport elements covered alto-
gether more than 70% of the whole buffer surface, and transport infra-
structures alone almost 20%.

Figs. 5 and 6 show respectively the SARS-CoV-2 incidence at national
level and the local environmental and epidemiologic situation occurred
in the period of the trial.

The days before the sampling, the concentration of airborne particu-
late showed peaks consisting in i) increased concentration (8-11
March) of airborne pollen from plants belonging to the botanical fami-
lies of Cupressaceae, Taxaceae, and Salicaceae (especially poplar), and
ii) PM, 5 and PM;q exceeding the legal thresholds of respectively
25 pg/m> and 40 pg/m> (8-12 March) eliciting local restrictions to
vehicle circulation (Fig. 6A). Subsequently, the relatively steady air
temperature and relative humidity, moderate winds and insignificant
rainfalls (14 March: 0.5 kg/m?) (Fig. 6B-C) were not compatible with
substantial particulate renovation and/or washing away.

Official data show that the province of Bologna was hit by increasing
COVID-19 positive cases in the second and third week of March 2021,
with new daily infected people approximately ranging between 400
and 1000 individuals (Fig. 6D).

4. Discussion

This study was not intended to assess a relationship between the
SARS-CoV-2 infection and the presence of honey bees, the contact
with them, or the human consumption of honey bee products. Nothing
in it supports speculations on this articulate subject.

The trial was conducted during a COVID-19 pandemic peak in a
densely urbanized area of northern Italy to investigate the possibility
to spot out the viral RNA in the particulate left by returning forager

Table 1
Land use analysis of the 1.5 km buffer area around the apiary site, reporting different levels of detail.
I CORINE level % II CORINE level % III CORINE level % IV Regional soil cover level %
1 Artificial surfaces 89.15 1.1 Urban fabric 2539 1.1.1 Continuous urban fabric 16.89 1.1.1.27 Continuous urban built-up 16.75
areas
1.1.2 Discontinuous urban fabric 8.50 1.1.2.1  Discontinuous multifamily 6.94
built-up areas
1.2 Industrial, commercial and 45.83 1.2.1 Industrial or commercial units 26.02 1.2.1.1  Industrial-storehouse areas 12.69
transport unit 1.2.1.3. Specialized technical 2.53
infrastructures areas
1.2.1.4 Commercial-service areas 1039
1.2.2 Road and rail networks and 19.81 1.2.2.1 Highways 419
associated land 1.2.2.2  Street network 9.93
1.2.2.4 Rail network 2.57
1.3 Mine, dump and construction  3.93 1.3.3 Construction sites 3.34
sites
1.4 Artificial non-agricultural 140 14.1 Green urban areas 7.16 14.1.1 Urban parks 6.10
vegetated areas 1.4.2 Sport and leisure facilities 6.84 1.4.23 Recreation and camping areas  3.12
2 Agricultural areas 731 2.1 Arable lands 6.34 2.1.2 Permanently irrigated land 6.34 2.1.2.1 Permanently irrigated land 6.34
3 Forest and 2.35
seminatural areas
5 Water bodies 1.19
Total 1.5 kmradius 100 Other cumulate classes 451 Other cumulate classes 5.10 Other cumulate classes 15.50

area
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Fig. 4. Land use within the buffer with radius of 1.5 km from the apiary site according to
the third level of CORINE Land Cover. Legend - red: continuous urban fabric; orange:
discontinuous urban fabric; grey: industrial and commercial units; black: road and rail
networks; brown: construction sites; dark green: green and urban areas; light green:
sport and leisure facilities; yellow: permanently irrigated areas. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

bees at the entrance of their hive. The study was conducted on one
single day of sampling. Nonetheless, it clearly showed the possible use
of honey bee colonies in the monitoring of outbreaks of airborne
pathogens.

Indeed, honey bees are often used as bioindicators to monitor the
environmental occurrence of pesticides and other harmful compounds
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(Barisic et al., 1994; Celli and Maccagnani, 2003; Skorbitowicz et al.,
2018; van der Steen et al., 2012), but rarely their strict interaction
with natural and artificial elements of their habitat has been exploited
in pathogen detection. To the best of the Authors' knowledge, only
few such cases have been reported so far (Ghini et al., 2002; van der
Steen, 2016), when the 1990s witnessed an epidemic of fire blight
caused by the Gram-negative bacterium Erwinia amylovora and mainly
hitting pomaceous fruit trees in several countries (Norelli et al., 2003;
Oh and Beer, 2005; Vanneste, 2009). At that time, the bees were
suspected as potential vectors of the infection, but one of the Authors
(SG) contributed to assess the positive aspects of honey bee-based
monitoring plans in the early prediction of new outbreaks (Ghini
et al,, 2002; Girotti et al., 2005; Sabatini et al., 2006). The present
study is well in line with those previous outcomes and represents the
first known attempt to extend the honey bee monitoring to the detec-
tion of human infections sustained by airborne viruses.

This study was inspired by the previous detection of measurable
concentrations of SARS-CoV-2 in airborne PMs recovered from artificial
air samplers (Belosi et al., 2021; Borro et al., 2020; Chirizzi et al., 2021;
Fattorini and Regoli, 2020) and by the peculiar morphology and behav-
iour of honey bees. External traits of the bee body bestow them the abil-
ity to intercept small particles, namely pollen grains, making them
effective in capturing PMs. Besides, in one colony, the forager bees can
systematically inspect wide areas of the territory around the apiary,
which may be roughly estimated at around 7 km? (Porrini et al., 2014,
2002). This all made honey bees promising indicators of airborne
SARS-CoV-2 during a COVID-19 outbreak in an area characterized by
high PM concentration.

In the specific case here considered, the putative flight range of for-
ager bees included busy streets and motorways, residential districts,
shopping areas, factories, etc., as shown by the GIS analysis of the area
surrounding the apiary site. Those are regular sources of PMs, which
may be aggravated by the heating systems that, at the time of the
study, were still functioning.

All swab arrays fixed in front of the hive entrances were found
positive to SARS-CoV-2. As in principle direct contact between bees
and infective sources can be excluded, the environmental contami-
nation of the foragers must be assumed. This is compatible with
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Fig. 5. Rolling 7-day average of new infected and fatalities during the three waves of the Italian pandemic. The sampling date is highlighted with a red mark on each curve. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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both the high viral circulation and the elevated airborne PM concen-
tration in the period of the trial. Besides, the combination between
mild climate and relatively high humidity that are typical of the
early bee season in the study area may have played a role in the

effective sampling of viral RNA, as air temperature of 5-15 °C and
RHY% of 44-84% have been reported as conditions promoting the
virus survival (Casanova et al., 2010; Chan et al., 2011; Marzoli
et al., 2021; Mecenas et al., 2020; Riddell et al., 2020; Sajadi et al.,



G. Cilia, L. Bortolotti, S. Albertazzi et al.

2020). In the same period, minor rainfall and moderate wind speed
may have caused insignificant atmospheric washout and exchange,
so contributing to the persistence in the air of both PMs
(Barmpadimos et al., 2012; Begum et al., 2008; Guo et al., 2016;
Tiwari et al., 2012; Xu et al., 2017) and viruses.

The honey bee body may be seen as an object with a circular frontal
surface with a maximum diameter of 4.5 mm (Carreck et al., 2013;
Sauthier et al., 2017; Waddington and Herbst, 1987). Considering that
one forager may leave the colony twenty times per day and fly each
time for 500 m (Couvillon et al., 2015; Esch and Burns, 1996;
Ribbands, 1951), the daily volume of air it may come in contact with
reaches approximately 0.16 m>. In a colony with 2000 foragers (He
et al.,, 2013; Perry et al., 2015; Rodney and Purdy, 2020; Tenczar et al.,
2014; Thompson et al,, 2016), those last bees may intercept 318 m? of
air per day, from which airborne PMs may be sampled with hairs and
fetched to the colony.

Therefore, in terms of sampled volume, the potential of a honey bee
colony is far higher than an automatic environmental monitoring sta-
tion that, according to the European standards (UNI EN 12341:2001
and UNI EN 14907:2005), has a sampling capacity of 2.3 m>/h, corre-
sponding to 55.2 m> per day. This does not mean that honey bee-
based monitoring stations can fully replace existing standard devices.
Indeed, the colonies are sensitive to physical and biological conditions
that cannot be standardized. Yet, they can be easily maintained in
areas out of the reach of infrastructures needed for the functioning of
automatic stations, allowing both the detection of a wide range of con-
taminants and sampling of environmental nucleic acids (eDNA and
eRNA). A synergy between the two methods should be therefore imple-
mented, to increase both amount and quality of the environmental in-
formation.

The absence of viral RNA in internal swabs and the bee bread col-
lected from the combs may be due to the healthy honey bee colony en-
vironment. The hive products, bee venom included, show antibacterial,
antifungal, and antiviral properties, often depending on environmental
and botanical features (Cilia et al., 2020; Felicioli et al., 2019; Kolayli
and Keskin, 2020; Kujumgiev et al, 1999; Kwon et al., 2020;
Miinstedt, 2019; Wehbe et al., 2019). Furthermore, in vitro and in silico
assays demonstrated that bee products can inactivate or destroy the
SARS-CoV-2 (Al Naggar et al., 2021; Ali and Kunugi, 2021; Bachevski
et al,, 2020; Elmahallawy et al.,, 2021; Lima et al.,, 2021; Shaldam et al,,
2021; Yang et al., 2020).

5. Conclusion

The study indicates the possibility of exploiting the individual honey
bee morphology and the colony foraging behaviour in the environmen-
tal detection of airborne human pathogens. So far, successful attempts
in this sense have been limited to phytopathogens.

Indeed, honey bees are accurate explorers of the ecosystem, with
the ability to retrieve a range of compounds from the environment
and fetching them back to the hive, where they can be sampled to
get them analyzed. This study assumes that SARS-CoV-2 left by the
forager bees at the hive entrance is related to the airborne PM, albeit
the real origin should be investigated properly. Similarly, the bee ef-
ficiency in PM trapping needs better understanding, as it may in-
volve both the intricacy of bee hair coverage and electrostatic
attractions.

Easy adaptation and handling virtually allow bee-based monitoring
networks in all inhabitable areas. That makes it conceivable to extend-
ing this innovative approach to other plant, animal, and human airborne
pathogens, and using it in predicting recurrent outbreaks like seasonal
influenza. At this stage, no attempts to quantify SARS-CoV-2 were
made but prospected epidemiological monitoring plans involving
honey bees require the assessment of sensitivity to the different patho-
gens to be studied and the possible limitations to reliability coming from
environmental factors.
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Undoubtedly, instrumental air samplers provide essential data, but
research efforts should be made also to synergize them with the infor-
mation coming from networks of monitoring hives.
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