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Abstract Increases in temperature and air pollution influ-

ence pollen allergenicity, which is responsible for the dramatic

raise in respiratory allergies. To clarify possible underlying

mechanisms, an anemophilous pollen (hazel, Corylus avell-

ana), known to be allergenic, and an entomophilous one

(apple, Malus domestica), the allergenicity of which was not

known, were analysed. The presence also in apple pollen of

known fruit allergens and their immunorecognition by serum

of an allergic patient were preliminary ascertained, resulting

also apple pollen potentially allergenic. Pollens were sub-

jected to simulated stressful conditions, provided by changes

in temperature, humidity, and copper and acid rain pollution.

In the two pollens exposed to environmental criticalities,

viability and germination were negatively affected and dif-

ferent transglutaminase (TGase) gel bands were differently

immunodetected with the polyclonal antibody AtPng1p. The

enzyme activity increased under stressful treatments and,

along with its products, was found to be released outside the

pollen with externalisation of TGase being predominant in

C. avellana, whose grain presents a different cell wall com-

position with respect to that of M. domestica. A recombinant

plant TGase (AtPng1p) stimulated the secreted phospholipase

A2 (sPLA2) activity, that in vivo is present in human mucosa

and is involved in inflammation. Similarly, stressed pollen,

hazel pollen being the most efficient, stimulated to very dif-

ferent extent sPLA2 activity and putrescine conjugation to

sPLA2. We propose that externalised pollen TGase could be

one of the mediators of pollen allergenicity, especially under

environmental stress induced by climate changes.
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Abbreviations

AtPng1p Arabidopsis thaliana peptide N-glycanase

BSA Bovine serum albumin

DMC N0,N0-dimethyl casein

DTT Dithiothreitol

EDTA Ethylene diamine tetraacetic acid

EGTA Ethylene glycol tetraacetic acid

FDA Fluorescein diacetate

FITC Fluorescein isothiocyanate

GP Germinated pollen

HEPES N-(2-hydroxyethyl)piperazine-N0-
(2-ethanesulfonic acid)

HRP Horseradish peroxidase

IgE Immunoglobulin E

MTT 1-(4,5-Dimethylthiazol-2-yl)-3,5-

diphenylformazan

nsLTP Nonspecific lipid transfer protein

o/n Overnight

PAs polyamines

PBS Phosphate-buffered saline
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PMSF Phenyl methyl sulfonyl fluoride

PR Pathogen related

PU Putrescine

sPLA2 Secreted phospholipase A2

rHu Relative humidity

T Temperature

TGase Transglutaminase

tTGase Tissue transglutaminase

UGP Ungerminated pollen

Introduction

Changes in global climate have a negative impact on

human health especially on respiratory diseases. When

inhaled, biological aerosol carrying antigenic proteins such

as pollens penetrate the airway mucosa and access the cells

of the immune system leading to an immunoglobulin E

(IgE)-mediated response (respiratory allergy). Raises in

atmospheric greenhouse gasses, such as CO2, temperature

and rainfalls, in combination with outdoor air pollution,

have been shown to influence the allergenicity of pollen

and increase the severity and frequency of respiratory

allergic diseases (hay fever, bronchial asthma, seasonal

allergic conjunctivitis), which have dramatically increased

in recent years (D’Amato and Cecchi 2008; Shea et al.

2008).

The mechanism underlying the influence of outdoor air

pollution on pollen allergy remains unclear. It has been

proposed that changes in climate may affect respiratory

diseases such as asthma, either directly by damaging the

airway mucosa, thus facilitating the access of allergens to

the cells of the immune system (Adhikari et al. 2006;

Cecchi et al. 2010; D’Amato and Cecchi 2008; D’Amato

et al. 2007; Peden 2002), or indirectly by enhancing the

allergenic potential of airborne allergens (Weber 2002;

D’Amato et al. 2007). The release of allergens from pollen

may also be favoured by environmental factors such as

thunderstorms, which could cause the osmotic break of

pollen (Cecchi et al. 2010). Increased CO2 concentrations

(Ziska and Caulfield 2000), temperature (Rogers et al.

2006) and ultraviolet radiations have been all shown to lead

to stronger pollen allergenicity (Motta et al. 2006), which is

further exacerbated by air pollution (particulate matter,

ozone, nitric oxides) (Adhikari et al. 2006). It is known that

high CO2 concentration increases plant biomass, propaga-

tion and pollen production, and that increased temperature

stimulates earlier flowering and longer pollen seasons for

some plants. Thus, the aeroallergen characteristics of our

environment may change considerably in the future as a

result of climate changes (Beggs 2004; D’Amato and

Cecchi 2008; Cecchi et al. 2010).

Anemophilous plants have a greater allergenic potency

than the entomophilous plants. Because anemophilous

pollen is produced in greater amount and it is dispersed in

the environment by the wind, it most likely comes in

contact with human mucosa. Differences in potency may

also be due to allergens produced in greater amount and

released early, different allergen composition and presence

and/or easier release of factors activating the allergenic

cascade, as well as the organisation of the pollen cell wall

which, in the case of anemophilous pollen, may facilitate

the release of allergens.

Pollinosis causes a type I hypersensitivity response and

the manifestation occurs only 30 s after pollen allergen

mucosa contact. Thus, allergens should be located on the

surface of pollen or rapidly released. Alternatively, it can

be hypothesised that their release can occur during tube

emergency that however takes longer to begin. Accorsi

et al. (1982) reported that germinated (GP) pollens with

relatively large tubes have been detected in the mucus of

allergic patients but not in healthy controls. This aspect has

not been further investigated. In addition to the reported

effects, it is possible that the climate changes directly affect

some pro-inflammatory agent located in the higher airways

of humans.

Transglutaminases (TGases) are a widely distributed

family of enzymes present in animals, plants and unicellular

organisms, which are responsible for the post-translational

modification of proteins by acting as calcium-dependent

protein cross-linkers (Metha et al. 2006; Griffin et al. 2002).

The presence and activity of TGases in plants is well doc-

umented (Serafini-Fracassini et al. 2009). We have previ-

ously detected and characterised TGase from Malus

domestica pollen where it was found to be expressed both

inside the cell, with a possible role in the modification of

cytoskeleton proteins during apical growth, and extracel-

lularly, co-localised with possible cross-linking substrates

(Iorio et al. 2008; Di Sandro et al. 2010). During in vitro

germination, pollen TGase is also released into the medium

where it catalyses the conjugation of secreted polyamines

(PAs) to secreted proteins. A similar distribution of the

enzyme activity was observed in planta in pollen germi-

nating inside the style (Di Sandro et al. 2010).

This group of enzymes is drawing increasing attention in

mammal pathology for the role played on the onset of

specific pathologies and associated autoimmune inflam-

matory conditions (Lorand and Graham 2003). During

cellular stress and associated increase in intracellular cal-

cium, the activity of tissue transglutaminase (tTGase) is

typically increased inside the cell (Verderio et al. 2004).

tTGase is also rapidly secreted into the extracellular

environment, following cell insult, where it plays an

important role in extracellular matrix stabilisation and cell

survival (Verderio et al. 2004). In mammals, the role of

1008 R. A. Iorio et al.

123



tTGase in inflammatory diseases has been associated with

activation of pro-inflammatory secretory phospholipase A2

(sPLA2) through the formation of a transient dimer of

active sPLA2 (Cordella-Miele et al. 1993; Verderio et al.

2004). PLA2 hydrolyses glycerophospholipids, the first rate

limiting step in the eicosanoid cascade, and tTGase is

reported to be a regulator of eicosanoid production in

asthma (Hallstrand et al. 2010). Chimeric peptides able to

inhibit tTGase-mediated modification of sPLA2 or co-

inhibiting tTGase and PLA2 displayed strong in vivo anti-

inflammatory activity in allergic conjunctivitis (Sohn et al.

2003; Miele 2003).

There is no demonstration of the possible involvement of

pollen TGase in respiratory allergies. Here, we hypothesise

that extracellular pollen TGase may be activated by envi-

ronmental stress conditions such as those caused by climate

changes or air pollution and contribute to increase the

activity of pro-inflammatory sPLA2 present in the human

mucosa of subjects predisposed/affected by allergic respi-

ratory pathologies.

Here, we evaluate comparatively the allergenicity of an

anemophilous pollen (hazel, Corylus avellana) known to

be allergenic, and of an entomophilous one, not reported as

being allergenic (apple, Malus domestica). Three classes of

allergens (Cor a 1, 2 and 8) have been reported in hazel,

both in the nut and in pollen. Allergens have not been

similarly described in apple pollen; however, sensitisation

and allergy to the fruit have been frequently reported in the

European Community (Burney et al. 2010) and four main

allergen genes families (Mal d 1, 2, 3 and 4) have been

identified in the skin and pulp of apples to different extents

(Pagliarani et al. 2009).

We show the influence of simulated climate conditions

on viability, germination and the physiological level of

TGase expression, activity and distribution in vivo and in

vitro of both pollens. Finally, we show the role played in

vitro by pollen exposed to environmental stress on the

activity of mammalian sPLA2.

Materials and methods

Chemicals and antibodies

All chemicals (unless otherwise indicated) were obtained

from Sigma-Aldrich (Milan, Italy). The tTGase inhibitors

283 (1,3-dimethyl-2[(oxopropyl)thio]imidazolium) (now

available also at Zedira, Darmstadt, Germany) and 281

(N-benzyloxycarbonyl-L-phenylalanyl-6-dimethylsulfonium-

5-oxo-L-norleucine), two specific site-directed inhibitors of

TGase, developed to covalently bind the Cys-based active

site of the calcium-activated form of mammalian TGase

were synthesised at Nottingham Trent University, UK

(Griffin et al. 2008). 5-((5-aminopentyl) thioureidyl) fluo-

rescein, dihydrobromide salt (fluorescein-cadaverine) was

purchased from Molecular Probes (Invitrogen, UK). Biotin-

cadaverine was obtained from Molecular Probes (Eugene,

OR, USA). Polyclonal antibody AtPng1P was produced in

chicken at the CSIC of Barcelona, Spain (Della Mea et al.

2004). The list of secondary antibodies includes: HRP-

conjugated rabbit anti-mouse IgG (DakoCytomation,

Glostrup, Denmark); fluorescein isothiocyanate (FITC)-

conjugated goat anti-mouse IgG (Roche Applied Science,

Mannheim, Germany); goat anti-rabbit IgG HRP-conju-

gated (Bio-Rad, Milan, Italy); anti-chicken IgG alkaline

phosphatase conjugate (Sigma-Aldrich, Milan, Italy).

Plant material and growth

Mature pollen of Malus domestica Borkh cv. Golden

Delicious was collected from plants grown in experimental

plots (Dipartimento di Colture Arboree, University of

Bologna), whereas mature pollen from Corylus avellana cv.

Tonda Gentile delle Langhe was kindly donated by Pro-

fessor R. Botta, University of Torino. Handling and storage

were performed as reported by Del Duca et al. (1997) for the

former and by Botta et al. (1994) for the latter. Pollen was

hydrated in the environmental phytotron chamber and the

treatments included simulation of different atmospheric

temperatures and relative humidity (rH) (10�C–70% rHu

o/n, 20�C–50% rHu o/n, 20�C–70% rHu o/n, 30�C–100%

rHu o/n or in some experiments with M. domestica pollen

30 min), acid rain pollution (obtained adjusting a water

solution to pH 5.6 with H2SO4:HNO3 at a ratio of 2:1) and

copper pollution (a solution of 3.10 lg l-1 of CuCl2); the

two solutions were sprayed on the pollen grains before the

hydration as reported in Bellani et al. (1997).

To mimic natural conditions, 10�C–70% rH o/n for

C. avellana and 20�C–50% rHu o/n for M. domestica have

been assumed as control according to the seasonal media

condition at the moment of their anthesis. Then, pollen

grains were allowed to germinate (1 mg ml-1 in germina-

tion medium) into glass Petri dishes up to 120 min in the

case of apple pollen (Calzoni et al. 1979) or 13 h (overnight,

o/n) for hazel pollen as reported by Botta et al. (1994). Light

microscopy digital images of at least three non-overlapping

fields were captured using an Olympus DP10 digital camera

and quantified in terms of GP pollen, when the tube was

larger than the grain diameter. Pollen viability was assessed

by staining with fluorescein diacetate (FDA, 10 lg ml-1),

based on the hydrolysis of fluorescein by the cytoplasmatic

enzymes, or with 1-(4,5-dimethylthiazol-2-yl)-3,5-diphe-

nylformazan (MTT, 1 mg ml-1), based on the conversion

from yellow to purple-coloured formazan by mitochondrial

reductase enzymes. The pollen morphology was analysed

with the Alexander staining (Alexander 1969).
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Pollen protein extraction

Proteins from pollen were extracted as described by Del

Duca et al. (2009) and quantified following the bicinch-

oninic acid method with bovine serum albumin (BSA) as

the standard protein.

SDS-PAGE and Western blot analysis

Fifty microgram of GP proteins obtained after extraction

was electrophoresed on 10% (w/v) polyacrylamide SDS-

PAGE slab gels (Laemmli 1970), using the usual Page

Ruler Prestained Mw standards (Fermentas, Germany).

Western blotted protein bands were revealed by AtPng1p

polyclonal antibody according to Della Mea et al. (2004) or

with serum from patients allergic and non-allergic to apple

and developed with anti-human IgE HRP-conjugated sec-

ondary antibody.

TGase activity assays

Extracellular pollen TGase activity was measured by the

conjugation of biotinylated cadaverine to N,N0-dimethylca-

sein (DMC)-coated 96-well microtitre plates (NUNC life

Technologies) as described by Jones et al. (1997), with minor

modifications. Hydrated pollen grains were allowed to ger-

minate in the microplate for 120 min for M. domestica or

13 h (o/n) for C. avellana at 37�C in a germination medium

buffered as reported in Di Sandro et al. (2010) in the

presence or absence of 281 (500 lM), cystamine (250 lM)

and the competitive substrates: iodoacetamide (250 lM),

putrescine (10 mM) and EGTA (20 mM). The level of

enzyme activity was expressed as Ca2?-dependent increase

in A450, after subtraction of the value of the 20 mM EGTA-

treated control. Specific activity was determined as a

change in A450 of 0.1 per hour per mg of non-hydrated

pollen.

In situ visualisation of TGase activity during pollen

germination

Pollen grains hydrated and treated as above reported were

allowed to germinate in eight-well glass chamber slides

(Nunc Life Technologies, UK) for up to 120 min for

M. domestica or o/n for C. avellana. In situ TGase activity

was visualised by incubation of germinating pollen with

fluorescein-cadaverine (FITC-cadaverine), in the presence

or absence of the inhibitor 281 (500 lM), as reported by Iorio

et al. (2008), which was added to the germination medium at

60 min (M. domestica) or at 120 min (C. avellana) of ger-

mination. After fixation in methanol at -20�C for 10 min

to remove the unspecifically bound FITC-cadaverine

(Verderio et al. 1998), pollens were viewed by a Leica

TCSNT confocal laser scanning microscope system (Leica

Lasertechnik, Heidelberg, Germany) as reported by Iorio

et al. (2008).

In situ immunofluorescence of TGase

during pollen germination

Immunostaining with polyclonal anti-TGase AtPng1p was

performed on fixed pollen as reported in the previous

paragraph. First, the pollen was incubated at 37�C for 1 h

with 3% BSA in PBS 1X to decrease background and then

treated with AtPng1p (1:200) in PBS 3% BSA overnight at

4�C incubation. The samples were washed with PBS and

incubated with anti-chicken secondary antibody (1:40 in

PBS 3% BSA) FITC conjugated for 2 h at 37�C. Vecta-

shield and coverslip were mounted after washing the

samples with PBS, and then stored at 4�C (only overnight)

or -20�C.

sPLA2 enzyme assay

sPLA2 enzyme assay was performed following the R&D

Systems instructions (Abingdon, UK), incubating at 37�C

for 30 min in the 96-well microplate 50 ll of standard

(supplied by the manufacturer), 250 lg of pollen samples

or 50 lg of AtPng1p recombinant protein with 100 ll of

19 reaction buffer and 50 ll of sPLA2 substrate. As neg-

ative control, 10 mM putrescine, 500 lM 281 or 283 were

used. The use of both dithiothreitol (DTT) and ethylene

diamine/ethylene glycol tetraacetic acid (EDTA/EGTA)

was avoided following validation experiments to prevent

any possible interference with the seven disulphide bridges

of sPLA2 and its strict dependence upon the Ca2?

concentration.

Radioactive assay of TGase activity

The samples (whole pollen grains from M. domestica and

C. avellana) were incubated for 2 h at 37�C with 0.2 lM

(370 KBq) of [1.4(n)3 H]-PU] (specific activity 1.5 TBq

mmol-1, NEN, Milan) and 5 lg PLA2 as substrate in

20 mM Tris–HCl, pH 8.5, buffer containing 10 mM DTT

and 5 mM CaCl2 as positive control or 20 mM EGTA as

negative control. After the reaction, the incorporation of

radioactivity of covalently conjugated PAs was detected as

reported in Del Duca et al. (1997).

Pollen protein extraction from cell wall

Hydrated and germinated pollen grains were treated with

different buffers (10 mg pollen/0.5 ml buffer) following

the method reported by Cai et al. (2011) to obtain proteins

located in the cell wall. The samples were further used for
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the immunoblot analysis with serum from patients allergic

or non-allergic to apple.

Total RNA isolation and cDNA synthesis

Total RNA was extracted from 30 mg of frozen UGP and

GP M. domestica pollen (collected at 15, 30, 60, 90 and

120 min) using the NucleoSpin RNA Plant (Macherey–

Nagel, Germany), according to the manufacturer’s

instructions. The purity and concentration of the extracted

RNAs were evaluated by measuring the absorbance at 260

and 280 nm wavelengths. RNA was considered pure if the

A260/280 ratio was [1.8, and 10 lg was treated with

2.5 Units DNase I (GE Healthcare Life Sciences, Little

Chalfont, Buckinghamshire, UK) at 37�C for 20 min. First-

strand cDNA was synthesised following the instruction

from Stratagene (Germany), starting from 1 lg DNA-free

RNA, and 2 ll was used for the semi-quantitative PCR

analyses.

Primer design

Specific primer pairs (Table 1) were designed with the

software Primer3 version 0.4.0 (http://frodo.wi.mit.edu/

primer3/) and further tested with the software PrimerSelect�

v8.0-MegAlign for the formation of primer homo and

heterodimers. For the complex Mal d 1 gene family, four

different primer pairs were designed, each one specific for a

gene belonging to a Mal d 1 subfamily and chosen according

to their expression profile in fruit (Pagliarani et al. 2009):

Mal d 1.02 (subfamily I), Mal d 1.04 (subfamily II), Mal d

1.06A (subfamily III) and Mal d 1.03 (subfamily IV). To this

aim, Mal d 1 sequences were retrieved from GeneBank

database and aligned with the software Lasergene� v8.0-

MegAlign (DNASTAR, Inc., Madison, WI, USA). The other

listed allergen gene-specific primer pairs were from Pagliarani

et al. (2009), except for Mal d 4.02 (Pagliarani, personal

communication). TGase-specific primers were designed on the

base of an apple EST sequence published in the Michigan State

University database (Gene id: MD4C271570) and compared to

AtPng1p (Gene id: AC AM745095). As endogenous control,

the actin gene of M. domestica (Gene id: MD09G010810

http://bioinformatics.psb.ugent.be/plaza/) was used.

Allergen gene expression analysis in apple pollen

by semi-quantitative PCR

The PCR reactions were performed in a 17.5 ll reaction

containing 2 ll of cDNA, 0.1 lM specific primers

(Table 1), 1.5 mM MgCl2, 100 lM dNTPs, 0.5 unit DNA

Table 1 Allergens, TGase and

actin housekeeping gene primer

sequences for semi-quantitative

analysis in apple

Gene Primer name 50–30 sequence PCR product (bp) Ta

Mal d 1 Mal d 1.02 F TCCACCACCAAGATTGTTCA 420 60

Subfamily I Mal d 1.02 R TGGCCCTTGAGGTAGCTCTC

Mal d 1 Mal d 1.04 F CGAAGGCGATGGAGGTGT 315 60

Subfamily II Mal d 1.04 R GATCCTCCATCAGGAGATGC

Mal d 1 Mal d 1.06A R TTCCAACCTTAACATGTTCTTCT 170 60

Subfamily III Mal d 1.06A R CTATAGCTATAGCTTGATTGAAGGG

Mal d 1 Mal d 1.03 F TCAACTTTGGTGAAGGTAGCACA 198 60

Subfamily IV Mal d 1.03 R TGGTGTGGTAGTGGCTGGTA

Mal d 2.01 M2nFor AAAGCTAGCCGATCAGTGGA 478 60

M2nRev GAGGGCACTGCTTCTCAAAG

Mal d 3.01 M301For2 GTGGCCAAGTGACCAGCAG 249 60

M3Rev2 TGGTGGAGGTGCTGATCTTG

Mal d 3.02 M302For2 TGGCCAGGTGAGCTCCAA 247 60

M3 Rev2 TGGTGGAGGTGCTGATCTTG

Mal d 4.01 Md401RTF1 GGCCAAGCTTTGGTTTTC 99 58

Md401RTR1 GCCTTGATCAATCAGGTAGTCT

Mal d 4.02 qMd4.02F GTGTTACTGTCAAGAAGAGCACAA 126 58

qMd4.02R GCTCAATGAGATAATCCGCA

Mal d 4.03 Md403RTF1 CAGCCAGGCCCTGTTAATC 104 58

Md403RTR1 AGAGACCCTGCTCAATAAGGTAA

TGase TGaseRTF CTGGCATCTGTTGGATAAACG 199 60

TGaseRTR ACCTAATTGCAGCCGCGA

Actin ACT F GTTGCAATTCAGGCTGTCCT 217 60

ACT R GCTCAGGAGTTGTGGTGAAA
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polymerase (Fisher Molecular Biology, Hampton, NH,

USA) and 19 reaction buffer.

The reaction included an initial 3 min of a denaturation

step at 94�C, followed by 30, 35 and 40 PCR cycles at the

optimised annealing temperature, 2 min at 72�C and 30 s

at 94�C.

The number of amplification cycles was chosen to be in

the exponential phase of amplification. The amplicons were

visualised with a transilluminator (Vilber Lournet, Gen-

enco) at 302 nm after electrophoresis in 1% (w/v) agarose

gels in TAE 1X buffer, containing 0.5 lg ml-1 ethidium

bromide, and photographed (Nikon E5400 Coolpix). The

experiment was repeated twice.

Statistics

The values reported are expressed as mean ± SD and

represent one of at least three or four different experiments

undertaken in triplicate. Differences between sample sets

were determined by the Student’s t test with 95% confi-

dence limits. When indicated, statistical analysis was per-

formed using GraphPad Prism (version 5.03 Windows

GraphPad Software Inc., La Jolla, CA, USA).

Results

Allergen and transglutaminase expression

during germination and evaluation

of the allergenicity of apple pollen

To determine whether allergens found in apple fruits were

also expressed in pollen, transcripts for PR10-like proteins

(Mal d 1), thaumatin-like protein (TLP, Mal d 2),

nonspecific lipid transfer proteins (nsLTP, Mal d 3) and

profilins (Mal d 4) were tested during pollen germination

and tube growth (Fig. 1). In M. domestica pollen, the only

allergen gene expressed in the ungerminated grain (UGP)

was Mal d 3.01, showing a trend of increasing expression

during the early phases of pollen tube growth (GP), with a

maximum expression at 30 min of germination. Among the

four Mal d 1 genes tested, only Mal d 1.02 (subfamily I)

revealed a clear expression at 30 and 60 min, while Mal d

1.06A (subfamily III) showed a faint band at 120 min. Mal

d 2 gene expression occurred around 30 min of germina-

tion and then decreased. Mal d 4 genes were either not

expressed or produced faint bands.

TGase was expressed in UGP as well as in GP where it

increased up to 60 min of germination and then slightly

decreased (Fig. 1).

To further verify the allergenicity of M. domestica

pollen, proteins extracted from pollen cell wall with buffers

having increasing extraction capacity were separated by

SDS-PAGE, and blotted and incubated with the serum of

patients allergic and non-allergic to apple fruit (Fig. 2).

The serum of the allergic patient, characterised by a high

antibody titre against Mal d 3, immuno-recognised proteins

easily released from pollen cell wall with molecular masses

in the 36–63 kDa range, which are consistent with sizes of

possible aggregates of allergen whose molecular masses

are in the range 9–23 kDa.

Transglutaminase localisation and activity

in germinating pollen

The localisation of TGase was obtained by indirect immu-

nofluorescence in hydrated and germinated non-permeabi-

lised pollen of M. domestica (Fig. 3Aa) and C. avellana

Fig. 1 Expression of apple allergen and TGase genes in ungermi-

nated and germinating M. domestica pollen. The cDNAs obtained

from mRNA of pollen UGP and GP at different times was tested for

different allergen genes belonging to the Mal d 1, Mal d 2, Mal d 3
and Mal d 4 families and for the TGase gene through semi-

quantitative RT-PCR, after 30, 35 or 40 cycles of PCR. Lanes: pollen

total extract after hydration, UGP; 15 min of germination, GP 15;

30 min of germination, GP 30; 60 min of germination, GP 60; 90 min

of germination, GP 90; 120 min of germination, GP 120. Actin

expression was used as reference gene
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(Fig. 3Bb) using the anti-plant TGase polyclonal antibody

AtPng1p. At the beginning of germination, TGase was

localised mainly into the cell wall of both pollen grains and

in the cytoplasm. M. domestica was more intensely labelled.

TGase was also located in a finely punctuate pattern

(apparently in the intine) in the emerging tube as shown in

Fig. 3Bb. As germination progressed, with the increase in

tube length of both pollens, the TGase punctuate pattern

became widespread along the tube with some more intense

spots of TGase in the shanks of the proximal region of the

tube, especially in apple pollen (Fig. 3Aa) and at the apical

tip (Fig. 3Bb and insert).

The fluorescent-tagged amine substrate (FITC-cadaver-

ine), routinely used to visualise tTGase activity in animal

cells (Verderio et al. 1998), was added to the germination

medium after the pollen tubes started to grow (60 min for

M. domestica and 120 min for C. avellana, whose growth

rate is slower). FITC-cadaverine, a competitor of endoge-

nous amine-donor substrates (e-amino group of lysine

residues or PAs), limited or blocked tube elongation of

both pollens (Fig. 3C, D). This primary amine was found to

be cross-linked around the pollen grain of M. domestica,

mainly in the cell wall and in the apical part of the tube

(Fig. 3Ca and insert). A similar incorporation of FITC-

cadaverine was detected in the pollen tube of C. avellana

(Fig. 3Da). However, during germination, the pollen grain

wall of M. domestica was more intensively stained with the

anti-TGase antibody than that of C. avellana.

To further verify whether a Ca2?-dependent TGase

activity in pollen was responsible for this fluorescent sig-

nal, a specific inhibitor of TGase activity was used, a

synthetic CBZ-glutaminyl glycine analogue which targets

the calcium-activated form of tTGase (inhibitor 281)

(Baumgartner et al. 2004). Data in Fig. 3Cb, Db show that

the in situ TGase activity detected in the tube of both

pollens was inhibited by 281, as the fluorescence in the

tubes disappeared almost completely, as previously repor-

ted in apple (Iorio et al. 2008). By comparing the pollen

grains, only in C. avellana the inhibitor was effective,

whereas in M. domestica pollen grain the fluorescence due

to FITC-cadaverine persisted clearly evidently around the

grain also in the presence of the TGase inhibitor and this

Fig. 2 Immunodetection of different fractions of M. domestica pollen

proteins from cell walls with sera from patients allergic and non-

allergic to apple fruit. Proteins were extracted with buffers having

increasing extraction capacity from cell walls of M. domestica pollen,

hydrated at 30�C–100% rHu o/n plus acid rain and germinated.

Proteins (50 lg) were separated on a 10% SDS–PAGE, transferred to

a nitrocellulose, probed with serum from patients allergic and non-

allergic to apple fruit. The two nitrocellulose membranes on the left

were stained with chloramine T; the two membranes on the right were

developed with anti-human IgE HRP-conjugated secondary antibody.

Lanes: P. standard molecular weight; Lanes 1–9 proteins extracted

with: HEEMS buffer (1. SL1; 2. SL2); homogenisation buffer (3.

SN3; 4. SN4); Triton X-100 buffer (5. SNT1; 6. SNT2); NaCl buffer

(7. SNA1; 8. SNA2); SDS buffer (9. SNB)
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may be due to the particular intense level of staining

observed at this location. When EGTA was utilised to

inhibit the activity of TGase in an alternative way, this

treatment was found to diminish pollen grain signal, but to

severely affect the morphology of the tube (data not

shown).

The presence of extracellular TGase was confirmed by

measuring the enzyme activity by incorporation of biotin-

cadaverine into DMC (Fig. 4A for M. domestica pollen and

Fig. 4B for C. avellana pollen), using the in vivo assay

previously developed in apple pollen (Di Sandro et al.

2010). TGase activity was not different in the two GPs,

and, as expected, was specifically inhibited to 30–20%

residual activity by a range of TGase inhibitors, namely

281 and cystamine, and the competitive inhibitors

iodoacetamide, putrescine and EGTA (Fig. 4A, B). TGase

activity was also assayed in the crude supernatant of either

UGP or GP (highly soluble UGP and GP proteins) in both

pollens (inserts in Fig. 4). The specific activity in these

fractions was found to be higher in UGP than GP and

overall higher in C. avellana with respect to M. domestica

pollen.

Influence of simulated atmospheric conditions

and pollution on pollen

To evaluate the effects of atmospheric pollution on pollen

morphology, viability and germinability, environmental

conditions, such as atmospheric variation in relative

humidity (rHu) and temperature (T), heavy metal pollution

Fig. 3 TGase characterisation in M. domestica and C. avellana pollen

A and B. In situ TGase immunodetection during pollen germination.

A M. domestica pollen was allowed to germinate for 120 min.

Following fixation, pollen was incubated with the polyclonal antibody

directed to plant TGase, AtPng1p, which was subsequently detected

with a chicken FITC-conjugated antibody and fluorescence was

visualised by confocal laser microscopy. Arrowheads indicate TGase

staining. B C. avellana pollen was allowed to germinate for 13 h, fixed

and incubated with the polyclonal antibody AtPng1p, as described

above. C and D. In situ detection of TGase products during pollen

germination. C M. domestica pollen and D C. avellana pollen were

allowed to germinate for 60 min or 120 min, respectively, fluorescein-

cadaverine (FITC-cadaverine) (500 lM) was added to the germination

medium and pollen was allowed to germinate for a further 60 min

(Ca and insert) for the former, or 11 h for (Da) the latter. Following

fixation, specimens were viewed by confocal laser microscopy.

TGase-specific inhibitor 281 (500 lM) was added together with

FITC-cadaverine to germinating pollen of M. domestica (Cb) or C.
avellana (Db). Series of optical images at different focal depth were

produced to acquire 3D information on TGase activity. Bars, 20 lM
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(copper) and acid rain (at pH 5.6) were simulated and

applied to pollen in a phytotron chamber. Conditions of

20�C–50% rHu o/n and 10�C–70% rHu o/n were used

as control conditions of normal viability for, respectively,

M. domestica and C. avellana pollen. The viability of the

two pollens, investigated after exposure to the stressors

was assessed by FDA and MTT, the former showing a

more remarkable staining. M. domestica pollen was not

significantly affected by temperature and humidity chan-

ges, whereas a prolonged treatment at 30�C–100% rHu

caused the death of pollen. When it was exposed to copper

and acid rain pollution, even at optimal temperature, the

viability was significantly reduced at low level of relative

humidity (Fig. 5A). C. avellana pollen was more resistant

to high temperature and humidity changes, whereas it was

more sensitive to copper and acid rain treatment (Fig. 5B).

After exposing both pollens to copper and acid rain pol-

lution at high temperature and humidity, the presence of

the pollen grain cytoplasm was clearly reduced as shown

by the Alexander dye, which stains in fuchsia the cyto-

plasm and in green the cell walls (grain pictures in

Fig. 5A, B); apple pollens assumed a typical triangular

form indicative of failure of hydration. The treatment with

acid rain sometimes led in apple pollen to a precocious

emission of abnormal pollen tubes (data not shown).

When germination was assessed after the same treatments,

a decrease of approximately 50% of pollen germination

was observed in non-extreme conditions compared to

control germinations [81.2 ± 8.5% (M. domestica) and

53.4 ± 4,1% (C. avellana)]. When the same treatments

were applied in the presence of copper and acid rain, these

resulted in a very severe inhibition of germination

(Table 2).

Influence of simulated atmospheric conditions

and pollution on pollen TGase

The enzyme

To verify the effects of environmental stress factors on

pollen TGase, protein lysates from M. domestica and C.

avellana pollens exposed to the simulated atmospheric

conditions were anlaysed by Western blotting with the

polyclonal antibody AtPng1p.

Immunoprobing of M. domestica extracts revealed

immunoreactive bands at 94, 87, 72, 55 and 38 kDa in the

control (20�C–50% rHu o/n) (Fig. 6A), which were gen-

erally decreased by copper and acid rain treatment and

were accompanied by aggregates of high molecular weight

proteins visible after acid rain treatment. Immunoprobing

of C. avellana extracts showed that the main bands of 94

and 55 kDa in the control (10�C–70% rHu o/n), and their

intensity increased after copper treatment. Further bands of

72 and 38 kDa were immunorecognised following copper

treatment, and bands with molecular masses 55–94 and

38 kDa after acid rain (Fig. 6B).

The intensity of the band at 55 kDa, which was con-

stantly revealed by AtPng1p and previously reported in M.

domestica pollen cell wall (Di Sandro et al. 2010), was

quantified in both M. domestica (Fig. 6D) and C. avellana

(Fig. 6E) to describe the different behaviour of the two

pollens under different treatments. In apple pollen, 55 kDa

was increased by prolonged high temperature and humidity

exposure (30�C–100% rH o/n). In hazel pollen, the band at

55 kDa was at its lowest expression level after pollen

exposure to high temperature and humidity (30�C–100%rH

o/n). Copper and acid rain affected both pollens in a

Fig. 4 Extracellular TGase activity of germinated M. domestica and

C. avellana pollens in the presence of irreversible and competitive

inhibitors. Pollen was allowed to germinate for 120 min

(A) (M. domestica) or 13 h (B) (C. avellana) into microwells pre-

coated with DMC in appropriate germination medium containing

biotinylated cadaverine. At time zero of germination, 5 mM of Ca2?

as positive control, or irreversible (500 lM 281 and 250 lM

cystamine (cyst)) and competitive (250 lM iodoacetamide (iod),

10 mM putrescine (PU) and 20 mM EGTA) TGase inhibitors were

added. Following time germination, pollen was removed and the level

of biotinylated cadaverine incorporated into immobilised DMC was

revealed by extravidin peroxidase. Inserts: the TGase activity has

been tested for the highly soluble proteins from UGP and GP M.
domestica and C. avellana pollens. TGase activity is expressed as

units (U) of specific activity (means ± S.D.) per mg of pollen. The

significance of each sample was calculated with respect to the positive

control [* p B 0.05 with the Student’s t test (two-tailed distribution,

two-sample equal variance)]
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Fig. 5 Effects of environmental conditions on M. domestica and

C. avellana pollen viability A, B. Pollens of M. domestica (A) and

C. avellana (B) exposed to different environmental conditions as

reported in ‘‘Methods’’ including various atmospheric temperatures

(T) and relative humidity (rHu), copper pollution (3.10 lg l-1) and

acid rain at pH 5.6 were left to react with FDA or MTT to test the

viability and with Alexander staining to evaluate their morphology;

pollens were analysed by fluorescent microscopy in the case of FDA

and by light microscopy for MTT and Alexander. The viability was

evaluated as percentage of fluorescent grains (FDA) or purple grains

(MTT) (means ± SD) of three independent pollen culture wells and

by evaluating the data of ten independent fields on the slide. The

respective pollen grains stained with Alexander are reported above

each column

Table 2 Effects of different environmental conditions on M. domestica and C. avellana pollen germination

Germination (%)

Treatments Malus Corylus

20�C, 50%

rHU,o/n

20�C, 70%

rHU,o/n

30�C, 100%

rHU,o/n

30�C, 100%

rHU,30 min

10�C, 70%

rHU,o/n

20�C, 50%

rHU,o/n

20�C, 70%

rHU,o/n

30�C, 100%

rHU,o/n

DT, DrHU 42.2 53.4 3 81.2 53.4 20.3 28.3 2.7

Plus copper 7.3 5.2 1 8.3 2.9 2.7 3.9 0.9

Plus acid rain 2.9 3.8 1 5.7 1.7 1 1.9 1.3

Pollen grains were exposed to different environmental conditions as reported in ‘‘Methods’’ including various atmospheric temperatures (T) and

relative humidity (rHu), copper pollution (3.10 lg l-1) and acid rain at pH 5.6. Pollens were allowed to germinate (1 mg ml-1 in germination

medium) in glass Petri dishes left up to 120 min in the case of M. domestica or 13 h for C. avellana pollen. Light microscopy digital images of at

least three non-overlapping fields covering the central part of each chamber were captured using a video digital camera (Olympus DP10) and

quantified in terms of % GP versus UGP, when the pollen tube was either absent or shorter than the pollen grain diameter
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Fig. 6 Immunodetection with

polyclonal antibody AtPng1p of

proteins extracted from

M. domestica and C. avellana
pollen exposed to different

environmental conditions.

A and B Proteins extracted from

pollens of M. domestica (A) or

C. avellana (B) exposed to

natural conditions (20�C–50%

rHu o/n and 10�C–70% rHu o/n,

respectively) or with the

addition of copper pollution or

acid rain at pH 5.6 were

separated on SDS–PAGE,

blotted and immunodetected

with polyclonal antibody

AtPng1p. C C. avellana pollen

exposed to natural (10�C–

70%rH o/n) or to simulated high

temperature and humidity

conditions (30�C–100%rH o/n)

was incubated with polyclonal

antibody AtPng1p, detected

with a chicken FITC-conjugated

antibody and the fluorescence

was visualised by confocal laser

microscopy. D and

E. Densitometries of the 55-kDa

band (revealed as above)

obtained from proteins extracted

from pollens of M. domestica
(D) and C. avellana (E) exposed

to different environmental

conditions as reported in

‘‘Methods’’ including various

atmospheric temperatures

(T) and relative humidity (rHu),

copper pollution (3.10 lg l-1)

and acid rain at pH 5.6. Data are

expressed as % of the

immunofluorescence of the

55-kDa band on the total

fluorescence of the respective

lane = 100

Environmental criticalities influence pollen allergenicity 1017

123



different way: copper was more effective on Malus,

whereas acid rain on Corylus.

To visualise the expression and location of TGase in

both pollens either exposed to natural conditions or to

climate changes, pollen grains were incubated with the

polyclonal antibody anti-AtPng1p followed by FITC-con-

jugated secondary antibody. Whereas in apple pollen no

relevant differences in TGase distribution was observed

(data not shown), in C. avellana UGP fluorescence con-

focal microscopy revealed that TGase was much more

released in the medium following exposure to high tem-

perature and humidity compared to pollen under natural

conditions (Fig. 6C).

The activity

The levels of extracellular TGase activity during germi-

nation were measured by a previously described in vivo

assay (Di Sandro et al. 2010). This was performed at 37�C

in wet conditions to simulate the conditions of the human

airway mucosa. In M. domestica pollen, TGase activity was

not significantly affected by temperature and humidity

increases compared to control conditions (20�C–50% rHu

o/n), but it did increase after copper and acid rain treat-

ments (Fig. 7A). In C. avellana pollen, TGase activity

significantly increased after exposure to both changes in

temperature and humidity (Fig. 7B), and even more fol-

lowing acid rain and copper treatments compared to control

conditions (10�C–70% rHu o/n). The increase in TGase

activity was always more marked in C. avellana than in M.

domestica pollen (Fig. 7A, B).

Phospholipase A2 as a substrate

The mammalian glycoprotein secretory phospholipase A2

(sPLA2), due to its relevance in the inflammatory cascade,

was used as a substrate to assay the capacity of pollen to

conjugate [3H]-putrescine (PU) to this enzyme in the

presence of calcium. Whole pollen grains of M. domestica

(Fig. 8A) and especially of C. avellana (Fig. 8B) showed

an higher conjugating activity when exposed to high tem-

perature and rHu with respect to pollens exposed to natural

Fig. 7 Effect of environmental conditions on M. domestica and

C. avellana pollen TGase activity. The TGase activity at the surface

of M. domestica (A) and C. avellana (B) pollens exposed to different

environmental conditions, as reported above, was measured by the

microplate assay. Pollen was allowed to germinate for 120 min

(M. domestica) or 13 h (C. avellana) in microwells pre-coated with

DMC in appropriate germination medium containing biotinylated

cadaverine. TGase activity is expressed in units (U) of specific

activity (means ± SD of at least three independent experiments

performed in triplicate) per mg of pollen
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conditions (20�C–50% rHu o/n and 10�C–70% rHu o/n,

respectively, for M. domestica and C. avellana). The con-

jugation of PU to sPLA2 was greatly reduced or nullified by

EGTA. These finding showed that mammalian sPLA2 may

function as a substrate also for extracellular pollen TGase

activity. To verify if a plant TGase activity can also affect

Fig. 8 Effect of environmental conditions on M. domestica and

C. avellana pollen activity in conjugating polyamines to sPLA2 and in

stimulating sPLA2 enzymatic activity A and B. The TGase activity

was measured after pre-incubation of M. domestica (A) and C. avell-
ana (B) pollen grains exposed to natural conditions (20�C–50% rHu

o/n and 10�C–70% rHu o/n, respectively) or to simulated high

temperature and humidity conditions (30�C–100% rHu o/n) in buffer

containing 5 lg sPLA2 and 0,2 lM of [1.4(n)3 H]-PU]. As positive

control, 5 mM CaCl2 was added or 20 mM EGTA as negative

control. Data were expressed as DPM/mg protein. Each data point

represents the mean of three independent experiments undertaken in

triplicate. C, D and E The activity of 10U/ml of mammalian sPLA2

(C) was measured after incubation at 37�C for 30 min with 250 lg of

protein extracts of M. domestica (D) and C. avellana (E) pollen,

treated as reported above, in a buffer containing 2 mM Ca2? (without

DTT and EDTA/EGTA which alter sPLA2 activity). Pollen protein

extracts were treated with 10 mM PU as negative control. Insert The

activity of mammalian sPLA2 (10 U/ml) was measured after pre-

incubation with 10 lg of AtPng1p recombinant protein, treated with

2 mM Ca2?, 10 mM PU, 500 lM 283 or heat denatured and then

similarly incubated with sPLA2 enzyme. Data (A405 nm) were

expressed as percentages of the activity values of standard sPLA2,

which were given the value of 100, after subtraction of background

values given by the extracts. Each data point represents the mean of

three independent experiments undertaken in triplicate. The signifi-

cance of each sample was calculated with respect to standard sPLA2

(c) (* p B 0.05 with the Student’s t test [two-tailed distribution, two-

sample equal variance)]
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mammalian sPLA2 activity, the recombinant plant TGase

AtPng1p (Fig. 8D insert) was utilised. Recombinant TGase

significantly activated sPLA2 in the presence of calcium

and its action was inhibited by either the addition of a

competitive inhibitor of TGase activity (PU), an irrevers-

ible TGase inhibitor (283) or by heat denaturation of the

recombinant TGase (Fig. 8D insert). To investigate whe-

ther sPLA2 could be activated by pollens, it was incubated

with extracts from pollen grains exposed to natural and

climate change conditions. The activity of the sPLA2 was

significantly enhanced by incubation with protein extract of

C. avellana pollen exposed to natural conditions. Protein

extracts of pollen treated with environmental stressors

(30�C–100% rHu o/n) increased sPLA2 activity even more

(Fig. 8E). On the contrary, proteins extracted from M.

domestica pollen were much less effective in stimulating

sPLA2 enzyme activity (Fig. 8D) and the exposure to stress

conditions did not lead to a significant change.

Discussion

The comparison of the properties of pollens from Corylus

avellana (hazel), known to be allergenic, and Malus

domestica (apple), the allergenicity of which has not been

classified, constitutes the necessary pre-requisite to verify

the hypotheses that pollen TGase might have a role in

respiratory allergies and be one of the factors by which

meteorological and pollutant conditions affect these

pathologies.

Allergenicity

The first step of our research was aimed to verify whether

some important apple allergen genes, known to be

expressed in the fruit and to provoke allergic reactions after

ingestion (Pagliarani et al. 2009; Fernandez-Rivas et al.

2006), were also expressed in apple pollen. In particular,

Mal d 3.01, which encodes for an apoplastic lipid transfer

protein (nsLTP), was expressed to a higher extent during

the entire germination, whereas Mal d 1 sub I and Mal d 2

that encode for a putative PR-10 protein and an apoplastic

thaumatin-like protein, respectively, were expressed only

in pollen after the initial phase of the germination. These

results suggest that apple pollen could be potentially

allergenic.

Although some of these allergens are cytoplasmic pro-

teins (Mal d 1 and Mal d 4), they need to be externalised to

access the human mucosae cells of the immune system. In

contrast, Mal d 3 and Mal d 2 are apoplastic; their release

could perhaps be easy and responsible for the rare cases of

respiratory allergy to M. domestica pollen reported in the

literature (Herrmann et al. 1995). These assumptions were

confirmed also by the recognition of proteins easily

released from grain wall by serum of patients allergic to

apple fruit. Tentatively, the high molecular weight of these

proteins should result from aggregation as previously

reported for olive pollen allergens (Castro et al. 2007).

Moreover as GP was found in the mucus of allergic

patients (Accorsi et al. 1982), it cannot be excluded that

pollen tube emission could be a way to release allergens,

such as the PR-10 expressed during germination; some of

these PR-10 proteins from other species have been reported

to have a ribonuclease activity (Zubini et al. 2009), which

is related to the pollen incompatibility response in Rosa-

ceae. However, M. domestica pollen is not classified

among the relevant species in pollinosis. This observation

could be related to the fact that apple pollination is ento-

mophilous and thus pollen, which is produced in small

amount, is sticky and reaches with difficulty the human

airways. The data obtained from semi-quantitative RT-

PCR analyses on allergen genes suggested that apple pollen

could potentially be as allergenic as the fruit, although

other factors, such as a different organisation of the pollen

cell wall (Hesse 1979) and the presence or a different

release of activating factors of the allergenic cascade,

should also be considered.

Transglutaminase

Among the possible activating factors of the allergenic

cascade, the TGase enzyme was examined in the two types

of pollens and some differences were found in terms of

location and activity. Data on the existence of an extra-

cellular TGase activity were already available for M.

domestica GP in optimal conditions, and in this situation

the enzyme remained visible around the grain also after

cell wall digestion, probably because sporopollenine pro-

tected this part of the pollen (Iorio et al. 2008; Di Sandro

et al. 2010). The present research established that the

enzyme was mainly expressed at the beginning of germi-

nation, when it was particularly active, but also continued

to be expressed during the entire germination period. In

addition, the extracellular activity, determined in vivo in

GP, was not significantly different in the two pollens, at

least at the end of the germination periods. By comparing

the localisation of the enzyme itself and its products of

catalysis in the two pollens, these were both detected

mainly around the pollen grains and also along the shank of

the pollen tubes. However, the fluorescence signals

were much more evident around the pollen grain wall of

M. domestica than that of C. avellana.

The specific TGase inhibitor 281 was very effective on

the extracellular TGase activity of both pollens, as shown

in Fig. 4A, B. It has been previously established that 281

blocks apple pollen tube growth and inhibits TGase activity
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in a dose-dependent way (Di Sandro et al. 2010). The

present data, obtained by confocal microscopy (Fig. 3Cb,

Db), suggest that the inhibitor accumulated into tubes of

both pollens, as well as in hazel grain, where the fluores-

cence due to TGase was not visible; the inhibitor probably

could not permeate the cell wall of apple grain, as the

TGase products remained clearly detectable therein.

The presence of an active TGase in the C. avellana grain

is confirmed by the data reported in Fig. 4; the finding that

highly soluble proteins of C. avellana UGP, being more

easily dispersed into the germination/assay medium,

showed an activity greater than that of M. domestica sug-

gesting that the two grains behaved in a different way.

It is known that the cell walls of anemophilous and

entomophilous pollens grains have a different composition

and organisation (Pacini and Hesse 2005), which could

justify an easier or earlier release of various molecules,

including allergens, extracellular TGase and its products by

the anemophilous pollens, which are probably more per-

meable to external compounds.

Moreover, M. domestica and C. avellana pollens also

differ in their incompatibility mechanisms. M. domestica is

gametophytic, while C. avellana is sporophytic, with the

pollen/style recognition times more rapid in hazel, whose

incompatibility glycoproteins are exposed to and immedi-

ately recognised by stigma cells. TGase is reported to be

part of the factors involved in gametophytic incompati-

bility of Rosaceae, being particularly active in self-

incompatible pollen, as shown by Del Duca et al. (2010). In

Malus germinating pollen, TGase was found to be released

extracellularly (Di Sandro et al. 2010). It is intriguing to

note that genes involved in cell–cell recognition (as aller-

gens, resistance genes and F-boxes) are usually organised

in clusters in the Maloideae genomes; this phenomenon

can represent an evolutive conserved strategy for the cells

to recognise pathogens or self/non-self pollen. As a con-

sequence, the incompatibility response and allergenicity

could have some common mechanism at the molecular/

cytologic level and TGase could represent one of the fac-

tors that plays a role in both mechanisms. These hypotheses

would be a subject of future studies.

Environmental criticalities

The second step of our work was devoted to verify if the

environmental conditions such as temperature, humidity

alone or in combination with some pollutants (copper and

acid rain) could have an effect on the viability and ger-

mination of both pollens. C. avellana appeared to be more

resistant to temperature and humidity changes than

M. domestica, even with a 20�C increase above the natural

conditions, to which anemophilous pollen can be subjected

to during pollination. A prolonged treatment at high

temperature and % rHu caused pollen death of M. domes-

tica and not of C. avellana, as revealed by the respiratory

and cytoplasmic enzymes activity. However, germination

resulted in a more sensitive parameter of the damage, as it

was dramatically affected by long exposure to extreme

temperature and humidity conditions in both pollens and

even more influenced by copper and acid rain treatment.

Bellani et al. (1997) reported that the environmental

stressors, and in particular acid rain, repeatedly supplied to

apple trees, act primarily by altering the function of cyto-

plasmatic enzymes and affecting organelles, including

mitochondria, plastids and endoplasmic reticulum of

pollen.

Simulated environmental conditions caused an increase

in extracellular TGase activity, which was far more marked

in C. avellana pollen than M. domestica pollen, and in both

pollen, it was found to be enhanced by pollution condi-

tions. In apple pollen, the TGase expression and activity in

vivo and in vitro was not significantly affected by tem-

perature and humidity increases. By contrast, in hazel

pollen exposed to increasing temperature and humidity,

TGase activity was found to be significantly increased

compared to the level in simulated natural conditions.

In vivo immunofluorescence with the polyclonal antibody

AtPng1p showed that the enzyme was released into the

medium, probably due to a leakage from pollen cell wall or

membrane. This release might allow the enzyme, when the

entire pollen grains were assayed in vivo in the presence of

high Ca2? concentration, necessary to allow germination,

to more freely reach the substrate immobilised on the plate

well surface and to catalyse a large amount of products.

Copper pollution and acid rain significantly increased the

extracellular TGase activity of both pollens, possibly

through a process related to a damage of pollen membrane

or even cell wall. The enzyme itself undergoes possible

events of degradation, especially after acid rain treatments

of both pollens. Under copper pollution in C. avellana

pollen, the more intense fluorescence of the 55-kDa

AtPng1p immunoreactive band, previously observed in the

apple pollen and tobacco corolla cell walls (Di Sandro et al.

2010; Della Mea et al. 2007a, b), suggests that this apo-

plastic enzyme could be responsible for the intense extra-

cellular activity. Other isoforms have been detected before

in M. domestica pollen, mainly the 70 kDa (Del Duca et al.

2009), whereas other isoforms have been previously

reported (Serafini-Fracassini et al. 2009).

The environmental conditions including variations in T

and rHu, and copper and acid rain pollution, differently

affected the two pollens, which responded with a different

behaviour. Mainly in C. avellana, an extracellular TGase

activity is stimulated by environmental changes and pol-

lution. As a consequence, it may be effective also on cross-

linking substrates located outside the pollen.

Environmental criticalities influence pollen allergenicity 1021

123



Factors of inflammation

The third step of this work has shown that sPLA2, known to

be involved in the inflammation response and to be released

from the inflammatory cells into the airway mucosae, is also

a substrate of plant TGases; the modification of sPLA2 via

TGase caused the stimulation of its in vitro activity. We have

shown that a recombinant plant TGase, AtPng1p, greatly

activates mammalian PLA2 in the presence of Ca2?, whereas

283, TGase heat-denaturation and a high amount of PU

caused a significant activity reduction. This inhibitory effect

occurred when an excess of competitive PA amine donors

caused the formation of mono-glutamyl derivatives preva-

lently. This could saturate the PLA2 sites of isopeptide

Gln-Lys bridge formation, necessary to allow the dimeri-

sation of PLA2 in its active conformation, as suggested by

Cordella-Miele et al. (1990). The same authors reported that

mammalian tTGase caused the formation of an isopeptide

bond between a Gln and a Lys causing an intramolecular

conformational change, which allows the formation of a

non-covalently bound transient dimer responsible for ten-

fold sPLA2 activity stimulation with respect to the mono-

mer. When different amines or PAs at optimal concentration

were incubated with sPLA2, tTGase catalysed the produc-

tion of a high percentage of N-mono(c-glutamyl)-PA and

caused an increase in PLA activity; N,N-bis(c-glutamyl)-PA

could also be formed (Cordella-Miele et al. 1993).

Similarly, pollen of both plants exposed to natural or

stress conditions were able to modify by polyamination

(using [3H]PU as tracer) the mammalian sPLA2, suggesting

that a pollen TGase is active also on mammalian PLA. It is

known that pollen releases PAs (Bagni et al. 1981), which

in turn can be a substrate of TGase. The polyamination of

sPLA2 was much evident when pollen grains of C. avellana

were assayed compared to M. domestica, especially if the

stressors were high temperatures and humidity. This find-

ing is in agreement with the data obtained on extracellular

TGase activity, which was much higher in hazel pollen

than in apple pollen.

In the presence of C. avellana pollen extract, the activity

of the sPLA2 increased by more than three and four times,

respectively, under natural or stress conditions. In both

cases, sPLA2 activity was significantly reduced by com-

petition with an excess of PU. On the contrary, M. domes-

tica extract was poorly effective. This increase in sPLA2

activity is likely to be due to the TGase present in the

extract, consistent with similar raises in sPLA2 activity by

the recombinant plant TGase AtPng1p and by previous

work with mammalian tTGase (Cordella-Miele et al.

1993). However, it cannot rule out the possibility that a

PLA activity, reported to be present in Arabidopsis thali-

ana (Ishiguro et al. 2001), is also present in pollen of

C. avellana, amplifying the sPLA2 activity detection.

On the bases of the present data, it can be summarised

that mammalian sPLA2 can be activated by plant TGases.

In particular, C. avellana pollen greatly stimulated sPLA2

activity, especially when stressed by environmental con-

ditions that are likely to facilitate the release of the enzyme

by this anemophilous pollen, thus favouring its allergen-

icity. Naturally also other molecules, from allergens to

other factors of the inflammatory cascade, might also be

easily released by the same process.

These data on the whole are in agreement with the

hypothesis that pollen TGase might have a role in respiratory

allergies and be one of the factors by which environmental

conditions and pollution affect these pathologies.
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