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• Honey and pollen show similar ARG
profiles.

• Beehive products harbour ARGs of envi-
ronmental origin.

• β-Lactam and macrolide ARGs correlate
with anthropogenic environments.

• Honey and pollen represent reliable
bioindicators of environmental AMR.
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The use of antimicrobials in agricultural, veterinary and medical practice exerts selective pressure on environ-
mental microbiota, promoting the emergence and spread of antimicrobial resistance (AMR), a global concern
for the One Health Initiative Task Force (OHITF). Honeybees have been studied as bioindicators of AMR in the en-
vironment, but little is known about beehive products like honey and pollen. The aim of this study was to assess
the prevalence of AMR genes (ARGs) in beehive products and investigated their origins. Specifically, possible as-
sociations between ARGs, microbiota and other characteristics of different honey and pollen samples, including
country of origin, flower type, type of commercial distribution and environmental factors, such as land use,
weather and composition of the environment surrounding the beehives were investigated. We found that bee-
hive products harboured ARGs conferring resistance to β-lactams, macrolides, (fluoro)quinolones and poly-
myxins. Most samples possessed resistance to multiple antimicrobial classes, with honey and pollen showing
similar ARG profiles. Even if Lactobacillus and Acinetobacter genera were common in the microbial communities
of both honey and pollen, Bacillus, Clostridium, and Bombella defined honey microbiota, while Pseudomonas and
Vibriowere enriched in pollen. ErmB and blaTEM-1 co-occurredwith Lactobacillus and Fructobacillus, while positive
associations betweenβ-lactams andmacrolides and anthropogenic environments (i.e. industrial and commercial
areas and non-irrigated arable lands)were found. Altogether, our findings suggest that ARGs in honey and pollen
might originate from the honeybee foraging environment, and that the beehive products can be used as
bioindicators of the AMR environmental contamination.
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1. Introduction

The spread of antimicrobial resistance (AMR) in the environment is
a matter of great concern for public health, since it can be transferred to
humans and animals through dispersion in waterways, surface runoff
and soil drainage, or by entering into the food chain (Berendonk et al.,
2015; Hruby et al., 2016;Marti et al., 2013; Pruden et al., 2012).Wildlife
and insects have been investigated as potential indicators of environ-
mental dissemination of AMR, as they are not usually intentionally ex-
posed to antimicrobials for clinical purposes (Martinez, 2009; Zurek
and Ghosh, 2014). In recent years, studies have proposed honeybees
as indicator of AMR in the environment (Cenci-Goga et al., 2020; Piva
et al., 2020). Indeed, during their usual foraging activities, honeybees
are able to cover wide areas in which agricultural, industrial, and
other anthropogenic activities occur, and therefore are likely to be ex-
posed to contaminated (environmental) sources, such as pollen, nectar
and water (Bargańska et al., 2016). Furthermore, since no maximum
residue limits have been established for antimicrobials in honey
(European Parliament and the Council of the European Union, 2010),
the use of antimicrobials in beekeeping is not permitted in the
European Union (EU). However, the potentiality of beehive products,
such as honey and pollen, to act as indicators of AMR dissemination
into the environment has yet to be explored (Bezirtzoglou, 2016).

In the present study, we investigated the prevalence of AMR genes
(ARGs) for several antimicrobial classes of public health interest that
are commonly used in conventional animal farming (i.e. β-lactams,
macrolides, (fluoro)quinolones and polymyxins) in honey and pollen
samples collected from either Italian local beekeepers and purchased
from the retail markets or online stores. Despite the ban in the EU, anti-
microbials are approved and used in beekeeping in many countries all
over the world (Bonerba et al., 2021; European Parliament and the
Council of the European Union, 2010; Savarino et al., 2020); therefore,
beehive products produced outside the EU were also included in the
study. Moreover, we investigated the microbial community composi-
tion of beehive products and the potential effects of the environment
surrounding the beehives. This latter analysis was performed on a sub-
set of georeferenced beehives located in Northeast Italy, considering a
radius around the beehives corresponding to the average honeybee's
foraging range. Therefore, the main purpose of the study was to assess
the ARG profiles in beehive products of different origins in light of hon-
eybees being a potential indicator of AMR dissemination in the environ-
ment, as well as to indirectly assess the potential risk for (beehive
product) consumers' health. Furthermore, we aimed to identify poten-
tial correlates (i.e. land use, microbial community composition, country
of origin, flower type, and type of commercial distribution) of ARG oc-
currence in beehive products.

2. Materials and methods

2.1. Samples

A total of 97 honey and 24 pollen sampleswere included in the pres-
ent study. The complete list of samples by type (i.e. honey or pollen),
year of production (2017–2019), type of flower (i.e. mono- or multi-
floral), country of origin (i.e. Italy or outside Italy) and type of commer-
cial distribution (i.e. local, large-scale market, or e-commerce), is re-
ported in Supplementary material 1.

2.1.1. Honey samples
Honey samples from local beekeepers were collected from pro-

ducers located in the north-eastern part of Italy (n = 65), except for
one sample of Romanian origin, while the remaining samples (n =
31) were purchased from the large-scale market (LSM). According to
the label, the samples were produced in 2017 (n = 60), 2018 (n =
18), and 2019 (n = 19). The large-scale market samples were either
of Italian (n = 14) or non-Italian (n = 17) origin.
2

2.1.2. Study area of local beekeepers
Of the 66 local honey samples, 54 were obtained from beehives lo-

cated in Belluno, a province characterized by a predominant mountain-
ous environment, in Northeast Italy. According to the Italian Institute of
Statistic (ISTAT), this province has a surface of 3610.20 km2, and a pop-
ulation density of 55.42 people/km2. For 26 out of 54 samples, the coor-
dinates of the beehive locations were available.

2.1.3. Pollen samples
Pollen samples (n = 24) were all obtained from on-line retailers.

Samples were collected in 2018 (n= 5) and 2019 (n = 19). According
to the label, eight sampleswere of Italian origin, while the remaining 16
samples were of non-Italian origin.

2.2. DNA extraction

Ten grams (g) of honey were processed following the protocol opti-
mized by Balzan et al. (2020) and DNA was extracted from 250 mg of
the resulting pellet using the DNeasy PowerSoil DNA Isolation Kit
(Qiagen, Hilden, Germany). DNA extraction from pollen samples was
carried out using the same commercial kit. Briefly, 250 mg of pollen
were placed directly into PowerBead Pro Tubes, added with lysis solu-
tion and shacked in a TissueLyser (Qiagen) for 30 s four times. After
this first step, the isolationwas performed following themanufacturer's
instructions. DNA purity and quantity were assessed using a UV–Vis
spectrophotometer NanoDrop ND-1000 (Nanodrop Technologies, Wil-
mington, DE, United States).

2.3. 16S rRNA gene amplification, sequencing and data analysis

Amplification of the V3-V4 regions of the 16S rRNA gene and NGS
libraries preparation were carried out for honey samples collected in
2019 (n = 19) and for all pollen samples (n = 24), as previously
described Balzan et al. (2020). Libraries were then sequenced using
the Illumina MiSeq sequencing platform (San Diego, California, USA)
with a 2 × 300 bp paired-end approach.

Within the Quantitative Insights into Microbial Ecology 2 (QIIME2
version 2019.4) software, the DADA2 package was used for 16S rRNA
data analysis (Bolyen et al., 2019; Callahan et al., 2016). Taxa assign-
ment was carried out by using SILVA- Naive Bayes sklearn trained data-
base (Yilmaz et al., 2014). Raw reads have been deposited in the NCBI
Short Read Archive under the accession number PRJNA751468. To as-
sess α- and β-diversity statistics of the microbial communities, the
on-line based software Calypso (http://cgenome.net/wiki/index.php/
Calypso) was employed, with default parameters data filtering, and by
adopting total sum normalization (TSS) and SquareRoot for data trans-
formation (Zakrzewski et al., 2017). Themicrobial community composi-
tion was visualized using heatmap. To quantify the microbiome
diversity within honey and pollen samples, Shannon and Simpson in-
dexeswere employed. To assess differences inmicrobiome composition
between the two beehive products, the permutational multivariable
analysis of variance (PERMANOVA) based on the Bray-Curtis dissimilar
measure for significance testing using the Adonis function, was used.
For β-diversity visualization, principal coordinate analysis (PCoA)
plots and nonmetric multidimensional scaling (NMDS) were used. The
linear discriminant analysis (LDA) effect size method (LEfSe) was used
to identify the taxa most likely to explain differences between classes.

2.4. Real-time PCR analysis of antimicrobial resistance genes (ARGs)

A total of 97 honey samples and 24 pollen samples were tested for
the presence of ARGs by real-time polymerase chain reaction (Real-
time PCR), employing the protocols described by Laconi et al. (2021).
In detail, gene-specific SYBR® Green assays paired with melting curve
analysis were used for detecting the following ARGs: blaTEM-1, blaSHV,
blaCTX-M-1like, blaCMY-2, blaOXA-1, blaOXA-48, blaVIM-2, blaNDM, ermA, ermB,

http://cgenome.net/wiki/index.php/Calypso
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oqxA, oqxB, qnrS, qnrA, qnrB, mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5. All
real-time PCRs were performed using PowerUp™ SYBR® Green Master
Mix (Thermo Fisher Scientific) in a LightCycler®480 Roche (Roche,
Basel, Switzerland) real-time platform.

2.5. Environmental variables

The environmental variables included in the analysis were com-
puted within a buffer radius of 3 km around each of the 26 Italian bee-
hives geolocalized from the longitude and latitude coordinates
acquired by GPS. The percentage of land coverage in the radius was cal-
culated for each of the 44 land cover classes defined by the Corine Land
Cover (CLC) 2018 in vector format. Since CLC classes include urban, in-
dustrial, and agricultural areas, as well as forests, wetlands, and water
bodies, they were used to investigate the effects of both anthropogenic
and natural areas on the occurrence of ARGs in honey samples. The den-
sity of farms (farms/km2) for poultry, pigs, cattle andother livestock (i.e.
sheep, goats, horses, rabbit, and aquaculture) in the radius was also cal-
culated using the georeferenced farms in the 2017, 2018, 2019 gener-
ated by information registered in the Italian National Beekeeping
Registry (BDNA) and stored in the Istituto Zooprofilattico Sperimentale
delle Venezie (IZSVe) Data warehouse. The number of rainy days
(>0.1 mm of water) and the mm/day of rain over the foraging period
(three months) were obtained from the IZSVe Environmental data for
Veterinary Epidemiology system (a system dedicated to process and
store data derived from satellite products such as MODIS, Sentinel-2),
processing the original data published by Environmental Prevention
and Protection Agency of the Veneto Region (ARPAV).

2.6. Statistical analysis

Statistical analysis was performed according to Laconi et al. (2021).
To test the associations between the explanatory variables (i.e. type of
samples, year of production, type of flower, foreign origin, and type of
Fig. 1. Heatmap representing the microbial community com
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commercial distribution) a hierarchical clustering was generated
based on the presence/absence of each ARG using pHeatmap package
version 1.0.12 in R (version 3.6.3) (https://www.r-project.org/). Differ-
ences in each ARG occurrence (binary outcome variable) over the afore-
mentioned explanatory variables (covariates) were tested for
significance using multivariable logistic regression analysis. The same
analysis was performed also with the outcome variable being the pres-
ence/absence of at least one ARG per antimicrobial class (i.e. β-lactams,
macrolides, (fluoro)quinolones, polymyxins). Differences in single ARG-
level multi-resistance (i.e. sumof all ARGs detected in a sample), aswell
as antimicrobial class-levelmulti-resistance (i.e. sumof oneARGper an-
tibiotic class detected in a sample) over the explanatory variables were
tested for significance using multivariable ordinal logistic regression. A
sub-analysis considering only the honey samples was also performed.
To assess the association between the relative abundance of the main
microbial taxa at genus level (≥25% prevalence over all samples) and
the ARGs detected at a minimum prevalence level of 5% in the samples,
multivariate regression analysis with several dependent variables (i.e.
log-transformed relative abundances) was used to jointly regress on
the same independent variables (i.e. presence/absence of the different
ARGs), while adjusting for the other explanatory variables using bias-
corrected and accelerated cluster-bootstrapped standard errors (1000
replications). Sequence data of honey samples collected in 2017 and
2018 (PRJNA601326) were also included in association analysis.
Family-wise Bonferroni correction of the p-value was applied to control
for Type I error. The analysis of the environmental correlates of ARGs in
honey samples from 26 local beehives that could be geographically lo-
calized was performed using spatial autoregressive regression to ac-
count for the geographical distribution of the beehives leading to non-
independence of observations from nearby locations. Given the low
number of observations and outcome events, this analysis was per-
formed at the antimicrobial class level. Statistical analysis and data visu-
alization were carried out in STATA (version 16) and R (version 3.6.3)
(https://www.r-project.org/).
position of honey and pollen samples at genus level.

https://www.r-project.org/
https://www.r-project.org/
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3. Results

3.1. General description of DNA sequences

After thequality-filter step, removal of chimeric fragments and reads
merging, a total of 749249 reads was obtained with 1867 different fea-
tures, with an average of 17424 sequences per individual sample. Filter-
ing by quality, one sample was excluded and the remaining 42 were
considered for the characterization of the microbial communities.

3.2. Composition of bacterial communities, α- and β-diversity

Using 16S rRNA gene sequencing, the microbial community struc-
ture of honey and pollen samples was characterized. Firmicutes and
Proteobacteria dominated honey and pollen microbiota at phylum
level, while Bacilli and Alphaproteobacteria were the predominant clas-
ses. Lactobacillus and Acinetobacter were abundant in both beehive
products; however, other genera showed a different distribution with
Bacillus, Clostridium and Bombella being more abundant in honey
(p < 0.05) and Pseudomonas and Vibrio being more abundant in pollen
(p < 0.05). As a result, the heatmap at genus level (Fig. 1) shows two
main clusters, one grouping honey and one pollen samples.

The α- and β-diversity were assessed at the Operational Taxonomic
Unit (OTU) level. The α-diversity, expressed using both the Shannon
and Simpson indexes, was comparable between the two sample types
(Fig. 2). However, PERMANOVA showed that the microbial communi-
ties of honey and pollen were significantly (p = 0.0003) different
from one another. Indeed, the PCoA and NMDS graphs (Fig. 3A, B)
show a clear separation between honey and pollen samples. LEfSe anal-
ysis (Fig. 3C) identified 21 taxa associatedwith honey, including the fol-
lowing genera: Bacillus (linear discriminant analysis (LDA) = 4.41),
Clostridium (LDA= 4.04),Melissococcus (LDA= 4.38) and Staphylococ-
cus (LDA = 3.53). Nine taxa were associated with pollen samples
(Fig. 3C), including Mycoplasma (LDA = 4.11), Pseudomonas (LDA =
4.32) and Vibrio (LDA = 4.43) genera.

3.3. Prevalence of ARGs

The prevalence of ARGs in honey (n=97) and pollen (n=24) sam-
ples was investigated. Of the 20 ARGs considered, all but qnrA, blaVIM2,
and mcr-3 genes were detected in at least one sample, while 91.75%
(95% confidence of interval (CI) 85.00–96.64%) of honey and 83.33%
(95% CI 67.26–99.41%) of pollen samples resulted positive to at least
one ARG. Notably, 63.64% (95% CI 54.94–72.33%) of the samples pos-
sessedmore than oneARG, 58.68% (95% CI 49.78–67.58%) showed resis-
tance to more than one antimicrobial class, and 14.05% (95% CI
7.76–20.33%) to at least three antimicrobial classes. ErmB (52.89%, 95%
Fig. 2.α-Diversity within honey and pollen samples using Shannon (A) and Simpson (B) index
the interquartile range (IQR).
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CI 41.38–61.91%) and blaTEM-1 (50.41%, 95% CI 41.38–59.45%) were the
most prevalent ARGs, followed by oqxB (13.22%, 95% CI 7.1–19.35%),
blaSHV and blaCMY-2 (12.40%, 95% CI 6.44–18.35%), while for the remain-
ing genes the prevalence ranged from 9.09% (95% CI 3.89–14.29%) of
blaCTX-M-1LIKE and mcr-2 to 0.86% (95% CI 0.00–2.46%) of blaOXA-48
(Fig. 4A). Target genes showed a similar distribution in the two sample
types, even if some differences were observed; blaOXA-1, blaOXA-48, and
qnrB were detected in honey, but not in pollen samples (Fig. 4B).
Furthermore, a higher prevalence of ermB and blaTEM-1 was observed in
honey (59.79%, 95% CI 49.86–69.73% and 54.64%, 95% CI 44.55–64.73,
respectively) than in pollen (25.00%, 95% CI 6.32–43.68% and 33.33%,
95% CI 13.00–53.67%, respectively), and vice versamcr-2was more prev-
alent in pollen (33.33%, 95% CI 13.00–53.67%) than in honey (3.09%, 95%
CI 0.00–6.60%) samples (Fig. 4B). However, there were no significant
differences (p>0.05) in the prevalence of ARGs between the twobeehive
products. Only when considering the antimicrobial class-based multi-
resistance, a significant (p = 0.021) difference was observed between
pollen (mean 1.5 resistances per sample, range 0–3) and honey (mean
1.7 resistances per sample, range 1–4). The hierarchical clustering analy-
ses based on the 17 ARGs detected, did not show any clear clustering
accordingly to the explanatory variables considered (Supplementary
material 2).

The prevalence of oqxBwas significantly higher (p=0.031) in large-
scale market honeys (26.67%, 95% CI 9.87–43.46%) than in those of local
beekeepers (8.95.7%, 95% CI 1.93–5.97%) (Fig. 4C), while blaTEM-1 was
significantly more prevalent (p = 0.037) in honey samples of Italian
origin (59.09%, 95% CI 48.61–69.57%) than in those of non-Italian origin
(27.78%, 95% CI 4.86–50.70%) (Fig. 4D). When considering the other ex-
planatory variables, no other significant differences (p > 0.05) in ARGs
prevalence were found.

3.4. Associations between microbial communities and ARGs

The ARGs significantly associatedwith specific taxa (genus level) are
reported in Table 1. In total, 7 taxa were found to be associated with at
least one ARG. The occurrence of ermB and blaTEM-1 genes showed the
largest number of significant associations with the abundance of
specific taxa: ermB occurrence was positively associated with Erwinia,
Serratia, Rosenbergiella and Lactobacillus abundance, while blaTEM-1

occurrence was positively associated with Gilliamella, Fructobacillus
and Lactobacillus abundance. The occurrence of blaCTX-M-1LIKE was
positively associated with Bombella abundance.

3.5. Environmental correlates of ARGs

Factors significantly associated with the occurrence of resistance to
macrolides in the local beekeeper honey samples (n = 26) were the
es. Boxplots represent 25th to 75th percentiles and whiskers showing a maximum of 1.5×



Fig. 3. β-Diversity between honey and pollen samples. In both PCoA (A) and NDMS (B) analysis, samples are clustered according to Bray-Curtis distances. C) LDA scores of LEfSe
comparison analysis between honey and pollen samples. The red and blue shading depicts bacterial taxa significantly higher in honey and pollen samples, respectively.
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increasing percentage of non-irrigated arable land (β-coefficient =
0.106, p = 0.001) and broad-leaved forest (β-coefficient = 0.021,
p = 0.0001) and the decreasing percentage of complex cultivation pat-
terns (β-coefficient = −0.017, p = 0.001) around the beehive. Factors
significantly associated with the occurrence of resistance to β-lactams
were the increasing percentage of land covered by industrial or com-
mercial units (β-coefficient = 0. 179, p = 0.006) and the decreasing
percentage of complex cultivation patterns (β-coefficient = −0.020,
p=0.001) and the decreasing density of poultry farms (β-coefficient=
−3.207, p = 0.001). No other significant associations were found.

4. Discussion

4.1. Microbial community composition differs between honey and pollen

Themicrobial community composition of honey and pollen is in line
with previous studies (Ambika Manirajan et al., 2016; Balzan et al.,
2020), with the phyla Proteobacteria and Firmicutes being the most
abundant in both types of samples. However, β-diversity, as assessed
using PERMANOVA analysis, showed a significant difference between
honey and pollen microbiome. The microbial communities of pollen
could be affected by both the floral nectars microbiota and by the
5

honeybee microbiota. However, in agreement with previous observa-
tions, our findings seem to suggest that the former is more influential
on pollen microbial community composition (Donkersley et al., 2018).
Indeed, among themost abundant genera therewere Pseudomonas, Lac-
tobacillus and Acinetobacter, which are commonly found in pollen grains
of insect-pollinated plants (Ambika Manirajan et al., 2016; Lenaerts
et al., 2016). Honey microbial community composition is the result of
more complex interactions between the microbiota resident in
honeybee gut and body surfaces, the beehive infrastructures, and
the food (i.e. pollen and honey bread) stored in the beehives
(Vásquez et al., 2012). Accordingly, together with genera highly
abundant in pollen (i.e. Lactobacillus and Acinetobacter), the most
common genera in honey samples included Bacillus, Clostridium,
and Staphylococcus, which are also abundant in the honeybee gut
(Anderson et al., 2013; Vásquez et al., 2012). Notably, the genus
Melissococcus, to which belong the speciesM. plutonius, the causative
agent of European foulbrood (EFB), a disease which spreads in the
hive at the brood level and kills larvae, was more abundant
in honey than in pollen. Taken together, our data seem to confirm
that pollen microbial communities resemble those of the pollinated
flowers, while both pollen and honeybee gut influence honey's
microbiota.



Fig. 4. Prevalence of target genes in honey and pollen samples. A) Overall prevalence of ARGs. B) Prevalence of ARGs in honey (grey) and pollen (white). C) Prevalence of oqxB in honey
samples obtained from local producers and large-scale market (LSM). D) Prevalence of blaTEM-1 in honeys of Italian and non-Italian origin. Bars represent 95% confidence interval (CI).
p < 0.05 shown as *.
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4.2. Honey and pollen show similar ARGs profiles

ARGswere detected in the vastmajority of the samples. Remarkably,
more than half of the samples showed antimicrobial class multi-
resistance, and only three of the targeted genes (i.e. qnrA, blaVIM2 and
mcr-3) went undetected. While ARGs against macrolides (i.e. ermB
and ermC) have been previously identified in honey (Okamoto et al.,
2021), this study reports for the first time the presence of ARGs
conferring resistance toβ-lactams, (fluoro)quinolones, and polymyxins,
and describes for the first time the detection of ARGs in pollen. The oc-
currence of ARGs in beehive products might represent a potential risk
for human health, as resistance determinants can be transferred
among bacteria via mobile genetic elements (MGEs), resulting in the
emergence of resistant bacteria, including human pathogens
(Martínez et al., 2015). Among the ARGs detected, the carbapenemase
genes blaOXA-1 and blaOXA-48 and the mcr genes confer resistance to
carbapenems and polymyxins, respectively, which represent last
resort antimicrobials againstmulti-drug resistant Gram-negative bacte-
ria (Poirel et al., 2010; Xia et al., 2019).
Table 1
Significant associations between microbial taxa and antimicrobial resistance genes. β-co-
efficients and Bonferroni-corrected p-values (within parentheses) are shown.

blaCTXM-1-LIKE ermB blaTEM1

Gilliamella 0.095 (0.009)
Erwinia 0.139 (0.045)
Serratia 0.119 (0.036)
Rosenbergiella 0.169 (0.009)
Fructobacillus 0.134 (0.036)
Bombella 0.324 (0.027)
Lactobacillus 0.350 (0.009) 0.390 (0.001)
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The presence of ARGs in beehive products might be attributed to the
contamination of the foraging environment (e.g. manure amended soil,
wastewater, environmental pollution, etc.), the contaminated equip-
ment used during harvesting and processing of beehive products, or
the antimicrobials exerting a selective pressure on honeybee gutmicro-
biota. Moreover, large-scale market honeys usually undergo mixing of
different batches originating from different geographical areas or even
countries. Accordingly, our study reports a higher prevalence of the
plasmid-mediated quinolone resistance (PMQR) gene oqxB in large-
scale markets than in local honeys. Honey and pollen showed compara-
ble ARG profiles, suggesting that most of the ARGs in honeymight orig-
inate from pollen, and therefore implying a relation between ARGs in
beehive products and environmental AMR contamination. According
to microbiota dynamics (Daisley et al., 2020; Donkersley et al., 2018),
pollen resistome might derive from the environment and influence
the resistome in honeybee gut and in honey. Indeed, β-lactamase
encoding genes are widespread in the environment (Graham et al.,
2016), and β-lactams are not effective against Paenibacillus larvae and
M. plutonius, the causative agents of American and European Foulbrood,
respectively (Reybroeck et al., 2012), discarding the hypothesis of being
the result of antimicrobial treatments in the beehives and enforcing the
hypothesis that the occurrence of these ARGs in honey is due to foraging
activities. Indeed, studies investigatingβ-lactamase encoding genes and
β-lactam resistant bacteria in honeybees have previously suggested a
possible environmental origin of the observed AMR (Cenci-Goga et al.,
2020; Piva et al., 2020). Macrolides are commonly used against diseases
of the beehive (i.e. American and European Foulbrood) outside the EU
or for illegal treatments (Reybroeck et al., 2012). Hence, their occur-
rence in honey samples might be also due to the antimicrobial treat-
ments of the beehive, rather than exclusively to environmental
contamination. The higher prevalence of ermB in honey than in pollen
seems to point to a combined effect of AMR environmental contamina-
tion and selective pressure on the honeybee gut microbiota.
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Even if the contamination during harvesting and processing might
play a role in the presence of ARGs in beehive products, and legit (or il-
legal) treatments cannot be ruled out for some antimicrobial drugs (i.e.
macrolides and (fluoro)quinolones), most of the investigated genes
seems to be acquired from the environment during foraging activities,
suggesting that honey and pollen might represent useful and reliable
bioindicators of AMR dissemination. In this regards, future studies
should aim at investigating the entire resistome of honey and pollen,
by adopting a metagenomics approach.

4.3. Associations between ARGs, microbial taxa and environmental factors

The positive associations between the most prevalent ARGs (i.e. ermB
and blaTEM-1) and the genera Lactobacillus and Fructobacillus, which were
highly abundant in both beehive products and common in themicrobiota
of pollinated flowers (Ambika Manirajan et al., 2016; Donkersley et al.,
2018), seems to confirm the environmental origin of these resistance
determinants. Increased prevalence of blaCTX-M-1LIKE extended-spectrum
β-lactamases (ESBLs) encoding genes in association with the genus
Bombella, more abundant in honey than in pollen, might be due to
horizontal gene transfer (HGT) events, since this genus dominates
brood and honeybee queens gut microbiota, but is seldom detected in
their food (i.e. pollen andhoneybread) (Smith andNewton, 2020). Signif-
icant associations between the land use and resistance to β-lactams and
macrolideswere also found. Industrial and commercial units were associ-
ated with an increased occurrence of ARGs against β-lactams, while non-
irrigated arable lands and broad-leave forests were positively associated
with resistance to macrolides. The positive association between the
occurrence of these ARGs and lands impacted by anthropogenic activities
supports the hypothesis of their environmental origin, since they can
spread andpersist in the environment andbothβ-lactamsandmacrolides
are used in agriculture, livestock and humans (Grahamet al., 2016; Laconi
et al., 2021; Lopatto et al., 2019). The positive association between
macrolide resistance and semi-natural areas, such as broad-leave forests,
might be due to the presence of naturally occurring resistant bacteria in
soil, ponds and insect-pollinated flowers present in these environments
(Osbiston et al., 2021). Indeed, woodlands represent privileged spots
for foraging activities, being associated with increased microbial richness
and protein content, which are both beneficial to honeybees (Donkersley
et al., 2018). Complex cultivation patterns represent small agricultural ac-
tivities, e.g. mosaic of parcels of permanent fruit trees, vineyards and
hobby gardens, and therefore less likely to involve the use of antimicro-
bials or the application of antimicrobial-impacted manure, possibly
explaining the negative association with the occurrence of both β-
lactams and macrolides ARGs. In contrast with previous observations,
no positive associations with antimicrobial resistance and livestock
productions were found (Cenci-Goga et al., 2020) to the extent that the
occurrence of β-lactams was negatively associated with the density of
poultry farms within the foraging range, possibly due to the significant
reduction of antimicrobial use in the Italian poultry industry (Caucci
et al., 2019).

5. Conclusion

In the present study, we analyzed honey and pollen samples of dif-
ferent origin and type over a three-year period. By using gene specific
real-time PCR assays, we assessed the prevalence of ARGs in these bee-
hive products and investigated their association with the microbial
communities and different environmental factors. Themain conclusions
of the study are:

- ARGs showed a similar distribution between honey and pollen, sug-
gesting that most of the genes detected in honey might derive from
pollen, and therefore might be of environmental origin.

- Resistance to β-lactams andmacrolides, which are commonly used in
livestock and humans, was positively associated with urbanized and
7

agricultural areas, supporting the hypothesis that the AMR detected
in beehive products originated from the foraging environment.

- Honey and pollen may be considered as reliable and non-invasive
bioindicators of AMR dissemination in the environment.

- The presence of ARGs against last resort drugs for the treatment of
multi-resistant bacteria (i.e. mcr, blaOXA-1, and blaOXA-48 genes) in
beehive products represents a risk for consumers' health, since
resistance genes can be transferred to pathogenic bacteria.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151131.
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