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Abstract Air pollutants impact airborne pollen

biochemistry. Oxidative damage to lipids, proteins

and nucleic acids or protein nitration are among ozone

(O3) and nitrogen dioxide (NO2) described deleterious

effects possibly causing pollen physiology damage

and enhanced allergenic activity, contributing to

aggravate pollen driven respiratory allergy in urban

areas. The goal of this research was to evaluate the

effects of O3, NO2, alone and combined, on Dactylis

glomerata pollen reactive oxygen species scavenging

enzymes, on pollen germination and their potential

contribution to the allergenicity. D. glomerata pollen

was in vitro exposed to pollutants. Protein extracts

were prepared and superoxide dismutase (SOD),

catalase and glutathione peroxidase (GPx) activities

were evaluated. Western blot with pooled sera or with

IgG against group 5 allergens and profilin was

performed. Pollen germination capacity was increased

by NO2 and was unaffected by O3 or O3 ? NO2 but

showed longer pollen tubes in the latter. Exposure to

O3 did not affect SOD activity but induced a twofold

increase in catalase activity. SOD activity was twofold

higher in pollen exposed to NO2. Exposure to

O3 ? NO2 induced a twofold and fivefold increase

of SOD and catalase activities, respectively. Pollen

GPx was unaffected by the pollutants. IgE-recognition

of proteins in the molecular weight range of

42–57 kDa were amplified by NO2 and O3 ? NO2

and O3 amplified proteins with molecular weight of 13

(profilin), 29 (Group 5), and 31 kDa. Taken together,

these results show that pollen oxidative defences are

activated by common air pollutants affecting both its

germination capacity and its allergenic activity.
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1 Introduction

Motor vehicles emissions, from burning hydrocar-

bons, produce nitrogen dioxide (NO2). With available

UV light, photodissociation of NO2 can produce

nitrogen monoxide (NO) and atomic oxygen (O),

which is very reactive and attaches quickly to oxygen

(O2) to form ozone (O3). This way, tropospheric O3

can be formed indirectly from pollution of NOx. The

short half-life of O3 causes its break down to O2 ? O,

which in turn, can bind to natural nitrogen (N2) or to

NO to again form NO2. Unlike naturally formed O3,

when O3 is formed from smog, an ‘‘ozone cycle’’

begins that is difficult to break, where NO and NO2

participate as catalysts, causing ozone to increase in

our environment to unhealthy levels (Zumdahl 2009).

Portugal has very intense solar radiation levels, so in

the presence of the ozone precursors, which can be

transport from the urban areas of Porto and Lisbon to

the south and interior part of Portugal by the N–NW

dominant winds, ozone levels can reach the threshold

limit imposed by the EC directives, presenting risk for

vegetation protection (Monteiro et al. 2007).

Airborne pollen during its transport comes in

contact with a variety of atmospheric chemicals,

including the common air pollutants O3 and NO2,

which impact airborne pollen at several levels:

affecting germination capacity (Gottardini et al.

2004) and viability (Cuinica et al. 2014; Pasqualini

et al. 2011), morphology and cell wall structure

(Chehregani et al. 2004) and protein content or release

(Ribeiro et al. 2014), as well as inducing chemical

modification of specific biomolecules. On one side,

NO2, alone or in combination with O3, may contribute

to protein nitration (Ghiani et al. 2016; Gruijthuijsen

et al. 2006), affecting protein/enzymatic function. On

the other side, the strong oxidizing potential of O3 may

affect pollen redox balance (Pasqualini et al. 2011),

and oxidative damage to lipids, proteins and nucleic

acids are among O3 described deleterious effects (Iriti

and Faoro 2007). Moreover, in nature it is expected

that the airborne pollen will be exposed to both

pollutants simultaneously and other synergistic effects

may be expected, since the presence of O3 increases

NO2 absorption (Chassard et al. 2015) favouring the

nitration of proteins (Franze et al. 2005). Nevertheless,

the effect of these pollutants on pollen, alone or in

combination, is not fully elucidated and are, probably,

pollen type specific.

The pollen of grasses is very abundant in the spring

period in Portugal, corresponding to an increasing

solar exposure (UV radiation), which induces, with the

adequate catalysts present, elevated O3 levels in the

atmosphere (Bortoli et al. 2009). Additionally, the

high humidity levels characteristic of the season,

above 60% even in inland drier areas (Miranda et al.

2001), facilitate the uptake of pollutants by the pollen

(Chassard et al. 2015). So, it is relevant to know the

effects of atmospheric pollutants on this pollen type,

particularly due to its high allergic potential.

Reactive oxygen species (ROS) are important for

regulating many aspects of the life cycle and environ-

mental response mechanisms of plants (growth,

development, response to biotic and abiotic environ-

mental stimuli). However, stress can lead to excessive

ROS production, causing progressive oxidative dam-

age. Whether ROS would serve as signalling mole-

cules or could cause oxidative damage to the tissues

depends on the delicate equilibrium between ROS

production, and their scavenging (Bailey-Serres and

Mittler 2006). In pollen, as in other plant tissues, ROS,

directly or indirectly derived from the exposure to

pollutants, are scavenged by enzymatic and non-

enzymatic antioxidant defensive mechanisms. In this

work, we investigate the action of superoxide dismu-

tase (SOD), which constitutes the first line of defence

against ROS, and catalyses the dismutation of the

superoxide radical (O2
-.) into either O2 or H2O2,

which can also be damaging (causing lipids or proteins

peroxidation) and is degraded by other enzymes such

as catalase or glutathione peroxidase (GPx), which

also will be investigated.

Environmental pollutants can affect allergic disease

in several ways, for instance as adjuvant factors in

sensitization or as triggering factors in allergic disease

onset. Environmental pollutants can also affect
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allergen exposure features, influencing either sensiti-

zation or the onset and/or magnitude of allergic

disease (Ring et al. 2001).

The goal of this research was to evaluate the effects

of O3, NO2, alone and combined, on physiological

aspects and on allergenicity ofD. glomerata pollen. In

order to perform this evaluation, we have investigated

the effect of the above gaseous pollutants on: (i) pollen

germination ability; (ii) the major defences against

oxidative stress, the ROS scavenging enzymes SOD,

catalase and GPx; (iii) the allergen expression patterns

identified by IgE immunorecognition. D. glomerata

pollen was exposed to the air pollutants in controlled

conditions, using an environmental chamber.

2 Material and methods

2.1 Pollen collection

D. glomerata pollen anthers were collected during the

flowering season (spring; June 2018) in a rural area of

North of Portugal and were dried at 27 �C. Pollen was
released by gently crushing the anthers and passed

through 0.063 mm sieves to isolate the pollen samples

that were stored at - 20 �C after exposure to the

different treatments (Sect. 2.2). Figure 1 depicts the

experimental design.

2.2 In vitro pollen exposure to O3 and NO2

Pollen samples were exposed to O3, NO2 or O3 ? NO2

in an environmental chamber equipped with a Solar

Simulator (Newport Oriel 96000 150 W), a fan

(SUNON SF23080AF) to homogenize the air and

temperature and relative humidity sensors (EBRO

EBI20 sensor) (chamber and method details may be

consulted in Sousa et al. 2012). The reproducibility of

exposure conditions was demonstrated in Ribeiro et al.

(2013). Pollen samples of 250 mg of dry weight (DW)

were placed in a tube with both edges closed by a

23-lm pore length mesh (SEFAR PET 1000). This

tube was then placed over a fan that impelled the air

within the chamber to pass through. Pollen was

exposed to pollutants during 6 h, at an average

concentration equal to the current atmospheric limit

value for the human health protection according to the

European Union Directive 2008/50/EC of 21 May

2008 on ambient air quality and cleaner air for Europe

(O3 daily 8-h mean—120 lg/m3; NO2 1 h limit—

200 lg/m3). A pollen sample exposed under the same

conditions to unpolluted air was used as control. The

6 h exposure time was used as a model for the period

corresponding to the highest solar irradiation (around

12 o’clock).

2.3 In vitro pollen germination

The germination of the exposed and control pollen

samples (4 batches from each condition) occurred at

room temperature, in the dark, for 24 h, in an aqueous

solution (Dafni 1992), using an optimized culture

media (1% Saccharose, 0.6% polyethylene glycol

20 kDa and 2.5 mM MgSO4, 8.3 mM Ca(NO3)2,

1.6 mM H3BO3, 1 mM KNO3). At the end of the

experiment, the samples were transferred to a slide,

with a droplet of methylene blue. 200 pollen grains per

slide were randomly counted using a light microscope

(Olympus BX43, 400x) and the results were expressed

as a percentage of germination. A pollen grain was

Fig. 1 Scheme of the experimental design
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classified as germinated when the pollen tube was

longer than the pollen size. Pollen tubes were classi-

fied as long and shortwhen its size was higher or lower

than twice the diameter of pollen, respectively.

2.4 Preparation of pollen extracts and total protein

quantification

Pollen extracts from control or exposed to pollutants

(O3, NO2 or O3 ? NO2) (3 per treatment) were

prepared in phosphate buffered (80 mM Na2HPO4,

20 mM de KH2PO4, pH = 7.8). Pollen grains were

macerated (2.5 mg pollen/ml) in precooled buffer

(4 �C) in a mortar. The pollen suspensions were then

centrifuged at 10,000 g for 10 min, and the super-

natants were recovered and frozen until analysis.

The soluble protein concentration in the super-

natants was measured using the dye-binding Bradford

protein assay (Bradford 1976), using bovine serum

albumin as the standard.

2.5 SOD, catalase and GPx enzymatic activities

Total SOD (EC 1.15.1.1) activity quantification was

based on the inhibition of the riboflavin-induced

reduction of nitro blue tetrazolium (NBT), since

superoxide anion is scavenged by SOD. The assay

solution (pH = 7.8) contained 70 mM phosphate

buffer, 10 lM EDTA, and 0,003% Triton X-100,

2 lM riboflavin and 10 lMNBT. NBT reduction was

triggered by cool white fluorescent light

(30 lmol � m–2 � s–1) and reduced NBTwasmeasured

at 560 nm, every 5 min, for 40 min. Reduction rates

obtained in the presence (v) or absence (V) of pollen

extract were used to calculate SOD enzymatic activity

(U) as 1-(v/V), according to (Beauchamp and Fri-

dovich 1971). Specific activity was expressed as U per

mg of protein.

Catalase (EC 1.11.1.6) activity was determined as

previously described by (Bailly et al. 2004) by

spectrophotometrically following H2O2 consumption

at 240 nm. Assay solution (pH = 7) contained 50 mM

phosphate buffer and 10 mM H2O2. The results were

expressed as specific activity, i.e. as lmol H2O2

decomposed/min/mg of protein.

The GPx (EC 1.11.1.9) activity was measured using

t-butyl hydroperoxide (tBH) and reduced glutathione

(GSH) as substrates, and the product, oxidized

glutathione (GSSG), is then recycled back to GSH,

employing glutathione reductase (GR) and NADPH,

in a coupled reaction (assay solution, pH = 7.2:

phosphate buffer 50 mM, 2.5 mM GSH, 0.5 mM

NaN3, 0.3 mM EDTA, 0.1 mM NADPH, 0.5 U GR,

0.4 mM tBH). Enzymatic activity of GPx is expressed

as NADPH consumption, at 320 nm, lmol/min/mg of

protein (Mannervik 1985).

Enzyme activity was assessed in all the pollen

extracts prepared (3 per treatment). Technical repli-

cates (4–5) were performed. For each extract, the

enzyme activity was estimated as the mean of the

technical replicates.

2.6 IgE-profiles and immunoblotting

Protein pollen extracts from the different samples

(50 lg/lane) were separated in 12% polyacrylamide

gels under reducing conditions (Laemmli 1970). For

immunoblotting analysis, the proteins were elec-

troblotted onto PVDF membrane (Westran, What-

manTM, GE Healthcare). The membranes were

saturated during 2 h in a blocking solution (5% non-

fat dry milk (w/v) prepared in Tris–HCl buffered

saline solution with Tween (TBST, pH = 7.6: 25 mM

Tris–HCl, 150 mM NaCl and 0.1% Tween).

For IgE profiles, the membranes were incubated

overnight (OV) at 4 �C with pooled sera from non-

sensitized and sensitized patients to D. glomerata

pollen diluted 1:20 in TBST. This study was per-

formed under the Portuguese laws for Personal Data

protection, DL 67/98 and DL 12/2005 and authoriza-

tion GD/44721/2015 of the Ethics Committee for

Health Science Research of the University of Évora;

participant’s signed informed consent forms before

enrolment in the study. Bound specific IgE was

detected with mouse anti-human IgE antibody

(I6510, Sigma) diluted 1:10.000, incubated for 2 h,

at room temperature (RT) and subsequently by a rabbit

anti-mouse IgG horseradish peroxidase (HRP) conju-

gate (A9044, Sigma), diluted 1:30.000 and incubated

for 2 h, RT. Colorimetric revelation was performed

with TMB (T0565, Sigma), and a photographic image

was taken.

For the identification of grasses group 5 allergen,

biotinylated anti-Phl p5 monoclonal antibody (Aller-

gopharma Joaquim Ganzer KG), 1:100, OV, 4 �C, was
used, followed by streptavidin-peroxidase (S5512—

Sigma) diluted 1:250, for 2 h, at RT. TMB colorimet-

ric revelation was performed. Profilin was detected
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using a rabbit anti-profilin antibody (kindly provided

by Probelte Pharma, 500x diluted), OV, at 4 �C,
followed by a second detection step using an anti-

rabbit IgG-alkaline phosphatase conjugate (NIF1317,

GE Healthcare), incubated for 2 h, at RT; fluorescent

substrate (RPN5785, GE Healthcare) was used for

revelation. Image was acquired using Gel-Doc (Bio-

RAD) under UV light. Two independent experiments

were performed for each evaluation.

Image processing, involving spatial and density

measurements, were performed using the software

ImageJ (https://imagej.nih.gov/ij/index.html). Only

bands presenting density variation above 10% were

considered different from the control.

2.7 Data analysis

The results were expressed as mean ± standard error

of the mean (SEM) unless stated otherwise in the

figure legends. Data normality was confirmed by

Kolmogorov–Smirnov test and QQ-plots and homo-

geneity of variance was assessed by Levene test.

Statistical assessment of differences between mean

values was performed using One-Way ANOVA

(p\ 0.1 or p\ 0.05 were accepted) (Zar 2014). SPSS

was used for statistical analysis (IBM SPSS Statistics

for Windows, Version 25.0. Armonk, NY: IBM Corp,

IBM Corp. Released 2017).

Graphs were produced using OriginPro software

(OriginLab corporation).

3 Results

The D. glomerata pollen in vitro germination pre-

sented rates from 3.6 to 11.3%. Pollen germination

capacity was threefold increased by NO2 exposure and

was not significantly affected by O3 or NO2 ? O3

(Fig. 2a). When the length of the pollen tubes was

taken into consideration, the percentage of germinated

pollen with long tubes was twofold higher in pollen

exposed to NO2 ? O3 (Fig. 2b).

Enzymatic activities of ROS scavenging enzymes

are presented in Fig. 3.

The SOD activity was 1.7-fold higher and 2.2-fold

higher in pollen exposed to NO2 (p\ 0.1) or to

NO2 ? O3 (p\ 0.05) compared to controls

(280 ± 56, 463 ± 69 and 604 ± 102 U/mg protein,

for control, NO2 and NO2 ? O3 groups, respectively).

O3 alone did not significantly affect SOD activity

(Fig. 3a).

The catalase activity was 0.06 ± 0.02 lmol H2O2/

min/mg protein in the controls and was unaffected by

NO2 exposure. In the contrary, the catalase activitywas

enhanced, respectively twofold and fivefold in pollen

exposed to O3 (0.13 ± 0.05 lmol H2O2/min/mg pro-

tein; p\ 0.1) or to NO2 ? O3 (0.33 ± 0.12 lmol H2-

O2/min/mg protein; p\ 0.1) (Fig. 3b).

The GPx activity was similar among groups

(6.9 9 10–5 ± 4.4 9 10–5, 9.2 9 10–5 ± 3.6 9 10–5,

9.2 9 10–5 ± 5.4 9 10–5 and 10.7 9 10–5 ±

7.4 9 10–5 lmol NADPH/min/mg protein, for

a b

Fig. 2 Pollen germination in vitro. a Percentage of germina-

tion; b Percentage of short (1–2*Dp) and long ([ 2*Dp) tubes of

germinated pollen. 4 batches of pollen from each treatment were

incubated in germination media. Each column represents the

mean ± SEM. Statistical significance was assessed by One-

WayANOVA (*p\ 0.05, relatively to control). Dp = Diameter

of the pollen grain. See Appendix A, Fig. A1, for supplementary

information
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control, NO2, O3 and NO2 ? O3 groups, respectively)

(Fig. 3c).

Protein bands, using SDS_PAGE, were observed

ranging 10–90 kDa. The IgE reactivity profile of D.

glomerata pollen, control and the IgE reactivity profile

of D. glomerata pollen, control and exposed to pollu-

tants, was investigated using a pool of sera from grass-

sensitized patients (Fig. 4a). Several protein bands with

similar molecular weight (MW) were identified in all

groups (range 14.2–88.1 kDa). The bands with MW

29.0 ± 0.9, 33.5 ± 0.5, 41.7 ± 0.4, 49.6 ± 0.3,

53.9 ± 0.5, 56.6 ± 0.5 and 61.6 ± 0.7 kDa presented

the highest density (C 5%) (Fig. 4a). A negative

control, using a pool of sera of IgE-negative patients,

was also performed, in the same conditions, and no

bands were detected (data not shown).

The treatments differentially affected the band

density (% of control; Fig. 4b); The bands with MW

a b c

Fig. 3 ROS scavenging enzyme activities: a SOD (inhibition of

the riboflavin-induced reduction of NBT—U/mg); b Catalase

(consumption of H2O2/min/mg protein); c GPx (consumption of

NADPH/min/mg protein). Extracts were prepared from batches

of pollen (3 per treatment). To determine the enzyme activity for

each pollen extract, 3–4 technical replicates were performed and

the enzyme activity was estimated as the mean value of the

technical replicates. Each column represents the mean ± SEM

of the estimated activity for the 3 different extracts per

treatment. Statistical significance was accessed by One-Way

ANOVA (*p\ 0.1, **p\ 0.05)

a bFig. 4 Exposure of D.
glomerata pollen to

atmospheric pollutants

induced changes in

allergenic profile. a IgE

profile (representative of

two independent

experiments); b Relative

Density (% of control) of the

IgE reactive bands (cut off

2%). See Appendix B,

Table B1, for supplementary

information. See Appendix

A, Fig. A2, and Appendix B,

table B1, for supplementary

information
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41.7, 45.0, 49.6, 51.9, 53.9 and 56.6 kDa from NO2

treated pollen presented augmented relative density

(11–49%) while the bands with MW 36.7, 76.3 and

88.1 kDa presented diminished relative density

(29–55%).

O3 exposed pollen showed an enhancement of the

bands with MW 29.0, 31.0 and 41.7 kDa (42%, 50%

and 13%, respectively) and a reduction of the relative

density of bands with MW 36.7, 51.9, 76.3 and

88.1 kDa (21–32%).

Finally, the bands with MW45, 46,7, 51,9, 53.9 and

56.6 kDa were intensified (13–61%) by the exposure

to both pollutants while the bands withMW36.7, 61.6,

76.3 and 88.1 kDa were diminished by 15–52%.

The expression of profilin and grass group 5

allergens was assessed by immunoblot (Fig. 5). Pro-

filin was identified as a peptide with 13 kDa and was

induced 1.2-fold by O3 treatment. Group-5 allergen

presented a molecular mass of 29 kDa, which is

compatible with the IgE-reactivity for the band

29.0 ± 0.9 kDa and was 1.6-fold induced by O3

exposure.

4 Discussion

In this work it is shown that the pollutants NO2 and O3,

which can be derived from vehicle traffic emissions,

evoked differentiated effects on D. glomerata pollen.

Differential effects caused by these agents in other

pollen types have been described in multiple studies,

either after in vitro exposure (Cuinica et al. 2014; Lu

et al. 2014; Ribeiro et al. 2014; Sousa et al. 2012), as in

this work, or during environmental exposure

(Cortegano et al. 2004; Ghiani et al. 2012; Gottardini

et al. 2004).

Starting with an overview of the most relevant

results obtained in each test condition and our

interpretation based on current knowledge, we seek

to discuss the real-world implications of pollen

exposure to traffic related pollutants.

4.1 Effects of pollen exposure to NO2

Exposure to NO2 induced a threefold increase in the

germination rate of D. glomerata pollen, despite the

low germination rate observed probably related with

the storage conditions of the pollen samples since

Cauneau-Pigot (1991) showed for this pollen species a

reduction in germination after storage at - 20 �C
compared with the fresh pollen.

A contradictory effect of NO2 was observed in

pollen germination from Betula pendula R., Ostrya

carpinifolia S. and Carpinus betulus L. (Cuinica et al.

2014) and from Acer negundo L. pollen (Sousa et al.

2012) after NO2 fumigation. Structural and/or bio-

chemical characteristics of different pollen types may

explain this opposing response. Indeed, at the seed

germination level, for instance, the effects of NO2 are

also inconsistent where both impairment or promotion

of germination have been described, depending on the

species analysed (Beligni and Lamattina 2000; Keeley

and Fotheringham 1997).

It has been shown that the uptake of NO2 by Phleum

pratense L. pollen is potentiated by water content,

inducing a subsequent acidification (Chassard et al.

2015), as a result of NO2
- (Bright et al. 2009;

Chassard et al. 2015) and NO3
- (Chassard et al. 2015)

a bFig. 5 Immunoblots and

relative density (% of

control) for profilin (a) and
group 5 allergen (b).
Specific IgG antibodies

were used. Data represent

the analysis of two

independent experiments
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formation. Additionally, NO2
- promoted synthesis of

intracellular NO, an important signalling molecule in

the process of pollen germination (Pasqualini et al.

2015). NO synthesis, favoured by NO2 exposure,

could explain the increase in the germination rate

observed in this work.

At the level of the scavenging enzymes of ROS,

catalase and GPx, there were no significant changes

induced by NO2. However, SOD activity recorded

after exposure to NO2 was higher than the control

suggesting some oxidative stress in pollen, driven by

superoxide anion, generated by NO2 exposure. The

activity of the catalase necessary to eliminate the H2O2

generated by cell metabolism, or by the action of SOD,

consistently presented an average activity above the

control. The physiological levels of ROS play impor-

tant roles in germination signalling (Pasqualini et al.

2015), thus the ROS imbalance suggested by enzy-

matic activities measured in this work may partially

explain the increase in germination rate observed.

Proteomic shifts have been observed previously in

pollen exposed to pollutants, possibly affecting its

allergenic potential. For instance, a higher IgE recog-

nition of some protein bands after NO2 fumigation

(in vitro, 0.039 and 0.065 ppm, 6 h) was described for

B. pendula, O. carpinifolia and C. betulus pollen

(Cuinica et al. 2014) while a diminished IgE binding to

some allergens (Phl p 2, Phl p 5b and Phl p 6) was

described after P. pratensis pollen exposure to NO2

(in vitro, 2 ppm, 2 h) (Rogerieux et al. 2007).

In our experiments, pollen exposure to NO2 mod-

ified the immune reactivity of several proteins, five

became over- and four became under-recognized.

Among the proteins showing decreased immunoreac-

tivity is a band of molecular weight 33.5 kDa,

compatible with the grass group 1 major allergen

(Kleine-Tebbe 2014). The grass group 5 major aller-

gen is either unchanged or slightly diminished while

five minor allergens with MW ranging 41–56.6 kDa

that may include Group 4 and Group 13 are increased.

Moreover, SOD activity, an allergen withMW 23 kDa

recently described in P. pratense (Conti et al. 2014) is

elevated in pollen exposed to NO2. Whilst not ruled

out, when taken together it is unclear whether the

pollutant NO2 induces a significant increase in D.

glomerata pollen allergenicity.

4.2 Effects of pollen exposure to O3

The exposure of the pollen to O3 did not affect the

germination rate and pollen tubes length as both were

not significantly different to the control values.

However, the duplication of catalase activity in pollen

exposed to O3, denotes oxidative stress generated by

this gas, leading to increased production of H2O2

(Pessarakli et al. 2019). Since SOD activity was not

changed by the exposure to this pollutant, the H2O2

might have been generated by a SOD-independent

mechanism, possibly the induction of NAD(P)H

oxidase, a mechanism described by Pasqualini et al.

(2011) for Ambrosia artemisiifolia pollen exposed to

O3. GPx activity did not significantly change, sug-

gesting that GSH-dependent pathway was not prefer-

entially used to deal with O3-induced oxidative stress.

At the level of allergen expression, there were

several changes to the IgE-recognition pattern, with

diminished recognition of four proteins (MW of 36.7,

51.9, 76.3 and 88.1 kDa) and increased recognition in

three proteins (MW of 29, 31 and 13 kDa); two of the

latter were identified by Western blot as grass group 5

(EACCI 2014) and profilin (grass Group 12), a pan-

allergen presenting high homology between plant

cells, responsible for cross-reactivity between pollen

types (Hauser et al. 2010). Diminished IgE-binding to

Phl p 5b have been reported by Rogerieux and

colleagues (Rogerieux et al. 2007) probably resulting

from different pollen exposure protocols; in fact, the

kinetics and dose-response of the effects of pollen

exposures to O3 are yet unknown.

O3 seems to cause an augmented allergenicity of

grass pollen, characterized by the increased immune

recognition of one of its major allergens and a pan-

allergen that may be responsible for important cross-

reactivity thus aggravating allergic symptomatology.

4.3 Effects of pollen exposure to both to NO2

and O3

Pollen germination rate was unaffected by simultane-

ous exposure to both pollutants. Nevertheless, pollen

tubes of the germinated grains were longer, revealing

cell signalling changes favouring the process of pollen

tube formation.

The increased enzymatic activities of SOD and

catalase enzymes suggest oxidative stress, resulting

from additive effects of both pollutants, with positive
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effects on the pollen tube growth driven by reactive

oxygen species (Pasqualini et al. 2015) without

significantly affecting the germination. Due to a

synergistic effect, the presence of O3 increases NO2

absorption (Chassard et al. 2015) and strongly favours

the nitration of proteins (Franze et al. 2005) thus

generating amplified SOD and catalase activity and

altered IgE recognition patterns compared to O3 or

NO2 alone. Indeed, in the IgE recognition profile six

bands were intensified (MW in the range

41.7–56.6 kDa) and three have shown lower IgE-

reactivity (MW of 36.7, 76.3 and 88.1 kDa). It is

noteworthy that these bands correspond to the same

ones identified in pollen fumigated with NO2 alone

and that the effect of NO2 was amplified by the

presence of O3, either for increased or for decreased

immune reactivities. Additionally, in accordance to

NO2 treatment, the increased SOD activity suggests an

increase of the SOD allergen (Conti et al. 2014),

compatible with a low intensity band of MW

22.6 ± 0.2 kDa detected in our allergograms.

As for NO2 treatment, the major allergen and the

pan-allergen profilin were unchanged thus the effect

over allergenicity remains unclear.

4.4 An integrated overview

This work suggests that common air pollutants evoke a

modified pollen allergenicity, potentially contributing

to a higher incidence of respiratory allergic diseases in

urban areas (D’Amato et al. 2016) with high vehicle

traffic emissions.

Our results have shown that pollen oxidative

defences are activated by common air pollutants,

affecting both its germination capacity and its aller-

genic activity. Concerning the pollen germination, it is

remarkable that NO2 alone stimulated the germina-

tion, resulting from NO signalling (Pasqualini et al.

2015), while O3 did not affect germination. On the

other hand, NO2 ? O3 induced the formation of

longer pollen tubes, possibly due to increased ROS

formation (Pasqualini et al. 2015), without affecting

germination; in this condition, ROS formation might

be highly favoured due to synergistic effect of the

pollutants together, as suggest the increased SOD and

catalase activities, and possibly lower NO formation

compared to NO2 alone, due to the skewing of the

equilibrium to the protein nitration (Ghiani et al. 2012;

Gruijthuijsen et al. 2006). From an allergenic point of

view, when comparing the effects of NO2 with the

effect of NO2 and O3 together, an amplification of the

NO2 effect was observed. Additionally, the O3 stimuli,

separately, seems to be more harmful, at least in the

case of grass species, as shown by our results. In fact,

differential allergenic potency of airborne grass and

olive pollen depending on the year and geographical

location has been reported (Buters et al. 2015; Galan

et al. 2013). The results shown in this work may

contribute to explain these differences.

Modified immunoreactivity may be due to either a

change in protein expression levels in response to the

induced stress or to a change in antigen–antibody

recognition patterns as result of chemical modification

such as nitration of proteins epitopes (Gruijthuijsen

et al. 2006), or by the combination of both aspects.

Subsequent studies of post-translational modifications

of proteins will be necessary to distinguish the

contribution of each of these factors to the changes

shown in this and other works. However, regardless of

the pathway underlying immunoreactivity modifica-

tion, the amplification of pollen allergenicity is

expected to induce increased allergic reactions and

aggravation of allergic symptoms.

Considering the elevated values of O3 reached in

the Alentejo region during the main grass pollen

season (end of April to beginning of June) (Bortoli

et al. 2009), an increased allergenic risk is expected,

particularly if associated with high-vehicle traffic

environments.
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