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Abstract: Coronaviruses (CoVs), a subfamily of Orthocoronavirinae, are viruses that sometimes
present a zoonotic character. Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is
responsible for the recent outbreak of COVID-19, which, since its outbreak in 2019, has caused about
774,593,066 confirmed cases and 7,028,881 deaths. Aereosols are the main route of transmission
among people; however, viral droplets can contaminate surfaces and fomites as well as particulate
matter (PM) in suspensions of natural and human origin. Honey bees are well known bioindicators of
the presence of pollutants and PMs in the environment as they can collect a great variety of substances
during their foraging activities. The aim of this study was to evaluate the possible role of honey bees
as bioindicators of the prevalence SARS-CoV-2. In this regard, 91 samples of honey bees and 6 of
honey were collected from different apiaries of Campania region (Southern Italy) in four time periods
from September 2020 to June 2022 and were analyzed with Droplet Digital RT-PCR for SARS-CoV-2
target genes Orflb and N. The screening revealed the presence of SARS-CoV-2 in 12/91 in honey
bee samples and in 2/6 honey samples. These results suggest that honey bees could also be used as
indicators of outbreaks of airborne pathogens such as SARS-CoV-2.

Keywords: honey bees; bioindicators; SARS-CoV-2; Droplet Digital RT-PCR

1. Introduction

Coronaviruses (CoVs) are viruses of the Coronaviridae family, belonging to the order
Nidovirales [1]. They are a highly diverse group of enveloped positive-sense single-
stranded RNA viruses, with a genome ranging between 26 and 32 kb in length [2,3]. The
genome codes for four main structural proteins, i.e., the spike protein (S), the envelope
protein (E), the membrane protein (M), and the nucleoprotein (N), whereas non-structural
proteins comprise at least 16 (nsp1 to nsp16) [4]. CoVs, like all RNA viruses, are charac-
terized by high genetic mutation and recombination rates, which result in their increased
ability to adapt to changing circumstances, which can determine high ecological diver-
sity [5,6]. They can affect humans and animals, sometimes presenting a zoonotic character.
Four CoVs are considered commonly found in humans (Human Coronavirus (HCoV)
NL63, 229E, OC43, and HKU1), where they cause mild cold-like respiratory symptoms by
infecting the upper respiratory tract [7-9]. On the contrary, zoonotic CoVs like the Severe
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Acute Respiratory Syndrome Coronavirus (SARS-CoV) and the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) can cause severe respiratory syndromes, leading in
the worst cases to death [10-12].

The Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is responsible
for the Coronavirus disease (COVID-19) which has caused, since its outbreak in 2019,
774,593,066 confirmed cases and 7,028,881 deaths (https://COVID19.who.int/, accessed on
4 February 2024). The SARS-CoV-2 is genetically related to SARS-CoV-1, which emerged in
two separate events in 2002 and 2003 [13] in connection to wet markets selling wild live
animals, such as civets, raccoon dogs, and pangolins [14]. The transmission of SARS-CoV-2
from person to person occurs mainly via aerosols, airborne droplets (<5 um), or droplet
nuclei (5-10 um) that contain the virus [15-17] and that are released through coughing and
sneezing [18]. The settling viral droplets can then contaminate surfaces and fomites, as well
as other particles in suspension, which can subsequently become a route of infection for
susceptible people, although this route is less common than inhalation [19-22]. Moreover,
while large respiratory droplets tend to fall quickly on surfaces, aerosols containing droplet
nuclei can spread across further distances [23-26] and they can also be deposited in other
particles in suspensions of natural and human origin that are part of particulate matter
(PM) [27-32].

Due to their peculiar morphology and behavior, honey bees are well known bioindica-
tors of the presence of pollutants in the environment as they collect a large variety of sub-
stances during their foraging activities. In particular, it has been shown that when exposed
to airborne particles, they can capture PM through adhesion to their body hairs [33,34].
Therefore, honey bee colonies can be used as bioindicators of environmental SARS-CoV-2
occurrence in the application of epidemiological monitoring plans [35].

The aim of this study was to collect data on the prevalence of SARS-CoV-2 by using
honey bees sampled from apiaries located across the Campania region (Southern Italy) and
digital RT-PCR was used for robust virus detection and quantification, strengthening the
possible use of honey bees as bioindicators. Moreover, honey samples were analyzed to
evaluate the possible occurrence of SARS-CoV-2 in hive products.

2. Materials and Methods
2.1. Sampling

A total of 91 samples (S1-591) of honey bees (Apis mellifera) were collected from
different apiaries (Table S1 Supplementary Material) across the five provinces of Campania
region (Avellino—AV; Benevento—BN; Caserta—CE; Naples—NA; Salerno—SA) at four
different time points: S1-528 were collected from September to December 2020 (T1), S29-550
from April to July 2021 (T2), S51-S69 from September 2021 to January 2022 (T3), and 570-591
from April to June 2022 (T4) (Table 1). For each sample, a pool of approximately fifty bees
was collected from the external frames of three hives (approximately fifteen honey bees
per hive), euthanized, and transported in 50 mL tubes to the laboratory of Veterinary
General Pathology and Anatomical Pathology of the Department of Veterinary Medicine
and Animal Productions (DMVPA), University of Naples “Federico I1”, where they were
stored at —20 °C until further examination. Moreover, during September 2022, six honey
jars (H1-H6) were collected from six different beekeepers from the same areas (Table 2) and
stored at room temperature until analysis.

Table 1. Honey bees sampling was carried out over four different time periods in the Campania region.

Sample Sampling Period Time Period
51-528 September 2020-December 2020 T1
529-S50 April 2021-July 2021 T2
S51-569 September 2021-February 2022 T3

570-591 April 2022-June 2022 T4
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Table 2. Sampling of honey carried out in September 2022.

Sample Sampling Site
H1 Sant’ Anastasia (NA)
H2 Cassano Irpino (AV)
H3 Succivo (CE)

H4 Formicola (CE)
H5 Marano (NA)
Hé6 Ercolano (NA)

2.2. Nucleic Acids Extraction from Honey Bees

From each sample, ten honey bees were randomly picked to create a sub-sample pool
and subjected to biomolecular analysis to evaluate the possible presence of SARS-CoV-2
targets. Samples were processed according to Power et al., 2021 [36]. Briefly, honey bees
were cut using a sterile blade to facilitate homogenization with a tissue lysing mechanical
homogenizer (Qiagen, Hilden, Germany). Chopped samples were placed in 2 mL tubes
along with a grinding metal bead and were subjected to lysis by two five-minute treatments
at 50 Hz, combined with two minutes in ice to avoid overheating and preserve the integrity
of the nucleic acids. RNA was extracted and purified from genomic DNA using the RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions.
RNAs were kept at —80 °C until transport in dried ice to the Department of Food Safety
Coordination, Istituto Zooprofilattico Sperimentale del Mezzogiorno.

2.3. Nucleic Acid Extraction from Honey

For each sample of honey (H1-H6), total RNA was extracted from 1 mL of honey
diluted 1:10 with molecular grade water and then extracted using the MiniMag semi-
automated system (bioMerieux, Marcy-l’Etoile, France) and NucliSENS reagents (bioMerieux)
with slight modifications from the manufacturer’s instructions. Briefly, 2 mL of lysis buffer
were added to the diluted honey and, after 20 min of lysis, 100 puL of magnetic silica were
added to each sample to capture nucleic acids. Washing steps were performed according to
the standard protocol, and elution was carried out in 100 uL of TE buffer. PCR inhibitors
were further removed using the OneStep PCR Inhibitor Removal Kit (Zymo Research,
Irvine, CA, USA). A negative extraction control sample (molecular biology water) was also
processed and tested in parallel with each set of extracted samples. To assess the efficiency
of extraction procedure from honey samples, 10 pL of a process control virus (Mengovirus
MCy) were added to the samples at the beginning of the extraction procedure and viral
recovery was calculated as described in ISO 15216-2:2019 [37]. Also, the removal of PCR
inhibitors by the extraction procedure was assessed using an external inhibition control, as
previously described.

2.4. Droplet Digital RT-PCR (dd RT-PCR) for SARS-CoV-2 Detection

SARS-CoV-2 detection was performed using two specific targets: the Orflb nsp14
region [38,39] and the N gene [40,41]. Droplet digital RT-PCR was performed on Bio-
Rad’s QX200 system (Bio-rad, Hercules, CA, USA). The reaction mixture (20 pL of total
volume) consisted of: 5 uL of One-step RT-ddPCR Advanced Kit for Probes, 2 uL of reverse-
transcriptase, 1 pL of 300 mM DTT, 5 pL of samples RNA, primers and probes in the
concentrations detailed in Table 3, and nuclease-free water as required. The PCR ampli-
fication was carried out on a CFX96 Deep Well instrument (Bio-Rad) with the following
thermal profile: 50 °C for 60 min and 95 °C for 10 min followed by 45 cycles of 95 °C for 15 s
and 60 °C for 45 s, and a final stage at 98 °C for 10 min. After thermal cycling, the 96-well
plate was read in the QX200 Droplet Reader, based on positive droplets and according to
the Poisson distribution.
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Table 3. Sequence, concentrations, and reference of primers and probes used in this study.

Primer Name Sequence Concentrations Reference

N_Sarbeco_F CACATTGGCACCCGCAATC 600 nM

N_Sarbeco_R GAGGAACGAGAAGAGGCTTG 800 nM Corman et al., 2020 [40]

N_Sarbeco_P FAM-ACTTCCTCAAGGAACAACATTGCCA-BBQ * 200 nM

2297-CoV-2-F ACATGGCTTTGAGTTGACATCT 500 nM

2298-CoV-2-R AGCAGTGGAAAAGCATGTGG 900 nM La Rosa et al., 2021 [38]

2299-CoV-2-P FAM-CATAGACAACAGGTGCGCTC-MGBEQ * 250 nM

* BBQ: blackberry quencher; MGB: minor groove binder; EQ: Eclipse quencher.

Results were acquired using the Bio-Rad QuantaSoft software (v1.7), counting the
PCR-positive or PCR-negative droplets and providing the absolute quantification of the
target sequence. The quantity of each target was expressed as the number of copies per
microliter of RNA sample. Positive controls consisted of a SARS-CoV-2 RNA containing
the target genes (Orflb nsp14 region and N), supplied by Bio-Rad Laboratories.

2.5. Molecular Characterization of Positive Samples

In samples positive for SARS-CoV-2 by ddPCR, the molecular characterization of the
virus was attempted using three previously published nested RT-PCR assays (two short-
nested, PCR ID 972/973 and 974 /975, and one long-nested, PCR ID 979/980) targeting the
spike region [38]. Briefly, reverse transcription and first PCR amplification (PCR IDs 972,
974, and 979) was carried out using 10 pL of sample RNA, the SuperScript IV One-Step RT-
PCR System (Invitrogen, Carlsbad, CA, USA), and 0.4 uM of each of the primers. Thermal
profile conditions were: 45 °C for 20 min, 98 °C for 2 min, 35 cycles of 98 °C for 15 s, 58 °C
for 30 s, 72 °C for either 30 s (PCR IDs 972 and 974) or 1 min and 45 s (PCR ID 979), and
72 °C for 5 min. Nested amplifications (PCR IDs 973, 975, and 980) were carried out using
the DreamTaq™ Hot Start Green PCR Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA), with 0.4 uM of each of the primers and 2 puL of the first PCR product. The
amplification conditions were 95 °C for 2 min, 45 cycles of 95 °C for 30 s, 62 °C for 30's, 72 °C
for either 30 s (PCR IDs 973 and 975) or 1 min (PCR ID 980), and 72 °C for 10 min. Standard
laboratory precautions were used to avoid contamination. RNA from a B.1.1.7 SARS-CoV-2
isolate (so-called Alpha variant) was used as a positive control. The PCR products were
observed by gel electrophoresis (1.5% agarose gel), purified using the GRS PCR and Gel
Band Purification Kit (GRISP, Porto, Portugal), and sequenced on both strands (Eurofins
Genomics, Ebersberg, Germany). Mutation analysis was performed using the GISAID
CoVsurver tool (https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/,
accessed on 4 February 2024). The sequences were submitted to GenBank (a.n. PP346668).

3. Results

The screening of honey bees collected between September 2020 and June 2022 from
different apiaries located in the Campania region revealed the presence of SARS-CoV-2
RNA in 12/91 samples (13.2%), namely S30 (05/2021), S37 (05/2021), S39 (04/2021), S51
(09/2021), S54 (11/2021), S60 (10/2021), S62 (10/2021), S68 (10/2021), S70 (04/2022), S73
(05/2022), S75 (05/2022), and S88 (06/2022).

In detail, the Orflb nsp14 region of SARS-CoV-2 was detected in 12 samples, with
concentrations ranging from 0.14 to 7.8 genome copies (g.c.)/uL of RNA, while the N
gene was detected in 11 samples (concentration range: 0.2-1.2 g.c./puL of RNA). Overall,
eleven samples displayed the presence of the virus with both PCR targets and one sample
(588) was found positive with only the Orflb nsp14 (Table 4). Regarding the geographic
distribution of SARS-CoV-2-positive samples, the virus was detected in all five provinces
of the Campania region, albeit with variable detection rates: 41.7% (5/12) in the NA
province, 25% (3/12) in the CE province, 17% (2/12) in the AV province, 8.3% (1/12) in the
SA province, and 8.3% (1/12) in the BN province. The differences were not statistically
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significant (chi-square test p = 0.2119). SARS-CoV-2 RNA was detected in samples collected
during T2 (3/12; 25%), T3 (5/12; 41.7%), and T4 (4/12; 33%), but not in T1. In detail, 1/12
samples (8.3%) were detected as positive in April 2021, 2/12 (16.6%) in May 2021, 1/12
(8.3%) in September 2021, 3/12 (25%) October 2021, 1/12 (8.3%) in November 2021, 1/12
(8.3%) in April 2022, 2/12 (16.6%) in May 2022, and 1/12 (8.3%) in June 2022 (Figure 1).

Table 4. SARS-CoV-2-positive honey bee samples.

SARS-CoV-2 Concentration

Sample * Orflb nsp14 N Gene Sampling Site
g.c/uL RNA g.c./uL RNA

S30 1.9 0.4 Pozzuoli (NA)
S37 * 0.29 0.21 Cava dei Tirreni (SA)
539 0.14 0.54 Teano (CE)
S51 6.1 1.2 Ercolano (NA)
S54 0.9 0.25 San Giorgio la Molara (BN)
S60 7.8 1.6 Napoli (NA)
S62 7.8 1.2 Torchiati (AV)
S68 0.7 0.3 Bellona (CE)
S70 1.7 0.22 Formicola (CE)
S73 0.23 0.2 Sant’Anastasia (NA)
S75 1.2 0.31 Marano (NA)
588 1.0 - Solofra (AV)

* Sample amplified by conventional nested RT-PCR and sequenced.

3.5

2.5

1.5

0.5
0

NUMBER OF POSITIVE SAMPLES
N
N

0

09/12-2020| 04-2021 05-2021 09-2021 10-2021 11-2021 04-2022 05-2022 06-2022

T1 T2 T3 T4

SAMPLING PERIOD
Figure 1. Number of positive samples for SARS-CoV-2 in the four different sampling periods (T1-T4).

Regarding the honey samples, viral recovery ranged from 14.7% to 92.3% (average:
45.7%) and no significant PCR inhibition was detected (inhibition control amplification
in samples’ reactions differing less than one Ct from the reference reaction containing
molecular grade water). Two of the six honey samples (33.3%), H1 and H6 from the NA
province, displayed the amplification of the Orflb nsp14 region and of the target gene
N, showing concentrations of 0.28 and 0.15 genome copies (g.c.)/puL for H1 and 0.6 and
0.23 genome copies (g.c.)/uL for H6, respectively (Table 5). For an extensive view of results,
see Table S1 in the Supplementary Materials.

Amplification by nested RT-PCR ID 972/973 and the molecular characterization of
the SARS-CoV-2 strain was obtained for one of the honey bee samples (537, collected
in May 2021 in the SA province), while all other attempts at amplification failed (either
no amplification or unspecific amplification). Sequence analysis showed no mutations
compared to the original Wuhan 2019 strain (GISAID reference sequence EPI_ISL_402124),
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showing that—in that specific sample—the virus present in the tested bees represented a
strain preceding the massive spread in Italy of the SARS-CoV-2 Alpha variant.

Table 5. SARS-CoV-2-positive honey samples.

SARS-CoV-2 Concentration

Sample Orf1b nspl4 N Gene Sampling Site
g.c/uL RNA g.c./uL RNA
H1 0.28 0.15 Sant’Anastasia (NA)
Hé6 0.6 0.23 Ercolano (NA)

4. Discussion

In the present study, to evaluate the possible role of honey bees as bioindicators of the
prevalence SARS-CoV-2, we analyzed the samples of honey bees collected over a 2-year
period (September 2020-June 2022), which almost coincided with the beginning of the
COVID-19 pandemic and lasted until the point at which the pandemic was at its peak.

Our results showed that 12/91 honey bee samples were positive for SARS-CoV-2
and that no sample was positive during T1 (September 2020-December 2020), coinciding
with the first winter wave of the pandemic, while 3/12 were positive during T2 (April
2021-July 2021), 5/12 during T3 (September 2021-February 2022), and 4/12 during T4
(April 2022-June 2022). These results are consistent with regional epidemiological data,
since the positivity of the samples follow the increase in human cases in the population
(Figures 2 and 3) and the possible behavior adopted by the population. As a matter of
fact, during T1, the Italian population was still obliged to use face masks and movement
across the country was still partially impeded [42]. Therefore, the circulation of the virus in
the air and in the PM was limited, and honey bees probably had fewer opportunities to
come across the virus. On the contrary, during T2, T3, and T4, movement restrictions were
loosened, face mask requirements were reduced almost everywhere [43], and the virus
could more easily circulate in the air and be intercepted by honey bees. It is important to
underline that none of the beekeepers or of the samplers were infected with SARS-CoV-2
at the time of sampling, nor in the month before. Since in farm animals such as buffaloes,
goats, sheep, horses, rabbits, hens, pigs, or cows, SARS-CoV-2 has not been detected despite
contact with their infected breeders [44], we can exclude the contamination of samples from
operators’ coughing and sneezing or from the passage of fomites to honey bees, and the
environmental contamination of honey bees must be assumed.

Trend of SARS-CoV-2 cases in the Campania

region in the year 2020

T1
200000
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Figure 2. Trend of SARS-CoV-2 cases in the Campania region in the year 2020 (data obtained from
ISS report).
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Trend of SARS-CoV-2 cases in the Campania
region in the years 2021 and 2022
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Figure 3. Trend of SARS-CoV-2 cases in the Campania region in the years 2021 and 2022 (data
obtained from ISS report).

So, in accordance with other studies [35,45], our results showed that in the future,
honey bees could very likely be used as indicators of outbreaks of airborne pathogens.
Furthermore, by providing evidence that the molecular characterization of the pathogens
detected in honey bee samples is also technically feasible, this study opens the possibility
of using this approach for the identification and mapping of emerging diseases. In fact, it
was observed that honey bee colonies have a higher sample capacity than an automatic
environmental monitoring station, because the honey bee body has a maximum diameter
of 4.5 mm [46,47], and considering that one forager may leave the hive twenty times per
day flying each time for 500 m [48], it can be said that even one single honey bee can come
in contact with an approximate daily volume of air of 0.16 m? [49-51]. Assuming that in
a colony there are 2000 foragers [49-51], those last bees may encounter 318 m> of air per
day, from which airborne PMs may be sampled using their hairs and brought to the colony,
while an automatic station has a sampling capacity of 2.3 m3/h, corresponding to 55.2 m3
per day (UNI EN 12341:2001 and UNI EN 14907:2005).

It is worth underlining that the present study does not indicate in any way that honey
bees can be infected by SARS-CoV-2. Indeed, the PCR detection of SARS-CoV-2 from the
animals may be related to the virus’ attachment to pollen or other matter transported by
honeybees and, given the limitations of molecular methods, may be related to a damaged
or otherwise non-infectious virus. As a matter of fact, although infection with SARS-CoV-2
has been described in domestic and wild animals such as cats, dogs, minks, pet ferrets,
buffaloes, otters, lions, tigers, pumas, snow leopards, gorillas, white-tailed deer, fishing
cats, South American coati, spotted hyenas, Eurasian lynx, Canada lynx, hippopotami,
and hamsters [52-59], it appears that insects cannot be infected with the virus. The reason
probably lies in the mode of entrance of the virus into the cell, which occurs after the
binding of the viral spike protein to the human angiotensin converting enzyme II (ACE2)
receptor protein [60,61]. Unlike most vertebrates, which present these receptors that can
tie to SARS-CoV-2 [62], only a few invertebrates have ACE2 receptors and they are very
different from those of humans [63], thus preventing binding with the viral spike protein
and subsequent SARS-CoV-2 infection and biological transmission [64,65].

Real-time PCR has been used since the beginning as the gold standard for the diag-
nosis of SARS-CoV-2 [66] and more than 150 RT-PCR COVID-19 diagnostic kits with a
sensitivity of 94-100% and a specificity of 95-100% have been developed and commercial-
ized worldwide [67]. However, this method has shown some limitations, such as long-term
nucleic acid extraction, errors during sample preparation, the requirement of trained staff,
and high costs for large volumes. For this reason, samples with low viral loads can be
often misdiagnosed as false negative samples. Therefore, in the present study, we used



Viruses 2024, 16, 729

8of 12

a droplet digital polymerase chain reaction (dd-PCR) to overcome the limitations of RT
gqPCR. Droplet digital PCR is an approach based on the direct and absolute quantification
of targets using the principles of dilution and partition for the reaction mix in 20,000 nan-
odroplets obtained with oil-water emulsion. This methodology improves the detection of
targets in low concentrations and improves the accuracy of their quantification, bypassing
the need for a standard curve, as is required by qPCR [68]. In fact, several studies have
demonstrated the higher sensitivity and robustness of ddPCR compared to other molecular
techniques, including RT-qPCR [41,68-70], and currently, this method is effectively used for
the absolute quantification of viral load and for the analysis of gene copy number variation
and circulating DNA, gene, and microRNA expression [71,72].

Regarding honey samples, data have shown that two out of six samples were positive
for SARS-CoV-2. This does not mean that honey—in which the virus likely occurs as a
consequence of its attachment to PM or pollen—is an element of virus transmission. It is
also worth considering that the molecular detection of SARS-CoV-2 RNA is not informative
in terms of the viability and infectivity of the virus; to the best of our knowledge, the
latter has not been assessed in any of the studies mentioned. A realistic hypothesis is
that in addition to the evident dilution effect, outdoor airborne transmission results are
much less probable than the indoor route because viral integrity is strongly influenced by
environmental factors, such as drying processes and sunlight exposure. The question as to
whether SARS-CoV-2 is transmitted by particulate air pollution remains a controversial
topic in the scientific community [34]. According to the literature, the survival of SARS-CoV-
2 in the environment is substantially affected by the external conditions. An approximate
loss in infectivity of 60% has been reported for different SARS-CoV-2 strains during aerosol
evaporation, and the rapid inactivation of the virus on surfaces by simulated sunlight
at environmental temperatures has been described. In a recent review, the half-life of
SARS-CoV-2 on different inanimate surfaces at 22 °C ranged between 2 and 10 h, with a
minimum of 30 min and a maximum of 5 days. Therefore, even though there seems to be
a general consensus regarding the role that PM may play in severe COVID-19 due to the
inflammatory effect on the respiratory system, the role of PM as a carrier of SARS-CoV-2
and as a spreader of the infection is quite controversial, as the attached virus may be
non-infectious due to inactivation in the environment.

On the contrary, bibliographic studies have shown that for its antioxidant and anti-
inflammatory properties, it is even used to alleviate the clinical symptoms caused by
SARS-CoV-2 by reducing the elimination time of the same virus [73,74]. Furthermore,
Abedi et al. (2021) evaluated the potential applications of honey and its constituent com-
ponents as a possible treatment regime for COVID-19, and they have observed that the
anti-inflammatory properties on proinflammatory cells and agents could lead to the pre-
vention of SARS-CoV-2 penetration and reproduction in host cells. Additionally, they have
shown that a constituent of honey called Quercetin protects the host cells by preventing the
shedding of the viral coat after infiltration into the cell [75]. Finally, it was observed that
honey was able to reduce the mediators of inflammation within lung infections, preventing
thrombotic complications and fibrotic activity caused by COVID-19 [76].

5. Conclusions

In conclusion, the results of our study suggest that honey bees could very likely be used
not only as bioindicators for the quality of the environment [77] but also as indicators of
outbreaks of airborne pathogens, as previously indicated [35,45,78]. In fact, being accurate
explorers of the ecosystem, they have the capacity to encounter a range of substances from
the environment and bring them back to the hive, where they can be sampled for analysis.
Clearly, honey bee-based monitoring stations cannot replace existing standard devices, as
these are sensitive to physical and biological conditions that cannot be standardized. Yet, a
synergy between the two methods could be promoted to obtain a greater variety of both
quantitative and qualitative environmental information. Easy adaptation and handling
would allow bee-based monitoring networks in virtually all inhabitable areas. For this
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reason, this innovative approach could be extended to other airborne pathogens that affect
plants, animals, and humans and could be used to predict recurrent outbreaks like seasonal
influenza. Furthermore, as previously reported [72-74], it is important to underline that
honey samples could also be used as further indicators of virus spread in the environment
without causing harm to the consumer. However, this is a preliminary study, and it is
necessary to conduct further studies on different territories to ensure the reliability of
the data.
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