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Abstract

To assess a species’ impact on its environment—and the environment’s impact upon a spe-
cies—we need to pinpoint its links to surrounding taxa. The honeybee (Apis mellifera) pro-
vides a promising model system for such an exercise. While pollination is an important
ecosystem service, recent studies suggest that honeybees can also provide disservices.
Developing a comprehensive understanding of the full suite of services and disservices that
honeybees provide is a key priority for such a ubiquitous species. In this perspective paper,
we propose that the DNA contents of honey can be used to establish the honeybee’s func-
tional niche, as reflected by ecosystem services and disservices. Drawing upon previously
published genomic data, we analysed the DNA found within 43 honey samples from North-
ern Europe. Based on metagenomic analysis, we find that the taxonomic composition of
DNA is dominated by a low pathogenicity bee virus with 40.2% of the reads, followed by bac-
teria (16.7%), plants (9.4%) and only 1.1% from fungi. In terms of ecological roles of taxa
associated with the bees or taxa in their environment, bee gut microbes dominate the honey
DNA, with plants as the second most abundant group. A range of pathogens associated
with plants, bees and other animals occur frequently, but with lower relative read abun-
dance, across the samples. The associations found here reflect a versatile the honeybee’s
role in the North-European ecosystem. Feeding on nectar and pollen, the honeybee inter-
acts with plants—in particular with cultivated crops. In doing so, the honeybee appears to dis-
perse common pathogens of plants, pollinators and other animals, but also microbes
potentially protective of these pathogens. Thus, honey-borne DNA helps us define the hon-
eybee’s functional niche, offering directions to expound the benefits and drawbacks of the
associations to the honeybee itself and its interacting organisms.
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Introduction

Species not only occur within ecosystems, they also function within them based upon their
interactions. Thus, the niche of a species can be described from two angles, its Grinnellian
niche which describes the environment in which the species lives [1, 2] and its Eltonian niche
describing the impact the species has upon other taxa though interactions [3]. In order to com-
prehensively describe a species’ niche, these two perspectives should therefore be combined [4,
5]. The functional Eltonian niche remains notoriously difficult to establish, as it requires the
establishment of all functions performed by the species in question. By contrast, the abiotic
niche of a species is easier to determine, and as a consequence, the Grinnellian niche of species
tends to be better understood for the majority of species.

To assess a species’ impact on its environment-and the environment’s impact on the spe-
cies—we should pinpoint its links to surrounding taxa. The honeybee (Apis mellifera) provides
a promising model system for such an exercise, as it is a functionally important species in eco-
systems around the world. In fact, the honeybee is seen as the most important pollinator of
global crops [6]. On top of their utility for pollination, honeybees are kept by humans for the
production of honey. As a result of the human-bee association, there are over 90 million bee-
hives in the world [7], each of which will host some 10 000-60 000 honeybees [8]. Thus, the
honeybee is likely one of the most abundant insect species in the world, and globally affects a
wide variety of ecosystems.

Nonetheless, the full suite of ecosystem functions provided by honeybees remain under-
studied. As ecosystem functions tend to be valued from a human-centered perspective, func-
tional outcomes of ecosystem processes tend to be classified as ecosystem services or
disservices [9, 10]. Ecosystem services are the benefits that people obtain from an ecosystem,
whereas disservices are disadvantages and economic losses provided by the functions of organ-
isms [10]. In this conceptual framework, the honeybee has been shown to sustain indisputable
provisioning services in terms of honey production and regulatory services in terms of pollina-
tion [9-11]. Nonetheless, recent studies point to important disservices provided with the very
same bee. Recently the honeybee has been shown to compete with wild pollinators as well as to
spread pathogens of animals and plants [12-20].

As for any other organism, the quantification of honeybee impacts on its surroundings is
laborious [e.g. 9-12]. This is a major challenge to modern ecology-as clearly, most ecologists
will agree that the Eltonian [3] niche of a species captures something fundamentally important.
Thus, we will use this paper to propose and illustrate how DNA-based methods may be used to
provide new insight to the fundamental role of a species in the ecosystem in which it is
immersed. For this purpose, we adopt the DNA stored in honey as our source of information.

Using honey-borne DNA for the focal evidence comes with multiple benefits. DNA is well
preserved in honey, and thus the DNA sequencing of honey reveals a wealth of taxa, from flow-
ers to microbes [21-26]. These DNA traces are indicative of what organisms the honeybee has
physically interacted with (either intentionally or unintentionally). Therefore, our aim with
this perspective paper is to use honey-borne DNA to show the potential of DNA-based meth-
ods in establishing a species Eltonian niche, and to tentatively suggest how it translates to the
provisioning of ecosystem services and disservices (Fig 1).

Despite different levels of detectability of different interactions and interaction types [29,
30], we argue that the links uncovered by DNA-based identification provides a new, increas-
ingly quantitative view of the honeybees’ position in an ecosystem. We support this claim by
measuring the interactions of honeybees from two different perspectives: their incidence as
interaction partners and the relative importance of this interaction when it occurs.
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The data used for our study derive from a previous paper [23], in which we ask whether the
taxonomic contents of honey might be used to identify the country of origin [23]. In the cur-
rent study, we approach the same data from a novel perspective, asking what the taxonomic
and functional groups detected in honey will reveal about the honeybee’s role in its
environment.

Materials and methods

Honey samples

To describe the role of honeybees in their environment, we reutilize metagenomics and DNA
metabarcoding data from a recently published study [23] for 46 honey samples from North
Europe. The initial dataset comprises 19 honey samples from Finland, 19 from Sweden and
eight from Estonia; however, three samples (one from Estonia, one from where and one from
where) yielded low sequence numbers from metagenomics sequencing, and were therefore
omitted from metagenomics analysis (for origins of samples, see map as S1 Fig). Eight Finnish
and nine Swedish samples were provided by beekeepers directly (seven and eight, respectively,
provided data for metagenomics), while most of the samples (eleven from Finland, ten from
Sweden and all eight samples from Estonia) were obtained from the retail market (S1 Fig). The
latter type of samples is likely to consist of honey combined from more than one beekeeper
[23]. To evaluate whether the two types of samples differed in terms of the key metrics exam-
ined, we performed a separate analysis-finding commensurate metrics (S1 Text and S2 Fig).
Thus, the two sample types are henceforth used interchangeably throughout this study.

Our overall material provides a sample of honeybee colonies across the three target coun-
tries. They are therefore jointly representative of the honey and honey contents for this region,
thereby providing an opportunity to identify the ecological associations and functions of the
honeybee in Northern Europe. The biota among these three neighbouring countries is very
similar, and earlier honey analyses, based on morphological identification of pollen [31-33],
have shown the honey of these three countries mainly originate from the same plants. As a
result, the bees can be assumed to sample from what is essentially the same regional pool of
potential associates. Thus, we may use the mean relative read abundance across samples, and
the observed frequency of occurrence of a taxon across the full set of honey samples, as direct
metrics of association across this region (see section Relative read abundance and frequency of
occurrence).

DNA extraction, metagenomics and metabarcoding methods

We use the data from [23], based on the exact same methods. We provide a short overview of
the main methods applied here in the main text, and offer full details in Supplementary Mate-
rial (S2 Text). For each honey sample, two DNA extractions were conducted, each using 20 g
of honey to assure a sufficient amount of DNA for the analyses. One DNA sample was pre-
pared to be used for metagenomics and one for metabarcoding [23]. For each DNA sample the
20 g of honey was divided into two, to fit 10 g of honey and 30 ml of water into a 50 ml tube.
Then the two subsamples, each consisting of 10 g of honey, were diluted to 30 ml of DNA-free
water. After centrifugation, the pellets of two subsamples were combined back into one DNA
sample, and the total DNA was extracted with DNeasy Plant Mini Kit (Qiagen, Germany).
For metagenomics, the DNA was fragmented into 150 base pair pieces prior the library
preparation and sequencing with Illumina NextSeq 500 Sequencer [23]. Both the sequencing
and bioinformatic processing of reads were done by University of Helsinki’s Biomedicum
Functional Genomics Unit [34]. After quality filtering, taxonomic labels were assigned to the
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HONEYBEE'S
FUNCTIONAL NICHE

Fig 1. A conceptual figure of the functional niche of honeybees, and the ecosystem services and disservices the functions generate. A conceptual
figure of the functional niche of honeybees drawing on previous research [14-17, 27, 28] and the taxa whose DNA we have identified from honey. The
taxa as ecological groups are given in bold, with the likely function of honeybees related to this group above it. In small capitals is given whether the
function could be considered an ecosystem service or disservice, either by the function honeybees do or what the taxa detected by DNA do to
honeybees.

https://doi.org/10.1371/journal.pone.0268250.9001

sequencing reads from a custom-build National Center for Biotechnology Information [35]
non-redundant nucleotide database, as accessed in September 2019.

The DNA sample for metabarcoding was used to identify bacterial, fungal and plant taxa in
the samples. The bacterial and fungal gene regions are the same as in worldwide research cam-
paigns [36, 37], with the same relatively universal primer pairs; 16S for bacteria, with two
primer set referred to as 16Sa and 16Sb, and ITS2 for fungi. The same approach of common-
ness, universality, and practicality was used to choose the primers targeting three gene regions
(ITS2, rbcLa and trnL) to examine the plant DNA contents in honey samples [23]. All the gene
regions were amplified twice, after which they were indexed with unique indexes and
sequenced on an Illumina MiSeq sequencer. For the sequence reads the paired end reads were
merged, primers removed, reads quality filtered, dereplicated and clustered to OTUs, which
were then assigned taxonomically to a specific reference database for each gene region.
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Reference databases were accessed in April 2019. The DNA sequence datasets are available in
the Sequence Read Archive repository, in the BioProject PRINA662672 (https://www.ncbi.
nlm.nih.gov/sra/PRJNA662672).

We note that the read abundance observed by metagenomics are likely to be more closely
reflective of the original DNA contents of the sample, since no amplification step is required
before sequencing. Thus, we focus our results on the metagenomics analysis. We then compare
our findings from metagenomics with those from metabarcoding, to show how each method
performs in uncovering honey-borne biodiversity.

Relative read abundance and frequency of occurrence

To establish what taxa North-European honeybees interact with or encounter, and with what
approximate frequencies, we used relative read abundance and frequency of occurrence across
samples. As a crude measure of the relative strength of interaction, we calculate the mean rela-
tive read abundance (mean RRA), i.e. the proportion of sequence reads assigned to a taxon out
of all sequence reads of a sample, across samples [38]. As a measure of the incidence of the
interaction, we calculate the frequency of occurrence (%FOO), i.e. the proportion of samples
in which a taxon occurs across samples [38]. The latter metrics were calculated for all taxa
using metagenomics data and for bacterial, fungal and plant genera based on metabarcoding
data. We note that these metrics do not allow for a direct evaluation of a functions importance,
but they can be used to describe the different functions’ commonness overall.

For assessing the diversity of taxa in honey as well as the ecological roles associated with
them, we focus on the taxonomic level of the genus. This solution was based on the genus
being the lowest taxonomic level to which the majority of reads could be assigned (see [23]),
and on taxonomic assignments for 16S metabarcoding of bacteria being restricted to genera
[39]. For metagenomics data, we also name the species with highest mean RRA, but since only
a smaller portion of all reads could be been assigned to species, we refrain from further analy-
ses at the species level.

Functions of microbes

To establish the functional roles of microbes detected by DNA in honey, and the functions of
honeybees related to them, we classify the most abundant cellular microbial genera based on
their role for the honeybee itself or their general role in the environment based on literature.
For microbes closely related to bees, we classify them into bee gut microbes (as occurring com-
monly in the honeybee’s gut); beehive microbes (as being part of the microbe community
known from the hives); and bee pathogens (as including microbes known to be pathogenic for
other pollinators as well). For microbes without a direct association to the bee itself, we classify
them as plant pathogens; animal pathogens; and microbes known to beneficial or neutral from
the perspective of plants and animals. Since many microbe genera could have multiple roles,
they could in principle fit into more than one of these groups. Nonetheless, we have here cho-
sen to classify them from the honeybee’s point of view, thus primarily assigning a genus into
either the bee gut, bee hive or bee pathogen group. We only consider genera with >0.01%
mean RRA based on metagenomics for this classification. We quantify the groups by summing
up the mean RRA of the genera and by averaging across the %FOO of the genera in each
group. For comparison, we show also plants’ mean RRA and %FOO based on metagenomics.
To examine the functional roles of the microbes detected based on DNA metabarcoding,
the functional groups of each OTU was determined based on FAPROTAX [40] for bacteria, as
using data on both 16Sa and 16Sba primer pairs. The functional guilds of the fungi from meta-
barcoding were identified according to FungalTraits and FUNGuild [41, 42]. For fungi, we
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consider the placement of the genus level identification to a functionality guild only with either
probable or highly probable confidence ranking provided in the database [42].

Results
Viral and bacterial DNA is more common in honey than is plant DNA

To establish the role of the honeybee in North European ecosystems, the occurrence and abun-
dance of associated taxa in the DNA contents of honey need to be identified and quantified.
Based on metagenomics, the reads found in North-European honey samples originate mainly
from viruses (mean RRA 40.2% (SD +30.0)), as derived from a single species, the Apis mellifera
filamentous virus (40.2%, + 30.0%; Fig 2). A smaller fraction of the total read numbers were of
bacterial (16.7% + 18.4) or eukaryotic origin (13.3% + 8.5) and only a minor fraction (0.02%
+0.02) belong to Archaea (Fig 2). Yet, a large percentage (mean RRA 29.8% (SD + 14.2)) of the
reads could not be identified.

Within eukaryotes, reads assigned to plants (Viridiplantae) on average comprised 9.4% of
total reads (+ 7.3), while those originating from fungi and metazoa only comprised 1.1% (+
3.1) and 2.4% (* 1.3), respectively.

Parasaccharibacter apium
MU/ Bartonella apis
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Fig 2. Sankey diagram of the most abundant taxa detected by DNA metagenomics in North-European honey samples. The width of the bar is
proportional to the mean RRA of the taxa, with the fifteen taxa with the highest mean RRA shown at each taxonomic level. The graph was created with

Pavian [43].

https://doi.org/10.1371/journal.pone.0268250.9002
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Relatively abundant microbes are taxonomically diverse

A large number of cellular microbial genera were found to be relatively abundant in the meta-
genomics data. The bacterial genus with the highest relative read abundance is Lactobacillus
with mean RRA of 13.7 (+17.5) and the second most abundant Pseudomonas with 0.3 (+0.5).
Most of the genera among the ones with the highest relative read abundances were also
detected in all or nearly all samples, with the exceptions of Mesoplasma, Entomoplasma and
Melissococcus, which all occurred at lower incidence (%FOO 74.4, 65.1 and 55.8 respectively;
Fig 2, Table 1 and S1 Table). Among fungi, Zygosaccharomyces was the most abundant genus
with a mean RRA of 0.65 (£2.54). The second most abundant fungus was Claviceps with a
mean RRA of 0.05 (+0.32), although it occurred in only 18.6% of the samples (Table 1 and S2
Table). At the species level, the relatively most abundant taxon was the lactic acid bacterium
Lactobacillus kunkeei (13.2%, +17.1) and the second relatively most abundant was the yeast
Zygosaccharomyces rouxii (0.5%, +1.9; Fig 2).

There was large variation in how well the bacterial and fungal genera found relatively most
abundant by metagenomics were also detected by metabarcoding. For both bacteria and fungi,
most of the genera were detected by metabarcoding (S2 and S3 Tables), but some genera
found relatively abundantly by metagenomics were not detected by metabarcoding. This is
likely due to selective amplification, despite the primers used in this study being commonly
used in universal campaigns aimed at characterizing bacterial [36] and fungal communities
[37, 41], and to lack of sufficient variation between closely-related taxa in these gene regions,
delimiting the assignment of reads to specific genera.

Microbes hosted by honeybees dominate abundances in bee guts and hives

To understand the functions provided by the honeybee, we need to characterize the different
roles of the microbes which they associate with. For the microbes commonly found in the guts
and the hives of the honeybee, the bee will mainly serve as a host and the microbes appear to
be mainly beneficial to this host. The ecological group of bee gut microbes was the relatively
most abundant one detected by DNA in honey based on metagenomics, considering cellular
organisms (Fig 3, Table 1). The relative abundance of this group is mostly attributable to the
many reads assigned to the genus Lactobacillus, and to the species L. kunkeei especially.
Microbes such as Zygosaccharomyces, Parasaccharibacter and Rahnella—commonly found in
the bee hives—were the second most common microbial group, followed by groups of bee
pathogens, animal pathogens and plant pathogens, each showing similar levels of mean RRA
as the beehive microbes. Due to their potentially close associations, pathogens are likely
spreaded by honeybees to other honeybee colonies as well as to other pollinators. This vector
function of honeybees applies to the other groups of plant and animal pathogens, too, but also
to the microbes beneficial to plants. From the bee’s perspective, the latter spread is uninten-
tional and will likely have no effect on the bee itself.

As another way to measure functioning of the taxa, we may use the bacterial and fungal
sequences obtained by metabarcoding to classify them to functional groups (OTUs for bacte-
ria, S5 Table, and genera for fungi, S6 Table). The most common bacterial function based on
mean RRA was fermentation (mean RRA 64.76%, +32.28). This likely refers to the highly
abundant Lactobacillus kunkeei, which is a fructophilic lactic acid bacterium [83], as well as to
other lactic acid bacteria living in the gut of the honeybee. These bacteria are also commonly
found on flowers [44, 46, 47]. Animal parasites and symbionts, as well as microbes involved in
aromatic compound degradation and nitrogen fixation are the next most abundant groups
(9.47% +9.06, 6.87% +7.88, 3.10% +6.52, respectively), followed by human pathogens based on
the primer pair 16Sa (3.04%, £6.08). Fermentation, intracellular parasites and nitrogen fixation
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Table 1. The relatively most abundant microbial genera with their ecological group based on metagenomics.

group genus RRA %FOO ecological group example species references
mean SD
bacteria Lactobacillus 13.71 17.52 97.67 | bee gut L. kunkeei, L. Firm-4, L. apis [44-47]
fungi Zygosaccharomyces 0.65 2.54 95.35 | bee hive Z. mellis, Z. rouxii [48]
bacteria Pseudomonas 0.32 0.48 93.02 | plant protective P. fluorescens, P. viridiflava [49]
bacteria Parasaccharibacter 0.25 0.32 97.67 | bee hive P. apium [50, 51]
bacteria Pantoea 0.19 0.32 97.67 | plant protective P. agglomerans [52]
bacteria Rickettsia 0.17 0.70 93.02 | animal pathogen R. felis, R. asiatica [53]
bacteria Erwinia 0.12 0.14 97.67 | plant pathogen E. amylovora, E. tasmaniensis [49, 54]
bacteria Acinetobacter 0.10 0.24 86.05 | bee gut A. haemolyticus, A. apis [55]
bacteria Mesoplasma 0.09 0.30 74.42 | neutral or protective on plants and insects M. florum [56, 57]
bacteria Bartonella 0.07 0.29 90.70 | bee gut B. apis [44, 45]
bacteria Serratia 0.07 0.15 95.35 | bee pathogen S. marcescens, S. symbiotica [27]
bacteria Entomoplasma 0.06 0.19 65.12 | neutral or protective on plants and insects E. melaleucae, E. lucivorax [57]
bacteria Arsenophonus 0.06 0.11 88.37 | bee pathogen A. nasoniae [58, 59]
bacteria Spiroplasma 0.06 0.08 95.35 | bee pathogen S. apis, S. melliferum [27]
bacteria Streptomyces 0.05 0.03 100.00 | neutral or protective on plants and insects S. hygroscopicus, S. cattleya [60]
fungi Claviceps 0.05 0.32 18.60 | plant pathogen C. purpurea [61]
bacteria Gilliamella 0.05 0.17 83.72 | bee gut G. apicola [44]
bacteria Rahnella 0.05 0.14 97.67 | bee hive R. aquatilis [62, 63]
bacteria Bacillus 0.04 0.03 100.00 | bee gut B. weihaiensis, B. cereus [64, 65]
bacteria Lactococcus 0.03 0.06 93.02 | bee gut L. lactis, L. garvi [44]
bacteria Snodgrassella 0.03 0.06 88.37 | bee gut S. alvi [44]
bacteria Melissococcus 0.03 0.07 55.81 | bee pathogen M. plutonius [27]
bacteria Frischella 0.02 0.06 83.72 | bee gut F. perrara [44]
fungi Saccharomyces 0.02 0.07 100.00 | bee hive S. paradoxus, S. jurei [66]
bacteria Streptococcus 0.02 0.02 90.70 | animal pathogen S. mitis, S. suis, S. pneumoniae [67]
bacteria Enterobacter 0.02 0.03 100.00 | bee hive E. cloacae, E. asburie [68]
bacteria Commensalibacter 0.02 0.02 97.67 | bee gut sp [69]
bacteria Clostridium 0.02 0.02 93.02 | animal pathogen C. botulinum, C. perfringens [70]
fungi Aspergillus 0.02 0.02 93.02 | bee pathogen A. novofumigatus, A. nomius [28]
bacteria Lonsdalea 0.02 0.07 25.58 | plant pathogen L. britannica [71]
bacteria Staphylococcus 0.02 0.02 72.09 | animal pathogen S. aureus, S. equorum [72]
bacteria Paenibacillus 0.01 0.01 100.00 | bee pathogen P. larvae [27]
bacteria Yersinia 0.01 0.03 86.05 | animal pathogen Y. enterocologica, Y. ruckeri [73]
bacteria Enterococcus 0.01 0.02 88.37 | bee gut E. faecalis, E. silesiacus [47]
bacteria Vibrio 0.01 0.02 90.70 | animal pathogen V. vulnificus [74]
bacteria Klebsiella 0.01 0.02 90.70 | bee hive K. pneumoniae, K. aerogenes [44, 75]
bacteria Leuconostoc 0.01 0.02 90.70 | bee hive L. mesenteroides [58]
bacteria Burkholderia 0.01 0.01 100.00 | bee hive B. cepacia [76,77]
bacteria Mycoplasma 0.01 0.02 93.02 | animal pathogen M. gallisepticum, M. yeatsii [78]
bacteria Bifidobacterium 0.01 0.02 86.05 | bee gut B. asteroides, B. dentium [44]
bacteria Proteus 0.01 0.03 67.44 | animal pathogen P. hauseri, P. mirabilis [79]
bacteria Escherichia 0.01 0.01 83.72 | animal pathogen E. coli, E. albertii [80]
fungi Naumovozyma 0.01 0.04 74.42 | bee hive N. dairenensis, N. castellii [81]
(Continued)
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Table 1. (Continued)

group

genus

RRA

%FOO ecological group example species references

mean

SD

fungi

Cryptococcus

0.01

0.01 100.00 | animal pathogen C. neuformans, C. gattii [82]

The relatively most abundant cellular microbial genera as quantified by metagenomics. For each taxon, we show its ecological group based on literature (for

classification, see section Materials and methods: Functions of microbes). Included in the table are taxa with a mean RRA >0.01% in the metagenomics data. For each

genus we provide examples of species identified from the North-European honey samples.

https://doi.org/10.1371/journal.pone.0268250.t001

0.34%

0.20%

were the most abundant functions based on 16Sb (37.15 £33.56, 25.34% +26.65, 11.33%
+17.77, respectively, S5 Table). Plant pathogenic bacteria were found in two thirds (60.1%) of
the samples, although their mean RRAs are not among the highest ones for these functional
classes (S5 Table). Instead, for fungi plant pathogens are the most abundant group with 44.7%
mean RRA (+27.1) and have an occurrence of 100% (S6 Table). Animal pathogens were also
highly abundant. For the fungi, many groups are likely associated with several different func-
tions (S6 Table).

Crop plants dominate as the food providers and pollination partners of the
honeybee

Of the plants providing nutrients—nectar and pollen-to honeybees, Brassica stood out as the
single genus being far more abundant than other genera. This genus accounted for a mean
RRA 0f 4.8% (+ 5.3), followed by the genera Malus (0.42%, £0.68) and Trifolium (0.39%,
+0.47; Figs 2 and 4, S4 Table). Among the plant genera that were among the most relatively
abundant ones, there was a lot of variation in their frequency of occurrence from 48.8%
(Rubus) to 100% (Gossypium; Fig 4, S4 Table). At the species level, the relatively most abundant
plant taxa identified, based on their mean RRA, were Brassica oleracea (1.93%, +2.53), B. rapa
(1.72%, +1.82), Trifolium repens (0.36%, +0.44), Malus domestica (0.33%, +0.47) and Medicago
truncatula (0.29%, +0.33).

B

88.0%

. animal pathogens

protective or neutral
microbes on plants
and animals

g)O(

QO \OOQ

0.74%

Fig 3. The abundance and frequency of ecological groups of microbes and plants based on DNA in honey. Shown are microbe genera detected with
a frequency of at least 0.01% of mean RRA across taxa based on metagenomics, as grouped based on their role for honeybees and in the environment
(Table 1). Also shown are values for plant genera detected with a mean RRA of at least 0.01%. In panel A, we show the average RRA of the genera
summed across taxa within each group. In panel B we show the average FOO% across these genera. The size of the circles are scaled according to the
value of RRA and FOO%, respectively.

https://doi.org/10.1371/journal.pone.0268250.9003
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Fig 4. The relatively most abundant and frequent plant genera based on the DNA in honey samples. The twenty plant genera with the highest
mean RRA based on metagenomics (y-axis on the left), shown with %FOO (y-axis on the right). Note the logarithmic scale used for RRA.

https://doi.org/10.1371/journal.pone.0268250.9004

Discussion

In this paper we demonstrate an approach for characterizing the Eltonian niche of a species.
Using the honeybee as an example, we suggest that DNA hidden in honey gives tangible
insights into the interactions of honeybees, by revealing the multitude of taxa that honeybees
have been in contact with. For another species, DNA in another type of substance the species
is tightly connected with, could serve as a similar sample of functions. While the DNA in
honey samples can originate from both living and dead organisms, the consistent occurrence
of the DNA of a given organism at substantial read counts could be taken as a sign of a fre-
quent or strong interaction or contact between the bee and this organism. By characterizing
the taxa honeybees associate with across a large set of samples, and by defining the ecological
role of each taxon, we gain a novel perspective on the bee’s role in the ecosystem, and the eco-
system functions it is likely involved in. Based on these findings, we propose that DNA-based
approaches can provide a novel and versatile tool to unlocking the Eltonian niche of other spe-
cies than the bee as well.

Plants form the main interaction partners of bees, and the main platform
on which other functions play out

As honey is made of nectar, collected by the honeybees from flowers, it would be logical to
assume that most of the tissue—-and DNA-found in honey would originate from plants. Yet, in
our samples, reads originating from viruses and bacteria are far more common than reads
from eukaryotes altogether. Nevertheless, most of eukaryotic reads belong to plants. The main
proportions of reads in honey belonging to viral and bacterial origin are supported by three
other recent metagenomics studies on honey [21, 22, 24]. While the previous studies had only
a few samples (two, three and four per study) from Italy and Greece [21, 22, 24], our results
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together with the results from these South European honey samples confirm the dominance of
microbial DNAs in honey to be widespread and generic. This is suggestive of a variety of func-
tions which honeybees may supply, as discussed below.

While flowering plants are the most important resources for honeybees feeding on nectar
and on pollen, they are also the likely platforms on which most or all of the ecosystem services
and disservices provided by honeybees will take place. While the—in itself unintentional-trans-
fer of pollen from one flower to another renders honeybees as pollinators, these same move-
ments and visits make honeybees vectors of microbes as well. Microbes occur on pollen, in
nectar, as well as on petals of flowers [84-86], and all of these can be dispersed by pollinators
[87]. Therefore, it is of interest to examine which plant species are the targets of honeybees
functions most abundantly and frequently, as these would be the flowers which honeybees pol-
linate and among which they transfer microbes the most.

The most abundant plant genus in North-European honeys, both based on metagenomics
and metabarcoding, is Brassica, with B. oleraceae and B. rapa. Among these, different types of
rape, oilseed rape and turnip rape are widely cultivated in all the three countries from which
the honey samples originate [88, 89]. Our data would suggests that the honeybee uses Brassica
frequently and abundantly, and Brassica is thus a large contributor to honey crops. The same
applies to clover, Trifolium [32, 33, 90]. The genera Malus, Prunus and Fragaria were likewise
commonly and abundantly found in the DNA contents of honey, matching previous records
from North-European honeys as based on morphological identification of pollen (melissopaly-
nology) [32, 33]. Yet, the high relative abundance and frequent occurrence of Medicago, Popu-
lus and Solanum, all of these common both by metagenomics and metabarcoding, has not
been previously documented in North-European honey through melissopalynology [32, 33,
90]. It thus appears that DNA-based identification of plants now brings new resolution to
detecting links between bees and plants.

The core functions defining the honeybee’s niche are thus in the feeding on the above listed
plants, and in the simultaneous pollination of them. This reflects the major ecosystem services
provided by honeybees in Northern Europe, as resulting from the pollination of cultivated
plants such as different types of rapes, clovers, apples, plums and strawberries.

In regard to microbes affecting plants, the honeybees in Northern Europe are likely to facili-
tate the dispersal of the plant pathogens of the genus Erwinia [49, 54] the most. The fire blight
pathogen E. amylovora is known to be spread by honeybees to plants [49]. Yet, in the honey
samples, the genera Pseudomonas and Pantoea are relatively more abundant than plant patho-
gens. The two latter genera include species which act as biocontrol agents against E. amylovora
and are commonly found in bee hives [49, 52]. Also, the genera Mesoplasma, Entomoplasma
and Streptomyces, among the relatively abundant taxa in these honey samples, have an either
protective or neutral effect on plants and insects on which they occur.

Disservices emanating from the honeybee

For the pathogenic microbes detected, the pathogens affecting honeybees themselves are likely
to be dispersed among honeybee colonies as well as among other pollinators. Of special inter-
est is the dominant Apis mellifera filamentous DNA-virus (AmFV) with on average 40.2%
(£30.0) of total reads per sample, of all DNA detected. This finding is in line with the South
European honey samples [21, 22, 24] suggesting the AmFV is commonly the dominant organ-
ism in honey samples in Europe. AmFV is a large double-stranded DNA virus of honeybees
found in many different tissues [91]. Its full genome has been sequenced [92] making it easily
detectable by metagenomics. It is only weakly pathogenic and found very commonly in honey-
bees throughout the world [93, 94], as well as in other bee species [95]. The virus has been
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suggested to spread among the bees by food exchange [94], offering a straightforward path
into honey. The prevelance of this virus suggests that it could be readily dispersed to other col-
onies and to other pollinators. Yet, without knowing if its impact is negative, it should not be
labelled as a disservice.

With regard to cellular microbes, the genus Serratia, with S. marcescens causing septicemia
[27] is the relatively most abundant bee pathogen genus and it occurs in nearly all samples.
Apart from honey samples, it is frequently found in honeybees, not always being infective to
honeybees, yet it is an opportunistic pathogen also on other insects and plants [96]. Spiro-
plasma species cause May disease [27] and Arsenophonus nasoniae is associated with poor hive
health and colony collapse disorder [58, 59]. Aspergillus species cause stone brood disease, Pae-
nibacillus larvae causes American Foulbrood and Melissococcus plutonius European Foulbrood
[27, 97] of which the Foulbroods are the most devastating bee diseases causing large economic
losses worldwide [27, 98, 99]. While these genera have been mainly studied as for their patho-
genic effects to honeybees, many of these pathogens have been found in wild pollinators in dif-
ferent parts of the world [12, 27, 100, 101]. The dispersal of pathogenic microbes is likely to
occur in both directions, from managed honeybees to wild pollinators and vice versa [12, 102].
Besides that the relative abundance and frequency of occurrence of these bacterial genera may
reflect the wellbeing of the bee colonies in concern, they also show which pathogens honeybees
are most likely dispersing among different pollinators.

Many of the pathogens detected in the DNA content of honey infect mammals or verte-
brates in general. Genus Rickettsia, species of which cause serious diseases to mammals and
are transmitted by arthropods [53], was here detected as the relatively most abundant animal
pathogen. Also species of Streptococcus, Clostridium and Staphylococcus may be pathogenic to
mammals, including humans [67, 70, 72, 103]. Some of these pathogenic microbes are known
to enter honey from the environment, such as Clostridium botulinum [70, 103]. Such microbes
may be dispersed by the honeybee, counting as an ecosystem disservice. Yet, the DNA of gen-
era pathogenic to humans may enter honey as a contaminant during the beekeeping and
honey handling [103]. On the other hand, the detection of taxa pathogenic to humans in a
metagenomic study is likely overrepresented, as such microbes are thoroughly sequenced and
thus better presented in reference databases in comparison to all other microbes. This may
cause a bias in taxonomic assignment [104-106].

While the above findings point to some pathogen spreading by honeybees, it should not be
assumed that honeybees would be the only pollinators spreading pathogenic, as well as benefi-
cial, microbes while pollinating and moving around in their surroundings. The strength of
functions and the identities of associations will depend on the pollinators’ preferences and
behaviours. Nonetheless, honeybees are the most abundant pollinators globally [6, 7], and
therefore their actions come with leveraged impacts.

The honeybee itself serves as a home for a range of bacteria

Honeybees, and their hives, are known to host a set of microbes. Honeybee is a model in devel-
opment for gut microbe studies, thus these gut microbes are well sequenced [107], enabling
their identification based on DNA. The five core bacteria of honeybee’s gut, Lactobacillus kun-
keei, L. Firm-4 and Firm-5, Gilliamella, Snodgrasella and Bifidobacterium [44-47, 107, 108] are
rarely detected in any other environment than bees’ guts [109]. Yet, their DNA is relatively
abundant in our honey samples. The high consistency of the gut microbiota suggests they are
all central to the honeybee’s welfare [110], making hosting them crucial and beneficial for the
bees. Apart from the core set, many of the other common bee gut microbes, as Acinetobacter,
Bartonella, Bacillus, Lactococcus, Frischella, Enterobacter and Commensalibacter, may have
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both beneficial and detrimental effects on honeybees themselves and on other taxa [44, 45, 55,
64, 65, 111-115]. While honeybees act as hosts for these taxa, this association may not be
reflected in any true ecosystem service. Hosting them might not improve the honeybees’
wealth, thus it might not lead to better performance in pollination or in honey production.
The same goes for beehive microbes. Some of them are clearly beneficial, like Parasaccharibac-
ter apium, which increases a colony’s resistance to infection by Nosema species, one of the
most common causes of colony losses [116]. By comparison, Zygosaccharomyces mellis, Z.
rouxii and Saccharomyces are yeasts tolerant of high sugar contents and thus able to grow in
moist honey [117, 118], causing the fermentation of honey [118].

Conclusions

Describing a species’ functional niche requires the measurement of its actions in an ecosystem
or in a specific region, which is no trivial task. Yet, using information on what taxa a species
associates with, and with what frequency and strength such interactions or contacts occur, can
inform us about the species’ role in the community and ecosystem. Using the honeybee as a
model species, we have shown how DNA in honey can be used in defining the functional
niche of a specific species in a case region (Northern Europe), and pointed to ecosystem ser-
vices and disservices likely emanating from these functions. The same approaches are likely to
prove fruitful in a much wider context. With a set of samples of honey, of the organisms them-
selves, or of their feeding substrates (like flowers; [119]) from a region, a season, or a habitat
type, one may be able to characterize the full span of interactions, the resulting functions, and
the ultimate ecosystem services and disservices accrued from these functions. The resulting
information can guide us to examine important associations in more detail, in search of
improving the ratio of ecosystem services to disservices provided by honeybees or by other
taxa in concern. Beyond insights into the general niche of the species, such approaches may
also illuminate the spatiotemporal spread of particular associations, such as the regional spread
of a pathogen, or a switch in host use under novel biotic conditions [120]. While the causality
of the associations reported here remain to be established, our study offers testable, data-
driven hypotheses regarding the associations, services and disservices sustained by organisms
across the world.

Supporting information

S1 Text. Methods for metagenomics and DNA metabarcoding.
(DOCX)

S$2 Text. Assessment of frequency of occurrence of genera in the honey samples from one
beekeeper and from retail market.
(DOCX)

S1 Fig. Map of the honey sample origins. Map showing the origin of the honey samples from
Northern Europe. The small honeycombs show samples that were obtained directly from one
beekeeper and the large honeycombs show samples obtained from retail market, likely com-
passing honey from more than one beekeeper. Note that many of the samples’ origins overlap.
The map was created with the program QGIS, version 3.10.4 (https://qgis.org/).

(TIF)

S2 Fig. Frequency of occurrence of genera in honey samples obtained from an individual
beekeeper vs samples obtained from thebretail market. Honey samples obtained from a sin-
gle beekeeper and samples obtained from the retail market provided highly similar estimates
of the genus-specific occurrence of taxa. Shown is the frequency of occurrence (%FOO) per
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genus among samples obtained from the retail market (x-axis) vs from a single beekeeper (y-
axis). The higher was the estimate from the former, the higher was also the latter (Pearson
r=0.87, n = 88 taxa, p<0.00001). To avoid spurious correlations, we here include only those
bacterial (38 genera; shown in black), fungal (6 genera; shown in blue) and plant (44 genera;
shown in green) genera which occurred at a mean relative read abundance (mean RRA)
exceeding 0.01% across samples. To show overlapping data points, data points have been jit-
tered in both the vertical and horizontal dimension by up to 4 units of %FOO. For visual com-
parison, the dotted line shows a hypothetical 1:1 relation obtained if both types of samples
yielded exactly the same estimate of %FOO.

(TIF)

S1 Table. Primers used for metabarcoding. Primers used for metabarcoding bacteria (16S
with two primer pairs, for short called 16Sa [121] and 16Sb [122]), fungi (ITS2 [123]) and
plants (ITS2 [124, 125], rbcLa [126, 127] and trnL [128]). The tag part of the primer is shown
in small letters and the actual gene region specific primer with capital letters and all primers
are given in 5°-3’.

(DOCX)

$2 Table. The most abundant bacterial genera from metagenomics and metabarcoding.
The hundred most abundant bacterial genera based on their mean RRA from metagenomics,
with their %FOO, compared with the mean RRA and %FOO from 16S metabarcoding by the
two primer pairs 16Sa and 16Sb.
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$4 Table. The most abundant plant genera from metagenomics and metabarcoding. The
hundred most abundant plant genera based on their mean RRA from metagenomics, with
their %FOO, compared with the mean RRA and %FOO from ITS2, rbcLa and trnL metabar-
coding.

(DOCX)

S5 Table. Functional classes of the bacterial OTUs from 16S metabarcoding. Functional
classes of 16S bacterial OTU with the mean RRA (+SD) and FOO%. The functionality classes
are ordered in the table based on the mean RRA from the primers 16Sa, following those from
16Sb. Shown are classes presented by >0.01% of mean RRA.
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(DOCX)

Author Contributions
Conceptualization: Helena Kristiina Wirta, Tomas Roslin.

Methodology: Helena Kristiina Wirta, Mohammad Bahram, Kirsten Miller, Eero Vesterinen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 14/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268250.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268250.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268250.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268250.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268250.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268250.s010
https://doi.org/10.1371/journal.pone.0268250

PLOS ONE

Honey-borne DNA reveals the roles of the honeybee

Visualization: Helena Kristiina Wirta.

Writing - original draft: Helena Kristiina Wirta.

Writing - review & editing: Helena Kristiina Wirta, Mohammad Bahram, Kirsten Miller,
Tomas Roslin, Eero Vesterinen.

References

Eall S

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Grinnell J. The niche-relations of the California Thrasher. Auk. 1917; 34: 427-433.
Whittaker RH, Levin SA, Root RB. Niche, Habitat, and Ecotope. Source Am Nat. 107: 321-338.
Elton C. Animal ecology. London: Sidgwick & Jackson; 1927.

Leibold MA. The Niche Concept Revisited: Mechanistic Models and Community Context. 1995; 76:
1371-1382.

Gravel D, Baiser B, Dunne JA, Kopelke J-P, Martinez ND, Nyman T, et al. Bringing Elton and Grinnell
together: a quantitative framework to represent the biogeography of ecological interaction networks.
Ecography (Cop). 2019; 42: 401-415. https://doi.org/10.1111/ECOG.04006

Klein AM, Vaissiére BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C, et al. Importance
of pollinators in changing landscapes for world crops. Proc R Soc B Biol Sci. 2007; 274: 303-313.
https://doi.org/10.1098/rspb.2006.3721 PMID: 17164193

FAOSTAT. [cited 27 Oct 2021]. https://www.fao.org/faostat/en/#home.
Morse RA. The new complete guide to beekeeping. Countryman Press; 1994.

Millenium Ecosystem Assessment. Ecosystems and Human Well-Being: A Framework for Assess-
ment. Ecosystems and Human Well-Being: A Framework for Assessment. Island Press, Washington,
DC; 20083.

Millenium Ecosystem Assessment. Ecosystems and Human Well-Being: Synthesis. Sarukhan J,
Whyte A, MA Board of Review Editors, editors. Island Press, Washington, DC; 2005.

Power AG. Ecosystem services and agriculture: tradeoffs and synergies. Philos Trans R Soc B Biol
Sci. 2010; 365: 2959-2971. https://doi.org/10.1098/rstb.2010.0143 PMID: 20713396

Mallinger RE, Gaines-Day HR, Gratton C. Do managed bees have negative effects on wild bees?: A
systematic review of the literature. PLoS ONE. Public Library of Science; 2017. https://doi.org/10.
1371/journal.pone.0189268 PMID: 29220412

First MA, McMahon DP, Osborne JL, Paxton RJ, Brown MJF. Disease associations between honey-
bees and bumblebees as a threat to wild pollinators. Nature. 2014; 506: 364. https://doi.org/10.1038/
nature12977 PMID: 24553241

Levitt AL, Singh R, Cox-Foster DL, Rajotte E, Hoover K, Ostiguy N, et al. Cross-species transmission
of honey bee viruses in associated arthropods. Virus Res. 2013; 176: 232—-240. https://doi.org/10.
1016/j.virusres.2013.06.013 PMID: 23845302

Ravoet J, De Smet L, Meeus |, Smagghe G, Wenseleers T, de Graaf DC. Widespread occurrence of
honey bee pathogens in solitary bees. J Invertebr Pathol. 2014; 122: 55-58. https://doi.org/10.1016/].
jip.2014.08.007 PMID: 25196470

Ropars L, Dajoz |, Fontaine C, Muratet A, Geslin B. Wild pollinator activity negatively related to honey
bee colony densities in urban context. PLoS One. 2019; 14: e0222316. https://doi.org/10.1371/journal.
pone.0222316 PMID: 31513663

Geslin B, Gauzens B, Baude M, Dajoz |, Fontaine C, Henry M, et al. Massively Introduced Managed
Species and Their Consequences for Plant—Pollinator Interactions. Advances in Ecological Research.
Academic Press Inc.; 2017. pp. 147—-199. https://doi.org/10.1016/bs.aecr.2016.10.007

Graystock P, Blane EJ, McFrederick QS, Goulson D, Hughes WOH. Do managed bees drive parasite
spread and emergence in wild bees? Int J Parasitol Parasites Wildl. 2016; 5: 64—75. https://doi.org/10.
1016/}.iippaw.2015.10.001 PMID: 28560161

Goulson D. Effects of Introduced Bees on Native Ecosystems. 2003; 34: 1-26. https://doi.org/10.
1146/ANNUREV.ECOLSYS.34.011802.132355

Torné-Noguera A, Rodrigo A, Osorio S, Bosch J. Collateral effects of beekeeping: Impacts on pollen-
nectar resources and wild bee communities. Basic Appl Ecol. 2016; 17: 199-209. https://doi.org/10.
1016/J.BAAE.2015.11.004

Bovo S, Ribani A, Utzeri VJ, Schiavo G, Bertolini F, Fontanesi L. Shotgun metagenomics of honey
DNA: Evaluation of a methodological approach to describe a multi-kingdom honey bee derived

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 15/20


https://doi.org/10.1111/ECOG.04006
https://doi.org/10.1098/rspb.2006.3721
http://www.ncbi.nlm.nih.gov/pubmed/17164193
https://www.fao.org/faostat/en/#home
https://doi.org/10.1098/rstb.2010.0143
http://www.ncbi.nlm.nih.gov/pubmed/20713396
https://doi.org/10.1371/journal.pone.0189268
https://doi.org/10.1371/journal.pone.0189268
http://www.ncbi.nlm.nih.gov/pubmed/29220412
https://doi.org/10.1038/nature12977
https://doi.org/10.1038/nature12977
http://www.ncbi.nlm.nih.gov/pubmed/24553241
https://doi.org/10.1016/j.virusres.2013.06.013
https://doi.org/10.1016/j.virusres.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23845302
https://doi.org/10.1016/j.jip.2014.08.007
https://doi.org/10.1016/j.jip.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25196470
https://doi.org/10.1371/journal.pone.0222316
https://doi.org/10.1371/journal.pone.0222316
http://www.ncbi.nlm.nih.gov/pubmed/31513663
https://doi.org/10.1016/bs.aecr.2016.10.007
https://doi.org/10.1016/j.ijppaw.2015.10.001
https://doi.org/10.1016/j.ijppaw.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/28560161
https://doi.org/10.1146/ANNUREV.ECOLSYS.34.011802.132355
https://doi.org/10.1146/ANNUREV.ECOLSYS.34.011802.132355
https://doi.org/10.1016/J.BAAE.2015.11.004
https://doi.org/10.1016/J.BAAE.2015.11.004
https://doi.org/10.1371/journal.pone.0268250

PLOS ONE

Honey-borne DNA reveals the roles of the honeybee

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

environmental DNA signature. Doi H, editor. PLoS One. 2018; 13: e0205575. https://doi.org/10.1371/
journal.pone.0205575 PMID: 30379893

Bovo S, Utzeri VJ, Ribani A, Cabbri R, Fontanesi L. Shotgun sequencing of honey DNA can describe
honey bee derived environmental signatures and the honey bee hologenome complexity. Sci Rep.
2020; 10. https://doi.org/10.1038/s41598-020-66127-1 PMID: 32518251

Wirta H, Abrego N, Miller K, Roslin T, Vesterinen E. DNA traces the origin of honey by identifying
plants, bacteria and fungi. Sci Rep. 2021; 11: 4798. https://doi.org/10.1038/s41598-021-84174-0
PMID: 33637887

Galanis A, Vardakas P, Reczko M, Harokopos V, Hatzis P, Skoulakis EMC, et al. Bee foraging prefer-
ences, microbiota and pathogens revealed by direct shotgun metagenomics of honey. bioRxiv. 2021;
2021.06.09.447678. https://doi.org/10.1101/2021.06.09.447678

Hawkins J, De Vere N, Giriffith A, Ford CR, Allainguillaume J, Hegarty MJ, et al. Using DNA metabar-
coding to identify the floral composition of honey: A new tool for investigating honey bee foraging pref-
erences. PLoS One. 2015; 10. https://doi.org/10.1371/journal.pone.0134735 PMID: 26308362

Bruni |, Galimberti A, Caridi L, Scaccabarozzi D, De Mattia F, Casiraghi M, et al. A DNA barcoding
approach to identify plant species in multiflower honey. Food Chem. 2015; 170: 308-315. https://doi.
org/10.1016/j.foodchem.2014.08.060 PMID: 25306350

Fiunfhaus A, Ebeling J, Genersch E. Bacterial pathogens of bees. Current Opinion in Insect Science.
Elsevier Inc.; 2018. pp. 89-96. https://doi.org/10.1016/}.c0is.2018.02.008 PMID: 29764667

Evison SE, Jensen AB. The biology and prevalence of fungal diseases in managed and wild bees. Cur-
rent Opinion in Insect Science. Elsevier Inc.; 2018. pp. 105—113. https://doi.org/10.1016/j.cois.2018.
02.010 PMID: 29764649

Ruppert KM, Kline RJ, Rahman MS. Past, present, and future perspectives of environmental DNA
(eDNA) metabarcoding: A systematic review in methods, monitoring, and applications of global eDNA.
Glob Ecol Conserv. 2019; 17: e00547. https://doi.org/10.1016/J.GECCO.2019.E00547

Garpalati D, Charankumar B, Ramu K, Madeswaran P, Ramana Murthy M V. A review on the applica-
tions and recent advances in environmental DNA (eDNA) metagenomics. Rev Environ Sci Bio/Tech-
nology. 2019; 18: 389—411. https://doi.org/10.1007/s11157-019-09501-4

Puusepp L, Koff T. Pollen analysis of honey from the Baltic region, Estonia. 2014; 53: 54—61. https://
doi.org/10.1080/00173134.2013.850532

Varis A-L, Helenius J, Koivulehto K. Pollen spectrum of Finnish honey. Agric Food Sci. 1982; 54: 403—
420. https://doi.org/10.23986/afsci.72111

Salonen A, Ollikka T, Grénlund E, Ruottinen L, Julkunen-Tiitto R. Pollen analyses of honey from Fin-
land. Grana. 2009; 48: 281-289. https://doi.org/10.1080/00173130903363550

Functional Genomics Unit, University of Helsinki, Finland. www.helsinki.fi/en/infrastructures/genome-
analysis/biomedicum-functional-genomics-unit.

National Center for Biotechnology Information (NCBI); Bethesda (MD): National Library of Medicine
(US). 1988. https://www.ncbi.nlm.nih.gov/.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, et al. Global pat-
terns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc Natl Acad Sci U S A.
2011; 108: 4516—4522. PMID: 20534432

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. Nuclear ribosomal inter-
nal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proc Natl Acad Sci
U S A. 2012; 109: 6241-6246. https://doi.org/10.1073/pnas.1117018109 PMID: 22454494

Deagle BE, Thomas AC, Mclnnes JC, Clarke LJ, Vesterinen EJ, Clare EL, et al. Counting with DNA in
metabarcoding studies: How should we convert sequence reads to dietary data? Mol Ecol. 2019; 28:
391-406. https://doi.org/10.1111/mec.14734 PMID: 29858539

Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, et al. The Ribosomal Database Project:
improved alignments and new tools for rRNA analysis. Nucleic Acids Res. 2008; 37: 141-145. https://
doi.org/10.1093/nar/gkn879 PMID: 19004872

Louca S, Parfrey LW, Doebeli M. Decoupling function and taxonomy in the global ocean microbiome.
Science (80-). 2016; 353: 1272—1277. https://doi.org/10.1126/science.aaf4507 PMID: 27634532

P&lme S, Abarenkov K, Henrik Nilsson R, Lindahl BD, Clemmensen KE, Kauserud H, et al. Fungal-
Traits: a user-friendly traits database of fungi and fungus-like stramenopiles. Fungal Divers. 2020;
105. https://doi.org/10.1007/s13225-020-00466-2

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, et al. FUNGuild: An open annotation
tool for parsing fungal community datasets by ecological guild. 2015. https://doi.org/10.1016/j.funeco.
2015.06.006

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 16/20


https://doi.org/10.1371/journal.pone.0205575
https://doi.org/10.1371/journal.pone.0205575
http://www.ncbi.nlm.nih.gov/pubmed/30379893
https://doi.org/10.1038/s41598-020-66127-1
http://www.ncbi.nlm.nih.gov/pubmed/32518251
https://doi.org/10.1038/s41598-021-84174-0
http://www.ncbi.nlm.nih.gov/pubmed/33637887
https://doi.org/10.1101/2021.06.09.447678
https://doi.org/10.1371/journal.pone.0134735
http://www.ncbi.nlm.nih.gov/pubmed/26308362
https://doi.org/10.1016/j.foodchem.2014.08.060
https://doi.org/10.1016/j.foodchem.2014.08.060
http://www.ncbi.nlm.nih.gov/pubmed/25306350
https://doi.org/10.1016/j.cois.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29764667
https://doi.org/10.1016/j.cois.2018.02.010
https://doi.org/10.1016/j.cois.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29764649
https://doi.org/10.1016/J.GECCO.2019.E00547
https://doi.org/10.1007/s11157-019-09501-4
https://doi.org/10.1080/00173134.2013.850532
https://doi.org/10.1080/00173134.2013.850532
https://doi.org/10.23986/afsci.72111
https://doi.org/10.1080/00173130903363550
http://www.helsinki.fi/en/infrastructures/genome-analysis/biomedicum-functional-genomics-unit
http://www.helsinki.fi/en/infrastructures/genome-analysis/biomedicum-functional-genomics-unit
https://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/pubmed/20534432
https://doi.org/10.1073/pnas.1117018109
http://www.ncbi.nlm.nih.gov/pubmed/22454494
https://doi.org/10.1111/mec.14734
http://www.ncbi.nlm.nih.gov/pubmed/29858539
https://doi.org/10.1093/nar/gkn879
https://doi.org/10.1093/nar/gkn879
http://www.ncbi.nlm.nih.gov/pubmed/19004872
https://doi.org/10.1126/science.aaf4507
http://www.ncbi.nlm.nih.gov/pubmed/27634532
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1371/journal.pone.0268250

PLOS ONE

Honey-borne DNA reveals the roles of the honeybee

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Breitwieser FP, Salzberg SL. Pavian: Interactive analysis of metagenomics data for microbiome stud-
ies and pathogen identification. Bioinformatics. 2020; 36: 1303—1304. https://doi.org/10.1093/
bioinformatics/btz715 PMID: 31553437

Raymann K, Moran NA. The role of the gut microbiome in health and disease of adult honey bee work-
ers. Current Opinion in Insect Science. Elsevier Inc.; 2018. pp. 97-104. https://doi.org/10.1016/j.cois.
2018.02.012 PMID: 29764668

Kesnerova L, Emery O, Troilo M, Liberti J, Erkosar B, Engel P. Gut microbiota structure differs
between honeybees in winter and summer. ISME J. 2020; 14: 801-814. https://doi.org/10.1038/
$41396-019-0568-8 PMID: 31836840

Olofsson TC, Alsterfjord M, Nilson B, Butler E, Vasquez A. Lactobacillus apinorum sp. nov., Lactobacil-
lus mellifer sp. nov., Lactobacillus mellis sp. nov., Lactobacillus melliventris sp. nov., Lactobacillus kim-
bladii sp. nov., Lactobacillus helsingborgensis sp. nov. and lactobacillus kullabergensis sp. nov.,
isolated from the honey stomach of the honeybee Apis mellifera. Int J Syst Evol Microbiol. 2014; 64:
3109-3119. https://doi.org/10.1099/ijs.0.059600-0 PMID: 24944337

Olofsson TC, Vasquez A. Detection and identification of a novel lactic acid bacterial flora within the
honey stomach of the honeybee Apis mellifera. Curr Microbiol. 2008; 57: 356—363. https://doi.org/10.
1007/s00284-008-9202-0 PMID: 18663527

Kurtzman CP. DNA Relatedness among Species of the Genus Zygosaccharomyces. YEAST. 1990; 6:
19. https://doi.org/10.1002/yea.320060306 PMID: 2349835

Johnson KB, Stockwell VO, Burgett DM, Sugar D, Loper JE. Dispersal of Erwinia amylovora and Pseu-
domonas fluorescens by honey bees from hives to apple and pear blossoms. Phytopathology. 1993;
83: 478-484.

Corby-Harris V, Snyder L, Schwan MR, Maes P, McFrederick QS, Anderson KE. Origin and effect of
Alpha 2.2 Acetobacteraceae in honey bee larvae and description of Parasaccharibacter apium gen.
nov., sp. nov. Appl Environ Microbiol. 2014; 80: 7460-7472. https://doi.org/10.1128/AEM.02043-14
PMID: 25239902

Corby-Harris V, Snyder L, Meador C, Naldo R, Mott BM, Anderson KE. Parasaccharibacter apium,
gen. nov., sp. nov., Improves Honey Bee (Hymenoptera: Apidae) Resistance to Nosema. J Econ Ento-
mol. 2016; 109: 537-543. https://doi.org/10.1093/jee/tow012 PMID: 26875068

Loncaric I, Heigl H, Licek E, Moosbeckhofer R, Busse HJ, Rosengarten R. Typing of Pantoea agglom-
erans isolated from colonies of honey bees (Apis mellifera) and culturability of selected strains from
honey. Apidologie. 2009; 40: 40-54. https://doi.org/10.1051/apido/2008062

Weinert LA, Werren JH, Aebi A, Stone GN, Jiggins FM. Evolution and diversity of Rickettsia bacteria.
BMC Biol. 2009; 7: 6. https://doi.org/10.1186/1741-7007-7-6 PMID: 19187530

Huang HC, Phillippe LM, Phillippe RC. Canadian Journal of Plant Pathology Pink seed of pea: a new
disease caused by Erwinia rhapontici. 2009.

Kim PS, Shin N-R, Kim JY, Yun J-H, Hyun D-W, Bae J-W. Acinetobacter apis sp. nov., isolated from
the intestinal tract of a honey bee, Apis mellifera. J Microbiol 2014 52(8): 639—645. https://doi.org/10.
1007/s12275-014-4078-0 PMID: 25098562

Baby V, Lachance J-C, Gagnon J, Lucier J-F, Matteau D, Knight T, et al. Inferring the Minimal Genome
of Mesoplasma florum by Comparative Genomics and Transposon Mutagenesis. mSystems. 2018; 3.
https://doi.org/10.1128/mSystems.00198-17 PMID: 29657968

Gasparich GE. 38 The Family Entomoplasmataceae. In: Thompson E, Rosenberg EF, De Long S,
Lory E, Stackebrandt F, editors. The Prokaryotes. 2014. pp. 505-514.

Budge GE, Adams |, Thwaites R, Pietravalle S, Drew GC, Hurst GDD, et al. Identifying bacterial pre-
dictors of honey bee health. J Invertebr Pathol. 2016; 141: 41—-44. https://doi.org/10.1016/j.jip.2016.11.
003 PMID: 27818181

Yafiez O, Gauthier L, Chantawannakul P, Neumann P. Endosymbiotic bacteria in honey bees: Arseno-
phonus spp. are not transmitted transovarially. FEMS Microbiol Lett. 2016; 363. https://doi.org/10.
1093/femsle/fnw147 PMID: 27279628

Grubbs KJ, May DS, Sardina JA, Dermenjian RK, Wyche TP, Pinto-Tomas AA, et al. Pollen Strepto-
myces Produce Antibiotic That Inhibits the Honey Bee Pathogen Paenibacillus larvae. Front Microbiol.
2021; 12. https://doi.org/10.3389/fmicb.2021.632637 PMID: 33613504

Haarmann T, Rolke Y, Giesbert S, Tudzynski P. Plant diseases that changed the world: Ergot: from
witchcraft to biotechnology. Molecular Plant Pathology. John Wiley & Sons, Ltd; 2009. pp. 563-577.

Hubert J, Erban T, Kamler M, Kopecky J, Nesvorna M, Hejdankova S, et al. Bacteria detected in the
honeybee parasitic mite Varroa destructor collected from beehive winter debris. J Appl Microbiol.
2015; 119: 640-654. https://doi.org/10.1111/jam.12899 PMID: 26176631

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 17/20


https://doi.org/10.1093/bioinformatics/btz715
https://doi.org/10.1093/bioinformatics/btz715
http://www.ncbi.nlm.nih.gov/pubmed/31553437
https://doi.org/10.1016/j.cois.2018.02.012
https://doi.org/10.1016/j.cois.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29764668
https://doi.org/10.1038/s41396-019-0568-8
https://doi.org/10.1038/s41396-019-0568-8
http://www.ncbi.nlm.nih.gov/pubmed/31836840
https://doi.org/10.1099/ijs.0.059600-0
http://www.ncbi.nlm.nih.gov/pubmed/24944337
https://doi.org/10.1007/s00284-008-9202-0
https://doi.org/10.1007/s00284-008-9202-0
http://www.ncbi.nlm.nih.gov/pubmed/18663527
https://doi.org/10.1002/yea.320060306
http://www.ncbi.nlm.nih.gov/pubmed/2349835
https://doi.org/10.1128/AEM.02043-14
http://www.ncbi.nlm.nih.gov/pubmed/25239902
https://doi.org/10.1093/jee/tow012
http://www.ncbi.nlm.nih.gov/pubmed/26875068
https://doi.org/10.1051/apido/2008062
https://doi.org/10.1186/1741-7007-7-6
http://www.ncbi.nlm.nih.gov/pubmed/19187530
https://doi.org/10.1007/s12275-014-4078-0
https://doi.org/10.1007/s12275-014-4078-0
http://www.ncbi.nlm.nih.gov/pubmed/25098562
https://doi.org/10.1128/mSystems.00198-17
http://www.ncbi.nlm.nih.gov/pubmed/29657968
https://doi.org/10.1016/j.jip.2016.11.003
https://doi.org/10.1016/j.jip.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27818181
https://doi.org/10.1093/femsle/fnw147
https://doi.org/10.1093/femsle/fnw147
http://www.ncbi.nlm.nih.gov/pubmed/27279628
https://doi.org/10.3389/fmicb.2021.632637
http://www.ncbi.nlm.nih.gov/pubmed/33613504
https://doi.org/10.1111/jam.12899
http://www.ncbi.nlm.nih.gov/pubmed/26176631
https://doi.org/10.1371/journal.pone.0268250

PLOS ONE

Honey-borne DNA reveals the roles of the honeybee

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Kacaniova M, Gasper J, Terentjeva M. Antagonistic effect of gut microbiota of honeybee (Apis melli-
fera) against causative agent of American Foulbrood Paenibacillus larvae. J Microbiol Biotechnol Food
Sci. 2019; 478—481. https://doi.org/10.15414/jmbfs.2019.9.special.478-481

Libardoni G, Neves PMOJ, Abati R, Sampaio AR, Costa-Maia FM, de Souza Vismara E, et al. Possible
interference of Bacillus thuringiensis in the survival and behavior of Africanized honey bees (Apis melli-
fera). Sci Rep. 2021; 11: 3482. https://doi.org/10.1038/s41598-021-82874-1 PMID: 33568730

Wang M, Zhao W-Z, Xu H, Wang Z-W, He S-Y. Bacillus in the guts of honey bees (Apis mellifera;
Hymenoptera: Apidae) mediate changes in amylase values. Eur J Entomol. 2015; 112: 619-624.

Hartwell LH. Saccharomyces cerevisiae cell cycle. Bacteriological Reviews. American Society for
Microbiology (ASM); 1974. pp. 164—198. https://doi.org/10.1128/br.38.2.164-198.1974 PMID: 4599449

Spellerberg B, Brandt C. Streptococcus. Man Clin Microbiol. 2015; 383-402. https://doi.org/10.1128/
9781555817381.CH22

Piva S, Giacometti F, Marti E, Massella E, Cabbri R, Galuppi R, et al. Could honey bees signal the
spread of antimicrobial resistance in the environment? Lett Appl Microbiol. 2020; 70: 349-355. hitps:/
doi.org/10.1111/lam.13288 PMID: 32096241

Dong ZX, Li HY, Chen YF, Wang F, Deng XY, Lin LB, et al. Colonization of the gut microbiota of honey
bee (Apis mellifera) workers at different developmental stages. Microbiol Res. 2020; 231: 126370.
https://doi.org/10.1016/j.micres.2019.126370 PMID: 31739261

Nevas M, Hielm S, Lindstrdém M, Horn H, Koivulehto K, Korkeala H. High prevalence of Clostridium
botulinum types A and B in honey samples detected by polymerase chain reaction. Int J Food Micro-
biol. 2002; 72: 45-52. https://doi.org/10.1016/s0168-1605(01)00615-8 PMID: 11843412

Sitz RA, Aquino VM, Tisserat NA, Cranshaw WS, Stewart JE. Insects Visiting Drippy Blight Diseased
Red Oak Trees Are Contaminated with the Pathogenic Bacterium Lonsdalea quercina. Plant Dis.
2019; 103: 1940—-1946. https://doi.org/10.1094/PDIS-12-18-2248-RE PMID: 31184970

Foster TJ, Geoghegan JA. Staphylococcus aureus. Mol Med Microbiol Second Ed. 2015; 2—-3: 655—
674. https://doi.org/10.1016/B978-0-12-397169-2.00037-8

Percival SL, Williams DW. Yersinia. Microbiol Waterborne Dis Microbiol Asp Risks Second Ed. 2014;
249-259. https://doi.org/10.1016/B978-0-12-415846-7.00013-5

Percival SL, Williams DW. Vibrio. Microbiol Waterborne Dis Microbiol Asp Risks Second Ed. 2014;
237-248.

Khan S, Somerville D, Frese M, Nayudu M. Environmental gut bacteria in European honey bees (Apis
mellifera) from Australia and their relationship to the chalkbrood disease. PLoS One. 2020; 15:
e0238252. https://doi.org/10.1371/journal.pone.0238252 PMID: 32857797

Martinson VG, Danforth BN, Minckley RL, Rueppell O, Tingek S, Moran NA. A simple and distinctive
microbiota associated with honey bees and bumble bees. Mol Ecol. 2011; 20: 619-628. https://doi.
org/10.1111/j.1365-294X.2010.04959.x PMID: 21175905

Coenye T, Vandamme P. Diversity and significance of Burkholderia species occupying diverse eco-
logical niches. Environ Microbiol. 2003; 5: 719-729. https://doi.org/10.1046/j.1462-2920.2003.00471.x
PMID: 12919407

Gautier-Bouchardon A V. Antimicrobial Resistance in Mycoplasma spp. Microbiol Spectr. 2018; 6.
https://doi.org/10.1128/microbiolspec. ARBA-0030-2018 PMID: 30003864

Drzewiecka D. Significance and Roles of Proteus spp. Bacteria in Natural Environments. Microb Ecol
2016 72(4): 741-758. https://doi.org/10.1007/s00248-015-0720-6 PMID: 26748500

Kaper JB, Nataro JP, Mobley HLT. Pathogenic Escherichia coli. Nat Rev Microbiol 2004 2(2): 123—
140. https://doi.org/10.1038/nrmicro818 PMID: 15040260

Vaughan-Martini A, Lachance MA, Kurtzman CP. NaumovozymaKurtzman (2008). The Yeasts. Else-
vier; 2011. pp. 641-643.

Li SS, Mody CH. Cryptococcus. Proceedings of the American Thoracic Society. 2010. pp. 186—196.
https://doi.org/10.1513/pats.200907-063AL PMID: 20463247

Endo A, Irisawa T, Futagawa-Endo Y, Takano K, Du Toit M, Okada S, et al. Characterization and
emended description of lactobacillus kunkeei as a fructophilic lactic acid bacterium. Int J Syst Evol
Microbiol. 2012; 62: 500-504. https://doi.org/10.1099/ijs.0.031054-0 PMID: 21478398

Vannette RL. The Floral Microbiome: Plant, Pollinator, and Microbial Perspectives. 2020; 51: 363—
386. https://doi.org/10.1146/ANNUREV-ECOLSYS-011720-013401

Aleklett K, Hart M, Shade A. The microbial ecology of flowers: An emerging frontier in phyllosphere
research. Botany. 2014; 92: 253-266.

Belisle M, Peay KG, Fukami T. Flowers as Islands: Spatial Distribution of Nectar-Inhabiting Microfungi
among Plants of Mimulus aurantiacus, a Hummingbird-Pollinated Shrub.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 18/20


https://doi.org/10.15414/jmbfs.2019.9.special.478-481
https://doi.org/10.1038/s41598-021-82874-1
http://www.ncbi.nlm.nih.gov/pubmed/33568730
https://doi.org/10.1128/br.38.2.164-198.1974
http://www.ncbi.nlm.nih.gov/pubmed/4599449
https://doi.org/10.1128/9781555817381.CH22
https://doi.org/10.1128/9781555817381.CH22
https://doi.org/10.1111/lam.13288
https://doi.org/10.1111/lam.13288
http://www.ncbi.nlm.nih.gov/pubmed/32096241
https://doi.org/10.1016/j.micres.2019.126370
http://www.ncbi.nlm.nih.gov/pubmed/31739261
https://doi.org/10.1016/s0168-1605%2801%2900615-8
http://www.ncbi.nlm.nih.gov/pubmed/11843412
https://doi.org/10.1094/PDIS-12-18-2248-RE
http://www.ncbi.nlm.nih.gov/pubmed/31184970
https://doi.org/10.1016/B978-0-12-397169-2.00037-8
https://doi.org/10.1016/B978-0-12-415846-7.00013-5
https://doi.org/10.1371/journal.pone.0238252
http://www.ncbi.nlm.nih.gov/pubmed/32857797
https://doi.org/10.1111/j.1365-294X.2010.04959.x
https://doi.org/10.1111/j.1365-294X.2010.04959.x
http://www.ncbi.nlm.nih.gov/pubmed/21175905
https://doi.org/10.1046/j.1462-2920.2003.00471.x
http://www.ncbi.nlm.nih.gov/pubmed/12919407
https://doi.org/10.1128/microbiolspec.ARBA-0030-2018
http://www.ncbi.nlm.nih.gov/pubmed/30003864
https://doi.org/10.1007/s00248-015-0720-6
http://www.ncbi.nlm.nih.gov/pubmed/26748500
https://doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/15040260
https://doi.org/10.1513/pats.200907-063AL
http://www.ncbi.nlm.nih.gov/pubmed/20463247
https://doi.org/10.1099/ijs.0.031054-0
http://www.ncbi.nlm.nih.gov/pubmed/21478398
https://doi.org/10.1146/ANNUREV-ECOLSYS-011720-013401
https://doi.org/10.1371/journal.pone.0268250

PLOS ONE

Honey-borne DNA reveals the roles of the honeybee

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Cullen NP, Fetters AM, Ashman TL. Integrating microbes into pollination. Current Opinion in Insect
Science. Elsevier Inc.; 2021. pp. 48-54. https://doi.org/10.1016/j.cois.2020.11.002 PMID: 33248285

Rakow G. Species Origin and Economic Importance of Brassica. 2004; 3—11. https://doi.org/10.1007/
978-3-662-06164-0_1

Peltonen-Sainio P, Jauhiainen L. Large zonal and temporal shifts in crops and cultivars coincide with
warmer growing seasons in Finland. Reg Environ Chang 2020 20(3): 1-13. https://doi.org/10.1007/
S$10113-020-01682-X

Puusepp L, Koff T. Pollen analysis of honey from the Baltic region, Estonia. Grana. 2014; 53: 54—61.
https://doi.org/10.1080/00173134.2013.850532

Bailey L, Carpenter JM, Woods RD. Properties of a filamentous virus of the honey bee (Apis mellifera).
Virology. 1981; 114: 1-7. https://doi.org/10.1016/0042-6822(81)90247-6 PMID: 18635091

Gauthier L, Cornman S, Hartmann U, Cousserans F, Evans JD, De Miranda JR, et al. The apis melli-
fera filamentous virus genome. Viruses. 2015; 7: 3798-3815. https://doi.org/10.3390/v7072798 PMID:
26184284

Quintana S, Brasesco C, Porrini LP, Di Gerénimo V, Eguaras MJ, Maggi M. First molecular detection
of Apis mellifera filamentous virus (AmFV) in honey bees (Apis mellifera) in Argentina. J Apic Res.
2019; 60: 111-114. https://doi.org/10.1080/00218839.2019.1690100

Hartmann U, Forsgren E, Charriére JD, Neumann P, Gauthier L. Dynamics of Apis mellifera filamen-
tous virus (AmFV) infections in honey bees and relationships with other parasites. Viruses. 2015; 7:
2654-2667. https://doi.org/10.3390/v7052654 PMID: 26008705

Quintana S, De Landa GF, Revainera P, Meroi F, Porrini L, Di Geronimo V, et al. Broad Geographic
and Host Distribution of Apis mellifera Filamentous Virus in South American Native Bees. J Apic Sci.
2019; 63: 327-332. https://doi.org/10.2478/jas-2019-0025

Raymann K, Coon KL, Shaffer Z, Salisbury S, Moran NA. Pathogenicity of serratia marcescens strains
in honey bees. MBio. 2018; 9. https://doi.org/10.1128/MBIO.01649-18 PMID: 30301854

Ebeling J, Knispel H, Hertlein G, Flnfhaus A, Genersch E. Biology of Paenibacillus larvae, a deadly
pathogen of honey bee larvae. Applied Microbiology and Biotechnology. Springer Verlag; 2016. pp.
7387-7395. https://doi.org/10.1007/s00253-016-7716-0 PMID: 27394713

Genersch E, Evans JD, Fries |, vanEngelsdorp D, Meixner MD, Genersch E, et al. American Foulbrood
in honeybees and its causative agent, Paenibacillus larvae. J Invertebr Pathol. 2010; 103: I. https://doi.
org/10.1016/}.jip.2009.06.015 PMID: 19909971

Genersch E. Honey bee pathology: Current threats to honey bees and beekeeping. Applied Microbiology
and Biotechnology. 2010. pp. 87-97. https://doi.org/10.1007/s00253-010-2573-8 PMID: 20401479

Lin Z, Zhao L, Cao L, Xu H, Miao C, Jie H, et al. A Survey of Common Pathogens of Apis spp. in Wild
Non-cave Honeybees in Southwest China. J Wildl Dis. 2021; 57. https://doi.org/10.7589/JWD-D-20-
00203 PMID: 34516652

Bravi ME, Alvarez LJ, Lucia M, Pecoraro MRI, Garcia MLG, Reynaldi FJ. Wild bumble bees (Hyme-
noptera: Apidae: Bombini) as a potential reservoir for bee pathogens in northeastern Argentina. 2019;
58: 710-713. https://doi.org/10.1080/00218839.2019.1655183

Goulson D, Hughes WOH. Mitigating the anthropogenic spread of bee parasites to protect wild pollina-
tors. Biol Conserv. 2015; 191: 10-19. https://doi.org/10.1016/J.BIOCON.2015.06.023

Grabowski NT, Klein G. Microbiology and foodborne pathogens in honey. Crit Rev Food Sci Nutr.
2017; 57: 1852-1862. https://doi.org/10.1080/10408398.2015.1029041 PMID: 26176586

Escobar-Zepeda A, Godoy-Lozano EE, Raggi L, Segovia L, Merino E, Gutiérrez-Rios RM, et al. Analy-
sis of sequencing strategies and tools for taxonomic annotation: Defining standards for progressive
metagenomics. Sci Rep. 2018; 8: 1-13.

Garrido-Sanz L, Senar MA, Pifiol J. Estimation of the relative abundance of species in artificial mix-
tures of insects using low-coverage shotgun metagenomics. Metabarcoding and Metagenomics.
2020; 4: 1-18. https://doi.org/10.3897/mbmg.4.48281

Marcelino VR, Clausen PTLC, Buchmann JP, Wille M, Iredell JR, Meyer W, et al. CCMetagen: com-
prehensive and accurate identification of eukaryotes and prokaryotes in metagenomic data. Genome
Biol 2020 21(1): 1-15. https://doi.org/10.1186/s13059-020-02014-2 PMID: 32345331

Ellegaard KM, Engel P. Genomic diversity landscape of the honey bee gut microbiota. Nat Commun.
2019;10: 1-13.

Bonilla-Rosso G, Engel P. Functional roles and metabolic niches in the honey bee gut microbiota. Cur-
rent Opinion in Microbiology. Elsevier Ltd; 2018. pp. 69-76. https://doi.org/10.1016/j.mib.2017.12.009
PMID: 29309997

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 19/20


https://doi.org/10.1016/j.cois.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33248285
https://doi.org/10.1007/978-3-662-06164-0%5F1
https://doi.org/10.1007/978-3-662-06164-0%5F1
https://doi.org/10.1007/S10113-020-01682-X
https://doi.org/10.1007/S10113-020-01682-X
https://doi.org/10.1080/00173134.2013.850532
https://doi.org/10.1016/0042-6822%2881%2990247-6
http://www.ncbi.nlm.nih.gov/pubmed/18635091
https://doi.org/10.3390/v7072798
http://www.ncbi.nlm.nih.gov/pubmed/26184284
https://doi.org/10.1080/00218839.2019.1690100
https://doi.org/10.3390/v7052654
http://www.ncbi.nlm.nih.gov/pubmed/26008705
https://doi.org/10.2478/jas-2019-0025
https://doi.org/10.1128/MBIO.01649-18
http://www.ncbi.nlm.nih.gov/pubmed/30301854
https://doi.org/10.1007/s00253-016-7716-0
http://www.ncbi.nlm.nih.gov/pubmed/27394713
https://doi.org/10.1016/j.jip.2009.06.015
https://doi.org/10.1016/j.jip.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19909971
https://doi.org/10.1007/s00253-010-2573-8
http://www.ncbi.nlm.nih.gov/pubmed/20401479
https://doi.org/10.7589/JWD-D-20-00203
https://doi.org/10.7589/JWD-D-20-00203
http://www.ncbi.nlm.nih.gov/pubmed/34516652
https://doi.org/10.1080/00218839.2019.1655183
https://doi.org/10.1016/J.BIOCON.2015.06.023
https://doi.org/10.1080/10408398.2015.1029041
http://www.ncbi.nlm.nih.gov/pubmed/26176586
https://doi.org/10.3897/mbmg.4.48281
https://doi.org/10.1186/s13059-020-02014-2
http://www.ncbi.nlm.nih.gov/pubmed/32345331
https://doi.org/10.1016/j.mib.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29309997
https://doi.org/10.1371/journal.pone.0268250

PLOS ONE

Honey-borne DNA reveals the roles of the honeybee

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124,

125.

126.

127.

128.

Kwong WK, Medina LA, Koch H, Sing KW, Soh EJY, Ascher JS, et al. Dynamic microbiome evolution
in social bees. Sci Adv. 2017; 3: 1600513. https://doi.org/10.1126/sciadv.1600513 PMID: 28435856

Moran NA, Hansen AK, Powell JE, Sabree ZL. Distinctive gut microbiota of honey bees assessed
using deep sampling from individual worker bees. PLoS One. 2012; 7: 1-10. https://doi.org/10.1371/
journal.pone.0036393 PMID: 22558460

Kwong WK, Moran NA. Gut microbial communities of social bees. Nature Reviews Microbiology. Nature
Publishing Group; 2016. pp. 374-384. https://doi.org/10.1038/nrmicro.2016.43 PMID: 27140688

Siozios S, Moran J, Chege M, Hurst GDD, Paredes JC. Complete Reference Genome Assembly for
Commensalibacter sp. Strain AMUOO1, an Acetic Acid Bacterium Isolated from the Gut of Honey
Bees. Microbiol Resour Announc. 2019; 8. https://doi.org/10.1128/MRA.01459-18 PMID: 30637398

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007; 73: 5261-5267. https://doi.
org/10.1128/AEM.00062-07 PMID: 17586664

Kim JY, Lee J, Shin NR, Yun JH, Whon TW, Kim MS, et al. Orbus sasakiae sp. nov., a bacterium iso-
lated from the gut of the butterfly Sasakia charonda, and emended description of the genus Orbus. Int
J Syst Evol Microbiol. 2013; 63: 1766—1770. https://doi.org/10.1099/ijs.0.041871-0 PMID: 22941300

Kesnerova L, Moritz R, Engel P. Bartonella apis sp. nov., a honey bee gut symbiont of the class Alpha-
proteobacteria. Int J Syst Evol Microbiol. 2016; 66: 414—421. https://doi.org/10.1099/ijsem.0.000736
PMID: 26537852

Higes M, Martin-Hernandez R, Botias C, Bailén EG, Gonzalez-Porto A, Barrios L, et al. How natural
infection by Nosema ceranae causes honeybee colony collapse. Environ Microbiol. 2008; 10: 2659—
2669. https://doi.org/10.1111/j.1462-2920.2008.01687.x PMID: 18647336

Liu G, Tao C, Zhu B, Bai W, Zhang L, Wang Z, et al. Identification of Zygosaccharomyces mellis strains
in stored honey and their stress tolerance. Food Sci Biotechnol 2016 25(6): 1645—1650. https://doi.
org/10.1007/s10068-016-0253-x PMID: 30263457

Silva MS, Rabadzhiev Y, Eller MR, lliev I, lvanova |, Santana WC. Microorganisms in Honey. Honey
Anal. 2017.

Thomsen PF, Sigsgaard EE. Environmental DNA metabarcoding of wild flowers reveals diverse com-
munities of terrestrial arthropods. Ecol Evol. 2019; 9: 1665-1679. https://doi.org/10.1002/ece3.4809
PMID: 30847063

Emer C, Vaughan IP, Hiscock S, Memmott J. The Impact of the Invasive Alien Plant, Impatiens glandu-
lifera, on Pollen Transfer Networks. PLoS One. 2015; 10: e0143532. https://doi.org/10.1371/journal.
pone.0143532 PMID: 26633170

Walters W, Hyde ER, Berg-Lyons D, Ackermann G, Humphrey G, Parada A, et al. Improved Bacterial
16S rRNA Gene (V4 and V4-5) and Fungal Internal Transcribed Spacer Marker Gene Primers for
Microbial Community Surveys crossmark Downloaded from. 2015.

Pr Herlemann D, Labrenz M, Jii Rgens K, Bertilsson S, Waniek JJ, Andersson AF. Transitions in bac-
terial communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 2011; 5: 1571-1579.
https://doi.org/10.1038/ismej.2011.41 PMID: 21472016

Toju H, Tanabe AS, Yamamoto S, Sato H. High-Coverage ITS Primers for the DNA-Based Identifica-
tion of Ascomycetes and Basidiomycetes in Environmental Samples. PLoS One. 2012; 7: 40863.
https://doi.org/10.1371/journal.pone.0040863 PMID: 22808280

Chen S, Yao H, Han J, Liu C, Song J, Shi L, et al. Validation of the ITS2 region as a novel DNA barcode
for identifying medicinal plant species. PLoS One. 2010; 5: 1-8. https://doi.org/10.1371/journal.pone.
0008613 PMID: 20062805

White T, Bruns T, Lee J, Taylor M. Amplification and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. PCR protocols: a guide to methods and applications. Academic Press; 1990. pp.
315-322.

Levin RA, Wagner WL, Hoch PC, Nepokroeff M, Pires JC, Zimmer EA, et al. Family-level relationships
of Onagraceae based on chloroplast rbc L and ndh F data. Am J Bot. 2003; 90: 107—115. https://doi.
org/10.3732/ajb.90.1.107 PMID: 21659085

Ivanova N V, Kuzmina ML, Braukmann TWA, Borisenko A V, Zakharov E V. Authentication of Herbal
Supplements Using Next-Generation Sequencing. 2016. https://doi.org/10.1371/journal.pone.
0156426 PMID: 27227830

Taberlet P, Coissac E, Pompanon F, Gielly L, Miquel C, Valentini A, et al. Power and limitations of the
chloroplast trnL (UAA) intron for plant DNA barcoding. https://doi.org/10.1093/nar/gkl938 PMID:
17169982

PLOS ONE | https://doi.org/10.1371/journal.pone.0268250 July 13, 2022 20/20


https://doi.org/10.1126/sciadv.1600513
http://www.ncbi.nlm.nih.gov/pubmed/28435856
https://doi.org/10.1371/journal.pone.0036393
https://doi.org/10.1371/journal.pone.0036393
http://www.ncbi.nlm.nih.gov/pubmed/22558460
https://doi.org/10.1038/nrmicro.2016.43
http://www.ncbi.nlm.nih.gov/pubmed/27140688
https://doi.org/10.1128/MRA.01459-18
http://www.ncbi.nlm.nih.gov/pubmed/30637398
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1099/ijs.0.041871-0
http://www.ncbi.nlm.nih.gov/pubmed/22941300
https://doi.org/10.1099/ijsem.0.000736
http://www.ncbi.nlm.nih.gov/pubmed/26537852
https://doi.org/10.1111/j.1462-2920.2008.01687.x
http://www.ncbi.nlm.nih.gov/pubmed/18647336
https://doi.org/10.1007/s10068-016-0253-x
https://doi.org/10.1007/s10068-016-0253-x
http://www.ncbi.nlm.nih.gov/pubmed/30263457
https://doi.org/10.1002/ece3.4809
http://www.ncbi.nlm.nih.gov/pubmed/30847063
https://doi.org/10.1371/journal.pone.0143532
https://doi.org/10.1371/journal.pone.0143532
http://www.ncbi.nlm.nih.gov/pubmed/26633170
https://doi.org/10.1038/ismej.2011.41
http://www.ncbi.nlm.nih.gov/pubmed/21472016
https://doi.org/10.1371/journal.pone.0040863
http://www.ncbi.nlm.nih.gov/pubmed/22808280
https://doi.org/10.1371/journal.pone.0008613
https://doi.org/10.1371/journal.pone.0008613
http://www.ncbi.nlm.nih.gov/pubmed/20062805
https://doi.org/10.3732/ajb.90.1.107
https://doi.org/10.3732/ajb.90.1.107
http://www.ncbi.nlm.nih.gov/pubmed/21659085
https://doi.org/10.1371/journal.pone.0156426
https://doi.org/10.1371/journal.pone.0156426
http://www.ncbi.nlm.nih.gov/pubmed/27227830
https://doi.org/10.1093/nar/gkl938
http://www.ncbi.nlm.nih.gov/pubmed/17169982
https://doi.org/10.1371/journal.pone.0268250

