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Abstract

Background: Pollutants may affect pollen allergenicity and thus the prevalence of
allergies. Although a few studies are available in literature, the connection
between pollution and the allergenic potential of pollen has yet to be clearly
defined. The objective of this study was to evaluate the effect of traffic-related
pollution on the allergenicity of ragweed (Ambrosia artemisiifolia 1L.) pollen
through a field-based experiment.

Methods: Mature pollen grains were collected from ragweed plants grown along
main roadsides and in vegetated areas of Po river plain. The percentage of sub-
pollen particle-releasing grains (SPPGs) was evaluated immediately after sampling
by microscope and image analysis. Immunochemistry and LC-MS/MS were
applied to assess the whole allergenicity and the allergen pattern characterizing
the different pollen samples.

Results: No statistical difference was detected in the percentage of SPPGs among
pollen samples. Specifically, after hydration, the mean percentage was very low
(<4%) in all the samples, regardless of the site of origin. On the contrary, pollen
collected along high-traffic roads showed a higher whole allergenicity than pollen
from low-traffic roads and vegetated areas which showed a reactivity similar to
that of the commercial pollen ‘Allergon’, used as a standard. The detected higher
allergenicity levels were attributed to both quantitative and qualitative differences
in allergen pattern.

Conclusion: Our findings show that pollen collected at different sites contains
different amount and number of allergens and suggest that traffic-related
pollution enhances ragweed pollen allergenicity, which may contribute to the
increasing prevalence of ragweed allergy in Lombardy plain.

Pollutants have been indicated as one of the contributing fac-
tors to the increased incidence of allergic diseases observed in
recent years. Pollen is a very important source of allergens,
and the prevalence of pollinosis, in particular, can be affected
by the presence of environmental pollutants. Pollutants can
exert their action at different levels: (i) directly upon the indi-
vidual, by damaging the mucous membranes and thus
facilitating the penetration of pollen allergens and their inter-
action with the cells of the immune system, or (ii) indirectly
upon pollen and pollen allergens. Regarding the latter aspect,
it has been demonstrated that air and soil contaminants can
affect plant growth and reproduction. For instance, it has been
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observed, in both laboratory and field conditions, that the
increased atmospheric concentration of carbon dioxide (CO,)
and the accompanying increase in temperature have promoted
allergenic plant productivity and then allergenic pollen pro-
duction (1-3). Pollutants were also demonstrated to interact
directly with pollen grains, affecting cell wall structure and
leading to increased release of allergens or sub-pollen particles
containing allergens (4). In addition, it was observed that pol-
lutants can form complexes with pollen grain or allergen-car-
rying particles released by plants, enhancing the allergic
reaction in exposed subjects by acting as adjuvant (5). Finally,
some studies showed that plants, grown in heavily polluted
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areas, can express new allergenic proteins or modify the
amount of known allergens or their antigenic properties
through post-translational modifications (PTMs; 6-11).

Overall, these studies demonstrated a close association
between environmental pollution and pollen allergy. How-
ever, most of them were laboratory-based and aimed to
assess the effects of specific pollutants directly on allergenic
proteins or isolated pollen grains, whereas few field investiga-
tions have been carried out to compare the allergenicity and
the allergen patterns of pollen from plants grown in areas
characterized by different degrees of pollution.

In this study, we report the results of a field experiment
aiming to assess the effect of traffic-related pollution on rag-
weed pollen allergens. It was of particular interest to investi-
gate whether ragweed pollen from plants grown along heavy-
traffic roads is more allergenic than ragweed pollen from
plants grown in vegetated areas, where trees and shrubs can
ameliorate air quality by absorbing gaseous pollutants.

Materials and methods
Study area and pollen sampling

The study was carried our within the plain of the Lombardy
Region (northern Italy). Sampling areas were selected on the
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basis of the results of aerobiological investigations of ragweed
pollen counts and on the basis of the road network connect-
ing the principal urban centres of the region. Particular atten-
tion was given to the west part of the plain where the
prevalence of ragweed allergy is very high (12, 13). Figure 1
shows the twelve selected areas. Seven of these areas were
located at the sides of heavy-traffic roads (within 10 m from
the traffic source), two were at the side of low-traffic roads
(within 10 m), and the remaining three were represented by
vegetated areas located far (at least 500 m) from motor roads
and from industrialized and agricultural lands. Vegetated
areas were only three because of the high level of anthropiza-
tion, density of industries and roads of the Po river plain.
Mature pollen grains, naturally released from anthers, were
collected from ragweed plants during 2010 summer (July—Sep-
tember). Samples were also collected during 2011 season to
confirm 2010 results. Pollen samples were transported to the
laboratory where they were immediately analysed to assess
the percentage of pollen grains releasing sub-pollen particles
(D < 4-5 pm; SPPGs) and processed to obtain protein
extracts. Detailed information regarding pollen sampling was
reported in Data S1 (online Supporting information). Climate
variables (temperature and relative humidity) were measured
for each selected area during pollen sampling and reported in
Table S1 (online Supporting information). The concentrations
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Figure 1 Map of the study area (Lombardy Po river plain) showing
the 12 sites in which pollen was collected. The sites were classi-
fied in three categories on the basis of the number of motor vehi-
cles travelling on road per day. Light grey: vegetated sampling

sites; dark grey: sampling sites along low-traffic roads; black: sam-
pling sites along high-traffic roads. Geographic coordinates (DMS)
are reported for each site.
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of the main pollutants related to the period of ragweed
growth and reproduction were also assessed (Fig. S1).

Measurement procedures

All the following measurements are described in detail in
Data S1.

Sub-pollen particles release analysis

The percentage of SPPGs was estimated by means of a Zeiss
Axioplan light microscope connected to a Leica DC 300F
camera for photo documentation. The acquired digital
images were analysed with the Image-Pro plus program
(Media Cybernetics, Silver Spring, MD, USA).

Patients and preparation of a sera mix
Sera from 12 adult subjects were selected for their ability to
specifically detect ragweed allergens and were pooled to carry
out all immunochemical analyses. The serum pool was ali-
quoted and stored at —20°C until use.

Preparation of pollen protein extracts

Debries (i.e. small pieces of insects, small stones, etc.), which
were frequently mixed to the collected pollen, were removed
under a binocular stereo microscope to obtain samples made
of pollen grains only.

Soluble protein extracts were prepared according to Aina
et al. (11). At least five independent extracts were prepared
for each sampling area. Protein extracts were used for protein
slot blot and 1D immunoblot analyses.

Protein slot blot

Slot blot technique was applied to assess the whole allergen-
icity of pollen collected at different sites. Equal volumes of
protein extracts were bound to nitrocellulose membrane and
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first stained with Ponceau S staining solution [0.1% (w/v)
Ponceau S in 5% (v/v) acetic acid] to assess the amount of
proteins loaded in each well. Membranes were then used to
evaluate the immunoreactivity of the different pollen extracts
to the sera mix from ragweed allergic patients. Image analysis
was applied to quantify reactivity signals. Five independent
experiments including at least three different samples for each
site were performed.

1D SDS-PAGE and immunoblotting

Pollen extracts (30 pl/lane) were separated by 14% SDS-
polyacrylamide gels according to Laemmli (14). Gels were
either stained with colloidal Coomassie Blue G-250 (0.1%
Coomassie Blue G250, 170 g/l ammonium sulphate, 34%
methanol, 3% phosphoric acid) or transferred to nitrocellu-
lose membrane. Immunoblotting was performed according to
Aina et al. (11). Nitrocellulose filter saturation and sera-
mix reaction were performed as reported for slot blot
membranes.

LC-MS|MS and IgE-binding proteins identification
Immunoreactive bands were carefully excised from Coomas-
sie-stained 1D gels and subjected to in-gel trypsin digestion
according to Aina et al. (11). The tryptic fragments were
analysed by LC-MS/MS. Protein identity was searched after
peptide sequence attributions by using Global Proteome
Machine (Gpm) software (www.thegpm.org) against available
plant databases. Peptide sequences that were not identified
through this database search method were further analysed
for a de novo peptide sequencing with the PepNovo Sequenc-
ing Algorithm (15). All peptides were also analysed using
Ms-BLAST software (Basic Local Alignment Tool Mass Spec-
trometry, http://dove.embl-heidelberg.de/Blast2/msblast.html)
to obtain the putative protein identity.

Mean percentage of SPPGs
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Figure 2 Mean percentage (+standard deviation) of SPP-releasing
pollen grains (SPPGs) in samples from the single sampling sites,
measured after 15 min of hydration. For each site, the percentage
was assessed in at least five samples. (*) Statistically different
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(P < 0.01). Positive control: Poa pratensis pollen from plants grown
in cadmium-contaminated soil. Inset: intact and SPPG after water
contact. SPPs are indicated by arrow. Scale bar: 5 pm.
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Statistics

Data were analysed by GRAPHPAD PRISM program for Win-
dows applying anova or Kruskal-Wallis nonparametric pro-
cedures.

Results
SPPG analysis

Pollen grains collected at different sites were immediately
analysed for their propensity to release sub-pollen particles.
The percentage of sub-pollen particle-releasing grains
(SPPGs) was evaluated by light microscopy 15 min after the
contact of pollen with water. In Fig. 2 (inset), an example of
a ragweed SPPG is shown. On average, the percentage of
SPPGs was very low, <4% in all the pollen samples, regard-
less of the site of origin (Fig. 2). No statistical difference was
detected among the samples, given the high data variability.
The percentage of SPPGs was also assessed after 30 and
60 min of hydration, with results similar to those obtained
from the analysis performed 15 min after the contact of pol-
len with water.

Figure 3 Total allergenicity of field pollen samples assessed with
slot blotting. (A) Representative slot blot membrane probed with a
pool of selected patient sera; (a) Standard (Allergon); (b) Busto Ars-
izio; (c) Magenta; (d) Ticino; (e) Mi-Lambrate; (f) Mi-Baggio; (g) Pavi-

a; (h) Bergamo (i) Lodi; (I) Brescia; (m) Mi-Greco; (n) Mi-Urban Park.
(B) Assessment of total pollen allergenicity through image analysis:
the integrated optical density (IOD) of immunoreactive spots with
respect to the |OD of the standard (field sample |OD/standard I0OD)
was measured. The results reported are the mean of five indepen-
dent experiments. Different letters indicate significant differences
among the samples (anova and Duncan test, P < 0.05). Light grey
bars, vegetated sampling sites; dark grey bars, sampling sites along
low-traffic roads; black bars, sampling sites along high-traffic roads;
r.u., relative units.
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Assessment of pollen allergenicity

To assess the total allergenicity of pollen samples, protein
slot blot analysis was carried out. Slot blot technique was
used to preserve protein conformation, on which IgE binding
may depend. Identical and comparable volumes of soluble
protein extracts were bound on a nitrocellulose membrane
and subjected to immunoreaction with a sera mix from
selected ragweed allergic patients. Figure 3A shows a repre-
sentative membrane after immunodetection. Image analysis
was applied to quantify immunochemical signals: the inte-
grated optical density (IOD) of immunoreactive spots with
respect to the IOD of standard (field sample 10D/standard
10D) was measured. The mean results of five independent
experiments were calculated and statistically analysed
(Fig. 3B). On average, all the pollen samples collected along
heavy-traffic roads (black bars) showed a statistically higher
IgE-binding signal, ranging from 1.05 to 1.27, than pollen
sampled in vegetated areas (light grey bars), whose immuno-
chemical signal ranged from 0.55 to 0.63 (P < 0.05). Pollen
samples collected along low-traffic roads (dark grey bars)
showed reactivity signals ranging from 0.93 to 0.96, which
were statistically higher than those measured for pollen sam-
pled in vegetated areas and lower, although not statistically
different, than those calculated for samples collected along
heavy-traffic roads (P < 0.05).

To investigate the cause of the difference in slot blot
allergenicity signals, 1D immunoblot, probed with the same
sera mix used for slot blotting, was carried out. Figure 4A
shows a representative 1D immunoblot picture, where the
single allergens, identified by LC-MS/MS, can be clearly
observed.

Image analysis performed on 1D immunoblots from three
independent experiments confirmed the slot blot results indi-
cating a statistically significant lower allergenicity of pollen
collected in vegetated areas in comparison with that of pollen
collected along traffic roads (Fig. 4B). The diverse allergenicity
was ascribed to differences in allergen pattern, which, in all
experiments, was similar among pollen samples collected in the
same area but different among pollen samples collected at dif-
ferent sites. As shown by image analysis (Fig. 4C), the differ-
ences were both qualitative and quantitative, that is, related to
both the number and the amount/allergenic potential of aller-
gens. The major ragweed allergen, Amb a 1, was expressed in
all the pollens, but its IgE-binding reaction was lower in the
samples from vegetated sites (P < 0.05). The allergenic reac-
tion of pollens from vegetated areas was totally ascribed to
Amb a 1 isoforms; this pollen did not contain detectable con-
centrations of additional allergens, such as Amb a 6 and Amb
a 10, which instead contributed to the allergenicity of most of
the other samples. Specifically, Amb a 6 was detected in pollen
from four of the seven heavy-traffic sites and from both low-
traffic areas. In contrast, Amb a 10 was detected only in pollen
from five of the seven high-traffic sites. Low amount of both
Amb a 6 and Amb a 10 was also detected in standard pollen
(commercial pollen from Allergon company). In addition, a
globulin-like protein, reacting with patient sera mix, was iden-
tified in all pollen samples collected along high-traffic roads
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Figure 4 Allergen detection in ragweed pollen extracts from sam-
ples collected at different sites. (A) Representative immunoblot
probed with the same pool of selected patient sera used for slot
blot and the corresponding protein identification by LC-MS/MS. (a)
Standard (Allergon); (b) Mi-Baggio; (c) Lodi; (d) Bergamo; (e) Bres-
cia; (f) Busto Arsizio; (g) Mi-Greco; (h) Pavia; (i) Magenta; () Mi-
Urban Park; (m) Mi-Lambrate; (n) Mi-Baggio. (B) Assessment of
total pollen allergenicity through image analysis: the integrated opti-
cal density (IOD) of immunoreactive bands with respect to the 10D
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Figure 5 Statistical correlation between allergenicity and the sam-
pling area type. ANova and post-test for linear trend were applied.
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and was more abundant in higher allergenic pollens (Fig. 4C).
Interestingly, a low amount of this protein was detected in pol-
len samples from one of the two low-traffic sites and was
absent in vegetated site samples and in standard pollen.

On the whole, as clearly visualized in Fig. 5, higher aller-
genic pollen was collected along heavy-traffic roads that con-
tained a higher number and amount of allergens than pollen
sampled in vegetated areas that resulted less allergenic. These
results obtained for 2010 pollen samples were confirmed by
the slot blot analysis of few representative samples collected
during 2011 along the same high-traffic roads and in vege-
tated areas (Fig. S2).

Discussion

Ambrosia artemisiifolia L. (short ragweed) is becoming the
principal cause of pollinosis in Lombardy. It is an alien and
invasive plant native to eastern and central North America,
but now persistently spreading in Europe. The ability of this
plant to produce enormous amounts of pollen could explain
the rapid development of ragweed sensitization rates regis-
tered in Lombardy (12, 13), although it is likely that many
other factors, such as environmental pollutants, may contrib-
ute to this phenomenon. In general, pollutants are able to
exacerbate the allergic reaction by acting upon the individual
and/or affecting pollen structure and composition. In this
work, we designed an outdoor experiment to realistically
address the impact of motor vehicle-related pollution on rag-
weed pollen. A field approach was chosen because, although
many useful laboratory-based studies have been performed to
investigate the effect of air contaminants on pollen, the appli-
cability of their results to in situ conditions remained indica-
tive as the treatment with pollutants was applied only to
dehydrated mature pollen and not to the growing plant. In
addition, only single contaminants were usually tested, not
taking into account synergistic and antagonistic effects of
pollutants. In our study, by comparing the allergenicity of
pollen collected from plants grown along high- and low-traf-
fic roads and in vegetated areas, we showed a different aller-
gen—IgE reactivity of pollens sampled in the three
environments. Specifically, pollen collected along high-traffic
roads during 2010 and 2011 seasons showed a higher aller-
genicity because of a higher allergen—IgE reactivity. These
findings are in keeping with the findings by Cortegano et al.
(8) and Suarez-Cervera et al. (16), which showed that Cupres-
sus arizonica pollen collected in close proximity to roads con-
tained higher amounts of the allergen Cup 3. Other previous
field-based experiments, which assessed the differences
between pollen from rural and urban areas, provided diver-
gent results. For instance, the amount of Lol p 5 in Lolium
pollen was higher in urban areas (17), whereas Phl p 5 aller-
gen was more abundant in pollen collected from rural areas
(18), and the amount of Bet v 1 was similar in the two envi-
ronments (19). In our opinion, the discrepancy among these
results should be ascribed to the heterogeneity of the urban
areas. Interestingly, in our study, ragweed plants collected
inside a Milan-urban park separated from traffic streets by a
high and dense vegetation showed a very low allergenic
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potential in comparison with pollen sampled from plants
grown in Milan, but along high-traffic roads. A recent study
of Yin et al. (20) reported that vegetation in urban parks
may remove large amounts of airborne pollutants. The
authors demonstrated by a field experiment that pollutant
concentrations decrease from roadside to the interior of
parks and that urban trees and shrubs can ameliorate air
quality by absorbing gaseous pollutant and trapping particu-
lates. The presence of vegetation, forming a barrier to traffic
pollutants, could thus explain the low allergenicity of the pol-
len collected inside the Milan-urban park and partially
explain the contrasting data about the difference in allergen
content of pollen from urban and rural areas that are present
in literature. The importance of the homogeneity of sampling
sites is therefore evident, and it is also clear that the distance
between plants and the source of traffic pollutants is an addi-
tional important factor that should be considered when the
effect of traffic-related pollution is evaluated. Ragweed plants
prefer roadsides and produce pollen in organs that are very
close to vehicle exhaust pipes. This is a favourable condition
to investigate the direct effect of traffic-related pollutants on
pollen allergenicity. In our study, traffic pollution affected
quantitatively and qualitatively the allergen pattern of rag-
weed pollen. Specifically, the higher allergenicity of pollen
from plants grown along high-traffic road compared to pol-
len from vegetated areas was due both to a higher IgE reac-
tivity of the major allergens Amb a 1 and Amb a 2 and to
the expression of minor allergens, such as Amb a 6 and Amb
a 10. In addition, a globulin-like allergen contributed to the
detected higher allergenicity. This last protein belongs to the
cupin superfamily, which contains many major plant food
allergens (21). Proteins homologous to these food allergens
were also found in plant pollens (22), although their aller-
genic potential was never tested and their function never
defined. Concerning the higher IgE reactivity of Amb a 1
and Amb a 2 detected in pollen from high-traffic roads, it
was related to a higher amount of these proteins, as observed
on 1D gels stained with colloidal Coomassie Blue. However,
we cannot exclude that conformational changes owing to
post-translational modifications have occurred, modifying
allergen potential. In fact, nitrogen dioxide, the major traffic-
related pollutant, enhances the allergenicity of birch pollen
allergen Bet v 1 through the formation of nitrotyrosine resi-
dues (10). Unfortunately, in this regard, our analysis with
anti-nitrotyrosine antibody did not provide any conclusive
result (data not shown). In addition, we cannot exclude the
influence of climatic conditions, as some papers report a dif-
ferent release of allergens from the same plant species grown
in different climate (23). Nevertheless, in our experiment, the
variation in temperature and humidity was not correlated to
allergenicity, maybe because the study area was restricted to
Lombardy Po plain, which has a continental climate quite
uniform. Moreover, genetic diversity among sampled popula-
tions could have contributed to the different allergenicity,
although on the basis of the literature (24, 25) ragweed popu-
lations do not statistically differ in terms of diversity and pol-
len was collected from many individual plants for each
population.

© 2012 John Wiley & Sons A/S
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Traffic pollution can also modify the cell wall structure
facilitating the release of sub-pollen particles (SPPs) that con-
tain allergens. This effect was observed in Phleum pollen trea-
ted with NO; and O3 (4) and in pollen of Poa annua plants
grown in cadmium-contaminated soil (11). Ragweed pollen
was also demonstrated to release SPPs after hydration (26).
Nevertheless in our experiment, the percentage of SPP-releas-
ing grains was very low (<4%) and was not significantly
higher in pollen samples collected along high-traffic roads
than in those collected in vegetated areas. The different
behaviour between grass and ragweed pollens is likely due to
the difference in cell wall structure that is slight and thick,
respectively. Thus, our results suggest that the effect of traf-
fic-related pollution on SPP release is species specific, and we
cannot exclude that this is the case also for allergen expres-
sion and reactivity that could depend on the plant sensitivity
to the single pollutants and on the reproductive plant organ
and pollen structure. Nonetheless, it is of great relevance
that, at least for ragweed, the integrated action of traffic-
related pollutants seems able to enhance pollen allergenicity,
thus contributing to the rapid increase in sensitization rate.
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