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Abstract
Identifying the floral composition of honey provides a method for investigating the plants
that honey bees visit. We compared melissopalynology, where pollen grains retrieved from
honey are identified morphologically, with a DNA metabarcoding approach using the rbcL
DNA barcode marker and 454-pyrosequencing. We compared nine honeys supplied by
beekeepers in the UK. DNA metabarcoding and melissopalynology were able to detect the
most abundant floral components of honey. There was 92% correspondence for the plant
taxa that had an abundance of over 20%. However, the level of similarity when all taxa were
compared was lower, ranging from 22–45%, and there was little correspondence between
the relative abundance of taxa found using the two techniques. DNA metabarcoding provided much greater repeatability, with a 64% taxa match compared to 28% with melissopalynology. DNA metabarcoding has the advantage over melissopalynology in that it does not
require a high level of taxonomic expertise, a greater sample size can be screened and it
provides greater resolution for some plant families. However, it does not provide a quantitative approach and pollen present in low levels are less likely to be detected. We investigated
the plants that were frequently used by honey bees by examining the results obtained from
both techniques. Plants with a broad taxonomic range were detected, covering 46 families
and 25 orders, but a relatively small number of plants were consistently seen across
multiple honey samples. Frequently found herbaceous species were Rubus fruticosus, Filipendula ulmaria, Taraxacum officinale, Trifolium spp., Brassica spp. and the non-native,
invasive, Impatiens glandulifera. Tree pollen was frequently seen belonging to Castanea
sativa, Crataegus monogyna and species of Malus, Salix and Quercus. We conclude that
although honey bees are considered to be supergeneralists in their foraging choices, there
are certain key species or plant groups that are particularly important in the honey bees
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environment. The reasons for this require further investigation in order to better understand
honey bee nutritional requirements. DNA metabarcoding can be easily and widely used to
investigate floral visitation in honey bees and can be adapted for use with other insects. It
provides a starting point for investigating how we can better provide for the insects that we
rely upon for pollination.

Introduction
Insect pollination is a key regulating ecosystem service, vital to the functioning of terrestrial habitats. It is also crucial to crop production systems with 75% of crop species benefiting from insect
pollinators [1]. The honey bee (Apis mellifera) is of major importance as a pollinator of both wild
and crop plants [2]. It is also the provider of honey, a high-value nutritional product [2, 3]. Numbers of managed honey bee colonies have decreased substantially in Europe and North America,
although this has been balanced by increases in countries such as China and Argentina [4]. Overall managed honey bee colonies have increased by around 45% between 1947 and 2005, but in
the same time period the proportion of crops requiring insect pollination has increased threefold,
meaning food production is more dependent on insect pollinators than ever before [4].
Although the number of managed honey bee colonies has increased, there has been considerable concern worldwide over increased rates of honey bee colony loss due to poor health, in
particular due to the syndrome described as Colony Collapse Disorder (CCD) [5].
It is being increasingly recognised that there are a number of interacting drivers causing
poor health and colony loss in honey bees. Pests and diseases, exposure to agrochemicals, apicultural mismanagement and lack of genetic diversity all play a part [2, 3]. Alongside this are
reductions in habitat suitable for foraging. Honey bee nutritional needs are met by nectar, pollen and water [6]. Intensive farming practices lead to reductions in habitats with diverse floral
resources and increases in mass-flowering crops that provide a single floral resource over a limited period of time [1, 2]. Pollen from different plant species varies greatly in its protein content
along with the composition of lipids, carbohydrates, vitamins and minerals [7]. Nectar varies
in the type and concentration of sugar and also contains a range of other trace elements [6].
Pollen diversity and quantity is known to affect disease tolerance and longevity in honey bees
although further research is required in this area [8–12]. It is therefore a distinct possibility
that nutritional stress due to lack of suitable foraging habitat may combine with other factors
to cause ill health and colony loss in honey bees [1, 7, 13, 14].
Recommendations for improving honey bee health, as well as maintaining populations of
wild pollinators, include reducing exposure to insecticides, preventing and limiting the spread
of disease and providing a greater diversity of floral resources throughout the year [1]. In
farmed landscapes greater floral resource can be achieved through maintaining areas of seminatural habitat, sowing flower-rich field margins and creating and maintaining hedgerows [1].
Urban areas can potentially provide valuable foraging resources for honey bees and wild
pollinators [15]. Planting appropriate plants in gardens and amenity spaces can provide a high
diversity of floral resources and there are a number of schemes that provide lists of ‘pollinator
friendly’ plants [16–19]. Whilst some of these lists are based on careful observation over many
years, others are based on anecdotal information and generally lack a firm evidence base [20].
In order to optimise the provision of appropriate floral resources, a greater understanding is
required of the foraging preferences of honey bees and wild pollinators and how this relates to
their nutritional needs [1, 7, 21].
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Foraging in honey bees has been investigated in a number of ways. The pioneering work of
Karl von Frisch and his associates [22] led to the discovery that the ‘waggle dance’ of honey
bees indicates the direction and distance to resources. A number of studies have decoded the
honey bee waggle dance to look at distances travelled, but these studies have not tended to
focus on the plants visited [23–27]. Similarly, honey bees can be fitted with RFID tags that
track movement, but again floral visitation has not been monitored [28].
Methods used to assess floral visitation include identifying the pollen returned to the hive
by honey bees, either directly by collecting pollen at the hive entrance using ‘pollen traps’ or
through examining pollen found within honey [29, 30]. Identifying pollen returned to the hive
provides a direct measure of pollen foraging, whilst the pollen within honey provides a longerterm overview of plants being used for both nectar and pollen [29–31]. These methods are typically used to identify the botanical composition of honey in order to check its geographic origin
for food quality and traceability purposes [29]. They have more rarely been used to investigate
foraging preferences [32].
The traditional method for identification of honey bee collected pollen is through morphological features revealed with light microscopy. If the pollen is within honey the extraction and
identification of the pollen is termed melissopalynology [29]. Morphological identification of
pollen requires considerable skill and experience [33]. Some plants can be particularly difficult
to distinguish, for example species of Campanulaceae, Lamiaceae and Poaceae, as these exhibit
few unique morphological features [34–36]. Within the Rosaceae individual species can show
high levels of pollen grain morphological variation, making characterisation difficult [37].
The use of DNA-based methods for pollen identification has attracted interest in recent
years. DNA-based identification has the potential to reduce processing time and increase the
level of species discrimination. In addition, it does not require the high level of taxonomic
expertise required for microscopic examination [33, 38–40]. DNA can be successfully extracted
from honey bee pollen loads and from within honey using a range of extraction methods [40–
43]. A number of techniques have been used to identify the plant species. Laube et al. (2010)
successfully used real-time PCR to identify plant species found within Corsican honey, but this
method requires an a priori knowledge of the species likely to be found [44]. Wilson et al.
(2010) investigated pollen foraging in Hawaiian Hylaeus bees using PCR followed by Sanger
sequencing; this is effective for samples composed of a single plant species but cannot be used
for pollen containing a mixture of species [45]. PCR amplification, followed by cloning and
sequencing has been used for both pollen [35] and honey [33, 38, 46]. Cloning is a time consuming process, however, and places limits on the sequencing depth that can be obtained.
A DNA metabarcoding approach combining the amplification of universal markers with
high throughput sequencing (HTS) gives the opportunity to analyse many samples, containing
mixtures of species, with extensive depth of coverage [47]. HTS technologies, especially Roche
454 and Illumina sequencing platforms, have been successfully used in applications including
the composition of microbial [48, 49], freshwater [50] and fungal communities [51, 52], diet
analysis [53–55] and biodiversity assessments [56, 57].
A small number of studies have investigated the use of pollen DNA metabarcoding. Kraaijeveld et al. (2015) used the Ion Torrent system to assess the effectiveness of DNA metabarcoding
for quantifying airborne pollen, whilst Richardson et al. (2015) used Illumina Mi-seq and Keller et al. (2015) used 454 pyrosequencing to characterise pollen retrieved from pollen traps on
honey bee hives [36, 58, 59]. Valentini et al. (2010) trialled the use of 454 pyrosequencing to
characterise two commercial honey samples [39].
Previous studies have used either plastid markers such as rbcL, trnH-psbA and trnL [33, 35,
36, 38, 39] or the nuclear ITS and ITS2 region [45, 58, 59]. Key considerations for markers
used for DNA metabarcoding are: 1) Primers should be universal so that all of the species
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within the mixture are amplified. 2) The region should have a level of discrimination suitable
for the questions being asked. 3) Correct identification relies on the quality and comprehensiveness of the reference library that unknown samples are compared to [60].
rbcL is one of the internationally agreed core DNA barcodes for plants [61], whilst trnHpsbA and ITS2 are recognised as valuable additional markers [62–64]. ITS2 and trnH-psbA
often exhibit higher levels of species discrimination compared to rbcL but they have lower levels of universality [63,64]. This lower universality means that some species within mixed samples will not be detected using ITS2 and trnH-psbA [60].
In this study we assess the potential of using DNA metabarcoding to characterise the floral
composition of honey in order to investigate honey bee foraging. We compare DNA metabarcoding using the rbcL DNA barcode marker and 454 pyrosequencing with microscopic analysis
for nine honey samples provided by domestic beekeepers in Wales and England (UK). We
then use the plants recorded with both techniques to discuss honey bee foraging preferences.
We have used the rbcL marker as it is one of the core DNA barcodes for plants and provides
the highest degree of universality of all the regions assessed for DNA barcoding [61]. de Vere
et al. (2012) have assembled a rbcL DNA barcode reference library for 98% of the native Welsh
flora as part of the Barcode Wales project [65]. This provides a comprehensive reference library
for this current study.

Materials and Methods
Honey Samples
Honey samples were provided by domestic beekeepers from Wales and England (UK) (Table 1
and Fig 1). Nine different colonies were sampled. For one colony, two samples from the same
Table 1. The locations of the honey samples analysed using DNA metabarcoding and
melissopalynology.
Honey

Vegetation surrounding hive (7km radius)

Coordinates (Lat/
Long)

H1 &
H1_2

Small town with many gardens, close to the sea, riparian, semiimproved and improved pasture.

52.587166,
-4.083243

H2

Woodland, oil seed rape, semi-improved and improved pasture. Close
to the sea with towns nearby.

50.735613,
-1.269290

H3

Woodland, riparian, semi-improved and improved pasture.

52.002253,
-4.413797

H4

Improved pasture and riparian.

51.876283,
-4.105855

H5

Woodland, riparian, semi-improved and improved pasture, moorland.

51.776733,
-3.534182

H6

Improved pasture.

53.171426,
-3.610821

H7

Woodland, semi-improved and improved pasture, riparian. Close to a
town.

51.564926,
-3.602989

H8

Woodland, semi-improved and improved pasture, riparian. Large plots
of vegetables and fruit trees. A large town nearby.

52.366529,
-4.050206

H9

Woodland, semi-improved and improved pasture.

52.071726,
-4.387493

Honey samples were provided by domestic beekeepers from hives located in gardens or smallholdings.
The vegetation surrounding the hives was characterised based on descriptions from the beekeepers and
observation of aerial images. H1 and H1_2 were two samples taken from the same hive.
doi:10.1371/journal.pone.0134735.t001
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Fig 1. The location of the honey bee colonies from which honey was provided by domestic
beekeepers.
doi:10.1371/journal.pone.0134735.g001

hive (Honey H1 and H1_2), were analysed to provide a measure of repeatability. The hives
were located in gardens or small-holdings and descriptions from the beekeepers and examination of aerial images using Google Earth were used to describe the dominant vegetation types
surrounding the hives. An area with a radius of 7km from the location of the hives was examined (Table 1). This distance was taken as a realistic foraging range based on a number of foraging studies on honey bees [23–27].
S1 File provides the hive locations as a KML (Keyhole Markup Language) file loadable in
Google Earth.

Melissopalynology
Pollen analysis was performed following the guidelines of the International Honey Commission [29, 66]. 2 g of honey was mixed with 40 ml of 0.5% sulphuric acid solution. Samples were
incubated in a water bath for 5 minutes at 80°C. Samples were filtered through a 5 μm filter,
placed in a filter assembly with pump, and 500 ml hot distilled water was used to rinse the samples. The filter was washed using 8 ml of glacial acetic acid to dehydrate the sample and a centrifuge step was performed at 3000g for 2 minutes. The supernatant was decanted, mixed with
1 ml acetolysis mixture and placed in a water bath at 80°C for 12 minutes. The centrifugation
step was repeated, the sample was then resuspended in 1 ml glacial acetic acid and centrifuged
once more. Three drops were mounted onto a microscope slide and examined under a light
microscope at x400 and x1000 magnification. Identification of the pollen grains was undertaken with reference to type slides of pollen from the United Kingdom and to pollen atlases
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[67–70]. A minimum of 300 grains were characterised and unidentifiable grains were also
noted.

DNA extraction
Total DNA was extracted from 10 g of honey using a protocol developed from published methods adapted for use within the current study [38, 39, 41, 42, 44, 71]. Total DNA from each of
the honeys was extracted four times so that DNA was recovered from a total of 40 g of each
honey. For each DNA extraction the honey sample was placed into a sterile 50 ml centrifuge
tube followed by the addition of 30 ml of ultrapure water. Samples were incubated at 65°C for
30 minutes with occasional shaking. Samples were then centrifuged for 30 minutes at 15,000g.
The supernatant was discarded and each pellet was resuspended in 400 μl of Buffer AP1 from a
DNeasy Plant Mini Kit (Qiagen) to which 80 μl of proteinase K (1 mg/ml) had been added.
Samples were disrupted using a TissueLyser II (Qiagen) with 3 mm tungsten carbide beads for
4 minutes at 30 1/s and then incubated for 10 minutes at 65°C in a waterbath. The subsequent
steps of the DNeasy Plant Mini Kit were followed according to the manufacturer’s instructions,
with the exception that the QIAshredder column and second wash stage were omitted. The
extracted DNA was stored at -20°C prior to subsequent analysis.

Amplification and Sequencing
DNA was amplified using the rbcL DNA barcode marker region [61]. Two rounds of PCR were
carried out, firstly to amplify the rbcL region and then to attach unique 5 bp tags so that different samples could be separated bioinformatically after sequencing.
Samples were first amplified using the universal primers rbcLaf and rbcLr590 [65] to which
adaptor ‘tails’ had been added (rbcLaf+adaptor: GACGATGAGTCCTGAGGTATGTCACCA
CAAACAGAGACTAAAGC rbcLr590+adaptor: GACGATGAGTCCTGAGGTAGTCCACC
GCGTAGACATTCAT). PCR was performed in a final volume of 25 μl. A total of 2.5 μl of template DNA was combined with 12.5 μl of 2x Biomix (Bioline), 0.5 μl of each primer (5 μM),
1.0 μl of BSA (10 μM) and 8.0 μl of molecular grade water (Sigma-Aldrich). The reaction was
performed in a thermal cycler MJ Mini (Bio-Rad Laboratories, Hercules, CA, USA) using the
following program: initial denaturing at 95°C for 2 minutes, followed by 30 cycles of 95°C for
2 minutes, 50°C for 90 seconds, 72°C for 40 seconds with a final extension at 72°C for 5 minutes and 30°C for 10 seconds [65].
The products were visualised on a 1% agarose gel and those producing the brightest bands
were diluted by 1/2000, those producing medium bands were diluted by 1/1000 and those producing faint bands were diluted by 1/500. 2.5 μl of the diluted product was used as the template
for the second round of PCR. This contained a mixture of 12.5 μl of 2x Biomix (Bioline), 1.0 μl
of a unique 5 bp tag with adaptor (10 μM), 1.0 μl of BSA (10 μM) and 8.0 μl of molecular biology grade water. The PCR reaction was repeated as for the first PCR but with 15 cycles. Each
sample was amplified twice using this procedure and the resulting products from all the PCR
runs were then pooled and purified using a QIAquick PCR purification kit (Qiagen). A total of
90 μl of pooled DNA was sent for Roche/454 GS FLX Titanium pyrosequencing at the University of Pennsylvania using a ¼ plate.

Data Analysis
Sequences were sorted according to the identity of their 5 bp tag into the different honey samples and were assessed for quality and length. Any sequences where the 5 bp tag and the entire
primer sequence could not be found were removed. The tag and primer sequences were then
trimmed and sequences with a read length of 250 bp or less after trimming were discarded.
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Two local BLAST databases were created; the first was from rbcL sequences obtained from
the Barcode Wales project, which provided 98% coverage for the native flowering plants of
Wales [65]. The second database was generated by extracting all of the chloroplast sequence
data from GenBank. Each DNA sequence obtained from the honey samples was scored simultaneously against both databases using Megablast. If the sequence top bit score matched to a
single species, then the sequence was identified to that species. If the top bit score was the same
for different species belonging to the same genus, then the result was given to genus. If the top
bit score belonged to multiple genera within the same family then a family level designation
was made. Sequences blasting to multiple families were considered to be unknown. Scripts
written in Python were used to automat the BLAST analysis and to summarise the output
(S2 File).
Results for each honey sample were then manually filtered so that only species recorded
within the UK were retained. Stace (2010) and Cubey & Merrick (2014) were used as references
for plants occurring in the UK as natives, aliens or in horticulture or agriculture [72, 73]. If a
species was not recorded within the UK then the sequence was reclassified to genus level.
To reduce results arising from amplification or sequencing errors, taxa recorded from less
than 10 sequences for that honey sample were removed from further analysis [60]. Files containing the sequence reads used in this study are available through the sequence read archive
(http://www.ncbi.nlm.nih.gov/Traces/sra/?study=SRP055687, SRA accession: SRP055687).

Results
Comparison of DNA metabarcoding and melissopalynology
In total 51,131 sequences over 250 bp in length could be attributed to tagged sequences of
rbcL using the 454 pyrosequencing approach (Table 2). Of these, 47,512 reads (93%) could be
characterised to family, genus or species level. One sample, H3, provided a very low number of
reads that could be assigned (149) but for the other honeys the number of identifiable reads
ranged from 3745 to 8097 (Table 2). Sequence quality was also slightly lower for sample H3.
For the other samples the results were very similar with an average QV of 28 and with between
83% to 85% of reads having a QV greater than 20. The number of pollen grains counted using
melissopalynology was fixed at around 300 grains per sample. Of these, a high percentage
could be identified to species, genus or family level (98% to 100%).
Table 2. Number of pollen grains and DNA sequences analysed, their quality and the number that were successfully identified to family, genus or
species level.
Honey

DNA metabarcoding

Melissopalynology

DNA reads >250
bp, tags present

Number identiﬁed to
family, genus or species
level (%)

Mean Length
DNA (SD)

Mean QV
DNA (SD)

Mean % reads
with QV >20
DNA

Pollen
grains
counted

Number identiﬁed to
family, genus or species
level (%)

H1

4612

3976 (86)

389 (72)

28 (2)

84 (6)

334

334 (100)

H2

6862

6505 (95)

387 (70)

28 (2)

84 (6)

317

317 (100)

H3

168

149 (89)

328 (60)

26 (2)

80 (7)

338

330 (98)

H4

4325

4202 (97)

388 (71)

28 (2)

85 (6)

367

361 (98)

H5

8564

8097 (95)

376 (71)

28 (2)

84 (6)

309

303 (98)

H6

3922

3745 (95)

385 (71)

28 (2)

84 (7)

293

290 (99)

H7

7575

6851 (90)

383 (71)

28 (2)

84 (6)

346

339 (98)

H8

5168

4619 (89)

391 (69)

28 (2)

84 (6)

206

201 (98)

H9

4649

4429 (95)

387 (70)

28 (2)

83 (7)

306

304 (99)

H1_2

5286

4939 (93)

385 (72)

28 (2)

83 (7)

364

356 (98)

doi:10.1371/journal.pone.0134735.t002
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Table 3. The number of taxa detected within honey samples using DNA metabarcoding and melissopalynology, and the proportion of these identifiable to family, genus or species level (%).
DNA metabarcoding

Melissopalynology
Family %

Both combined

Taxa (n)

Family %

Genus %

Species%

Taxa (n)

Genus %

Species %

Taxa (n)

Family %

Genus %

Species %

H1

24

21

54

25

31

13

61

26

45

16

60

24

H2

18

11

61

28

8

25

63

13

20

15

55

30

H3

5

20

40

40

17

35

35

29

17

35

35

29

H4

12

17

42

42

12

17

50

33

19

16

53

32

H5

18

28

50

22

16

13

56

31

27

26

48

26

H6

10

20

50

30

13

38

38

23

17

35

41

24

H7

21

19

43

38

20

25

45

30

32

25

47

28

H8

19

21

63

16

10

30

40

30

20

20

60

20

H9

11

9

55

36

9

33

44

22

15

27

47

27

Mean

15

18

51

31

15

25

48

26

24

24

50

27

SD

6

6

8

9

7

9

10

6

10

8

8

4

doi:10.1371/journal.pone.0134735.t003

A total 46 plant families from 25 orders were recorded from honeys H1 to H9 using DNA
metabarcoding and melissopalynology (S1 Dataset). With melissopalynology the number of taxa
detected at family, genus or species level ranged from 8 to 31 whilst DNA metabarcoding
detected 5 to 24 taxa across the honey samples (Table 3 and S1 Dataset). On average DNA metabarcoding identified a greater number of the taxa to species level (31% compared to 27%) but
this difference was not statistically significant (t: 1.288, df: 16, p: 0.216). Both DNA metabarcoding and melissopalynology detected most taxa to genera (mean 51% and 50% respectively).
The number of taxa that match between DNA metabarcoding and melissopalynology ranges
from 22% to 45% (Fig 2). Both DNA metabarcoding and melissopalynology detect additional
taxa not found with the other technique. This ranges from 24% to 60% additional taxa for
DNA metabarcoding and from 10% to 46% for melissopalynology. For most of the honeys (6
out of 9) DNA metabarcoding detects more additional taxa compared to melissopalynology. A
high proportion of the taxa recorded using microscopy but not found in the DNA analysis
were represented by single pollen grains, indicating that they are at low abundance within the
honey sample (Fig 2).
There are 11 plant families with more than one genus or species recorded for either DNA
metabarcoding or microscopy (Table 4). Of these, five families have the same number of taxa
detected for DNA and microscopy. However, for the Rosaceae, Asteraceae and Onagraceae,
DNA metabarcoding identifies a greater number of taxa. For the Boraginaceae, Ranunculaceae
and Euphorbiaceae, microscopy detects more taxa but each of these is only represented by one
or two pollen grains (Table 4 and S1 Dataset). The proportion of taxa distinguishable to species
is similar with both methods. Over all of the families, DNA metabarcoding and melissopalynology each detect 26 taxa. DNA metabarcoding is able to distinguish 10 out of 26 to species level
compared to 8 out of 26 using microscopy.
Although there are differences in the plants found between the techniques, the dominant
floral components of the honeys are detected with both methods. However, the relative abundance detected differs. There are 24 taxa (family, genus or species level) that appear with >20%
abundance across all of the honey samples using both DNA metabarcoding and microscopy
(indicated with a red outline in Fig 3). Of these, 22 taxa are found using both methods, giving
92% correspondence between DNA and microscopy. Of the two plants that do not match, one
of these is DNA from a fern that would not have been included in the microscopic analysis.
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Fig 2. The similarity of plant taxa found in nine honey samples using DNA metabarcoding and melissopalynology. The number of taxa detected (at
family, genus or species level) is divided into those found with both techniques and those found using only one method. The taxa found using
melissopalynology only are further subdivided into those where multiple pollen grains were found and those characterised with just a single grain. The values
in the pie chart are the % of taxa within each category.
doi:10.1371/journal.pone.0134735.g002

The relative abundance of the taxa within the honey samples using the two methods generally
does not correlate (Fig 3). After Bonferroni correction for multiple testing, only one honey (H3),
shows a significant correlation between the abundance of taxa found using the two techniques.

Repeat sampling using DNA metabarcoding and melissopalynology
DNA metabarcoding and melissopalynology was repeated on two samples of honey H1 (H1
and H1_2) in order to investigate repeatability. Each sample was a separate extraction from the
same hive collected at the same time. The two methods detected comparable numbers of taxa
within each repeat but the similarity of the taxa found was much higher for DNA metabarcoding compared to melissopalynology (Table 5 and S2 Dataset). There was a 64% match of the
taxa found using DNA metabarcoding compared to just 28% with melissopalynology.

Plants used by honey bees for foraging
A number of plants were recorded from more than one honey sample (Table 6). The most frequently found herbaceous plants were Rubus fruticosus, Filipendula ulmaria, Impatiens
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Table 4. Number of taxa detected within each family across nine honey samples analysed by DNA metabarcoding, melissopalynology and both
techniques combined. Only families containing more than one taxon are considered.
Family

DNA metabarcoding

Melissopalynology

Melissopalynology and DNA
metabarcoding

Genus

Species

Total

Genus

Species

Total

Genus

Species

Total

Rosaceae

5

2

7

3

2

5

6

2

8

Asteraceae

3

2

5

2

1

3

4

2

6

Fabaceae

3

0

3

3

0

3

4

0

4

Boraginaceae

0

0

0

1

1

2

1

1

2

Betulaceae

0

2

2

1

1

2

1

2

3

Fagaceae

1

1

2

1

1

2

1

1

2

Asparagaceae

1

1

2

1

1

2

1

1

2

Onagraceae

1

1

2

1

0

1

1

1

2

Ranunculaceae

1

0

1

2

0

2

2

0

2

Sapindaceae

1

1

2

1

1

2

1

1

2

Euphorbiaceae

0

0

0

2

0

2

2

0

2

Total

16

10

26

18

8

26

24

11

35

doi:10.1371/journal.pone.0134735.t004

glandulifera, Taraxacum officinale and species belonging to Trifolium and Brassica (Table 6
and Fig 3). Tree pollen was also frequently seen, especially Castanea sativa, Crataegus monogyna, along with Malus, Salix and Quercus species (Table 6).
An interesting observation was the presence of non-flowering plants detected with the DNA
analysis but not microscopy. Juniperus and Pinus species were found in honey H2, and DNA
from the fern genus Athyrium was found in high levels in honey H9 (Fig 3).
The plants detected reflect the vegetation that surrounds the hives. The high frequency of
Trifolium is indicative of the improved and semi-improved pastures found close to all of the
hives, and Taraxacum officinale and Rubus fruticosus are frequent in the rough grassland and
hedgerows surrounding pasture. Impatiens glandulifera is a highly invasive, non-native species,
of riparian habitat and is consistently found when the hives are close to rivers. Filipendula
ulmaria is a common species of damp grasslands and hedgebanks and is found in all of the
Welsh honeys but not in the honey from England (H2).
H2 was the only sample from hives located close to fields of oil seed rape. The high level of
Brassica pollen in this honey is therefore likely to be Brassica napus. Interestingly, though,
many of the honeys contain Brassica pollen, although the other hives are not located near to oil
seed rape. The Brassica detected in these samples may be garden Brassica species grown for
food or the commonly occurring Brassica rapa [74].
Three of the honey samples came from hives in the vicinity of urban areas (H2, H7 and H8)
but only one (H1) had hives located within an urban area containing many small gardens. This
honey has more taxa than the other honey samples and features a range of horticultural plants
including species belonging to Muscari, Galium, Rosa, Prunus, Sorbus and Skimmia japonica
(S1 Dataset).

Discussion
Using DNA metabarcoding and melissopalynology for identifying the
floral composition of honey
DNA metabarcoding and melissopalynology are both effective methods for detecting the most
abundant pollen found within honey samples. Both methods detect the dominant constituents

PLOS ONE | DOI:10.1371/journal.pone.0134735 August 26, 2015

10 / 20

Floral Composition of Honey

Fig 3. Plants identified using DNA metabarcoding (D) and melissopalynology (M) for nine honeys. Values represent the percentage of the total
number of pollen grains or sequence reads obtained for that honey. Taxa recorded using microscopy only based on the presence of a single pollen grain are
not shown (these are provided in full in S1 Dataset). Boxes outlined in red denote taxa with an abundance of 20% or over for either technique. Correlations
between the relative abundance of taxa recorded with the two methods are assessed with Spearman Rank Correlations. Spearman’s Rho is shown with the
corresponding p-value in brackets.
doi:10.1371/journal.pone.0134735.g003

of honey but show differences in some of the plants and the relative abundance of these found
within the honey sample. This is not surprising as honey is a highly heterogeneous natural
product and the sampling strategy adopted for the two methods is different. Melissopalynology
uses a starting sample of 2 g of honey whilst the DNA method adopted here uses 40 g of honey
in total.
Analysis of honey H1 and H1_2 that came from the same hive reflects the variability of sampling. DNA metabarcoding has a much higher reproducibility, with 64% similarity compared
to 28% for melissopalynology. This is likely to be due to the greater amount of pollen that can
be screened using the DNA metabarcoding approach.
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Table 5. Similarity of taxa (family, genus or species) detected for honey sample H1 and H1_2. These are two different extractions from the same hive,
collected at the same time.
DNA metabarcoding

Melissopalynology

H1

H1_2

H1

H1_2

Number of sequence reads or pollen grains

3976

4939

326

340

Number of taxa (family, genus or species)

24

22

31

Total number of taxa detected

28

28
46

Number of taxa shared between H1 and H1_2

18

13

Similarity of H1 and H1_2 (%)

64

28

doi:10.1371/journal.pone.0134735.t005

The level of similarity in the plants detected with the two techniques ranges from 22% to
45%. Honey appears to contain a fairly small number of dominant constituents and then a longer list of plants found in much smaller amounts. Multiple sampling of the same honey with
the construction of species accumulation curves would be required to fully characterise this
Table 6. Species and genera found in more than one honey sample for DNA metabarcoding and melissopalynology.
Family

Taxa

DNA metabarcoding: number of honeys

Melissopalynology: number of honeys

Identiﬁed to species
Rosaceae

Rubus fruticosus

8

7

Rosaceae

Filipendula ulmaria

7

6

Fagaceae

Castanea sativa

5

2

Balsaminaceae

Impatiens glandulifera

4

7

Asteraceae

Taraxacum ofﬁcinale

4

4

Rosaceae

Crataegus monogyna

4

0

Asparagaceae

Hyacinthoides non-scripta

3

1

Onagraceae

Chamerion angustifolium

2

0

Araliaceae

Hedera helix

1

2

Aquifoliaceae

Ilex aquifolium

0

2

Identiﬁed to genus
Fabaceae

Trifolium

8

7

Brassicaceae

Brassica

7

4

Rosaceae

Malus

6

9

Fagaceae

Quercus

6

1

Rosaceae

Rosa

6

0

Salicaceae

Salix

4

7

Fabaceae

Ulex

4

0

Rosaceae

Prunus

3

2

Asteraceae

Cirsium

3

1

Sapindaceae

Acer

2

3

Oleaceae

Ligustrum

2

1

Asteraceae

Sonchus

2

0

Violaceae

Viola

2

0

Rosaceae

Sorbus

2

0

Fabaceae

Lotus

1

5

Ranunculaceae

Ranunculus

1

3

Asteraceae

Bellis

0

2

Betulaceae

Betula

0

2

doi:10.1371/journal.pone.0134735.t006
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long tail of species with low abundance [75]. The degree of characterisation required, however,
depends on the question being posed. For many questions, determining the most frequently
used floral resources is of more relevance than determining the less frequently used plant
species.
Some of the differences in the plants detected reflect biases within both the DNA metabarcoding and microscopic analysis. For some families, for example the Rosaceae and Asteraceae,
DNA metabarcoding provides a higher level of resolution compared to melissopalynology. For
other families such, as the Boraginaceae and Euphorbiaceae, DNA metabarcoding appears less
able to detect species within these groups.
DNA metabarcoding and melissopalynology show little correspondence in the relative
abundance of taxa found within the honey samples. As a direct count of the pollen grains present, melissopalynology provides a more quantitative measure, albeit with a smaller sample size.
The inability of DNA metabarcoding to provide quantitative results has been observed in a
range of studies [36, 53, 56, 58]. There are many stages in the DNA analysis process where
biases can occur that will prevent a quantitative estimation of floral composition.
Pollen grains vary in shape, size and pollen wall composition and this is likely to affect DNA
extraction efficiency for different species [76]. The DNA analysed for DNA metabarcoding
often comes from plastid markers, such as rbcL, trnL or psbA-trnH [33, 35, 36, 39, 55]. Within
most flowering plants chloroplasts are maternally inherited but the pollen grain contains plastids within the vegetative cell that can be targeted. The number of plastids varies with different
species and also with the maturity of the pollen grain [76]. Nevertheless, studies on DNA
extracted from pollen have shown excellent ability to amplify plastid markers over a wide
range of species, confirming the presence of sufficient DNA [33, 35, 36, 39].
Once the DNA is extracted, PCR biases can lead to some taxa being preferentially amplified
[77]. In order to minimise this it is important to use a marker with a high degree of universality
across a broad range of taxonomic groups [78]. We have used the rbcL DNA barcode marker
as it has been shown to have the highest universality of all markers that have been proposed for
DNA barcoding plants [61]. However, even with high universality of primers, when working
on species in isolation, amplification may still be skewed within a multi-template PCR [53].
Some species, especially those present in low quantities, can be missed out when a mixed sample is amplified [57, 79]. This is illustrated within the current study where species recorded
using microscopy from a single pollen grain are less likely to be detected using DNA metabarcoding. Techniques are being developed that avoid the PCR stage altogether, such as using
shotgun sequencing with subsequent recovery of DNA barcode markers or even whole chloroplasts [56, 78, 80, 81].
A key factor in the ability to identify species using DNA metabarcoding is the comprehensiveness and quality of the reference database that unknown sequences are compared to [78].
This study relies on the fact that 98% of the Welsh native flora has been DNA barcoded with
the rbcL region [65]. This library is not complete, however, as none of the non-native and garden flora have been DNA barcoded, meaning that identifications for these species rely on the
availability of these groups in GenBank.
Groundtruthing using known distributions of plant species for the geographic area being
sampled can help to improve discrimination [65]. The method used here filters the BLAST
results generated so that only plants found growing within the UK, whether native, alien or in
horticulture or agriculture, are recorded, with any remaining listed as unknown.
Melissopalynology as a method for characterising the floral composition of honey also has
limitations. Some plant groups are known to be difficult to distinguish and some plants can
only be taken to the level of family due to lack of morphological differences in the pollen grains
[35, 36]. The major limitation to the microscopic investigation of honey, however, is the high
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degree of expertise required to identify the different pollen types. The time associated with
identifying each pollen grain puts limitations on the size of sample that can be screened. Microscopic analysis provides a direct quantification of the number of pollen grains but because only
a limited number of pollen grains can be processed it means the coverage of the honey is low.
Although both DNA metabarcoding and melissopalynology have limitations, both are useful tools in understanding the floral composition of honey. The value of DNA metabarcoding
is that a greater volume of honey can be investigated and the technique does not require the
high level of taxonomic expertise required to identify the pollen within the honey using microscopy. Once optimised, the technique allows the identification of many samples very quickly. It
is not suitable, however, if an exact estimation of pollen quantity is required, and it is possible
that species occurring at low levels will not be detected.
DNA metabarcoding has the potential to provide a valuable technique for identifying the
floral composition of honey relevant to ecological studies investigating foraging and also food
quality assessments requiring an understanding of the geographic source of honeys [82, 83].
The technique can easily be adapted to survey pollen found on the bodies of other pollinating
insect groups, providing a valuable method for assessing pollinator foraging preferences.

Using the floral composition of honey to investigate honey bee foraging
Examining the floral composition of honey provides a means of observing honey bee foraging
over the season in which the honey was made. The honeys examined here cover a geographic
range of 315 km and encompass both agricultural and more urban habitats. The floral composition of honey reflects the environment the honey bees are foraging within. Trifolium species
are characteristic of improved and semi-improved pastures, whilst Taraxcum officinale, Rubus
fruticosus and Filipendula ulmaria are found in hedgebanks and rough grassland. The invasive
Impatiens glandulifera is seen where hives are located within foraging range of rivers. The frequent presence of Malus and Rosa species reflects the location of hives in the gardens and
small-holdings of domestic beekeepers where these plants are frequently grown. Brassica species are regularly detected and are likely to be either oil seed rape (Brassica napus), garden Brassica species grown for food or the commonly occurring Brassica rapa [74].
Of particular note is the greater number of plant species recorded when the honey bees are
located within a small urban area with many gardens, where a range of commonly grown garden plants are detected (H1). The importance of gardens for honey bees and wild pollinators is
being increasingly recognised [15–19]. Lists of ‘pollinator-friendly’ plants are widely available
but often do not have a firm evidence base [20]. Using DNA metabarcoding of honey provides
a method for assessing the horticultural plants honey bees actually use. This approach can be
adapted for other pollinator groups such as bumblebees, solitary bees and hoverflies by DNA
metabarcoding the pollen on their bodies, in order to assess the plants they visit. This can be
used to refine pollinator plant lists in order to provide more targeted advice to gardeners, farmers and landowners.
Although the plants reflect the vegetation the honey bees are foraging within, what is especially notable is the similarity of the plants found across the different honey samples. Honey
bees are generally considered to be supergeneralists, utilising a very wide range of plant species
for nectar and pollen [2, 84]. The honeys examined in this study contained plants with a broad
taxonomic range, covering 46 families and 25 orders, but a relatively small number of plants
are consistently recorded across the majority of the honeys. The plants detected here will be of
no surprise to beekeepers, who have long stated that particular plants are important to honey
bees throughout the season [85]. Synge (1947) used pollen trapping to produce a detailed list of
plants foraged upon by honey bees located in the Rothamsted Experimental Station in SE
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England [30]. Of the 34 major pollen sources he notes, we find 62% of these in our honey samples. He describes 54 plants of minor importance and we have detected 33% of these. Free and
Williams (1974) investigated floral constancy of honey bees placed in crops of sweet cherry,
kale, field bean and red clover within the Rothamsted Experimental Station [86]. Although
these crops provided an abundant nectar and pollen source, and were actively worked by the
honey bees, they also regularly utilised a small number of additional plants. Of the 15 commonly used plants recorded by Free and Williams (1974), 11 (73%) are recorded within the
present study including the frequently observed Rubus fruticosus, Filipendula ulmaria, Taraxacum officinale, Crataegus monogyna, Trifolium and Brassica [86]. A valuable area of further
research is to discover why these particular species are important. This could relate to the ease
of availability and abundance of the plant, the quality and abundance of the nectar and pollen
and/or specific nutrients or trace elements provided by these species. An understanding of the
reasons why honey bees target certain plants could help to provide guidance on what constitutes a balanced honey bee diet.
Along with the frequently found species there are some interesting plants found only in one
or two honey samples. The presence of non-flowering species such as juniper and pine may
reflect honey bees collecting resin from these conifers in order to make propolis [87]. Resin is
actively collected from a range of species and combined with wax to make propolis which is
deposited within the hive as it has antimicrobial properties [87]. Another possibility is that the
presence of DNA of conifers is due to bees foraging on honeydew. Honey bees sometimes collect the exudate from sap-sucking insects as an alternative to nectar [88].
An unusual plant recorded here is DNA belonging to the fern genus Athyrium. This occurs
in just one honey sample so could potentially be considered as an anomalous result, but Athyrium was also recorded in a commercial honey analysed by Valentini (2010)[39]. We cannot
find any discussion in the literature of honey bees collecting material from pteridophytes, but
the presence of pteridophyte spores has been recorded in a small number of palynological
investigations from Nigeria [89], Nepal [90] and New Zealand [91]. The spores are typically
considered to be a contaminant that has occurred at some stage in the processing of the honey.
But spores are a protein source much like pollen so honey bees may well forage upon them.
Although the collection of fern spores has not been discussed, honey bees collecting fungal
spores was first recorded by Cook in 1885 and sporadically in other reports since then [92].
Along with discovering the reasons why some plants are consistently used by honey bees,
understanding more about the rarely recorded species may reveal interesting insights into
honey bee behaviour.
Honey DNA metabarcoding and melissopalynology provide valuable techniques for recording the plants honey bees visit for nectar and pollen. This provides a starting point for investigating what plants are most important within the honey bees environment in order for them to
meet their nutritional needs and maintain healthy colonies. If certain species or types of plant
are favoured throughout the year then we can ensure that these are provided.
Both DNA metabarcoding and melissopalynology are effective techniques for detecting the
most abundant floral sources within honey, but DNA metabarcoding has the advantage of not
requiring high levels of taxonomic expertise. It provides a method that can be easily and widely
used to answer questions about pollinator foraging behaviour.

Supporting Information
S1 Dataset. Full list of taxa detected for nine honeys using DNA metabarcoding and melissopalynology.
(XLSX)
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S2 Dataset. Full list of taxa detected for two honey samples, collected from the same hive,
and analysed using DNA metabarcoding and melissopalynology.
(XLSX)
S1 File. Compressed KML file, loadable in Google Earth, showing the location of nine
honey bee colonies.
(ZIP)
S2 File. Python scripts used to analyse DNA metabarcoding data.
(ZIP)

Acknowledgments
We would like to thank the beekeepers that donated honey samples for us to analyse. We
would like to thank the reviewers whose comments greatly improved the content and reach of
the paper. Many thanks to Siriol Jones for copy editing this manuscript.

Author Contributions
Conceived and designed the experiments: NdV JH AG JA MJH LB CRF BAG. Performed the
experiments: NdV JH AG BAG JA. Analyzed the data: NdV JH AG BAG CRF. Contributed
reagents/materials/analysis tools: JA CRF MJH. Wrote the paper: NdV JH.

References
1.

Goulson D, Nicholls E, Botías C, Rotheray EL. Bee declines driven by combined stress from parasites,
pesticides, and lack of flowers. Science. 2015; 347(6229):1255957. doi: 10.1126/science.1255957
PMID: 25721506

2.

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. Global pollinator declines:
trends, impacts and drivers. Trends in Ecology & Evolution. 2010; 25(6):345–53.

3.

Ratnieks FLW, Carreck NL. Clarity on Honey Bee Collapse? Science. 2010; 327(5962):152–3. doi: 10.
1126/science.1185563 PMID: 20056879

4.

Aizen MA, Harder LD. The global stock of domesticated honey bees is growing slower than agricultural
demand for pollination. Current Biology. 2009; 19(11):915–8. doi: 10.1016/j.cub.2009.03.071 PMID:
19427214

5.

vanEngelsdorp D, Evans JD, Saegerman C, Mullin C, Haubruge E, Nguyen BK, et al. Colony collapse
disorder: A descriptive study. PLoS ONE. 2009; 4(8):e6481. doi: 10.1371/journal.pone.0006481 PMID:
19649264

6.

Winston ML. The biology of the honey bee: Harvard University Press; 1991.

7.

Di Pasquale G, Salignon M, Le Conte Y, Belzunces LP, Decourtye A, Kretzschmar A, et al. Influence of
pollen nutrition on honey bee health: do pollen quality and diversity matter. PloS one. 2013; 8(8):
e72016. doi: 10.1371/journal.pone.0072016 PMID: 23940803

8.

Standifer LN. A comparison of the protein quality of pollens for growth-stimulation of the hypopharyngeal glands and longevity of honey bees, Apis mellifera L. (Hymenoptera: Apidae). Ins Soc. 1967; 14
(4):415–25.

9.

Hanley ME, Franco M, Pichon S, Darvill B, Goulson D. Breeding system, pollinator choice and variation
in pollen quality in British herbaceous plants. Functional Ecology. 2008; 22(4):592–8.

10.

Mao W, Schuler MA, Berenbaum MR. Honey constituents up-regulate detoxification and immunity
genes in the western honey bee Apis mellifera. Proceedings of the National Academy of Sciences.
2013; 110(22):8842–6.

11.

Maurizio A. The influence of pollen feeding and brood rearing on the length of life and physiological condition of the honeybee preliminary report. Bee World. 1950; 31(2):9–12.

12.

Schmidt LS, Schmidt JO, Rao H, Wang W, Xu L. Feeding preference and survival of young worker
honey bees (hymenoptera: Apidae) fed rape, sesame, and sunflower pollen. Journal of Economic Entomology. 1995; 88(6):1591–5.

13.

Donkersley P, Rhodes G, Pickup RW, Jones KC, Wilson K. Honeybee nutrition is linked to landscape
composition. Ecology and Evolution. 2014; 4(21):4195–206. doi: 10.1002/ece3.1293 PMID: 25505544

PLOS ONE | DOI:10.1371/journal.pone.0134735 August 26, 2015

16 / 20

Floral Composition of Honey

14.

Naug D. Nutritional stress due to habitat loss may explain recent honeybee colony collapses. Biological
Conservation. 2009; 142(10):2369–72.

15.

Baldock KCR, Goddard MA, Hicks DM, Kunin WE, Mitschunas N, Osgathorpe LM, et al. Where is the
UK's pollinator biodiversity? The importance of urban areas for flower-visiting insects. 2015; 282
(1803):1–10.

16.

Comba L, Corbet SA, Hunt L, Warren B. Flowers, Nectar and Insect Visits: Evaluating British Plant Species for Pollinator-friendly Gardens. Annals of Botany. 1999; 83(4):369–83.

17.

Corbet SA, Bee J, Dasmahapatra K, Gale S, Gorringe E, La Ferla B, et al. Native or exotic? Double or
single? Evaluating plants for pollinator-friendly gardens. Annals of Botany. 2001; 87(2):219–32.

18.

Garbuzov M, Ratnieks FLW. Quantifying variation among garden plants in attractiveness to bees and
other flower-visiting insects. Functional Ecology. 2014; 28(2):364–74.

19.

Comba L, Corbet SA, Barron A, Bird A, Collinge S, Miyazaki N, et al. Garden flowers: Insect visits and
the floral reward of horticulturally-modified variants. Annals of Botany. 1999; 83(1):73–86.

20.

Garbuzov M, Ratnieks FLW. Listmania: The Strengths and Weaknesses of Lists of Garden Plants to
Help Pollinators. BioScience. 2014.

21.

Mayer C, Adler L, Armbruster WS, Dafni A, Eardley C, Huang S-Q, et al. Pollination ecology in the 21st
Century: Key questions for future research. 2011.

22.

Von Frisch K. The dance language and orientation of bees. Cambridge, MA, US: Harvard University
Press; 1967.

23.

Beekman M, Sumpter DJT, Seraphides N, Ratnieks FLW. Comparing foraging behaviour of small and
large honey-bee colonies by decoding waggle dances made by foragers. Functional Ecology. 2004; 18
(6):829–35.

24.

Beekman M, Ratnieks FLW. Long-Range Foraging by the Honey-Bee, Apis mellifera L. Functional
Ecology. 2000; 14(4):490–6.

25.

Visscher PK, Seeley TD. Foraging Strategy of Honeybee Colonies in a Temperate Deciduous Forest.
Ecology. 1982; 63(6):1790–801.

26.

Waddington K, Herbert T, Visscher PK, Richter M. Comparisons of forager distributions from matched
honey bee colonies in suburban environments. Behav Ecol Sociobiol. 1994; 35(6):423–9.

27.

Steffan-Dewenter I, Kuhn A. Honeybee foraging in differentially structured landscapes. Proc. R. Soc.
Lond. B. 2003; 270:569–575.

28.

Pahl M, Zhu H, Tautz J, Zhang S. Large scale homing in honeybees. PLoS ONE. 2011; 6(5):e19669.
doi: 10.1371/journal.pone.0019669 PMID: 21602920

29.

Louveaux J, Maurizio A, Vorwohl G. Methods of mellissopalynology. Bee World. 1978; 59:139–57.

30.

Synge AD. Pollen Collection by Honeybees (Apis mellifera). Journal of Animal Ecology. 1947; 16
(2):122–38.

31.

Kirk WDJ, Howes FN. Plants for Bees. A guide to the plants that benefit the bees of the British Isles:
International Bee Research Association; 2012.

32.

Aronne G, Giovanetti M, Guarracino MR, de Micco V. Foraging rules of flower selection applied by colonies of Apis mellifera: ranking and associations of floral sources. Functional Ecology. 2012; 26
(5):1186–96.

33.

Bruni I, 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 Chemistry. 2015; 170:308–15. doi: 10.
1016/j.foodchem.2014.08.060 PMID: 25306350

34.

Khansari E, Zarre S, Alizadeh K, Attar F, Aghabeigi F, Salmaki Y. Pollen morphology of Campanula
(Campanulaceae) and allied genera in Iran with special focus on its systematic implication. Flora—Morphology, Distribution, Functional Ecology of Plants. 2012; 207(3):203–11.

35.

Galimberti A, De Mattia F, Bruni I, Scaccabarozzi D, Sandionigi A, Barbuto M, et al. A DNA barcoding
approach to characterize pollen collected by honeybees. PLoS ONE. 2014; 9(10):e109363. doi: 10.
1371/journal.pone.0109363 PMID: 25296114

36.

Kraaijeveld K, de Weger LA, Ventayol García M, Buermans H, Frank J, Hiemstra PS, et al. Efficient and
sensitive identification and quantification of airborne pollen using next-generation DNA sequencing.
Molecular Ecology Resources. 2015; 15(1):8–16. doi: 10.1111/1755-0998.12288 PMID: 24893805

37.

Hebda RJ, Chinnappa CC. Studies on pollen morphology of Rosaceae in Canada. Review of Palaeobotany and Palynology. 1990; 64(1–4):103–8.

38.

Schnell I, Fraser M, Willerslev E, Gilbert M. Characterisation of insect and plant origins using DNA
extracted from small volumes of bee honey. Arthropod-Plant Interactions. 2010; 4(2):107–16.

39.

Valentini A, Miquel C, Taberlet P. DNA barcoding for honey biodiversity. Diversity. 2010; 2(4):610–7.

PLOS ONE | DOI:10.1371/journal.pone.0134735 August 26, 2015

17 / 20

Floral Composition of Honey

40.

Jain SA, Jesus FTd, Marchioro GM, Araújo EDd. Extraction of DNA from honey and its amplification by
PCR for botanical identification. Food Science and Technology (Campinas). 2013; 33:753–6.

41.

Guertler P, Eicheldinger A, Muschler P, Goerlich O, Busch U. Automated DNA extraction from pollen in
honey. Food Chemistry. 2014; 149(0):302–6.

42.

Soares S, Amaral JS, Oliveira MBPP, Mafra I. Improving DNA isolation from honey for the botanical origin identification. Food Control. 2015; 48(0):130–6.

43.

Waiblinger H-U, Ohmenhaeuser M, Meissner S, Schillinger M, Pietsch K, Goerlich O, et al. In-house
and interlaboratory validation of a method for the extraction of DNA from pollen in honey. J Verbr
Lebensm. 2012; 7(3):243–54.

44.

Laube I, Hird H, Brodmann P, Ullmann S, Schöne-Michling M, Chisholm J, et al. Development of primer
and probe sets for the detection of plant species in honey. Food Chemistry. 2010; 118(4):979–86.

45.

Wilson EE, Sidhu CS, LeVan KE, Holway DA. Pollen foraging behaviour of solitary Hawaiian bees
revealed through molecular pollen analysis. Molecular ecology. 2010; 19(21):4823–9. doi: 10.1111/j.
1365-294X.2010.04849.x PMID: 20958818

46.

Olivieri C, Marota I, Rollo F, Luciani S. Tracking plant, fungal, and bacterial DNA in honey specimens.
Journal of Forensic Sciences. 2012; 57(1):222–7. doi: 10.1111/j.1556-4029.2011.01964.x PMID:
22074557

47.

Glenn TC. Field guide to next-generation DNA sequencers. Molecular Ecology Resources. 2011; 11
(5):759–69. doi: 10.1111/j.1755-0998.2011.03024.x PMID: 21592312

48.

Nelson MC, Morrison HG, Benjamino J, Grim SL, Graf J. Analysis, optimization and verification of Illumina-generated 16S rRNA gene amplicon surveys. PLoS ONE. 2014; 9(4):e94249. doi: 10.1371/
journal.pone.0094249 PMID: 24722003

49.

Poretsky R, Rodriguez-R LM, Luo C, Tsementzi D, Konstantinidis KT. Strengths and limitations of 16s
rRNA gene amplicon sequencing in revealing temporal microbial community dynamics. PLoS ONE.
2014; 9(4):e93827. doi: 10.1371/journal.pone.0093827 PMID: 24714158

50.

Hajibabaei M, Shokralla S, Zhou X, Singer GAC, Baird DJ. Environmental barcoding: A next-generation
sequencing approach for biomonitoring applications using river benthos. PLoS ONE. 2011; 6(4):
e17497. doi: 10.1371/journal.pone.0017497 PMID: 21533287

51.

Blaalid R, Carlsen T, Kumar S, Halvorsen R, Ugland KI, Fontana G, et al. Changes in the root-associated fungal communities along a primary succession gradient analysed by 454 pyrosequencing. Molecular ecology. 2012; 21(8):1897–908. PMID: 22590726

52.

Větrovský T, Baldrian P. Analysis of soil fungal communities by amplicon pyrosequencing: current
approaches to data analysis and the introduction of the pipeline SEED. Biol Fertil Soils. 2013; 49
(8):1027–37.

53.

Pompanon F, Deagle BE, Symondson WOC, Brown DS, Jarman SN, Taberlet P. Who is eating what:
diet assessment using next generation sequencing. Molecular ecology. 2012; 21(8):1931–50. doi: 10.
1111/j.1365-294X.2011.05403.x PMID: 22171763

54.

Shehzad W, Riaz T, Nawaz MA, Miquel C, Poillot C, Shah SA, et al. Carnivore diet analysis based on
next-generation sequencing: application to the leopard cat (Prionailurus bengalensis) in Pakistan.
Molecular ecology. 2012; 21(8):1951–65. doi: 10.1111/j.1365-294X.2011.05424.x PMID: 22250784

55.

Kajtoch L. A DNA metabarcoding study of a polyphagous beetle dietary diversity: the utility of barcodes
and sequencing techniques. Folia biologica. 2014; 62(3):223–34. PMID: 25412510

56.

Ji Y, Ashton L, Pedley SM, Edwards DP, Tang Y, Nakamura A, et al. Reliable, verifiable and efficient
monitoring of biodiversity via metabarcoding. Ecology letters. 2013; 16(10):1245–57. doi: 10.1111/ele.
12162 PMID: 23910579

57.

Gibson J, Shokralla S, Porter TM, King I, van Konynenburg S, Janzen DH, et al. Simultaneous assessment of the macrobiome and microbiome in a bulk sample of tropical arthropods through DNA metasystematics. Proceedings of the National Academy of Sciences. 2014; 111(22):8007–12.

58.

Richardson RT, Lin C-H, Sponsler DB, Quijia JO, Goodell K, Johnson RM. Application of ITS2 metabarcoding to determine the provenance of pollen collected by honey bees in an agroecosystem. Applications in Plant Sciences. 2015; 3(1):1400066.

59.

Keller A, Danner N, Grimmer G, Ankenbrand M, Ohe K, Ohe W, et al. Evaluating multiplexed next-generation sequencing as a method in palynology for mixed pollen samples. Plant Biology. 2015; 17
(2):558–66. doi: 10.1111/plb.12251 PMID: 25270225

60.

Coissac E, Riaz T, Puillandre N. Bioinformatic challenges for DNA metabarcoding of plants and animals. Molecular ecology. 2012; 21(8):1834–47. doi: 10.1111/j.1365-294X.2012.05550.x PMID:
22486822

PLOS ONE | DOI:10.1371/journal.pone.0134735 August 26, 2015

18 / 20

Floral Composition of Honey

61.

CBOL Plant Working Group, Hollingsworth PM, Forrest LL, Spouge JL, Hajibabaei M, Ratnasingham
S, et al. A DNA barcode for land plants. Proceedings of the National Academy of Sciences. 2009; 106
(31):12794–7.

62.

Hollingsworth PM, Graham SW, Little DP. Choosing and using a plant DNA barcode. PLoS ONE. 2011;
6(5):e19254. doi: 10.1371/journal.pone.0019254 PMID: 21637336

63.

Hollingsworth PM. Refining the DNA barcode for land plants. Proceedings of the National Academy of
Sciences. 2011; 108(49):19451–2.

64.

Li D-Z, Gao L-M, Li H-T, Wang H, Ge X-J, Liu J-Q, et al. Comparative analysis of a large dataset indicates that internal transcribed spacer (ITS) should be incorporated into the core barcode for seed
plants. Proceedings of the National Academy of Sciences. 2011; 108(49):19641–6.

65.

de Vere N, Rich TCG, Ford CR, Trinder SA, Long C, Moore CW, et al. DNA barcoding the native flowering plants and conifers of Wales. PLoS ONE. 2012; 7(6):e37945. doi: 10.1371/journal.pone.0037945
PMID: 22701588

66.

Bogdanov S, Lullmann C, Mossel BL, D'Arcy BR, Russmann H, Vorwohl G, et al. Honey quality, methods of analysis and international regulatory standards: review of the work of the International Honey
Comission. Mitteilungen aus Lebensmitteluntersuchung und Hygiene. 1999; 90:108–25.

67.

Reille M. Pollen et spores d’Europe et d’Afrique du nord Supplement 1, Laboratoire de botanique historique et palynologie. URA CNRS, Marseille. 1995.

68.

Reille M. Pollen et spores d’Europe et d’Afrique du nord Supplement 2, Laboratoire de botanique historique et palynologie. URA CNRS, Marseille. 1998.

69.

Reille M. Pollen et spores d’Europe et d’Afrique du nord: 2nd Edition, Laboratoire de botanique historique et palynologie. URA CNRS, Marseille. 1999.

70.

Moore PD, Webb JA, Collinson ME. Pollen Analysis. 2nd edition. London: Blackwell Scientific Publications; 1991.

71.

Cheng H, Jin W, Wu H, Wang F, You C, Peng Y, et al. Isolation and PCR detection of foreign DNA
sequences in bee honey raised on genetically modified bt (Cry 1 Ac) cotton. Food and Bioproducts Processing. 2007; 85(2):141–5.

72.

Stace CA. New Flora of the British Isles Cambridge: Cambridge University Press; 2010.

73.

Cubey J, Merrick J. RHS Plant Finder 2014. London: Royal Horticultural Society; 2014.

74.

Preston CD, Pearman DA, Dines TD. New atlas of the British and Irish flora. Oxford: Oxford University
Press; 2002.

75.

Fisher RA, Corbet AS, Williams CB. The relation between the number of species and the number of
individuals in a random sample of an animal population. Journal of Animal Ecology. 1943; 12(1):42–58.

76.

Borg M, Twell D. Pollen: Structure and Development. Chichester: John Wiley & Sons, Ltd; 2011.

77.

Shokralla S, Spall JL, Gibson JF, Hajibabaei M. Next-generation sequencing technologies for environmental DNA research. Molecular ecology. 2012; 21(8):1794–805. doi: 10.1111/j.1365-294X.2012.
05538.x PMID: 22486820

78.

Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E. Towards next-generation biodiversity
assessment using DNA metabarcoding. Molecular ecology. 2012; 21(8):2045–50. doi: 10.1111/j.1365294X.2012.05470.x PMID: 22486824

79.

Hajibabaei M, Spall JL, Shokralla S, van Konynenburg S. Assessing biodiversity of a freshwater benthic
macroinvertebrate community through non-destructive environmental barcoding of DNA from preservative ethanol. BMC ecology. 2012; 12(1):28.

80.

Kane N, Sveinsson S, Dempewolf H, Yang JY, Zhang D, Engels JM, et al. Ultra-barcoding in cacao
(Theobroma spp.; Malvaceae) using whole chloroplast genomes and nuclear ribosomal DNA. American Journal of Botany. 2012; 99(2):320–9. doi: 10.3732/ajb.1100570 PMID: 22301895

81.

Tang M, Tan M, Meng G, Yang S, Su X, Liu S, et al. Multiplex sequencing of pooled mitochondrial
genomes—a crucial step toward biodiversity analysis using mito-metagenomics. Nucleic Acids
Research. 2014; 42(22):e166–e.

82.

Galimberti A, De Mattia F, Losa A, Bruni I, Federici S, Casiraghi M, et al. DNA barcoding as a new tool
for food traceability. Food Research International. 2013; 50(1):55–63.

83.

Madesis P, Ganopoulos I, Sakaridis I, Argiriou A, Tsaftaris A. Advances of DNA-based methods for
tracing the botanical origin of food products. Food Research International. 2014; 60:163–72.

84.

Corbet SA. A typology of pollination systems: implications for crop management and the conservation
of wild plants. Plant-pollinator interactions From specialization to generalization Chicago: The University of Chicago Press; 2006. p. 315–40.

85.

Howes FN. Plants and Beekeeping: Faber and Faber Limited; 1945.

PLOS ONE | DOI:10.1371/journal.pone.0134735 August 26, 2015

19 / 20

Floral Composition of Honey

86.

Free JB, Williams IH. Influence of the location of honeybee colonies on their choice of pollen sources.
Journal of Applied Ecology. 1974; 11(3):925–35.

87.

Wilson MB, Spivak M, Hegeman AD, Rendahl A, Cohen JD. Metabolomics reveals the origins of antimicrobial plant resins collected by honey bees. PLoS ONE. 2013; 8(10):e77512. doi: 10.1371/journal.
pone.0077512 PMID: 24204850

88.

Oddo LP, Piro R, Bruneau É, Guyot-Declerck C, Ivanov T, Piskulová J, et al. Main European unifloral
honeys: descriptive sheets. Apidologie. 2004; 35(Suppl. 1):S38–S81.

89.

Adeonipekun P. Palynology of honeycomb and a honey sample from an apiary in Lagos, Southwest
Nigeria. Asian Journal of Plant Science and Research. 2012; 2(3):274–83.

90.

Paudayal KN, Gautam I. Sem investigation of pollen taxa in honeys from autochtone Apis cerana in
Godavari, Lalitpurdistrict, Nepal. Journal of Natural History Museum. 2012; 26:29–67.

91.

Moar N. Pollen analysis of New Zealand honey. New Zealand Journal of Agricultural Research. 1985;
28(1):39–70.

92.

Cook A. Fungus spores for bee-bread. Gleanings in bee culture. 1885; 12:455–6.

PLOS ONE | DOI:10.1371/journal.pone.0134735 August 26, 2015

20 / 20

