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Abstract

Pollen monitoring is an important and widely used tool in allergy research and creation of awareness in pollen-aller-
gic patients. Current pollen monitoring methods are microscope-based, labour intensive and cannot identify pollen
to the genus level in some relevant allergenic plant groups. Therefore, a more efficient, cost-effective and sensitive
method is needed. Here, we present a method for identification and quantification of airborne pollen using DNA
sequencing. Pollen is collected from ambient air using standard techniques. DNA is extracted from the collected pol-
len, and a fragment of the chloroplast gene trnL is amplified using PCR. The PCR product is subsequently sequenced
on a next-generation sequencing platform (Ion Torrent). Amplicon molecules are sequenced individually, allowing
identification of different sequences from a mixed sample. We show that this method provides an accurate qualita-
tive and quantitative view of the species composition of samples of airborne pollen grains. We also show that it cor-
rectly identifies the individual grass genera present in a mixed sample of grass pollen, which cannot be achieved
using microscopic pollen identification. We conclude that our method is more efficient and sensitive than current
pollen monitoring techniques and therefore has the potential to increase the throughput of pollen monitoring.
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Introduction

Respiratory allergies caused by plant pollen affect hun-
dreds of millions of people worldwide (Bousquet et al.
2007). The severity of the symptoms differs extensively
between plant species and thus flowering time and is
influenced by meteorological variables such as wind,
temperature and humidity and by air pollution (Galan
et al. 1995; D’ Amato et al. 2005). Accurate, detailed and
up-to-date information on local levels of airborne pollen
allows patients to take preventive measures. Pollen mon-
itoring is widely used to provide pollen-allergic patients
with daily information about previous pollen levels in
the air (e.g. https://www.lumec.nl/pollen).

Ideally, pollen monitoring should be organized as a
dense, continent-wide network of monitoring stations.
Unfortunately, several aspects of the current pollen mon-
itoring process hamper the establishment of such net-
works. Pollen monitoring currently involves pollen
collection from ambient air, usually by immobilizing it
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on a sticky tape, followed by microscopic identification
and quantification under a microscope (Rittenour et al.
2012; Scheifinger et al. 2013). This procedure requires
trained personnel able to recognize the various pollen
types, is labour intensive and therefore costly. This pro-
hibits more frequent sampling and establishment of mul-
tiple pollen monitoring stations, which would be highly
beneficial for both research and provision of patient
information. Another problem is that not all pollen can
be identified to the genus level, reducing the sensitivity
of the current pollen monitoring method. For example,
the pollen of the hundreds of grass species is microscopi-
cally identical in morphology. Identification of the grass
pollen to the genus level is highly relevant as the differ-
ent genera may differ in the degree to which they cause
allergic reactions (Hrabina et al. 2008; De Weger et al.
2011). Therefore, there is a clear need for a more efficient,
cost-effective and sensitive method of monitoring air-
borne pollen.

Attempts to increase the throughput of pollen moni-
toring procedures focus on digital image recognition and
light scattering principles (Kawashima et al. 2007; Lands-
meer et al. 2009; Rittenour et al. 2012; Scheifinger et al.
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2013). These methods have great difficulty discriminat-
ing pollen from dust particles, and the potential to iden-
tify pollen to genus level is limited. DNA-based pollen
identification has been explored with some success
(Longhi et al. 2009), but at that time, identification of only
a small number of plant species was possible. Further-
more, previous attempts at DNA-based pollen monitor-
ing were hampered by high costs and low throughput of
the available technology at the time. Finally, immunolog-
ical and spectrophotometric methods have been evalu-
ated (Rittenour ef al. 2012). To our knowledge, none of
these approaches have thus far resulted in an operational
method to replace the conventional counting method.

Recent developments in DNA sequencing technology,
so-called next-generation sequencing (NGS), have
opened new possibilities for DNA-based identification
and quantification of environmental samples (Chariton
et al. 2010; Fonseca et al. 2010; Hajibabaei ef al. 2011; Epp
et al. 2012; Pompanon ef al. 2012; Thomsen et al. 2012;
Yoccoz et al. 2012; Yu et al. 2012; Bellemain ef al. 2013; Ji
et al. 2013; Schmidt et al. 2013). Here, we show that such
an approach is feasible and results in accurate identifica-
tion of pollen from mixed samples, including species that
cannot be distinguished microscopically. Furthermore,
we show that the relative abundance of pollen from a
sample taken from the air matches that recorded using
the traditional method. We argue that with decreasing
cost and increasing accuracy, NGS-based pollen monitor-
ing will soon present a cost-effective superior alternative
to microscopic pollen counting.

Methods

Pollen collection

We made use of the routine pollen monitoring facilities
at the Leiden University Medical Center (LUMC), the
Netherlands (De Weger et al. 2013). Pollen was collected
from ambient air using Burkard traps (Burkard Manufac-
turing, Rickmansworh, UK) placed on the roof of the
main LUMC building. The trap uses a vacuum pump to
suck in air. Pollen and other particles are impacted on
adhesive tape supported on a clockwork-driven drum.
The drum rotates at a constant speed, so that a given sec-
tion of tape corresponds to a known length of time. The
tape was removed from the trap and cut into seven
pieces from which microscope slides were prepared. In
an area corresponding to a 1-day period (48 x 20 mm),
the pollen grains were counted microscopically after
staining with safranin (0.002%). A second trap, identical
to and placed within 2 m of the first, was operated
simultaneously at the same site. The tape from this trap
was cut into 1-day sections and subsequently into two
sections lengthwise (48 x 10 mm) (Roger’s et al. 2009).
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One of these tape fragments was used for DNA extrac-
tion and Ion Torrent sequencing as described below.
Three samples were collected to represent different parts
of the pollen season and thus to contain pollen from dif-
ferent plant species: 4 May 2013, 26 May 2012 and 17 July
2012. Slight modifications were made between the pro-
cessing of the sample from 26 May 2012 and the other
two as described below.

To assess whether our method could accurately dis-
tinguish between pollen from different species of grass
that are indistinguishable using microscopic methods,
we collected pollen from six species of grass (Dactylis
glomerata, Phleum pratense, Hordeum murinum, Holcus
lanatus, Lolium perenne and Arrhenaterum elatius) during
the summer of 2013 in the vicinity of the LUMC. To
provide unambiguous reference sequences, DNA was
extracted from pollen of each species and sequenced
for an approximately 200 bp region of the trnL gene
using standard Sanger sequencing. Subsequently, these
six pollen species were mixed in unstandardized pro-
portions. DNA was extracted from the mixed sample,
PCR-amplified and sequenced on the Ion Torrent PGM
sequencing platform (Life Technology) as described
below.

Lysis efficiency

To test the efficiency of our lysis procedure, we diluted
1 mg of two pollen samples (Betula pendula and Dactylis
glomerata) in 400 uL water. Eight microlitre of each sam-
ple was transferred to a hemocytometer, and pollen
grains were counted under a microscope. The remaining
392 uL of each sample was disrupted in a bullet blender
as described below. The sample was then transferred to
the hemocytometer, and the remaining intact pollen
grains were counted under a microscope. For each pollen
sample, we counted 10 microscope fields before and after
lysis.

DNA extraction

The half-day section of tape containing pollen was spi-
ralled into a 1.5-ml Safe-Lock Eppendorf tube with
400 g1 of DNA isolation buffer (155 mm NaCl, 125 mm
Tris-HCI pH 8.0, 15 mm EDTA, 1.25% polyvinylpyrroli-
done, 0.6% SDS, 3 mm 1,10-phenanthroline monohy-
drate, 0.1% betamercaptoethanol) and five 3.2-mm
stainless steel balls (Roger’s et al. 2009). The sample was
disrupted on a Next Advance bullet blender for 3 min-
utes at speed 8. Subsequently, 100 ul of 5% SDS was
added to the sample, which was then incubated at 65°C
for 30 min. DNA was extracted using the QlAamp DNA
Mini kit according to the manufacturer’s protocol for
crude cell lysates. The DNA concentrations were mostly
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below detection level using Qubit (Life Technologies),
and we used 1 ul in subsequent PCRs.

PCR diagnostic locus

We considered several loci that are widely used in
molecular identification of plant material: ITS, trnL, rbcL
and matK; the latter two have been recommended as a
standard (Hollingsworth 2009; Hollingsworth et al.
2011). Following preliminary experiments, trnl. was
selected because it provided the most discriminatory
power, allowing identification down to genus level in
most cases.

TrnL primers with Ion Torrent tails were used for the
PCR amplification. The forward primer was a combina-
tion of the Ion Torrent A adapter with trnL-c (Taberlet
et al. 1991, 2007), and the reverse primer the Ion Torrent
P1 adapter along with truL-h ((Taberlet et al. 2007);
Table 1). The length of the target sequence varied
between species, but averaged about 200 bp. For the
May 26 sample, PCR was performed in a total volume of
25 ul containing 1 x Phusion High Fidelity PCR Master
Mix (New England Biolabs), 250 nm of each primer and
1 ul of DNA. PCR conditions were 30 s at 98 °C, 25
cycles of 10 s at 98 °C, 30 s at 61 °C and 30 s at 72 °C,
followed by 5 min at 72 °C. The other two samples were
processed in the same way, except that the 1x Phusion
High Fidelity PCR Master Mix was substituted by 1 x
Pim Mix (45 mM Tris pH 8.3, 11 mm (NH4),SO,, 4.5 mm
MgCl,, 6.7 mm f-mercaptoethanol, 0.5 mM dNTP’s,
0.11 pg/ul BSA fraction V, 4.4 um EDTA) and 0.5 U of
Phusion Polymerase.

Ion Torrent library preparation and sequencing

Libraries were prepared for the Ion Torrent PGM
according to the manufacturer’s protocol. For the 26
May 2012 sample, the one-touch v1 300 bp template
and sequencing kits were used, while for the other
samples, the one-touch v2 200 bp template and
sequencing kits v2 were used. Emulsion PCR was per-
formed with the one-touch v1. Each library was run
separately on an Ion Torrent chip. The 26 May 2012
sample was run on a 314 chip and the other two sam-
ples on a 316 chip, which yields more reads. Sequenc-
ing yields are summarized in Table 2.

Table 1 Primer sequences

Table 2 Sequence output of the Ion Torrent runs

Initial read Reads with both

Sample number primers present
Airborne samples

4 May 2013 1 869 348 984 457

26 May 2012 732 279 351 029

17 July 2012 1733 341 893 175
Known content

Grassmix 1 739 802 574 437

Mixed amplicon sequencing

Several studies have recommended running multiple
PCRs for environmental DNA samples and pooling these
for sequencing (Thomsen et al. 2012; Yu et al. 2012; Leray
et al. 2013; Schmidt et al. 2013). To test whether this
approach would improve our method, we ran eight
additional PCRs with the 26 May 2012 sample as tem-
plate. Five reactions used the same conditions as above,
while the other three reactions were run at different
annealing temperatures (57, 59 and 63 °C). For each of
these reactions, the primers were fitted with different
adapter sequences. The samples were pooled and
sequenced in one Ion Torrent run as described above
(316 chip). The adapter sequences allowed the data for
each PCR to be analysed either separately or in
aggregate.

Data analysis

From the Ion Torrent data, all reads that contained both
the complete forward and reverse primer sequence,
allowing for one mismatch for primer recognition, were
selected using the Tssv software tool (Anvar et al. 2014).
Primer sequences were clipped, and the remaining
sequence was blasted against a local install of the NCBI
database (downloaded on July 23rd, 2013). Blastn param-
eters were as follows: maximum number of aligned
sequences to keep =50, expectation value thresh-
old = 1e-40, minimum per cent identity = 97% and pen-
alty for a nucleotide mismatch = —5. The blast output
was parsed to a tab-delimited text file for further pro-
cessing. We selected hits of which the length of the
aligned portion of the read was within 5 bp of the total

Primer Components Sequence

Forward
Reverse

A_barcode-trnLc
Pl-trnLh

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTTGTCCAATCGAAATCGGTAGACGCTACG
CCTCTCTATGGGCAGTCGGTGATCCATTGAGTCTCTGCACCTATC

Barcode sequence underlined, locus-specific primer sequences in bold.
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read length. We report the results for 98%, 99% and
100% identity separately. The hits to species within the
same genus were pooled. When a sequence had hits of
equal quality to multiple plant genera, we separated the
genus names using ‘/’. We counted the number of
sequences that had their top blast hits to each genus or
group of genera. For the airborne pollen samples, we
compared these counts to the results of standard micro-
scopic counts from the same day using generalized linear
models (GLM) with a Poisson error distribution and an
empirically estimated scale parameter in R (R Develop-
ment Core Team 2010). Significance was tested by drop-
ping terms from the model and comparing the resulting
change in deviance using an F test. The data from the
mixed PCR amplicon experiment were compared with
the single-PCR data set using Pearson’s correlations. The
number of sequences per genus for the eight PCRs for
this experiment was compared using GLM as described
above, and the number of genera in each PCR was com-
pared using a chi-squared test.

Results

Lysis efficiency

Our lysis protocol resulted in almost complete lysis of
both Betula and Dactylis pollen. We counted 14.1 4+ 5.09
SD Betula pollen and 31.2 + 20.43 SD Dactylis pollen per
field before lysis. After disruption in the bullet blender,
we counted 0.4 £ 0.52 SD remaining Betula pollen and
0.3 + 0.48 SD Dactylis pollen per field. The lysis effi-
ciency was thus 97% for Betula and 99% for Dactylis.

Analysis of airborne pollen samples

The DNA sequence data provided much greater resolu-
tion than the microscopic counts. In most cases, the blast
results allowed identification of genera, while
microscopic identification could only identify pollen
down to the family level (e.g. Cupressaceae and Taxus,
Pinaceae, Poaceae). To compare the DNA read counts to
the microscopic counts, we lumped the DNA read counts
for groups that could not be distinguished microscopi-
cally (indicated in Table S1, Supporting information).
The number of sequence reads matching a given plant
genus or family closely correlated with the number
counted using standard microscopic pollen counts for
each of the three airborne pollen samples (GLMs for
100% identity: 4 May 2012 F; 46 = 13.53, P < 0.001, 26
May 2013 Fy46 = 38.16, P < 0.001, 17 July 2012 F;46 =
36.83, P < 0.001; P values for 99% and 98% lower; Fig. 1;
Table S1, Supporting information). When the three sam-
ples were combined into one model, a significant interac-
tion was observed between sampling date and
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microscopic counts (Fp13s = 19.37, P <0.001; Fig. SI,
Supporting information). Therefore, the relationship
between the sequence read counts and the microscopic
counts differed between samples (Fig. S1, Supporting
information), reflecting the fact that PCR obscures the
absolute numbers of molecules of a given DNA sequence
in each sample. Nevertheless, the relative abundance of
sequence reads accurately reflected the relative abundance
of pollen grains in the sample for a given species (Fig. 1).

The difference in resolution between the DNA read
counts and the microscopic counts was most dramatic
for grasses (Poaceae; Table S1, Supporting information).
At least 34 different grass sequences were found, 20 of
which could be identified to genus level. The relative
abundance of these sequences differed between the three
samples (Fig. 2). The 4 May sample contained few grass
pollen. The 26 May sample was dominated by Poa and
Dactylis and the 17 July sample by Agrostis-like
sequences. This variation matched the flowering time of
the different grasses. For example, Dactylis glomerata is
an early flowering grass and peak numbers were found
in the sample from 26 May. By contrast, sequence read
numbers for the late-flowering Agrostis peaked in the 17
July sample.

Mixed grass pollen sample

Each of the trnL sequences of the six grasses in the mix
showed a unique pattern of single nucleotide polymor-
phisms (SNPs) and insertion deletions (Fig. 3). Each of
the trnL sequences showed a 100% match to the correct
species in the NCBI database (and in most cases also to a
number of related grass species). The only exception was
Holcus lanatus, for which the reference sequence was
truncated.

Four of the six grass species in the sample were iden-
tified unambiguously among the most abundant blast
hits (Holcus, Hordeum, Phleum and Dactylis; Table 3). The
remaining two species (Lolium and Arrhenaterum) were
also among the most abundant hits, but could not be dis-
tinguished from Festuca and Poa, respectively (Table 3).
Other abundant blast hits (Puccinellia and Alopecurus) are
grasses with trnL sequences very similar to Hordeum and
Phleum.

Mixed amplicons

The numbers of sequences for each plant genus in the
pool of eight PCR amplicons correlated strongly to those
in the single PCR (100% blast hits: R = 0.94, P < 0.001).
The data for the pooled sample did not provide a better
fit to the microscopic data than the single PCR (100%
blast hits: R = 0.73 and R = 0.49, respectively), presum-
ably because the large number of sequences in the



12 K. KRAAIJEVELD ET AL.

4 May 2013

Microscopic count DNA read count (sqrt)

-400 -300 ~200 -100 0 100 200 300 400 -300 -200

Microscopic count (x2) DNA read count (sqrt)

26 May 2012 17 July 2012

Microscopic count (x4)  DNA read count (sqrt)

~100 0 100 200 300 400 -300 -200 ~100 0 100 200 300 400

Alnus

Cupressaceae
Ulmus/Zelkova
Populus
Fraxinus/Noronhia/others
Salix

Betula

Carpinus
Elaeagnaceae
Shepherdia

Fagus

Quercus

Rosaceae

Acer

Pinaceae
Euscaphis/Sambucus
Castanea
Citrus/Atalantia/others
Buxus

Viburnum

Magnolia

Tilla

Nothofagus
Hydrangeaceae
Poaceae

Asteraceae
Ranunculus

Brassica

Rumex

Plantago

Urtica
Chenopodium/spinacia
Cucurbitaceae
Fabaceae
Chamerion/Epilobium
Rubiaceae

Solanaceae

2!

Fig. 1 Comparison between the number of pollen counted microscopically and the blast analysis of the Ion Torrent sequence reads for
airborne pollen samples obtained on 3 days. DNA read counts were lumped for taxa that could not be distinguished microscopically
(indicated in Table S1, Supporting information). For visualization purposes only, the number of pollen grains counted microscopically
is multiplied by 0, 2 or 4 and turned negative, and the number of Ion Torrent sequence reads is square-root-transformed. Genera hits by
less than 50 reads in any sample and not observed in any of the microscopic counts are omitted for this figure. For full data, see Table

S1 (Supporting information).

20

15
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|

Number of reads (x10k)

4 May 2013 26 May 2012 17 July 2013

Fig. 2 Number of Ion Torrent reads from three samples of air-
borne pollen hitting different grass genera. For illustrative pur-
poses, each colour represents a different grass genus. See main
text for details and Table S1 (Supporting information) for full
data.

pooled sample yielded even more genera that were not
identified microscopically than the smaller single-PCR
data set. There was no significant difference in the num-
ber of sequences per genus between the eight PCR
amplicons (100% blast hits: GLM F7 455 = 0.06, P = 0.99).
There was also no significant difference in the number
of genera identified in each of the eight PCR amplicons
(%> =137, P = 0.99). Last, the actual genera identified in
each of the eight PCR amplicons was very similar: every
genus that was present with 100 sequences or more in at
least one of the eight amplicons was also identified in
each of the other reactions.

Discussion

We show that DNA sequence analysis can be used to
provide a detailed and accurate assessment of the species
composition of samples of airborne pollen obtained
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Fig. 3 Alignment of the reference sequences for the six grass species used in the grass mix. The sequences were generated using Sanger
sequencing from the individual pollen samples before they were mixed.

Table 3 Blast hits of Ion Torrent sequence reads obtained from
a mixed grass pollen sample of known content

Genus blast 98  blast 99  blast_100
Holew 145316 99740 0
Festuca 57 816 55 970 43 515
Puccinellia 22 562 21 079 12 892
Alopecurus 21 885 20 326 12 892
Arrhenatherum/Poa/others 17 234 11 752 8782
Festuca/Lolium/Dielsiochloa 14 095 13 368 10 360
Festuca/Lolium 8285 8005 6216
Avena 5229 3652 27
Helictotrichon 1360 1035 32
Poa 714 357 262
Elymus/Eremopyrumjothers 511 263 37
Agrostis/Calamagrostis/others 341 156 0
Elymus/Leymus 340 194 22
Agropyron/Elymus/others 283 102 11
Pinus 236 236 224
Juglans/Pterocarya 77 77 61
Arctophila/Dupontia 28 10 0
Elymus 21 15 2
Phalaris/Poa 17 1 0
Plantago 15 15 15
Henrardia 9 0 0
Quercus 9 9 9
Phalaris 6 0 0
Total 437 251 362 960 174 753

Shown are the numbers of reads hitting the genera in column 1
at 98%, 99% and 100% identity. Four species that were identified
unambiguously are indicated in dark grey. Species that could
not be distinguished from species present in the sample are indi-
cated in light grey.
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using routine techniques. Extracting DNA from pollen is
notoriously difficult because the nucleated cells are sur-
rounded by the resilient cellulose-rich intine and sporo-
pollenin-containing exine (Baldi et al. 1987; Tanaka et al.
1987; Simel et al. 1997). However, we show that 97-99%
of pollen is lysed using a bullet blender. We only
sequenced about 200 bp of the trnL locus, which is
located on the chloroplast DNA and is sufficiently vari-
able to identify most plants to genus level (Taberlet et al.
2007). Our method relies on generic laboratory and bio-
informatics techniques and does not require trained per-
sonnel able to identify pollen microscopically.
Furthermore, it provides greater taxonomic detail than
microscopic counting, which can only identify families
in many cases. Although our method does not provide
information on the actual allergens, we believe that these
advantages over standard pollen monitoring will benefit
the allergic population.

Allergenic symptoms are related to absolute, rather
than relative allergen levels. It is therefore important to
estimate the absolute number of each pollen type. How-
ever, the number of reads does not translate directly to
the number of DNA molecules in the sample, because of
the PCR amplification steps used (Deagle et al. 2013;
Kelly et al. 2014). As a result, the slope of the relationship
between the number of reads and the number of pollen
counted microscopically was different for each of the
three samples. PCR-free DNA-based taxon identification
methods are being developed that may solve this issue
(Zhou et al. 2013). For now, this problem is solved easily
by correcting the number of reads by the total number of
microscopically counted pollen. Thus, a simple total pol-
len count (without any species identification), followed
by our NGS-based method, should give an accurate
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estimate of the absolute number of each pollen type in
the sample. Total pollen can be counted using image rec-
ognition, and therefore, this extra step could be auto-
mated.

A number of sources of bias could affect the accuracy
of NGS-based pollen identification. First, sequence poly-
morphism in the primer sites could cause some plant spe-
cies to be amplified less efficiently than others. This
appears to be the case for Urtica, the trnL sequence of
which showed a mismatch with our reverse primer. This
could explain why this species was found in low num-
bers in the sequence data on 26 May 2012 when high
numbers were counted microscopically. Using another
primer site, or designing a primer with a degenerate
nucleotide at the SNP position, could easily overcome
this problem. Second, our method relies on the trnL
sequence being present in the database. This appeared to
pose few problems in our study, as plants from western
Europe are well covered. However, incompleteness of
the trnL database might hamper DNA-based pollen mon-
itoring in other parts of the world. Still, some peculiari-
ties in our results may be the result of database
incompleteness. For example, the sequence data identi-
fied large numbers of Fraxinus-like pollen on both 4 May
and 17 July. While the former is expected, the latter is
highly unlikely based on the flowering time of Fraxinus.
Closer inspection revealed that the majority (1167 of
1723) of reads assigned to Fraxinus in the 4 May sample
had a stretch of 6 adenines near the 3’ end of the
sequence. By contrast, this stretch consisted of 7 adenines
in 2520 of 2850 reads assigned to Fraxinus in the 17 July
sample, indicating that the latter actually belonged to a
different species that was not in the database. With mas-
sive sequencing projects going on, the database will soon
be much richer in reference sequences (Erickson & Kress
2012). Also, it is straightforward to add relevant species
to the database for a geographical region of interest, as
we have done for grasses (see data accessibility section).
Third, the number of chloroplasts may vary between pol-
len. Chloroplasts can be present in the vegetative or in
both vegetative and generative cells of pollen grains,
although they are degraded upon fertilization in most
angiosperms, ensuring maternal inheritance (Sodmergen
et al. 1992). We know of no estimates for chloroplast
numbers per pollen grain. Detailed studies are needed to
assess whether this is an important source of bias in the
sequence data. Data provided by such a study could be
used to calibrate the sequence data. Fourth, the DNA that
we detect with our method can be derived from intact
pollen but also from cytoplasmic debris and cell wall
fragments from damaged pollen on the strip. As both the
damaged pollen and intact pollen contain allergen or
have released allergens (Grote 1999; Taylor et al. 2004),
our DNA-based method reflects the amount of allergen

that can be produced. Fifth, stochasticity during PCR
may affect the results. However, our mixed amplicon
experiment demonstrates that the results are highly
repeatable. Pooling amplicons for the same sample, as
recommended for PCR of environmental samples using
degenerate primers (Thomsen et al. 2012; Yu et al. 2012;
Leray et al. 2013; Schmidt et al. 2013), did not improve
the accuracy of the outcome. Last, reads with the same
sequence may represent PCR duplicates, rather than true
duplicates. PCR can bias the representation of input mol-
ecules in the final sequencing library, especially when
many cycles are run. We are currently working on a mod-
ification to our laboratory protocol to resolve this issue.

For identification, we compared each sequence read
to the NCBI database using blastn. This is a computation-
ally demanding process that requires the entire NCBI
database to be installed locally. While this ensures that
the search is as comprehensive as possible, it is not a fea-
sible strategy for routine pollen monitoring, or for
research groups that do not have easy access to high-
power computing facilities. Numerous alternative strate-
gies for taxonomy assignment exist (Coissac et al. 2012;
Van Velzen et al. 2012; Tanabe & Toju 2013). A fast and
light-weight strategy would be to create a database of
trnL sequences and align the reads to that using dedi-
cated alignment software.

We show that our method can reliably identify pollen
that cannot be distinguished microscopically. This was
especially striking for grasses, a large and diverse family
that contributes many allergenic species (De Weger et al.
2011). While microscopic methods do not allow reliable
distinction between pollen from different grass species,
our NGS-based method unambiguously identified sev-
eral genera. Four of the six species in our sample of
mixed grass pollen were identified correctly. The short
length of the DNA fragment we sequenced prevented
distinction between, for example, Festuca and Lolium, a
problem that should be solved when longer fragments
are sequenced. Despite this shortcoming, the NGS-based
method correctly identified several grasses that flower at
different times of year in the airborne pollen samples.

Methods are being developed to measure allergen lev-
els in ambient air. While only a small number of aller-
gens can be measured at present, the measured allergen
levels do not always correspond well to the pollen counts
(Buters et al. 2012; Galan et al. 2013). Some of this varia-
tion may be due to different species or cultivars that can-
not be identified by microscopic pollen counts (Cecchi
2013). For example, at least 11 groups of allergens have
been isolated from grass pollen, which differ in the
strength of the immune response they induce in patients
(Andersson & Lidholm 2003). The prevalence of grass
allergens varies over geographic regions (Barber et al.
2008), and grass species differ in their allergen
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composition (Andersson & Lidholm 2003). The improved
taxonomic identification of airborne pollen offered by
our method will thus facilitate research on the link
between, for example, grass-pollen-specific allergen and
pollen levels. It needs to be noted that our DNA-based
method does not provide insight into allergen gene
expression levels.

We show that identification and quantification of air-
borne pollen using NGS is reliable and efficient. The
ongoing technological developments are likely to allow
further improvements to our method. For example, while
we processed only three airborne pollen samples in this
study, it will be easy to scale up the process. Many sam-
ples can be run in parallel, for example, in 96- or 384-well
plates instead of in single tubes. Certain components or
the process could also be automated, further increasing
throughput. Our method used Ion Torrent for sequenc-
ing mixed DNA samples. At the time of our experiments,
the read length was limited to about 300 bp. Further
developments in NGS technology will lead to longer read
lengths, which will allow longer frul fragments to be
sequenced, which will increase the discriminatory power
of our method. Adding additional loci to the analysis
could also increase the resolution. With the rapidly fall-
ing costs of NGS, our pollen monitoring method has the
potential to facilitate considerable upscaling of pollen
monitoring networks. Individual monitoring stations
could avoid the initial investment costs by concentrating
their DNA analyses in a centralized facility. Other appli-
cations are also possible. For example, the method could
be used to (re-) analyse archived pollen samples or
archaeological samples. The method could also easily be
adapted to analyse other organisms including bacteria
and fungal bioaerosols.
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