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Abstract
Grasses (Poaceae) are very common plants, which are widespread in all environments 
and urban areas. Despite their economical importance, they can represent a problem 
to humans due to their abundant production of allergenic pollen. Detailed information 
about the pollen season for these species is needed in order to plan adequate thera-
pies and to warn allergic people about the risks they take in certain areas at certain 
moments. Moreover, precise identification of the causative species and their allergens 
is necessary when the patient is treated with allergen- specific immunotherapy. The 
intrafamily morphological similarity of grass pollen grains makes it impossible to distin-
guish which particular species is present in the atmosphere at a given moment. This 
study aimed at developing new biomolecular tools to analyze aerobiological samples 
and identifying major allergenic Poaceae taxa at subfamily or species level, exploiting 
fast real- time PCR. Protocols were tested for DNA extraction from pollen sampled 
with volumetric and gravimetric methods. A fragment of the matK plastidial gene was 
amplified and sequenced in Poaceae species known to have high allergological impact. 
Species-  and subfamily- specific primer–probe systems were designed and tested in 
fast real- time PCRs to evaluate the presence of these taxa in aerobiological pollen 
samples. Species- specific systems were obtained for four of five studied species. A 
primer–probe set was also proposed for the detection of Pooideae (a grass subfamily 
that includes also major cereal grains) in aerobiological samples, as this subfamily in-
cludes species carrying both grass allergens from groups 1 and 5. These, among the 11 
groups in which grass pollen allergens are classified, are considered responsible for the 
most frequent and severe symptoms.
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1  | INTRODUCTION

Grasses (Poaceae) are ubiquitous plants, which are widespread in all 
environments and urban areas, representing about 20% of the world 
vegetation cover (Mabberley, 1987). This family counts about 780 
genera and 12,000 species (Christenhusz & Byng, 2016), among which 
many cultivated cereals, that constitute the basis of human nutrition. 
Spontaneous species often occupy untamed fields, grazing lands but 
also public gardens and street borders. They are anemophilous plants, 
and due to their diffusion and abundant production of pollen, they 
often cause allergic reactions. Up to 40% of allergic individuals carry 
serum IgE antibodies reacting with grass pollen allergens and exhibit 
immediate- type symptoms upon contact with grass pollen (Lockey 
& Bukantz, 1998). In Europe, where more than 420 species can be 
found (Emberlin, 1997; Galán, Cuevas, Infante, & Dominguez, 1989), 
grasses represent the first cause of pollinosis (D’Amato et al., 2007; 
De Weger et al., 2011). The highest prevalence occurs in young adults: 
8%–35% of them in EEC countries have IgE serum antibodies to grass 
pollen (Burr, 1999; D’Amato, 2000). IgE- associated allergic diseases, 
such as asthma and rhinitis, are recognized as a global health problem 
that is constantly increasing in severity (Bousquet et al., 2011). These 
conditions have been recognized to significantly reduce the quality of 
life and to have a serious economic impact on society (Bosque, Van 
Cauwenberge, & Khaltaev, 2001).

Several scientists have investigated the importance of grass pol-
len as outdoor aeroallergen, focusing on the mechanisms of patient 
sensitization and therapies (Durham et al., 1999; Moreira et al., 2015; 
Tripodi et al., 2012), relationship between grains/allergens concentra-
tion and symptoms (Annesi- Maesano et al., 2012; Erbas et al., 2012; 
Feo Brito et al., 2010), patterns of emission (Emberlin et al., 2000; 
Fernández Rodríguez et al., 2014; Galán, Emberlin, Domínguez, Bryant, 
& Villamandos, 1995; Ghitarrini, Galán, Frenguelli, & Tedeschini, 2017; 
Sánchez- Mesa et al., 2003),  and influence of meteorological factors 
on the pollen season timing and intensity (García- Mozo, Mestre, & 
Galán, 2010; Ghitarrini, Tedeschini, Timorato, & Frenguelli, 2017; 
Smith et al., 2009; Zhang et al., 2015). The grasses that mostly con-
tribute to the airborne pollen load vary spatially, but those responsible 
for grass pollinosis are essentially included into a group of about 20 
species, principally belonging to the subfamily Pooideae. This subfam-
ily comprises also cultivated cereal species, such as wheat, barley, and 
corn, but these plants are known for not releasing relevant amounts of 
pollen in the atmosphere (e.g., cleistogamous species, or very big and 
heavy pollen grains). A minority of allergenic species of temperate and 
subtropical areas belong to subfamilies Chloridoideae, Panicoideae, 
Arundinoideae, and Bambusoideae (Weber, 2004). The allergenicity 
of Poaceae is linked to a limited number of proteins classified in 11 
allergen groups, each one referring to molecules with similar physico-
chemical and immunological properties (Hrabina, Peltre, Van Ree, & 
Moingeon, 2008). Those identified in one species can often have ho-
mologous in others (Andersson & Lidholm, 2003; Ferreira, Hawranek, 
Gruber, Wopfner, & Mari, 2004; www.allergome.org) . While some 
grass allergens are shared across the entire vegetal kingdom or be-
tween pollinating plants, others are restricted to Poaceae (group 1) or 

to Pooideae (groups 2 and 5). From a molecular point of view, the sub-
family Pooideae represents a very homogeneous group (Hrabina et al., 
2008); their pollen can be considered the most harmful, as it contains 
group 1 and 5 allergens, that together account for more than 80% of 
grass pollen allergenicity, and as such are the most critical allergens 
for sensitization and desensitization processes (Frenguelli et al., 2010; 
Niederberger et al., 1998; Valenta et al., 1999; Van Ree, van Leeuwen, 
& Aalberse, 1998).

Given this complex background, allergic patients are often polyex-
posed and polysensitized to a mix of allergens that changes with the 
geographical zone (Peltre, 2007). Classic aerobiological monitoring has 
some limitations in the dissection of grass pollen season. The problem 
arises from the overlapping flowering periods of the different species, 
and on the extreme morphological similarity of their pollen grains 
(Perveen, 2006), which does not allow their discrimination at species 
level through microscope identification. In fact, during the routine 
analysis of aerobiological samples, it is not possible to establish the 
relative levels of the different species pollinating in a certain area. This 
information, instead, would be very useful in the diagnosis and therapy 
planning. The diagnosis of grass pollen allergy has benefited in recent 
years from the advent of purified recombinant allergens. This new ap-
proach, called component- resolved diagnosis, allows the dissection 
of patient- specific patterns of IgE reactivity to grass pollen allergen 
at molecular level (Jutel et al., 2005; Laffer et al., 1996; Mari, 2003; 
Valenta, Vrtala, Ebner, Kraft, & Scheiner, 1992), and consequently, 
the selection of exactly those allergens for specific immunotherapy to 
which the patient is sensitized (Ball et al., 1999). Despite the existence 
of a certain level of sequence homology and thus cross- reactivity 
between grass allergens (Leiferman & Gleich, 1976), qualitative and 
quantitative differences exist between grass species. A significant 
source of heterogeneity arises from various protein isoforms origi-
nating from multiple genes, alternate splicing, or post- transcriptional 
modifications (Hrabina et al., 2008). For these reasons, the dissection 
of the presence of the diverse grass pollen taxa in the atmosphere 
of a certain area would be crucial in modern and personalized medi-
cal approaches. Airborne allergen monitoring would also be an option 
(Chapman, 1998), but it requires additional and specific equipment 
(Plaza, Alcázar, Velasco- Jiménez, & Galán, 2017).

Biomolecular techniques for the identification of organisms at 
various levels have become extremely common and relatively easy 
to apply. Over the past decade, the power of DNA barcoding has 
opened up new fields in taxonomic, ecological, and evolutionary re-
search by facilitating species identification (Bell et al., 2016), and 
recently, such approaches have been applied in the identification of 
plants based on their pollen. Pollen samples collected from honey-
bees, bee nests, and honey have been analyzed with barcoding and 
metabarcoding approaches in a number of studies, using both nu-
clear (e.g., ITS2; Keller et al., 2015; Richardson, Lin, Sponsler, et al., 
2015; Sickel et al., 2015;. actin; Torricelli, Pierboni, Tovo, Curcio, 
& Rondini, 2016) and plastidial (e.g., rbcL, trnL, matK) (Bruni et al., 
2015; Galimberti et al., 2014; Hawkins et al., 2015; Richardson, Lin, 
Quijia, et al., 2015; Valentini, Miquel, & Taberlet, 2010) marker re-
gions. Pollen DNA extraction and downstream processing are less 
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common with aerobiological samples, which contain a small but very 
complex amount of biologic material. Few researchers have worked 
on these issues; Longhi et al. (2009) conducted a preliminary in-
vestigation on the possibility to substitute microscopic counts with 
quantitative PCR (qPCR) analysis, but did not test the method on 
real samples. Kraaijeveld et al. (2015) developed an efficient proto-
col to identify and quantify pollen in mixed samples, based on next- 
generation sequencing. Nevertheless, such approach is not likely to 
be routinely applied, due to the time and costs needed to obtain and 
analyze metabarcoding sequencing data. Mohanty, Buchheim, and 
Levetin (2017) designed specific primers to be used in qPCR for a 
quick evaluation of the differential presence of Juniperus species in 
aerobiological samples.

The aim of this study was to assess a simple biomolecular proce-
dure, applicable on routine basis, to identify grass species in aerobio-
logical samples with higher resolution respect to microscope pollen 
counts. We identified a subset of Poaceae species among the most 
widespread in the area of Perugia (Central Italy) (Ghitarrini, Tedeschini, 
et al., 2017), all belonging to the Pooideae subfamily and highly aller-
genic, and exploited their DNA sequence to design fast real- time PCR 
protocols to verify their presence in different types of aerobiological 
real samples. The application of such techniques could integrate clas-
sic aerobiological monitoring data and help the “decomposition” of the 
cumulative grass pollination curve that usually represents a sum of the 

pollens released contemporarily by different species, which cannot be 
discriminated.

2  | MATERIALS AND METHODS

2.1 | Airborne pollen sampling

Routine pollen sampling has been continuously carried out in Perugia 
since 1982, using a volumetric Hirst- type 7- day spore trap (Hirst, 
1952) VPPS 2000 (Lanzoni, Bologna, Italy) placed on the roof of 
the Department of Agricultural, Food and Environmental Sciences 
(DSA3—University of Perugia) at about 20 meters above ground level. 
Special airborne pollen sampling took place from 18 April 2016 to 18 
September 2016—covering the main grass pollen season in the area 
of the study—by an identical volumetric sampler, placed on a ter-
race, about 10 meters away from the first one. As indicated in the 
Minimum Requirements published by Galán et al. (2014) and Jäger 
et al. (1995), for both of the traps, the sampling support consisted in a 
plastic tape (melinex) brushed with an adhesive silicon (polydimethyl-
siloxane) (Lanzoni, Bologna, Italy), on which the pollen grains stick dur-
ing the sampling. Samples from the first trap were prepared following 
the guidelines of the European Aerobiology Society Working Group 
(Galán et al., 2014) and used to perform traditional microscopic pol-
len counts as routine. The main parameters describing the grass pol-
len season (start, end, duration, peak day, annual pollen integral—API) 
were analyzed. The 5% threshold method (Nilsson & Persson, 1981) 
was used to calculate the start and end dates of the period of maxi-
mum pollen emission.

Melinex tapes from the second sampler were processed in various 
ways in order to extract DNA from the pollen stuck on its surface.

A Petri dish of 35 mm of diameter, with the bottom spread with 
silicon, was exposed on a specially built support, near the volumetric 
samplers, in order to catch pollen by gravimetric deposition. It was 
sheltered from the rain by a small canopy placed about 30 cm above 
the surface, thus leaving the air circulate freely over the samples. The 
dish was replaced weekly.

2.2 | Plant material collection

Species to be investigated were selected based on the information 
on their richness in allergens (Hrabina et al., 2008) and on their dis-
tribution in the area of Perugia (Frenguelli et al., 2010; Ghitarrini, 
Tedeschini, et al., 2017). They were as follows: Dactylis glomerata L. 
(orchard grass, Figure 1), Lolium perenne L. (perennial rye grass), Poa 
pratensis L. (Kentucky bluegrass), Festuca arundinacea L. (tall fes-
cue), and Phleum pratense L. (Timothy grass). Seeds, obtained by the 
research unit of Agronomy and Crop Science (DSA3 Perugia), were 
planted in 9- cm- diameter pots on universal potting soil, and kept in 
growing chamber under 16 hr of light/8 hr of dark, 22°C. When grass 
blades reached about 15 cm in height, leaves were grinded in liquid 
nitrogen and total DNA was isolated. A small amount of pollen of the 
same species was collected directly from flowering plants in the urban 
area of Perugia.

F IGURE  1 Dactylis glomerata panicle in full pollination (Perugia- 
Italy, spring 2015)
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For the constitution of the inclusivity and exclusivity panels of 
specificity, fresh leaves were collected from the Botanical Garden of 
Perugia, flour were bought from the supermarket, and certified refer-
ence materials for GMO (nonmodified DNAs and flour, American Oil 
Chemists’ Society—AOCS, USA. http://www.aocs.org/LabServices/
crm) already present in the laboratory were used (Table 1).

2.3 | Preparation of aerobiological samples, DNA 
extraction, and quality/quantity assessment

A melinex section corresponding to 1 day of sampling (48 mm × 18 mm) 
had to be collected in a 2- ml tube in order to perform DNA extraction. 
To make it possible, the daily sections were cut into smaller pieces 
following different strategies. Addition in the tube of five tungsten 
beads was also tested.

For gravimetric samples (Petri dishes), no preparation was needed: 
After exposure, they were simply plugged and sealed with parafilm 
until the beginning of the extraction protocol, when the first reagent 
was added directly in them.

DNA was extracted from leaves and flour by a cetyltrimethylam-
monium bromide (CTAB)- based method, in accordance with the ISO 
21571 2005/ADM 1:2013, and purified with NucleoSpin gDNA 
Clean- up (Macherey- Nagel).

DNA was isolated from loose Poaceae pollen grains and aerobio-
logical samples on different supports (melinex tape or Petri dish) using 
a modified CTAB method (Torricelli et al., 2016). Sterile distilled water 
was used as negative control for DNA extraction in each session. 
The protocol was tested also in association with the purification kit 
NucleoSpin® gDNA Clean- up (Macherey- Nagel). Real aerobiological 
samples collected in days with similar atmospheric pollen concentra-
tion were used as replicates in the melinex preparation and DNA ex-
traction procedure tests. Four replicates for each combination listed in 
Table 2 were analyzed.

For weekly melinex extraction, daily tubes were prepared (com-
bination II, Table 2) and extracted with the same protocol, apart from 
the elution phase, when only the tube corresponding to the first day of 
the week was added with 50 μl of sterile distilled water and incubated 
in thermomixer at 56°C for 1 min. After that, the DNA solution was 
transferred in the second tube and incubated like the first. The steps 
were repeated for all the seven tubes, in order to bulk DNAs from 
particles captured during the whole week.

The concentration of the extracted nucleic acids was determined 
both by Qubit™ dsDNA BR Assay kit (Thermo Fisher Scientific) and flu-
orimeter (BioSpectrometer® fluorescence, Eppendorf) for DNA from 
D. glomerata, L. perenne, F. arundinacea, P. pratense and P. pratensis 
leaves and loose pollen. For samples which were under the detection 
level of the instruments, or did not need precise quantification, esti-
mates of quantity and quality of the extracted DNA were assessed by 
inhibition test (Waiblinger & Grohmann, 2014) through fast real- time 
PCR, using as reference genes actin and/or tRNA-Leu (Laube et al., 
2010; primer–probe sets are shown in Table 3). The test consisted in 
analyzing two fast real- time PCR replicates of undiluted DNA and its 
dilution 1:4 for each extracted sample. In absence of inhibitors, the 

difference between the measured mean cycle threshold (Cq) of un-
diluted and diluted DNA (ΔCq) should be of 2, with an acceptability 
range of 1.5—2.5.

Plant DNAs used in specificity test were checked with actin fast 
real- time PCR inhibition assay, and concentrations were adjusted 
based on a Cq of 29- 30 when necessary (Torricelli et al., 2016).

In fast real- time assay results, Cqs = undetermined are negative re-
sults, for no amplification observed.

2.4 | Primers and probe design

Three pairs of primers, directed to different parts of the plant genome, 
were found in bibliography (Cuénoud et al., 2002; Drumwright, Allen, 
Huff, Ritchey, & Cahoon, 2011; Mason- Gamer, Weil, & Kellogg, 1998) 
and used to perform a first screening of the five species of interest. 
They were directed to the nuclear waxy gene (F- for/K- bac), and the 
plastidial rbcL (rbcl- F/rbcl- R) and matK (matK 390- F/matK 1326- 
R) genes, which have been often targeted in barcoding approaches 
(Table 3). Primers (Sigma- Aldrich) were used to amplify leaf DNA 
under the published conditions. All the PCR products were purified 
using the illustra GFX PCR DNA and GEL Band Purification kit (GE 
Healthcare), and Sanger sequenced. Sequences were aligned using 
MEGA6 Software (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013). 
matK sequences, of higher quality, were analyzed to identify polymor-
phic regions. New primer pairs with different levels of discriminating 
power (subfamily/species) were designed using Primer3 (Untergrasser 
et al., 2012). The matk- PGP TaqMan probe, for real- time PCR assay, 
was designed using Primer Express software 3.01 (Thermo Fisher 
Scientific), to hybridize a conserved trait of matK sequences from the 
five studied species. A 6- carboxyfluorescein (FAM) dye was linked 
at the 5′- end and a non–fluorescent minor groove binder quencher 
(MGB) at the 3′- end of the probe. Probe was purchased from Thermo 
Fisher Scientific. The oligonucleotide sequences are listed in Table 3. 
The alignment of Poaceae matK fragment on which the sequences 
were studied is shown in Figure S1.

2.5 | Fast real- time PCR

Real- time PCRs were run in a 7900HT Fast Real- Time PCR System 
(Thermo Fisher Scientific), in a reaction volume of 20 μl. Those with 
TaqMan chemistry (used for specificity/sensitivity tests and for the 
screening of real samples with subfamily- specific primers) were per-
formed in fast mode, with 1× of TaqMan® Fast Universal PCR Master 
Mix (2×) No AmpErase UNG (Thermo Fisher Scientific), 900 nmol/L of 
each primer, 200 nmol/L of probe, 2 μl DNA, using the following cy-
cling conditions: 95°C for 20 s, 40 cycles with 95°C for 3 s, and 60°C 
for 30 s. The annealing temperatures of 65, 66, and 67°C were also 
tested for the species- specific detection of D. glomerata, P. pratense, 
F. arundinacea, and P. pratensis.

In the nested fast real- time PCR, 40 initial rounds of amplifica-
tions were performed as indicated in TaqMan chemistry, with Ph matK 
3- F and Poa matK 1- R primers (P4 system, see further), but without 
probe. For the second step, 1 μl of the PCR product from the initial 
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TABLE  1  Inclusivity and exclusivity panels of specificity. Considered taxa, type of material from which DNA was obtained, and combinations  
of primers, tested in fast real- time with matK- PGP probe, are reported

System name P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Primer forward Ph matK 1- F Fe matK 2- F Poa matK 3- F Ph matK 3- F Da matK 4- F Ph matK 1- F Fe matK 2- F Poa matK 3- F Ph matK 3- F Poa matK 1- F

Primer reverse Poa matK 1- R Poa matK 1- R Poa matK 1- R Poa matK 1- R Poa matK 1- R Da matK 1- R Da matK 1- R Da matK 1- R Da matK 1- R Da matK 1- R

Family Subfamily/Tribe Genus Species Plant material

Inclusivity panel

C+ mix Poideae ++ ++ +++ ++ +++ ++ ++ +++ ++ ++

1 Poaceae Pooideae Poa pratensis Leaf ++ + + +++ ++ + ++ ++ ++
2 Poaceae Pooideae Lolium perenne Leaf ++ ++ ++ + +++ ++ + ++ + +
3 Poaceae Pooideae Dactylis glomerata Leaf ++ ++ ++ +++ ++ + +++ +++ ++
4 Poaceae Pooideae Phleum pratense Leaf +++ + ++ ++ ++ ++ + ++ ++ +
5 Poaceae Pooideae Festuca arundinacea Leaf ++ +++ ++ + +++ + ++ ++ + +
6 Poaceae Pooideae Triticum durum Flour ++ ++ ++ +

7 Poaceae Pooideae Triticum aestivum Flour ++ + ++ ++ +

8 Poaceae Pooideae Triticum dicoccum Flour ++ +++ ++ +

9 Poaceae Pooideae Triticum turgidum Flour ++ + ++ ++ +

10 Poaceae Pooideae Secale cereale Flour ++ ++ ++ +

11 Poaceae Pooideae Avena fatua Leaf + + +

12 Poaceae Pooideae Bromus inermis Leaf + + ++ + +

13 Poaceae Pooideae Hordeum murinum Leaf ++ + ++ ++ +

16 Poaceae Pooideae Hordeum vulgare Flour ++ ++ ++ +

14 Poaceae Ehrhartoideae Oryza sativa Leafa +

15 Poaceae Panicoideae Zea mays Flourb + + +

17 Poaceae Panicoideae Sorghum vulgare Flour + ++ +

18 Poaceae Panicoideae Panicum miliacearum Flour + + +

19 Poaceae Arundinoideae Phragmites australis Leaf +

20 Poaceae Danthonioideae Cortaderia selloana Leaf

21 Poaceae Bambusoideae unknown unknown Leaf + ++ + ++

Exclusivity panel

1 Oleaceae Oleoideae Olea europaea Leaf nt nt nt nt nt nt nt nt

2 Urticaceae Parietarieae Parietaria officinalis Leaf nt nt nt nt nt nt nt nt

3 Fagaceae Quercoideae Quercus ilex Leaf nt nt nt nt nt nt nt nt

4 Cupressaceae Cupressoideae Cupressus sempervirens Leaf nt nt nt * nt nt nt nt nt

5 Salicaceae Saliceae Salix babylonica Leaf nt nt nt nt nt nt nt nt

6 Salicaceae Saliceae Populus alba Leaf nt nt nt nt nt nt nt nt

7 Pinaceae Pinoideae Pinus pinea Leaf nt nt nt nt nt nt nt nt

8 Asteraceae Asteroideae Artemisia absithium Leaf nt nt nt nt nt nt nt nt

9 Solanaceae Solanoideae Solanum melongena Leaf nt nt nt nt nt nt nt nt

10 Solanaceae Solanoideae Capsicum annuum Leaf nt nt nt nt nt nt nt nt

11 Malvaceae Malvoideae Gossypium hirsutum Flourc nt nt nt nt nt nt nt nt

12 Brassicaceae Brassiceae Brassica napus Leaf nt nt nt nt nt nt nt nt

13 Fabaceae Faboideae Lens culinaris Leaf nt nt nt nt nt nt nt nt

14 Fabaceae Faboideae Vicia faba Leaf nt nt nt nt nt nt nt nt

15 Rosaceae Rosoideae Rubus idaeus Leaf nt nt nt nt nt nt nt nt

16 Betulaceae Coryloideae Corylus avellana Leaf nt nt nt * nt nt nt nt nt

17 Asteraceae Asteroideae Ambrosia artemisiifolia Leaf nt nt nt nt nt nt nt nt

18 Apiaceae Selinea Angelica sylvestris Leaf nt nt nt nt nt nt nt nt

+++, Cq < 20; ++, 20 ≤ Cq < 30; +, Cq ≥ 30; empty box, negative result; *, unspecific amplification, with Cq > 36; nt, not tested.
aNonmodified rice leaf tissue genomic DNA AOCS 0306- D3.
bNonmodified maize powder AOCS 0406- A.
cNonmodified cotton powder AOCS 0804- A.
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TABLE  1  Inclusivity and exclusivity panels of specificity. Considered taxa, type of material from which DNA was obtained, and combinations  
of primers, tested in fast real- time with matK- PGP probe, are reported

System name P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Primer forward Ph matK 1- F Fe matK 2- F Poa matK 3- F Ph matK 3- F Da matK 4- F Ph matK 1- F Fe matK 2- F Poa matK 3- F Ph matK 3- F Poa matK 1- F

Primer reverse Poa matK 1- R Poa matK 1- R Poa matK 1- R Poa matK 1- R Poa matK 1- R Da matK 1- R Da matK 1- R Da matK 1- R Da matK 1- R Da matK 1- R

Family Subfamily/Tribe Genus Species Plant material

Inclusivity panel

C+ mix Poideae ++ ++ +++ ++ +++ ++ ++ +++ ++ ++

1 Poaceae Pooideae Poa pratensis Leaf ++ + + +++ ++ + ++ ++ ++
2 Poaceae Pooideae Lolium perenne Leaf ++ ++ ++ + +++ ++ + ++ + +
3 Poaceae Pooideae Dactylis glomerata Leaf ++ ++ ++ +++ ++ + +++ +++ ++
4 Poaceae Pooideae Phleum pratense Leaf +++ + ++ ++ ++ ++ + ++ ++ +
5 Poaceae Pooideae Festuca arundinacea Leaf ++ +++ ++ + +++ + ++ ++ + +
6 Poaceae Pooideae Triticum durum Flour ++ ++ ++ +

7 Poaceae Pooideae Triticum aestivum Flour ++ + ++ ++ +

8 Poaceae Pooideae Triticum dicoccum Flour ++ +++ ++ +

9 Poaceae Pooideae Triticum turgidum Flour ++ + ++ ++ +

10 Poaceae Pooideae Secale cereale Flour ++ ++ ++ +

11 Poaceae Pooideae Avena fatua Leaf + + +

12 Poaceae Pooideae Bromus inermis Leaf + + ++ + +

13 Poaceae Pooideae Hordeum murinum Leaf ++ + ++ ++ +

16 Poaceae Pooideae Hordeum vulgare Flour ++ ++ ++ +

14 Poaceae Ehrhartoideae Oryza sativa Leafa +

15 Poaceae Panicoideae Zea mays Flourb + + +

17 Poaceae Panicoideae Sorghum vulgare Flour + ++ +

18 Poaceae Panicoideae Panicum miliacearum Flour + + +

19 Poaceae Arundinoideae Phragmites australis Leaf +

20 Poaceae Danthonioideae Cortaderia selloana Leaf

21 Poaceae Bambusoideae unknown unknown Leaf + ++ + ++

Exclusivity panel

1 Oleaceae Oleoideae Olea europaea Leaf nt nt nt nt nt nt nt nt

2 Urticaceae Parietarieae Parietaria officinalis Leaf nt nt nt nt nt nt nt nt

3 Fagaceae Quercoideae Quercus ilex Leaf nt nt nt nt nt nt nt nt

4 Cupressaceae Cupressoideae Cupressus sempervirens Leaf nt nt nt * nt nt nt nt nt

5 Salicaceae Saliceae Salix babylonica Leaf nt nt nt nt nt nt nt nt

6 Salicaceae Saliceae Populus alba Leaf nt nt nt nt nt nt nt nt

7 Pinaceae Pinoideae Pinus pinea Leaf nt nt nt nt nt nt nt nt

8 Asteraceae Asteroideae Artemisia absithium Leaf nt nt nt nt nt nt nt nt

9 Solanaceae Solanoideae Solanum melongena Leaf nt nt nt nt nt nt nt nt

10 Solanaceae Solanoideae Capsicum annuum Leaf nt nt nt nt nt nt nt nt

11 Malvaceae Malvoideae Gossypium hirsutum Flourc nt nt nt nt nt nt nt nt

12 Brassicaceae Brassiceae Brassica napus Leaf nt nt nt nt nt nt nt nt

13 Fabaceae Faboideae Lens culinaris Leaf nt nt nt nt nt nt nt nt

14 Fabaceae Faboideae Vicia faba Leaf nt nt nt nt nt nt nt nt

15 Rosaceae Rosoideae Rubus idaeus Leaf nt nt nt nt nt nt nt nt

16 Betulaceae Coryloideae Corylus avellana Leaf nt nt nt * nt nt nt nt nt

17 Asteraceae Asteroideae Ambrosia artemisiifolia Leaf nt nt nt nt nt nt nt nt

18 Apiaceae Selinea Angelica sylvestris Leaf nt nt nt nt nt nt nt nt

+++, Cq < 20; ++, 20 ≤ Cq < 30; +, Cq ≥ 30; empty box, negative result; *, unspecific amplification, with Cq > 36; nt, not tested.
aNonmodified rice leaf tissue genomic DNA AOCS 0306- D3.
bNonmodified maize powder AOCS 0406- A.
cNonmodified cotton powder AOCS 0804- A.



4002  |     GHITARRINI eT Al.

amplification was used as template in a subsequent fast real- time PCR 
of TaqMan chemistry, performed in the same conditions described 
above (other 40 cycles) with matK- PGP probe-  and species- specific 

primer couples at appropriate annealing temperatures. Control reac-
tions in the absence of template (NTC, no- template control) were in-
cluded in each assay.

TABLE  3 List of the all oligonucleotides used in this work

Name Sequence (5′–3′) Amplicon length (bp) Reference

act- fa CAAGCAGCATGAAGATCAAGGT ~103 Laube et al. (2010)

act- ra CACATCTGTTGGAAAGTGCTGAG

act probea FAM—CCTCCAATCCAGACACTGTACTTYCTCTC—TAMRA

tRNALeu- fa ATTGAGCCTTGGTATGGAAACCT ~90

tRNALeu- ra GGATTTGGCTCAGGATTGCC

tRNALeu- probea FAM—TTAATTCCAGGGTTTCTCTGAATTTGAAAGTT—
TAMRA

F- for (waxy)b TGCGAGCTCGACAACATCATGCG ~350 Mason- Gamer et al. (1998)

K- bac (waxy)b GCAGGGCTCGAAGCGGCTGG

rbcL- Fb TTGCAAAGGTTTCATTTACGC ~750 Drumwright et al. (2011)

rbcL- Rb TACCTGCAGTCGCATTCAAG

matK 390- Fb,c CGATCTATTCATTCAATATTTC ~850 Cuénoud et al. (2002)

matK 1326- Rb,c TCTAGCACACGAAAGTCGAAGT

Da matK 1- R CGATCAAGAATATCCCAATCTGAC Various combinations 
and lengths

This work

Da matK 1- F TCTTGCTTTGATTTTATGGGGT

Da matK 4- F ATACCATAGTTCCCGCTACTGT

Ph matK 1- R ATCCGACCAAATCGATCAAG

Ph matK 1- F GAATCAAATGCTGGAGAATTCG

Ph matK 3- R TGCATTCGAGTATCTATTAGAAAC

Ph matK 3- F GTACCTTATCCATTTGTGGC

Lo matK 1- R GGTACCCCATAAAATCAAAGCA

Lo matK 1- F CTTTTTGCATCAAAAGGTACTCC

Fe matK 2- F CCAAAAAGTCCTTTCTTAGTAAAGAATA

Poa matK 1- R TTTCTACATATCCGACCAAACC

Poa matK 1- F CATTTCTAATAGATACTCGAATGCC

Poa matK 3- R GGGAACTATGGTATCGAATTTTG

Poa matK 3- F CGCGAAGGATCCATCTAAACC

matK- PGP Probe FAM—GGATACTTATCAAAAGCTCA—MGB

aUsed to detect reference genes in DNA quality/quantity assessments.
bUsed for a first sequence comparison between the five species of interest.
cUsed to generate matK sequences on which all the other primers and the probe have been designed.

TABLE  2 Different types of sample preparation tested prior to the extraction of DNA from daily melinex sections

Whole daily melinex/longitudinal 
half Spiraled/Cut Number of pieces

Tungsten beads added 
(Yes/No)

Ranking (based on 
average yield)

I Whole Cut 12 Yes 2

II Whole Cut 12 No 1

III Half Cut 6 Yes 6

IV Half Cut 6 No 4

V Half Spiraleda – Yes 5

VI Half Spiraleda – No 3

aKraaijeveld et al. (2015).
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A SYBR Green assay (Thermo Fisher Scientific) was also tested for 
the assessment of primer specificity, but it did not allow discrimination 
and thus was not used eventually.

2.6 | Specie- specific and subfamily (Pooideae)- 
specific methods

The alignment and polymorphism analysis of matK amplicons allowed 
the design of several primers, which were combined and tested in 
order to find the right pair for each species. Suitable couples were 
tested with SYBR Green and TaqMan (with matk- PGP probe) chemis-
tries on leaf DNA from all the studied species. For primer combinations 
deemed appropriate, stringency was heightened gradually, increasing 
annealing temperatures until only the right species amplified.

Given the high number of available primer combinations, the 
possibility of other identification approaches was tested. Ten stud-
ied couplings of primers (systems P1–P10) were used to screen, by 
TaqMan matk- PGP real- time PCR, an inclusivity panel composed of 
DNAs from Poaceae species (including the five studied) belonging to 
several subfamilies. Those which gave interesting amplification pro-
files were tested also versus an exclusivity panel of plants belonging 
to other families to verify specificity; discrepant results were verified 
exploiting published matK sequences and BLAST (https://www.ncbi.
nlm.nih.gov). Eventually, P4 and P5 systems were selected to be used 
in the analysis of real aerobiological samples. Primer combination for 
each system, and inclusivity and exclusivity panel species are listed 
in Table 1.

To test the sensitivity of developed systems, fast real- time PCRs 
were performed on scalar dilutions of the template (leaf DNA of cor-
respondent species for the species- specific ones, and a homogeneous 
mix of leaf DNA from the five grasses for P5), in order to establish the 
minimum quantity of target that should be present in a sample to be 
detected.

Systems were finally used to screen a selection of DNAs among 
those extracted from real aerobiological samples. In this phase, a mix 

of DNA from D. glomerata, L. perenne, P. pratense, F. arundinacea, and 
P. pratensis leaves, at a concentration of 30 ng/μl, was used as positive 
control for the Pooideae- specific method. Two mixtures of DNA were 
used as positive direct templates in the second step of the nested ap-
proach (the species- specific one): One was the same as above, but at a 
concentration of 15 ng/μl, while the second was a homogeneous mix 
of pollen DNA from the same species.

3  | RESULTS

3.1 | Aerobiological data

In 2016, the grass pollen season in Perugia (Central Italy) started on 
May 1 and ended on August 12. The API (cumulative sum of the daily 
concentrations registered along the season) was 2,443, and the peak 
was reached on May 28, with a value of 99 Poaceae pollen grains/m3. 
Figure 2 reports the trend of daily atmospheric concentration values.

3.2 | Comparison between different DNA 
extraction strategies

The first trial consisted in applying the existing extraction protocol 
on some randomly selected daily melinex samples (corresponding to 
April 30, May 7, and May 9, prepared like in combination II, Table 2) 
and 30 mg of loose D. glomerata pollen. At the end of the protocol, 
the presence and quality of total nucleic acids was evaluated trough 
the inhibition test with fast real- time PCR, using actin as reference 
gene (theoretically present in single copy in all eukaryotic cells), be-
fore and after the treatment with the purification kit. Double elu-
tion was also tested for pollen. Cqs values showed that the protocol 
is suitable for DNA extraction from the tested matrixes, but the 
purification after extraction is not convenient as it reduces nucleic 
acid yield (Table S1).

Daily melinex tapes collected in days in which similar atmo-
spheric pollen concentrations (between 100 and 200 pollen grains/ 
m3 of air) were registered were chosen to compare the preparation 
methods listed in Table 2. In this case, after extraction, quantity and 
quality of DNA were assessed by means of fast real- time PCR with 
tRNA-Leu as reference gene (plastidial gene, present only in plant 
cells). One- way ANOVA was applied on Cqs obtained from samples 
cut into 12 pieces, treated or not with tungsten beads. A default Cq 
value of 40 was assigned to samples that did not show amplification. 
Statistics indicated that no significant difference exists between the 
two methods’ efficiency (Figure 3a). For daily melinex longitudinal 
halves, two- way ANOVA showed no significant change in yield if spi-
raling the tape rather than cutting it into six pieces. The presence of 
beads, instead, seems to significantly reduce the quantity and quality 
of extracted nucleic acids (Figure 3b,c). No significant interaction was 
recorded between the cutting strategy and the presence/absence of 
beads. The average Cq of all the samples prepared with combination 
I and II is 29.46 ± 1.49, while with combinations III, IV, V, and VI it is 
31.79 ± 1.50, confirming what is deductible, that is, using the whole 
daily melinex ensures greater DNA yield.

F IGURE  2 Trend of atmospheric grass pollen concentration in the 
area of the study, 2016. The period of maximum pollen emission is 
evidenced

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
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Some weekly samples (melinex tape and Petri dishes) were se-
lected to evaluate DNA extraction from deposited pollen: Cqs to tR-
NA-Leu were analyzed, and results are reported in Table 4.

3.3 | Development and optimization of species- 
specific primers

The primers, designed on single nucleotide polymorphisms (SNPs) 
between matK sequences of the species of interest, were coupled 
in several combination in order to obtain species- specific amplifica-
tions. The selected couples were tested on the same amount of leaf 
DNA for each grass. SYBR Green chemistry did not allow a discrimi-
nation, due to the nonspecific and not- saturating nature of the nu-
cleic acid- binding dye (Table S2). In TaqMan matK- PGP systems, the 
annealing temperature (Ta) of 60°C was firstly applied, and couples 
that gave sensibly lower Cqs for the target species were tested at 
higher stringency condition, raising the Ta until a single species gave 
amplification (Table S3). Eventually, couples of species- specific 
primers were obtained for D. glomerata, P. pratense, F. arundinacea, 
and P. pratensis (Table 5). No identification system was found for 
L. perenne, as its specific SNPs were too far from matK- PGP probe 
position in the sequence. For the four species- specific systems, sen-
sitivity was also assessed (Table S4) and final results are reported 
in Table 5.

3.4 | Development and optimization of subfamily- 
specific methods

Aligning the sequences of the five species of interest with matK se-
quences from other Poaceae found in bibliography, the possibility 
to obtain systems with different levels of specificity emerged. New 
combinations of the designed primers were identified (all suitable for 
the use with TaqMan matK- PGP probe) and tested on an inclusiv-
ity panel of grass species belonging to several subfamilies (Table 1). 
P5 showed an interesting positivity profile, including only specimens 
from Pooideae subfamily. P4 and P10 also caught the attention, am-
plifying exclusively the five species object of this study. Moreover, P4 
amplicon includes those from all four developed species- specific sys-
tems, and thus was chosen to be used as pre- amplification system in 
a nested PCR approach with them. P4 and P5 were tested also versus 
an exclusivity panel of species belonging to other subfamilies. Only 
two cases of slight unspecific amplification were highlighted: cypress 
(Cupressus sempervirens) and hazel (Corylus avellana) (Table 1). matK 
sequences of these species, found in databases, were blasted versus 
grass matK sequences. No significant similarity was found for the for-
mer, while for the latter, the alignment revealed a 76% of sequence 
identity in the DNA region comprised between the primers of P5. The 
sensitivity of this system was also assessed, and its limit of detection 
resulted to be of 0.0002 ng of template.

F IGURE  3 Evaluation of different 
sample preparation strategies prior to 
extraction. Lower Cq corresponds to 
faster achievement of the threshold, 
indicating a higher presence of template 
in the sample and, thus, a more efficient 
extraction. (a) When using the whole daily 
melinex, adding tungsten beads does not 
lead to a significant increase in yield. (b) 
In the treatment of half daily melinex, 
yields are better than the average (total) 
in the absence of beads, while cutting 
or spiraling the tape does not lead to 
significant differences. (c) Boxplot showing 
results obtained with the four different 
combinations of sample preparation 
methods
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3.5 | Screening of real samples

The developed identification systems (species-  and subfamily- specific) 
were finally tested on a set of DNAs extracted from real aerobiological 
samples. First trials with systems listed in Table 5 on real samples did 
not allow the detection of the species, probably due to extremely low 
levels of template. Most likely for the same reason, P4 system alone 
did not gave detectable amplification (data not shown). But when 
they were coupled in the nested PCR to increase the concentration 
of target DNA, amplification appeared. Fast real- time with P5 prim-
ers revealed the presence/absence of pollen from grasses belong-
ing to Pooideae subfamily. Reference days of the analyzed samples, 
with pollen concentrations registered through classic aerobiological 
monitoring, and fast real- time outcomes of the applied systems, are 
presented in Table 6.

4  | DISCUSSION

The application of the pollen DNA extraction protocol, developed by 
Torricelli et al. (2016), allowed to isolate genetic material of gener-
ally good quality from aerobiological samples collected by traps and 
loose D. glomerata pollen grains. Nevertheless, nucleic acid concen-
tration was below the instrumental detection level, and an evaluation 

of quantity was made through fast real- time PCR toward actin gene 
(Table S1). Cqs were high on average—close to the threshold value of 
40—reflecting a low concentration of template DNA (that could be due 
to a low number of starting biological particles and/or low efficiency 
of the method), but quality was good (ΔCqs comprised between 1.5 
and 2.5) in all the extractions, except one. Both quantity and quality 
lowered after treatment with the purification kit, and therefore, this 
step was eliminated in all subsequent extractions. When actin (which 
is present in all eukaryotic cells) was used as reference gene, not only 
DNA from pollen, but also from fungi and small insects was probably 
amplified. However, being it a nuclear, single- copy gene, its presence 
in such samples is of difficult detection. For this reason, we decided 
to skip to tRNA-Leu as reference gene in the following analysis. The 
chosen primer–probe system, designed by Laube et al. (2010), is plant 
specific, allowing the detection of DNA extracted from pollen only. 
Moreover, it is plastidial, and therefore present in multiple copy in each 
cell, pollen cells comprised (Tang et al., 2009), raising the amplification 
signal in fast real- time PCR. On the other hand, referring to a multiple- 
copy gene has the disadvantage to impede precise quantitative evalu-
ations, because every species, and potentially every pollen grain, carry 
a different number of plastids. Another way to evaluate the relative 
efficiency of the different extraction procedures would have been the 
constitution of realistic artificial samples, containing pollen grains from 
a legit mix of taxa, in a total fixed amount for each type, resembling 

TABLE  4 Results of DNA extraction from weekly supports. Cqs to tRNA-Leu, as for daily samples, reflect the total plant DNA extracted

Sample name Week
Cumulative pollen 
concentration (grains/m3)

Cumulative Poaceae pollen 
concentration (grains/m3) Support

Mean Cq 
(tRNA-Leu)

1824M April 18–24 1,540 41 Melinex 25.16

305M May 30–June 5 1,889 189 Melinex 24.52

305P Petri dish 26.71

612M June 6–12 1,596 223 Melinex 25.71

612P Petri dish 27.91

410P July 4–10a 537 105 Petri dish Und

1824P July 18–24 303 45 Petri dish 30.40

814P August 8–14 411 18 Petri dish 28.42

2228P August 22–28a 305 20 Petri dish 34.73b

294P August 29–September 4a 306 23 Petri dish Und

aTechnical problems during extraction.
bΔCq > 2.5, low- quality DNA.

TaqMan® matK- PGP probe

D. glomerata P. pratense F. arundinacea P. pratensis

System Name Da 2 Ph 1 Fe 1 Poa 1

Primer for Da matK 4- F Ph matK 1- F Fe matK 2- F Poa matK 1- F

Primer rev Da matK 1- R Ph matK 1- R Ph matK 1- R Poa matK 1- R

Ta 67°C 66°C

Sensitivity (ng) 0.15 0.15 0.6 6

Dactylis glomerata, D. glomerata; Phleum pratense, P. pratense; Festuca arundinacea, F. arundinacea; Poa 
pratensis, P. pratensis.

TABLE  5 Species- specific systems
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the average quantity of grains that can be found on a spring–summer 
aerobiological daily slide. Unfortunately, pure loose pollen from differ-
ent plants was not available in the context of this study. The alternative 

strategy proposed was to use real aerobiological samples collected in 
days with similar atmospheric pollen concentration as replicates. We 
selected melinex fragments collected during 2016 Poaceae pollen 

TABLE  6 List of the analyzed aerobiological samples, with the DNA extraction method applied (numbers referring to Table 2) and results of 
fast real- time PCR with different identification systems (samples which did not amplify tRNA-Leu were not further analyzed and are not shown). 
For the species- specific systems, only the positivity (+) is reported

Reference 
period (2016)

Aerobiological information

Sample
Extraction 
method

tRNA- Leu
(Cq)

P5 
(Cq)

Nested with P4

Pollen/m3 Poaceae pollen/m3 Da 2 Ph 2 Fe 1 Poa 1

26- April 149 6 26A- 6P. 3 33.78 Und

26A- S. 5 33.23 Und

05- May 140 8 5M- 6P 4 31.11 37.62 + + +

5M- S 6 31.94 Und

06- May 166 6 6M- 12P 2 25.71 35.27 + + + +

08- May 108 8 8M- 6P 4 31.87a 39.16 + +

8M- S 6 30.34 39.81

10- May 129 18 10M- S. 5 30.28 38.96 + + + +

13- June 125 23 13G- 12P 2 27.33 34.67

14- June 193 54 14G- 12P 2 31.42 35.17 +

17- June 187 31 17G- 12P. 1 29.71 Und

18- June 162 50 18G- 12P. 1 29.55 39.32

21- June 131 16 21G- 6P. 3 39.72a Und

21G- S. 5 33.45 Und +

23- June 127 29 23G- 12P. 1 32.82a Und

25- June 184 46 25G- S 6 30.56 36.12

25G- S. 5 30.91 Und

28- June 115 29 28G- 6P 4 31.43 37.43 +

28G- S 6 32.20 37.48 + + +

29- June 173 30 29G- S 6 32.22 37.68

29G- S. 5 30.62 38.57

30- June 164 31 30G- S 6 32.56 36.03 + + +

30G- S. 5 30.90 38.15

02- July 125 29 2L- 6P 4 31.95 38.10 + +

2L- S 6 28.86 Und

03- July 169 34 3L- S 6 31.14 35.91 +

3L- S. 5 28.46 Und

04- July 117 23 4L- 12P 2 29.10 38.39 +

07- July 122 5 7A- 12P 2 30.04 38.34 +

∑Pollen/
m3

∑Poaceae 
pollen/m3 Weekly

18–24 April 1,540 41 1824P Melinex 25.16 34.87 + +

30 May–5 
June

1,889 189 305M Melinex 24.52 29.08 + + + +

305P Petri dish 26.71 33.6 + + + +

6–12 June 1,596 223 612M Melinex 25.71 30.49 + + + +

612P Petri dish 27.91 34.33 + + + +

18–24 July 303 45 1824P Petri dish 30.40 38.77

8–14 August 411 18 814P Petri dish 28.42 Und

22–28 August 305 20 2228P Petri dish 34.73a Und

aΔCq <1.5 or >2.5, low- quality DNA.
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season, corresponding to days in which an atmospheric concentration 
of total pollen between 100 and 200 grains/m3 was registered. This 
value was chosen being the most frequent along the sampling period, 
and reflecting a not “extreme” aerobiological situation (too low or too 
high pollen presence in the atmosphere). Poaceae pollen concentration 
of the same days oscillated between 5 and 54 grains/m3, comprising 
values definable low (1–25 grains/m3), medium (26–50 grains/m3), and 
high (above 50 grains/m3) (Galán, Cariñanos, Alcázar, & Domínguez, 
2007). Cqs of the extracts to tRNA-Leu were analyzed by ANOVA to un-
derstand which sample preparation method leads to better DNA yields. 
Not surprisingly, the use of the whole daily melinex section resulted 
preferable. When extracting from half sample, spiraling the melinex 
or cutting it into six pieces did not lead to significantly increased ef-
ficiency (Figure 3), but the former procedure, proposed by Kraaijeveld 
et al. (2015), seemed practically easier, faster, and less “disturbing” for 
the sample surface. The addition of beads resulted not significantly fa-
vorable when using the whole tape section, and reduced the efficiency 
in half melinex samples (Figure 3): This is probably due to excessive 
beating, which can cause nucleic acid shredding. Overall, this passage 
resulted not convenient in our study, in terms of yield, practicality, and 
costs, although bead beating is provided in other published protocols 
for DNA extraction from aerobiological matrixes (Kraaijeveld et al., 
2015; Mohanty et al., 2017). Melinex fragments were observed under 
the microscope after DNA extraction treatments: Independently from 
the preparation method, the almost totality of the pollen grains were 
removed from the surface. Extraction from weekly melinex is conveni-
ent as it bulks DNA from 7 days, increasing the amount of template 
available for subsequent analysis. When comparing its Cqs with those 
from Petri dishes (Table 4, weeks May 30–June 5 and June 6–12), 
weekly melinex gave higher yields. Nonetheless, with the exception of 
a couple of samples which underwent technical problems during ex-
traction, DNA recovery from dishes was possible with the proposed 
protocol (Table 4).

The second phase of this research regarded the assessment of molec-
ular methods capable to identify grass pollen from aerobiological samples 
at a higher level than the family. Metabarcoding approaches, based on 
high- throughput sequencing, have already been proposed for the anal-
ysis of pollen mixed samples (Keller et al., 2015; Kraaijeveld et al., 2015; 
Sickel et al., 2015), but they require expensive machinery and trained bio-
informaticians capable to manage the huge data outcome. Mohanty et al. 
(2017), instead, used qPCR to analyze aerobiological samples quickly, ver-
ifying the presence and quantity of Juniperus species. To our knowledge, 
no information has been published about molecular analysis of airborne 
grass pollen to integrate classic aerobiological data.

Here, five among the most widespread and allergenic Poaceae spe-
cies in Europe were selected as target for a barcoding approach. When 
aligning their matK sequences, high similarity was observed (Figure S1), 
but several SNPs could be exploited to draw species- specific primer. 
The first identification attempt, with SYBR Green chemistry, did not 
allow a discrimination (Table S2), and thus, we decided to switch to 
TaqMan®, designing a general probe to be coupled with species- 
specific primers. Unfortunately, this change of strategy led to the im-
possibility to develop primers for Lolium perenne, but it was still used 

as control (alone or in the Poaceae mix samples) in following trials and 
in subfamily- specific systems. Species- specific systems were obtained 
for the four remaining species (Table 5), even if their sensitivity levels 
are not excellent (Table S4), probably due to the highly stringent PCR 
conditions needed to avoid nonspecific pairing of the primers (Table 
S3). When observing the amplification profile of Pooideae methods (P1 
to P10, Table 1), P4 showed as a good tool to pre- amplify the evidently 
low quantity of DNA from the five species of interest present in the 
samples, and perform a nested PCR with species- specific systems. All 
the samples that had resulted positive to tRNA-Leu were screened with 
the nested approach. Presence/absence of the species was evaluated 
(Table 6—only qualitatively), but the pattern of appearance along the 
grass pollen season was not always clear. For example, it is not likely 
to find flowering P. pratense at the beginning of May, or F. arundinacea 
and D. glomerata at the end beginning of July, in Central Italy (Frenguelli 
et al., 2010; Ghitarrini, Tedeschini, et al., 2017), even if phenomena of 
transport from other latitudes and/or resuspension after deposition 
could be involved. Sometimes species were detected in a half of the 
sample and not in the other (e.g., May 8, June 30), and this can indicate 
low efficiency of extraction and/or of detection. The outcome seemed 
much more reliable when screening weekly samples, both from me-
linex and Petri dishes. The period of main pollen emission for Poaceae, 
in the area of the study (2016), started on May 1. In fact, in week 18 
April 2016 to 24 April 2016, only early flowering species (D. glomer-
ata and F. arundinacea) were detected. On the other hand, all the four 
species were present consistently in samples collected between May 
30 and June 12, coinciding with the period of maximum pollen emis-
sion, just after the peak, registered on May 28. Late season samples 
(July 18–24, August 8–14, August 22–28) showed a legit absence of 
the species, as in the considered area, this period is commonly domi-
nated by non- Pooideae grasses, such as Cynodon, Digitaria, Setaria, and 
Echinocloa species (Ghitarrini, Tedeschini, et al., 2017). Overall results 
suggest that, until the DNA extraction protocol for aerobiological daily 
mixed samples is not optimized, the extraction on weekly basis ensures 
a higher amount and better representativeness of the templates for 
qualitative identification at species level.

The subfamily- specific system, P5, showed a good level of sen-
sitivity, compared to those of the species- specific primers. The un-
specific amplification signals showed in the test toward the exclusivity 
panel (with C. sempervirens and C. avellana), besides being very weak, 
are not considered threatening for its informative power. In fact, in 
the case of cypress, no significant similarity of sequence has been ev-
idenced in the blast analysis, indicating a probable contamination of 
the plant material. In the case of hazel instead, matK sequence has a 
certain level of similarity with Poaceae, but their pollination periods 
are not overlapping (Italian Association of Aerobiology—www.ilpolline.
it). Thus, a false- positive result due to the presence of this taxon in 
aerobiological samples collected during grass pollen season is unlikely. 
The screening of real samples with P5 showed consistency with the 
species- specific analysis: Samples that were positive to at least one of 
the four species were positive also to the subfamily system. Samples 
which were positive to P5 but negative to the species- specific sys-
tems have to be interpreted like containing DNA from Pooideae, but 

http://www.ilpolline.it
http://www.ilpolline.it
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not from D. glomerata, P. pratense, F. arundinacea, or P. pratensis. The 
only exception regarded sample 21G- S., of June 21, which resulted 
negative to P5 but positive to Da 1. Here, probably, the amount of 
cumulative DNA from Pooideae in the original sample did not reach 
the limit of detection of P5 (0.0002 ng), but after nested PCR with P4, 
DNA from D. glomerata was enough to be positive to Da 1.

In light of the observations made in this study, an efficient extraction 
of nucleic acids from aerobiological matrixes is still a critical point for 
their biomolecular analysis. Pollen grains from different taxa have dif-
ferent physical features, and the treatment that is sufficient for breaking 
one type of pollen wall could not be enough for another. In order to 
obtain reliable information from the analysis of airborne pollen DNA, 
extraction protocols have to be optimized, ensuring the recovery of ge-
netic material from all the pollen taxa present in a sample. Moreover, to 
improve the efficacy in identification, matK and other sequences could 
be further dissected; high- throughput sequencing approaches could 
allow the identification of a wider SNP pattern in the species of interest, 
and species- specific probes could be designed on the polymorphisms.

5  | CONCLUSIONS

The objective of this study was to explore the possibility of develop-
ing a fast and easy protocol to obtain specific information about grass 
pollen presence in the atmosphere, through molecular techniques. 
Several methods were presented to collect pollen grains with the pur-
pose of extracting their DNA, even if the absolute efficiency of these 
procedures could not be completely assessed. Generally, the weekly 
methods seem to lead to more representative results. Important poly-
morphisms were identified in species of interest, and species- specific 
primers were designed to be used in TaqMan fast real- time PCR, 
with a “universal” probe. This system is more sensible than a classic 
endpoint PCR, but cheaper than an allelic discrimination. Exploiting 
the same probe, also a Pooideae- specific system (P5) was developed, 
which could be a useful tool to highlight the presence of the most 
allergenic grasses in aerobiological samples. Difficulties arose from 
the low quantity and high complexity of the biologic material in the 
starting sample; in fact, recovery and identification of nucleic acids 
becomes more and more an issue, as the target becomes narrower.

Overall, the basis was laid for a fast molecular technique to be 
used in the dissection of grass pollen season, to obtain data about the 
species present in the atmosphere in a certain moment. Information 
obtained with classic aerobiological monitoring was enriched, even 
if further investigation is needed to make the whole methodology 
more reliable, and bring it to a quantitative level. However, results 
presented in this work are a good starting point for studies aimed 
at the molecular identification of airborne Poaceae pollen, which 
would be an important support for next- generation allergological 
medicine.
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