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Highlights

e The use of antimicrobials has exerted selective pressure in recent years to determine
the onset and spread of antimicrobial resistance genes.

e The use of antimicrobials in humans and animals over time may be associated with
the presence of antimicrobial residues in the environment.

e Honey bees (Apis mellifera) are considered an excellent biological indicator of the
state of pollution of the territory in which they live thanks to their peculiar
characteristics as they can act as collectors and disseminators of antimicrobial
resistance genes.

e Honey bees form complex, social networks, the health of which is closely linked to
the associated microbial communities living in their gut and can be used as an
indicator of the prevalence and distribution of antimicrobial resistance genes in the
environment.

e Inthe study area (region of Umbria, Central Italy), aph, blaz, tetM, sull, and sul2
genes are frequent in honey bees” microbiome, and their prevalence is associated with
presence of farms nearby.



Abstract

The use antimicrobials for therapeutic and metaphylactic purpose in humans and agriculture
exerts selective pressure on animal and environmental microbiota resulting in the survival
and spread of antimicrobial resistance genes among bacteria and subsequent development of
resistance in bacteria. Previous studies have shown that honey bees’ microbiota (Apis
mellifera) can accumulate antimicrobial resistance genes in their microbiome and act as
collectors and disseminators of resistance genes. The aim of this study was to investigate to
what extent honey bees act as reservoir of select antimicrobial resistance genes. This study
was conducted on 35 groups of bees. Bees were collected from 35 sites in Umbria, Italy. PCR
was used to screen pooled ground bees’ specimens for genes that code for resistance against
antimicrobials that are commonly used in humans and in veterinary medicine including
aminoglycosides (aph), beta-lactams (blaz), tetracycline (tetM) and sulphonamides (sull and
sul2). Twenty-four samples out of 35 (68.57%) were positive for at least one antimicrobial
resistance gene. Two samples were positive for the aph, 5.71%; eight for blazZ, 22.86%; three
for tetM, 8.57%; ten for sull, 28.57% and eighteen for sul2, 51.43%. Positivity to more than
one antimicrobial resistance gene was observed in nine samples, 25.71%. The multivariate
analysis identified “presence of farms nearby” as the factor most closely related to PCR
positivity. Honey bees (Apis mellifera) from Umbria, Italy, carry antimicrobial resistance
genes and can be used as indicators of the presence of resistance genes in the environment.

Introduction

Human and animal health and the production of food of animal origin are strongly dependent
on the effective use of antimicrobials. Increasing antimicrobial resistance in human and
animal pathogens poses a serious threat to human health and food production, as the
traditionally used antimicrobials are becoming ineffective in the face of rapidly evolving
populations of bacteria (Baker 2015). The growing presence of antimicrobial-resistant
bacteria is linked to the use of antimicrobial compounds in clinical medicine and agriculture
(Taylor et al. 2019). Antimicrobials exert selective pressure on bacterial populations which
leads to survival and spread of resistant bacteria in animals and the environment.
Furthermore, antimicrobial use in agriculture may pollute the environment with antimicrobial
residues that are detrimental to the fauna (Bogdanov et al. 2008). In the veterinary field, the
development of antimicrobial resistance has been attributed to the vast use of antimicrobials
for metaphylactic purposes or as growth promoters (Cambiotti et al. 2014; Cenci-Goga et al.
2004; lulietto et al. 2016). In fact, the occurrence of resistant bacteria as a consequence of
antimicrobial use, abuse and misuse is probably the best documented case of a contemporary
evolution in progress (Hiltunen et al. 2017). Currently antimicrobial resistance is a global
public health threat to humans and animal health (WHO Antimicrobial Resistance Global
Report on Surveillance: 2014 summary 2014). However, little is known about evolutionary
consequences of the use of antimicrobials on the environment. Numerous studies have shown
that bacteria populations in the wild can serve as environmental reservoirs and indicators of
antimicrobial resistance (Bengtsson-Palme et al. 2018). Regarding insects, to date, only a few
studies have investigated the occurrence of transferable AR genes in their microbiome
(Milanovi¢ et al. 2016; Osimani et al. 2017; Roncolini et al. 2019). These studies revealed the
massive presence of genes conferring resistance to tetracyclines and other antibiotics.
However, the mechanisms on how antimicrobial resistance genes are disseminated and
maintained in natural environments and how these genes are transferred between clinical
settings and farming environments and from one agricultural environment to another remain
unclear (Woolhouse et al. 2015). Furthermore, investigations on the role of farmed insects



such as honey bees as reservoirs and indicators of antimicrobial resistance genes remain
scanty.

Honey bees (Apis mellifera) form complex, social networks, the health of which is closely
linked to microbial communities living in their gut (Babendreier et al. 2007; Cox-Foster et al.
2007). Honey bee microbiota is highly stable and specialized and appears to have low
variations in different seasons and geographical regions (Gilliam 1997; Kwong et al. 2017).
Gram-negative bacteria are the most common bacterial group in honey bees, followed by
Gram-positive, and only 1% of fungi and yeasts (Borsuk et al. 2013). Bacterial species
colonizing honey bees are recognized as carriers of antimicrobial resistance genes and good
biological indicators of the complex evolutionary processes occurring among environmental
bacteria and their hosts that are very difficult to measure by other means. Honey bees,
especially foraging bees, can easily intercept and accumulate environmental contaminants as
a result of contact with air, water, soil and vegetation (Ceausi et al. 2009; Giglio et al. 2017;
Goretti et al. 2019).

The aim of this cross-sectional study was to identify potential risk factors associated with the
occurrence of antimicrobial resistance genes in honey bees in a selection of apiaries. PCR
was used to detect the presence of genes coding different antimicrobial compounds belonging
to antimicrobial classes that are commonly used in humans and animal agriculture for
therapeutic and metaphylactic purposes.

Materials and methods

Samples were taken from apiaries of Apis mellifera ligustica (Spinola, 1806) from 35
different sites in Umbria, Italy (Table 1 and Fig. 1). The sample size was calculated using the
formula n=22%* p * (1-p)/C?, where Z is the Z-value (e.g. 1.96 for a 95% confidence level), p
is the expected prevalence, expressed as a decimal, and C is the absolute precision, expressed
as a decimal (Mariano et al. 2009). With approximately 200 registered permanent apiaries in
Umbria and with an expected prevalence for PCR-positive samples of 20% (0.2), a precision
of 12% and a confidence level of 0.95, a sample size of 35 apiaries was then required. The 35
apiaries were then randomly selected using premise-identification numbers apiary database at
the onset of the study (specifically all numbers for given area were printed, cut out and drawn
from a “hat”). Sampling was carried out in summer (16 samples) and in autumn (19 samples)
in 2014 (22 samples) and 2015 (13 samples), in detection stations where no antibiotics were
used neither for prophylaxis nor for therapy. Sampling sites were selected on the basis of the
different altitudes (23 apiaries situated in hill areas and 12 in lowlands) and the different
degrees of pollution, due to the presence or absence of production sites or agricultural land (6
in industrial areas and 29 in agricultural area) or farms nearby (19 with farms within 1 km
radius and 16 without farms in a radius of 5 km) (Table 2). All samples were collected once
the consent had been acquired of the beekeepers, who had joined the study anonymously.
Honey bee sampling was carried out according to the safety rules and in respect of the
colonies, avoiding to open the hives and trying not to disturb the insect activity. The sampling
operations focused on specimens of foraging bees, which are the bees responsible for
collecting nectar and pollen and, therefore, more easily exposed to environmental
contamination. For each apiary, about 100 forager bees were taken from a single central hive
as a representative sample of the sampling site. Before being submitted to the analytical
procedures, each honey bee specimen was cleaned from the pollen that could be present on
the pollen baskets of the hind legs, and eventual parasites, i.e. Varroa destructor (Anderson
and Trueman 2000), were removed. In the laboratory, they were transferred to Petri dishes



sealed with Parafilm tape (Bemis, Inc., Neenah, WI, USA), marked with an alphanumeric
identification code and placed in a freezer at the temperature of — 80 °C. Before moving on to
the DNA extraction phase, the samples were ground separately in liquid nitrogen, in order to
obtain a homogeneous pulverized pool.
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Fig 1. Location of the sampling sites (apiaries) — Umbria Region, Italy. Squares, triangles and pentagons
indicate cities, mountains and steel plant, respectively. Red dots are the apiaries located nearby farms



Table 1 Sampling sites

Samples Place Coordinates 1M Sampling date
1 Assisi 33T 307018 4,771,395 Oct-14
2 Assisi 33 T 304419 4,770,961 Oct-14
3 Montescossn 33 T 292866 4,777,995 Sep-14
4 Villa Pitignano 33 T 203180 4,780,975 Sep-14
5 Temi-Spoleto 33 T 314766 4,721 485 Aug-14
[ Bivio Valvitiano 33 T 291991 4,777.471 Sep-14
7 Balanzano 33 T 200663 4,773,249 Sep-14
g San Martino in campo 33 T 290205 4,771,367 Sep-14
9 Santa Tecla Assisi 33 T 300703 4,775,280 Oct-14
10 Mora Palazzo di Assisi 33 T 303236 4,776,508 Oct-14
11 Petrignanc Assisi 33 T 300224 4,774 381 Oct-14
12 Castighone del Lago 33 T 258847 4,780,028 Sep-14
13 Ponte Valleceppi 33 T 293354 4,777,306 Oct-14
14 Monte Tezio 33 T 283458 4,784 450 Aug-14
15 Foszo Provancio Denita 33 T 28E311 4,761,180 Sep-14
16 Ponte Valleceppi 33T 292194 4,776,109 Oct-14
17 MNorcia 33 T 344402 4,740,040 Jul-15
1% San Marco (PG) 33 T 285323 4,778,573 Aung-14
19 Poggio delle Corti Magione 33 T 276441 4,769,242 Sep-14
20 Gubbio 33 T 300053 4,795 646 Oct-14
21 Padule Gubbio 33 T 309868 4,796,661 Oct-14
22 Bevagna Alta 33 T 303921 4,755,101 Oct-14
23 Castiplione del Lago 33 T 257991 4,779,748 Sep-14
24 Larviano Terni 33 T 309757 4,712,168 Jul-15
25 Stroncone San Rocco Temi 33 T 306467 4,711,441 Jul-15
26 Collescipoli Terni 33 T 303673 4,711,053 Jul-15
27 Stroncone Santa Lucia Temni 33 T 306007 4,710,830 Jul-15
28 Temi 33 T 302853 4,713,549 Jul-15
29 Prati Sroncone Temni 33 T 312591 4,706,046 Jul-15
30 Cird di Castello 33 T 278821 4,811,779 Jul-15
il Collevalenza Todi 33 T 202858 4,735,409 Jul-15
32 Collepizzuto Terni 33 T29518% 4,719,595 Jul-15
i3 Fontevena MNorcia 33 T 345394 4,740,859 Jul-15
34 Piana Castelluccio di Norcia 33 T 353201 4,742 203 Jul-15
i5 Piana Castelluccio di Norcia 33 T 354527 4,743,705 Jul-15




Table 2 Sampling sites split by nisk factors and presence of five antimicrobial resistance genes (aph, blaZ, retM, sull and sul2) in honey bees’ samples
analysed by nested PCR

Total count PCR +ve aph + ve blaZ +ve tethd +ve zull + ve sul? + ve

Environment n % n % n % n % n % n % n %

Industrial [ 17,1 i 12,5 0 0.0 2 250 0 0.0 2 20,0 1 50

Agriculmural 29 g9 21 &7.5 2 100.0 [ 750 3 1000 g &0.0 17 4.4

Total 35 100,0 24 100,0 2 100,0 g 100,0 3 100.,0 10 100.0 18 100,10
Elevation

Hill 23 63,7 15 62.5 1 50,0 [ 750 3 1000 5 0.0 11 ol.]

Lowland 12 34.3 9 375 1 S0.0 2 250 0 0.0 5 S0.0 7 R0

Total 35 100.0 24 100.0 2 100.0 8 100.0 3 1000 10 100.0 18 1000
Farms nearby

Mo 16 45,7 7 292 0 0.0 2 230 0 0.0 i 300 5 278

Yes 19 3 17 T0.8 2 1000 [ 750 3 100.0 7 T0.0 13 722

Total 35 100.,0 24 100,0 2 100.,0 8 100,0 3 100.,0 10 100.0 1% 100,10
Season

Aummn 19 54.3 13 .2 2 100,0 5 625 1 333 7 T0.0 9 50,0

Summer 16 45,7 11 458 0 0.0 3 375 2 66,7 i 300 9 0.0

Total 35 1000 24 100.0 2 1000 8 100.0 3 1000 10 1000 18 100,10
Year

2014 22 62,9 14 383 2 1000 5 625 2 i, 7 g &0.0 10 35,6

2015 13 3Tl 10 417 0 0.0 3 375 1 333 2 20,0 g 44.4

total 35 100.0 24 100.0 2 100.0 8 100.0 3 100.0 10 100.0 18 1000




The HipurA™ Insect DNA Purification Kit from the HiMedia company (Mumbai, India) was
used to extract the DNA. The quantification of the extracted genetic material was performed
using the NanoDrop ™ L.ite spectrophotometer (Thermo Fisher Scientific, USA) with 1 ul of
sample. The DNA amplification was conducted on a volume of 25 pL using 12.5 pL of RED
Taq (10 mM Tris HCI pH 8.3, 50 mM KClI, 1.5 mM MgClI2, 0.001% of gelatin, 0.2 mM each
of deoxyribonucleoside triphosphate), 0.5 pL (1 uM) of each primer, 5 pL of extracted DNA
and 6.5 uL of H20. The PCR reaction was carried out in a thermocycler Gene Amp, PCR
System, 9700 Gold (Applied Biosystems, Foster City, CA).

The primers and the amplification conditions used are listed in Table 3 (Cenci-Goga et al.
2004; Enne et al. 2001; Kao et al. 2000; Kozak et al. 2009; Martineau et al. 2000; Skold
2000). The PCR reaction was carried out in a Thermocycler Gene Amp, PCR System, 9700
Gold (Applied Biosystems, Foster City, USA). The amplifications were analysed by
electrophoretic run on 1.5% agarose gel containing ethidium bromide (0.5 pg/ml); 10 pl of
each PCR sample was loaded with 2 pl of 6x loading buffer (Fermentas-VWR-Italy) and 5 pl
of marker PCR as reference DNA (Fermentas-VWR-Italy); the run was carried out at a
voltage of 100 V for about 1 h in TBE 10x (Trizma base, boric acid, EDTA 0.5 M pH 8). At
the end of the run, the bands were viewed with the UV transilluminator (Fotodine 3-3102
Celbio, Milan, Italy).

In order to improve the sensitivity and the yield of the amplification, a second reaction was
carried out using the Nested PCR technique. Starting from the products of the first
amplification, a second pair of internal primers was used. The amplifications were analysed
by electrophoretic run on 1.5% agarose gel containing ethidium bromide (0.5 pg/mL). 10 uL
of each PCR sample was loaded with 2 uL. of 6x loading buffer (Fermentas, Thermo Fisher
Scientific, Waltham, MA) and 5 uL of marker PCR as reference DNA (Fermentas). The run
was carried out at a voltage of 100 V for approximatelyl h in TBE 10x (Trizma base, boric
acid, EDTA, Euroclone, Siziano, Italy; 0.5 M pH 8). At the end of the run, the bands were
viewed with the UV transilluminator (Fotodine 3-3102 Celbio, Milan, Italy).

To identify risk factors associated with PCR positivity, first a univariate analysis of the
variables of interest was conducted with binary logistic regression followed by multiple
logistic regression performed with StatView 5 for Mac OS (SAS Inst. Inc., Cary, NC, USA).

Results

The results of the analysis are reported in Tables 2 and 4. After the first amplification, none
of the samples were positive for aph, blaZ, and tetM genes, one sample (2.86%) was positive
for sull gene, and five (14.29%) were positive for sul2 gene. In contrast, a higher number of
positive samples were obtained after nested PCR: two samples out of thirty-five (5.71%)
were positive for the aph gene, eight out of thirty-five (22.86%) were positive for the blaZ
gene, three out of thirty-five (8.57%) were positive for the tetM gene, ten out of thirty-five
(28.57%) were positive for the sull gene, and eighteen out of thirty-five (51.43%) were
positive for the sul2 gene. Twenty-four samples out of thirty-five (68.57%) were positive for
the presence of at least one of the antimicrobial resistance genes researched. Nine samples
out of thirty-five (25.71%) were positive for the presence of more than one of the
antimicrobial resistance genes researched. One (2.86%) of the samples was positive for the
presence of all the genes researched.



Table 3

PCR primers and amplification conditions

Target gene Description

Nucleotide sequence (5-3")

Ampl (bp)  Amplification

aph

blaZ

tetM

seell

sel2

aac(t }-aphi2"} gene, which encodes
for a bi-functional, aminoglycoside
modifying enzyme (Kao et al. 2000)

hilaZ gene, which encodes for the
predominantly B-lactamase in & gaurens
(Martineau et al. 2000)

tetM gene, which encodes for a tetracycline
resistance protein (Cenci-Goga et al.
2004)

sull gene normmally found in class 1
integrons, which encodes for a form
of dihydropteroate synthase responsible
for sulphonamide resistance n
gram-negative bacilli (Kozak et al. 2009)

sul? gene, usually located on small

non-conjugative plasmids (Skald 2000) or

large transmissible mult-resistance

plasmids (Enne et al. 2001), which encodes

for a form of dihydmptercate synthase,
responsble for sulphonamide resistance
in gram-negative bacilli

GAGCAATAAGGGCATACCAAAAATC
CCGTGCATTTGTCTTAAAAAACTGG

ACTTCAACACCTGCTGCTTTC
TGACCACTTTTATCAGCAACC

ACCOGTATACTATTTCATGCACT
CCTTCCATAACCGCATTTTG

CGGOGTGGGCTACCTGAACG
GUCGATCGCGTGAAGTTCCG

GUGCTCAAGGCAGATGGCATT
GCCTTTGATACCGGCACCOGT

505 bp

173 bp

1115 bp

433 bp

285 bp

o4 =C = 5% (94 °C = 307, 55
°C =307, T2 = 30") = 35
cycles, T2°C = T

o4 =C = 4% (94 °C = 307, 58
°C =307, 72=30") = 30
cycles, T2°C = T

95 *C = 35(95°C = 1,48
*Cx=1,72=17x=35
cycles, 72 °C = 10¢

04 =C = 3% (94 °C = 157,69
C =30 T2=17= 30
cycles, T2°C = T

04 9C = 3% (94 °C = 15", 69
C =307 T2= 17 = 30
cycles, T2°C = T




Table 4 Presence of five anfibiotic resistance genes (aph, blaZ, tetM, sull, and stl2) in honey bees’ samples analysed by classic and nested PCR

Samples aph blaZ teth sull sul2

Classic PCR Nested PCR Classic PCR. Nested PCR Classic PCR. Nested PCR. Classic PCR. Nested PCR Classic PCR - Mested PCR

1 +

2 + +

4 + + + + +
+ + + + +

] + + +

7 + + + +

8 +

9

10 + + +

11

12 +

13 +

14

15 +

16

17

18

19

20 +

21 +

22

23 +

24 +

25 +

26 +

27 +

28 +

29 +

30 + +

3l

32 + + + +

21
33
M

35

The multivariate analysis identified the “presence of a farm nearby” as the factor most closely
related to PCR positivity: OR 12.764, C1=1.524-106.894 (Tables 5 and 6). Moreover, the
similarity for odd ratio from multiple logistic regression with the simple logistic regression
indicates that there is little confounding effect of the environment (agricultural or industrial),
of the elevation and of the sampling season or year on the relationship between the presence
of farm nearby and PCR positivity.



Table 5 Factors associated with PCR positivity: results of logistic
regression for each variable

Elevation OR (95% C.L) P

Hill 1* 0.5557

Lowland LGO0 (0.335-T640)

Environment
Industrial 1* 0.2921
Agricultural 2.625(0436-15.813)

Farms nearby
Mo 1* 00080 **
Yes 10921 (1.867-63.979)

Sampling season
Autummn 1* 09833
Summer 1.0151 (0.242-4 256)

Sampling year
2014 1* 04168
2015 1.905 (0.402-9.024)

(R odd ratio, P P value

* Reference level, ** P<0.035

Table & Factors associated with PCR positivity: results of multiple
logistic regression

Elevation OR (95% C.1) F

Hill 1 05690

Lowland 1.203 (0.134-10.774)

Environment
Industrial 1* 0.7003
Agricultural 1587 (0.151-16.668)

Farms nearby
Mo 1 0 1EE**
Yes 12,764 {1.524-106.894)

Sampling season
Autumn 1* 0.7009
Summer 0.560 (0,020 10.799)

Sampling year
2014 1#* 0.1119
2015 21125 (0,491 -908.299)

R odd ratio, P P value
* Reference level, ¥* P < 0.05

10



Discussion

Our results confirm that the extreme sensitivity of the nested PCR allowed the number of
positive samples to be increased for most of the target antimicrobial resistance genes, in
contrast to the classical PCR, in agreement with the results of previous studies (Milanovi¢ et
al. 2016; Osimani et al. 2017). The fact that after the first amplification there were positive
samples only for sull and sul2 genes suggests a high contamination of those samples with
bacteria carrying antimicrobial resistance genes against sulphonamides.

Most published data on antimicrobial resistance focus on bacteria isolated from humans or
food-producing animals. Instead, there is little data available in literature on antimicrobial
resistance genes in bacteria from the environment and environmental indicators. Honey bees
can easily come into contact with bacteria carriers of antimicrobial resistance genes present in
water, soil or materials from farms during their foraging travels. There is evidence in
literature that environmental and/or feeding conditions might influence the high occurrence
of antimicrobial resistance genes in insects. As reported by VVaz-Moreira et al. (2014), water
could constitute an important route for the spread of antimicrobial resistance genes in the
environment. Kang et al. (2016) found that different fertilizers significantly impacted the
spread of tetracycline resistance genes and tetracycline-resistant bacteria in soil rhizospheres.
The number of PCR positivity was associated with the presence of farms nearby. This
association may be due to unmeasured management or environmental factors related to
antimicrobial use in farmed animals.

A joint report by the European Centre for Disease Prevention and Control (ECDC), the
European Food Safety Authority (EFSA) and the European Medicines Agency (EMA) on the
integrated analysis of the consumption of antimicrobial agents and the occurrence of
antimicrobial resistance in bacteria highlighted a positive association between the use of
tetracyclines in animals and the emergence of resistances to the same class of antimicrobials
in bacterial isolates from these animals (Anonymous 2015).

The high prevalence of antimicrobial resistance genes in our samples (66.67% of the samples
were positive for at least one gene, 25.71% were positive for the presence of more than one
of the antimicrobial resistance genes researched, and one sample, 2.86%, was positive for the
presence of all the genes researched, is similar to data obtained in studies on edible insects
recently reported by Milanovi¢ et al. (2016) and Osimani et al. (2017), and with data reported
by the cited joint report by the European Centre for Disease Prevention and Control (ECDC),
the European Food Safety Authority (EFSA) and the European Medicines Agency (EMA)
(Anonymous 2015) on antimicrobial resistance in bacteria isolated from environmental
indicators.

Conclusions

Wild bacteria populations may serve as environmental reservoirs for antimicrobial resistance
genes, but the mechanisms by which these genes are distributed and retained in natural
environments and how the exchange between medical or agricultural environments and
nature are still not very clear. Honey bees are excellent biological markers for determining
the condition of the world in which they live, due to their particular behaviour. In particular,
they can easily come into contact with antimicrobial resistance gene carried by bacteria and
can serve as a reservoir and/or spread those genes. Our study shows that Apis mellifera can be
used as a measure of the prevalence and distribution of genes of antimicrobial resistance in
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the environment and that these genes are widespread in the environment in the territory
studied (region of Umbria, Central Italy).

Acknowledgements

This work was supported by the Fondazione Cassa Risparmio Perugia, project code
2016.0033.021, Ricerca Scientifica e Tecnologica. The authors wish to express sincere
appreciation to members of Polyglot, Perugia, for a careful reading and comments on the
manuscript.

Conflict of interest

The authors declare that they have no conflict of interest.
References

Anderson DL, Trueman JWH (2000) Varroa jacobsoni (Acari: Varroidae) is more than one
species. Exp Appl Acarol 24:165-189. https://doi.org/10.1023/A:1006456720416

Anonymous (2015) ECDC/EFSA/EMA first joint report on the integrated analysis of the
consumption of antimicrobial agents and occurrence of antimicrobial resistance in bacteria
from humans and food-producing animals EFSA Journal EFSA J 13

Babendreier D, Joller D, Romeis J, Bigler F, Widmer F (2007) Bacterial community
structures in honeybee intestines and their response to two insecticidal proteins. FEMS
Microbiol Ecol 59:600-610. https://doi.org/10.1111/j.1574-6941.2006.00249.x

Baker S (2015) Infectious disease. A return to the pre-antimicrobial era? Science 347:1064—
1066. https://doi.org/10.1126/science.aaa2868

Bengtsson-Palme J, Kristiansson E, Larsson DGJ (2018) Environmental factors influencing
the development and spread of antibiotic resistance. FEMS Microbiol Rev 42:fux053.
https://doi.org/10.1093/femsre/fux053

Bogdanov S, Jurendic T, Sieber R, Gallmann P (2008) Honey for nutrition and health: a
review. J Am Coll Nutr 27:677-689. https://doi.org/10.1080/07315724.2008.10719745

Borsuk G, Ptaszynska AA, Olszewski K, Paleolog J (2013) Impact of nosemosis on the
intestinal yeast flora of honey bees. Med Weter 69:726-729

Cambiotti V, Romagnoli P, Sorice A, Sechi P, Cenci-Goga B (2014) | meccanismi con cui i
batteri resistono agli antimicrobici. Argomenti 7:71-80

Ceausi C, Togoe I, Tudor L, Furnaris F (2009) The evaluation of microbiological quality of
some bee honey sorts bulletin UASVM. Vet Med 66:273-277

Cenci-Goga BT, Crotti S, Costarelli S, Rondini C, Karama M, Bennett P (2004) Detection of

tet(M) gene from raw milk by rapid DNA extraction followed by a two-step PCR with nested
primers. J Food Prot 67:2833-2838. https://doi.org/10.4315/0362-028X-67.12.2833

12



Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, Moran NA, Quan PL, Briese
T, Hornig M, Geiser DM, Martinson V, van Engelsdorp D, Kalkstein AL, Drysdale A, Hui J,
Zhai J, Cui L, Hutchison SK, Simons JF, Egholm M, Pettis JS, Lipkin W1 (2007) A
metagenomic survey of microbes in honey bee colony collapse disorder. Science 318:283-
287. https://doi.org/10.1126/science.1146498

Enne VI, Livermore DM, Stephens P, Hall LMC (2001) Persistence of sulphonamide
resistance in Escherichia coli in the UK despite national prescribing restriction. The Lancet
357:1325-1328. https://doi.org/10.1016/S0140-6736(00)04519-0

Giglio A, Ammendola A, Battistella S, Naccarato A, Pallavicini A, Simeon E, Tagarelli A,
Giulianini PG (2017) Apis mellifera ligustica, Spinola 1806 as bioindicator for detecting
environmental contamination: a preliminary study of heavy metal pollution in Trieste, Italy.
Environ Sci Pollut Res 24:659-665. https://doi.org/10.1007/s11356-016-7862-z

Gilliam M (1997) Identification and roles of non-pathogenic microflora associated with
honey bees. Mention of a proprietary product or company name does not constitute an
endorsement of this product by the U.S. Department of Agriculture.1 FEMS. Microbiology
Letters 155:1-10. https://doi.org/10.1016/S0378-1097(97)00337-6

Goretti E et al. (2019) Heavy metal bioaccumulation in honey bee matrix, an indicator to
assess the contamination level in terrestrial environments. Environ Pollut:113388.
https://doi.org/10.1016/j.envpol.2019.113388

Hiltunen T, Virta M, Laine A-L (2017) Antibiotic resistance in the wild: an eco-evolutionary
perspective. Philosophical Transactions of the Royal Society B: Biological Sciences
372:20160039. https://doi.org/10.1098/rstb.2016.0039

lulietto MF, Sechi P, Borgogni E, Cenci-Goga BT (2016) Antibiotic susceptibility profiles of
ropy slime-producing Leuconostoc mesenteroides isolated from cooked meat products.
Microbiol Res 7:4-7. https://doi.org/10.4081/mr.2016.6519

Kang Y, Hao Y, Shen M, Zhao Q, Li Q, Hu J (2016) Impacts of supplementing chemical
fertilizers with organic fertilizers manufactured using pig manure as a substrate on the spread
of tetracycline resistance genes in soil. Ecotoxicol Environ Saf 130:279-288.
https://doi.org/10.1016/j.ecoenv.2016.04.028

Kao SJ, You I, Clewell DB, Donabedian SM, Zervos MJ, Petrin J, Shaw KJ, Chow JW
(2000) Detection of the high-level aminoglycoside resistance gene in Enterococcus faecium.
Antimicrob Agents Chemother 44:2876. https://doi.org/10.1128/AAC.44.10.2876-2879.2000

Kozak GK, Boerlin P, Janecko N, Reid-Smith RJ, Jardine C (2009) Antimicrobial resistance
in Escherichia coli isolates from swine and wild small mammals in the proximity of swine
farms and in natural environments in Ontario, Canada. Appl Environ Microbiol 75:559-566.
https://doi.org/10.1128/AEM.01821-08

Kwong WK, Medina LA, Koch H, Sing KW, Soh EJY, Ascher JS, Jaffé R, Moran NA (2017)

Dynamic microbiome evolution in social bees. Science Advances 3:1600513.
https://doi.org/10.1126/sciadv.1600513

13



Mariano V, McCrindle CME, Cenci-Goga B, Picard JA (2009) Case-control study to
determine whether river water can spread tetracycline resistance to unexposed impala
(Aepyceros melampus) in Kruger National Park (South Africa). Applied and Environmental
Microbiology 75:113-118. https://doi.org/10.1128/AEM.01808-08

Martineau F, Picard FJ, Grenier L, Roy PH, Ouellette M, Bergeron MG (2000) Multiplex
PCR assays for the detection of clinically relevant antibiotic resistance genes in staphylococci
isolated from patients infected after cardiac surgery. J Antimicrob Chemother 46:527-534.
https://doi.org/10.1093/jac/46.4.527

Milanovi¢ V et al (2016) Getting insight into the prevalence of antibiotic resistance genes in
specimens of marketed edible insects. Int J Food Microbiol 227:22-28.
https://doi.org/10.1016/j.ijfoodmicro.2016.03.018

Osimani A et al (2017) Transferable antibiotic resistances in marketed edible grasshoppers
(Locusta migratoria migratorioides). J Food Sci 82:1184-1192. https://doi.org/10.1111/1750-
3841.13700

Roncolini A et al (2019) Investigating antibiotic resistance genes in marketed ready-to-eat
small crickets (Acheta domesticus). J Food Sci 84:3222-3232. https://doi.org/10.1111/1750-
3841.14818

Skold O (2000) Sulfonamide resistance: mechanisms and trends. Drug Resist Updat 3:155—
160. https://doi.org/10.1054/drup.2000.0146

Taylor A, Littmann J, Holzscheiter A, Voss M, Wieler L, Eckmanns T (2019) Sustainable
development levers are key in global response to antimicrobial resistance. Lancet 394:2050—
2051

Vaz-Moreira I, Nunes OC, Manaia CM (2014) Bacterial diversity and antibiotic resistance in
water habitats: searching the links with the human microbiome. FEMS Microbiol Rev
38:761-778. https://doi.org/10.1111/1574-6976.12062

WHO Antimicrobial resistance global report on surveillance: 2014 summary. (2014).
http://www.who.int/drugresistance/documents/surveillancereport/en/. Accessed August 2019
2019

Woolhouse M, Ward M, van Bunnik B, Farrar J (2015) Antimicrobial resistance in humans,

livestock and the wider environment. Philosophical Transactions of the Royal Society B:
Biological Sciences 370:20140083. https://doi.org/10.1098/rsth.2014.0083

14



	Cross-sectional study to identify risk factors associated with the occurrence of antimicrobial resistance genes in honey bees Apis mellifera) in Umbria, Central Italy
	Beniamino T. Cenci-Goga1,2,*, Paola Sechi1, Musafiri Karama2, Rosa Ciavarella1,
	Maria Vittoria Pipistrelli1, Enzo Goretti3, Antonia Concetta Elia3, Tiziano Gardi4,
	Matteo Pallottini3, Riccardo Rossi3, Roberta Selvaggi3 and Luca Grispoldi1
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	Conflict of interest

	References




