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test, sIgE and RAST inhibition was greater in pollen A, which 
was exposed to smaller amounts of NO x , PM 10  and SO 2  but 
greater amounts of O 3 . No differences were found in IgE-
binding bands in immunoblotting or densitometry of the 
bands. In cDNA-AFLP, three homologous transcript-derived 
fragments were expressed in samples B only, with an ex-
pressed sequence tag related with stress-regulated gene ex-
pression.  Conclusions:  A greater allergenic potency, in terms 
of skin tests and sIgE, is observed in pine pollen coming from 
unpolluted areas. We consider that this fact might be related 
to a higher exposure to ozone, resulting in a greater expres-
sion of allergenic proteins.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 In the past, pollen from pine trees and other conifers 
was considered as poorly allergenic, but in recent years 
such consideration has been modified. Examples include 
cases of Cupressaceae pollen in France  [1]  and Italy  [2] , 
and  Cryptomeria japonica  in Japan  [3] . 
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 Abstract 

  Background:  Pollutants and other stressing factors like 
mold infection might increase the production of pathogen-
related proteins in plants. Since this is invoked as one of the 
causes for the high prevalence of allergic diseases in devel-
oped countries, we aimed to determine the potential effect 
of environmental pollution, with or without mold infection 
of the trees, on the allergenic potency of pine pollen ( Pinus 
radiata ).  Methods:  Pine pollen samples were recovered from 
three selected areas: low polluted (A), highly polluted (B) and 
highly polluted and infected with fungi ( Spheropsis sapinea ) 
(C). The allergenic potency of pollen from areas A, B or C were 
compared in vivo in 35 pine pollen-allergic patients by skin 
prick test and specific IgE (sIgE) quantification. Pollen was 
also analyzed in vitro by SDS-PAGE immunoblotting, RAST 
inhibition and cDNA-AFLP (amplified fragment length poly-
morphism) to compare differences in proteins and mRNA ex-
pression.  Results:  The allergenic potency measured by prick 
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  Worldwide evidence suggests that allergic respiratory 
diseases have become more common in recent years  [4] . 
Besides, these diseases appear to be more prevalent in in-
dustrialized compared with less industrial countries, and 
the incidence seems to be higher in polluted areas  [5] , es-
pecially areas with heavy traffic.

  Effects of air pollution on increasing respiratory al-
lergy have been attributed to: (1) the interaction of air 
pollutants with pollen grains, leading to an increased re-
lease of antigens; (2) paucimicronic particles (PM 2.5–10 ) 
carrying allergens with the inhaled air into the periph-
eral airways, thus inducing asthma in sensitized subjects; 
(3) an inflammatory effect of ozone, PM 2.5–10  and sulfur 
dioxide on the airways, increasing the permeability of the 
mucous membrane for pollen allergens, and (4) an adju-
vant immunologic effect of diesel exhaust particles on 
IgE synthesis in atopic subjects  [6, 7] . 

  Behrendt et al.  [8]  described that pollen collected from 
trees near roads with heavy traffic had particulate matter 
adhered to them, whereas pollen from park trees had not. 
Moreover, in vitro exposure of pollen grains to particles 
has been shown to modify the morphologic structure of 
the pollen, which might induce local allergen release  [9] . 
Other studies on pollen from polluted areas have shown 
an increased production of allergens belonging to patho-
genesis-related-proteins from plants. Armentia et al.  [10]  
described an increase in the allergenicity of grass pollen 
collected in an urban area, apparently linked to an in-
creased expression of Lol p 5. This effect was also de-
scribed for Cupresaceae pollen, with its major allergen 
Cup a 3 being expressed only in cypress pollen obtained 
from an area polluted by heavy traffic  [11] .

  Pollen from  Pinus radiata  (PR), an American pine be-
longing to the Pinaceae family of conifers formerly con-
sidered as non-allergenic, has also recently been reported 
as a cause for respiratory allergy in the Basque Country, 
a highly industrialized area in Northern Spain  [12] . The 
presence of PR in the Basque Country is extensive: about 
42% of all the forest areas (approximately 25% of the total 
Basque Country) are covered by managed plantations of 
this tree, since PR wood is widely exploited in the area for 
paper manufacturing and other commercial purposes. 

  Allergy to pine pollen was an infrequent cause of pol-
linosis in the area of the study, but its incidence might 
increase  [12] . Nine different allergenic bands were de-
scribed by the same authors, drawing attention to two 
main allergens with an apparent molecular weight of 42 
and 6–8 kDa, respectively.

  Hypothetically, the allergenicity of PR pollen in the 
Basque Country could be increased by two factors: (1) the 

neighborhood of some tree plantations to polluted areas, 
and (2) the widespread infection by  Spheropsis sapinea , a 
conifer fungal pathogen that causes shoot blight and stem 
cankers. Latent infections with  S.   sapinea  are common 
and cause significant mortality in pines; although the pre-
cise mechanism of the disease is unknown, it is hypothe-
sized that the production of phytotoxins causes stress and 
modifies in some way the characteristics of pollen. 

  The aim of the present study was to evaluate the effect 
of pollution and fungal infections by  S. sapinea  on the al-
lergenic potency of PR pollen.

  Patients and Methods 

 Selection of PR Plantations 
 Different pine plantations were selected according to the level 

of air pollution and the presence of fungal infection. Sample A was 
collected in a non-polluted rural area from non-infected trees; 
sample B in a highly polluted area close to heavy traffic roads from 
non-infected trees, and sample C was collected in an equally pol-
luted area from trees infected with  S. sapinea .

  The exposure to different pollutants (NO, NO 2 , NO x , SO 2 , O 3  
and PM 10 ) was continuously measured in each study area during 
the 2-year study period by means of a standard automatic moni-
toring station (Department of Environmental Control, Basque 
Country Government). The characteristics of the different areas 
and levels of contaminants are detailed in  table 1 . Trained biolo-
gists with proven expertise in this disease determined whether or 
not a tree was healthy or infected by the fungus  S.   sapinea .

  To avoid the influence of other confounding factors such as 
soil quality, climate conditions, rain fall or temperature, all three 
sampling areas were within an area of 50 km 2 , forming a triangle 
of 20 km per side, and separated by mountains (for a precise loca-
tion, see  table 1 ).

  Pollen Collection and Extraction 
 Samples of pollen were collected from 5 trees in each of the 

three study areas during the peak pollinization period (February 
and March) in 2 different years (2006 and 2007). Catkins were 
collected at a slightly earlier stage of pollen development, i.e. after 
they had turned yellow and produced very little liquid when 
squeezed between the fingers. Then, they were placed in paper 
bags, stored for 2 days at 21–25   °   C. Pollen was extracted in warm 
and dry atmosphere (27   °   C and 20–40% relative humidity). The 
spikes were shaken and sieved, and their pollen was collected, 
stored and kept refrigerated at 4   °   C.

  For the allergen extraction, pollen humidity from each sample 
was first measured using the Karl Fisher method  [13] . Then, 6 g of 
each type of pollen were selected to elaborate the extracts. Protein 
extraction was performed by stirring at 10% (w/v) in phosphate-
buffered saline (PBS) for 90 min at 4   °   C. Samples were centrifuged 
at 12,500 rpm for 30 min and the recovered supernatants were dia-
lyzed against distilled water. The dialyzed material was filtered 
(0.45- and 0.22- � m filters) and stored at –20   °   C. The amount of 
proteins was measured by the Lowry method  [14] . Subsequently, 
extracts were adjusted to the same protein concentration (1 mg/ml).
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  Patients 
 Thirty-five pine pollen-allergic patients (14 males and 21 fe-

males with a mean age of 48 years) were recruited from patients 
attending one of four hospitals in the Basque Country. All of them 
had rhinoconjunctivitis and 40% had asthma. The diagnosis of 
allergy to pine pollen was suspected by the presence of symptoms 
during the pine pollen season and confirmed by a positive skin 
prick test. Eleven patients were monosensitized to PR. Prior to the 
enrolment, the study protocol was approved by the corresponding 
ethics committee and all patients provided written informed con-
sent.

  Skin Prick Test 
 To evaluate the allergenic potency of the pollen extracts to the 

assay, a skin prick test was performed to all patients outside the 
pine pollen season using four diluted concentrations (1/1, 1/5, 
1/25 and 1/125) of each original extract (A, B and C) from pollen 
collected in 2006. In brief, skin tests were performed on the volar 
forearm (between 5 cm above the wrist and 3 cm below the elbow). 
Positive (10 mg/ml histamine) and negative (saline solution) con-
trols were also tested. The area of each wheal was measured by 
planimetry, and the results were subsequently analyzed by means 
of the parallel line assay  [15] . 

  Specific IgE Determinations 
 Specific IgE (sIgE) against (1) study pollen extract and (2) com-

mercially available extract was assessed in all patients. 
  The quantification of IgE against the collected samples (A, B 

and C) was performed by the technique described by Sander et al. 
 [16] . Briefly, protein extracts were biotinylated using a commer-
cially available biotin protein labeling kit (Roche, Paris, France). 
The labeled pollen proteins were then bound to streptavidin Im-
munoCAP (Phadia, Uppsala, Sweden), and then applied to a 
Phadia UniCAP �  system with patient sera.

  In addition, sIgE determinations against commercially avail-
able pine pollen, both PR (t213) and  Pinus strobus  (PS; t16), were 
also performed using the UniCAP system  [17] . In both cases (raw 
and commercial extracts), values  1 0.35 kU/l were considered pos-
itive.

  SDS-PAGE and Immunoblotting 
 SDS-PAGE and immunoblotting were performed in each in-

dividual patient (data not shown) and additionally in a pool of 10 
selected patients.

  SDS-PAGE was carried out according to the method of Laemm-
li. In brief, equal amounts of protein A, B and C extracts, and a 
commercial extract of PR (ALK-Abelló, Madrid, Spain) were pre-
cipitated with 5% phosphotungstic acid, and after resuspension, 
they were loaded onto 10–20% Tris-glycine gels (Novex, San Di-
ego, Calif., USA), separated under reducing conditions and silver 
stained (Silver Stain Plus, Bio-Rad Laboratories, Hercules, Calif., 
USA). A negative control without serum was also included. 

  Electrophoretic bands were transferred onto polyvinylidene 
fluoride membranes (Bio-Rad Laboratories), essentially as de-
scribed by Towbin et al.  [18] . For immunoblot analysis, the mem-
branes were blocked with 5% bovine serum albumin solution in 
PBS. Strips were incubated overnight with serum samples diluted 
1:   5. The membranes were then incubated with a mouse monoclo-
nal antibody to human IgE (HE-2)  [19]  and subsequently with a 
rabbit anti-mouse antibody conjugated with horseradish peroxi-

dase. Then, the membranes were treated with the ECL chemilu-
minescent substrate (Amersham ECL-Plus Western blotting de-
tection system, GE Healthcare UK Ltd, Little Chalfont, UK) and 
the reactive bands were identified by means of exposure to X-ray 
film (Kodak S-OMAT; Sigma, St. Louis, Mo., USA). Finally, the 
software Quantity One (Bio-Rad) was utilized to calculate the 
density of the resulting bands.

  In vitro Quantitation of the Biological Activity of the Extracts 
 The biological activity of each extract was determined by 

RAST inhibition and expressed as the quantity of extract required 
for 50% inhibition of IgE binding. 

  Paper discs were activated with cyanogen bromide and subse-
quently conjugated with the PR   extract according to the method 
of Ceska et al.  [20] . The pine discs were incubated in duplicate 
with 50  � l of a pool of patient sera (1:   5 dilution) and 50  � l of in-
hibiting extract (A, B and C) at different protein concentrations, 
and then with 100,000 cpm of  125 I-anti-human IgE mAb HE-2 
 [18] . The biological activity of extracts A, B and C [expressed in 
HEP (histamine equivalent potency units)] was determined by 
comparison of the inhibition curves obtained with the reference 
extract curve previously calibrated.

  Analysis of cDNA-AFLP  
 To study the differences in mRNA expression between two 

areas with different degrees of pollution, bud samples were col-
lected during the time of flower induction (October) from four 
trees selected in non-polluted (A1, A2, A3 and A4) and polluted 
areas (B1, B2, B3 and B4) and immediately stored at –80   °   C. In ad-
dition, mixes of different pollens were also assayed in the same gel 
(MA and MB). 

  Total RNA was isolated from about 5 g of frozen tissue follow-
ing the procedure of Chang and Cairney  [21] , with some modifi-
cations  [22] . Therefore, total RNA concentrations were estimated 
by spectrophotometry and visualized on 1% agarose gels. Poly-A 
RNA was obtained from 50  � g of total RNA using 5 � -biotinylated 
oligo(dT) primer bound to paramagnetic beads coated with strep-
tavidin (Dyanabeads M-280 streptavidin, DYNAL, Oslo, Nor-
way). First- and second-strand cDNAs were synthesized accord-
ing to Sambrook  [23] . Double-strand cDNA (ds-cDNA) was di-
gested with  Ase I and  Taq I (NEB Biolabs, New Brunswick, Nebr., 
USA) followed by ligation of  Ase I and  Taq I adapters with T4 DNA 
ligase (Invitrogen, Barcelona, Spain). PCR for cDNA-AFLP (am-
plified fragment length polymorphism) was carried out as de-
scribed by Bachem and Visser  [24] . Primers were labeled for the 
specific amplifications with either fluorescent infrared dyes 
IRD800 or IRD700 (LI-COR, Lincoln, Nebr., USA). Amplifica-
tion products were denatured and separated on 6% denaturing 
polyacrylamide (19:   1) gels. They were visualized on a DNA se-
quencing and fragment analysis system (LI-COR 4200-S1) as de-
scribed by the manufacturer (LI-COR, 1997).

  Polymorphic bands (based on their presence/absence) were 
excised from the polyacrylamide gel, rehydrated and eluted after 
purification. DNA was reamplified using the same primer com-
bination as for selective amplification. Sequence determination 
was carried out using an automated sequencer AB3130 (Applied 
Biosystems). Sequence homology searches were performed in the 
GenBank (http://www.ncbi.nlm.nih.gov/) using the BLASTn and 
BLASTx search algorithms  [25] .



 García-Gallardo et al. Int Arch Allergy Immunol 2013;160:241–250244

  Statistical Analysis 
 Results are described as means and 95% confidence intervals 

(CI). Variations in cutaneous reactivity to different extracts deter-
mined by skin prick test were analyzed using the parallel line assay 
by means of a specific ALASA CRS PLA software  [26–28] , based 
on the parallelism of regression lines calculated with the increas-
ing concentrations of each extract assayed. Comparison of the bi-
ological activity between extracts was performed by the relative 
comparison with the extract showing the higher potency and ex-
pressed as 95% CI. Differences in IgE levels between extracts A, B 
and C were evaluated by means of a general linear model of analy-
sis of variance for repeated measures, followed by post hoc analy-
sis when appropriate. The relationship of IgE levels with the dif-
ferent extracts was analyzed by means of Pearson’s correlation. 
The value of p is quoted whenever significant (p  !  0.05).

  Results 

  Figure 1  shows the mean wheal sizes obtained by prick 
test for each dilution of the extracts. Extract A showed the 
highest allergenic potency, with a higher geometric mean 
of the wheal for all dilutions, and was therefore consid-
ered as 100%. In comparison with A, the relative potency 
of extract B was 84.4% (95% CI: 66.7–106.8; nonsignifi-
cant) and the potency of extract C was 62% (95% CI: 44.2–
87.2; p  !  0.01). In addition, extract C was also significant-
ly less potent than B (73.3%; 95% CI: 57.5–93.3; p  !  0.05).

  Results of sIgE are detailed in  table 2 . Comparing non-
commercial extracts, the highest IgE mean level was ob-
tained with extract A (p  !  0.01 vs. B). No significant dif-
ferences were found between extracts A and C or between 
B and C. Comparing commercial CAPs, no statistical dif-
ferences were observed in the mean levels of sIgE between 
PR and PS.

  A strong correlation in IgE levels was noted between 
the three experimental extracts (A vs. B: r = 0.993; p  !  

0.001; A vs. C: r = 0.978, p  !  0.001, and B vs. C: r = 0.993, 
p  !  0.001) and also between the two commercial extracts 
(PS vs. PR: r = 0.959, p  !  0.001). In contrast, a poor cor-
relation was observed between the non-commercial and 
commercial extracts, either against PR (A vs. PR: r = 
–0.03; B vs. PR: r = –0.17; C vs. PR: r = –0.065) or PS (A 
vs. PS: r = –0.221; B vs. PS: r = –0.217; C vs. PS: r = –0.176).

  Immunoblotting of the commercial and natural ex-
tracts showed a similar pattern, with four IgE-binding 
bands with an apparent molecular weight (MW) of 6–8 
and 40 kDa, and a group of two bands of 55–140 kDa 
( fig.  2 ). The extracts did not significantly differ in the 
mean density or the percentage of patients with an appar-
ent band. None of the extracts had a specific allergenic 
band. 

Table 1. C haracteristics of the samples studied and level of contaminants in each area (means of daily data from 2 years)

Sample Location Trees M ean concentrations (95% CI) of pollutants (2006–2007), �g/m3

NO2 NO NOx O3 PM10 SO2

A rural healthy 21.1 10.6 37.4 45.9 24.9 6.4
43°02�19.34��N/2°56�48.46��O (20.5–21.7) (9.8–11.4) (35.7–39.1) (44.5–47.4) (24.9–25.9) (6.3–6.6)

B near road healthy 28.9 19.7 60.4 32.0 28.8 7.6
43°11�29.92��N/2°53�43.15��O (28.6–29.1) (18.4–20.9) (57.9–62.8) (30.7–33.2) (27.7–30.0) (7.4–8)

C near road infected by
S. sapinea

35.9 21.7 68.5 36.2 40.1 7.3
43°03�15.37��N/2°55�08.44��O (35.1–36.7) (20.4–23.0) (65.9–71.0) (34.8–37.5) (38.4–41.9) (7.2–7.5)

0
1/1 1/5 1/25 1/125

40

80

120 Extract B (n = 35)
Extract C (n = 34)

Extract A (n = 35)

160

  Fig. 1.  Mean of the wheal areas obtained with the four different 
dilutions of extracts A, B and C from PR pollen.  
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  Patients which recognized the lowest MW band (6–8 
kDa) in all natural extracts had higher IgE levels against 
PR than those who did not, but these differences were not 
statistically significant. However, when sIgE was mea-
sured against commercially available t213 (PR) or t16 pol-
len (PS), levels were higher in patients who did not recog-
nize the 6- to 8-kDa band ( table 3 ). 

  Analysis of the biological activity by RAST inhibition 
showed higher allergen activity of the extract obtained in 
2006 from non-polluted (A) in comparison to polluted 
areas (B) and the extract of pollen obtained from trees 
infected with the fungus in a polluted area (C). In 2007, 
the results of allergen activity were also higher in extract 
A in comparison to B. However, during this year, allergen 
activity of extract C was the highest ( table 4 ).

Table 2. R esults of sIgE determinations (expressed in kU/l) and allergens recognized in immunoblotting in all the patients

Patient
No.

Extract 
A

Extract 
B

Extract 
C

PR 
(t213)

PS
(t16)

6–8 kDa
band

40 kDa
band

>55 kDa
band

1 6.2 5.4 6.6 1.6 1.73 X X X
2 0.8 0.6 0.7 0.35 0.27 X X
3 40.3 23.4 20.6 2.7 2.86 X X
4 100.0 87.4 100.0 1.5 8.26 X
5 2.2 1.9 1.7 1.4 1.47 X X
6 42.3 37.7 47.6 0.7 7.18 X
7 0.4 0.2 0.2 6.1 5.43
8 22.1 16.9 18.5 1.0 2.36 X X X
9 0.0 0.0 0.0 0.0 0.04

10 1.3 1.5 0.9 0.1 0.14 X X
11 23.2 17.6 16.6 10.7 9.26 X X X
12 4.6 3.7 4.4 0.2 0.71 X
13 22.3 19.2 24.8 0.6 5.82 X
14 3.9 3.1 3.9 0.1 0.09 X
15 0.4 0.2 0.1 8.8 8.54 X X
16 4.2 3.0 3.8 23.6 18.7 X
17 26.4 19.4 24.4 0.5 0.51 X X X
18 1.4 0.7 0.7 13.0 9.91
19 5.4 4.1 4.9 0.1 0.46 X X
20 0.6 0.5 0.5 1.6 1.31 X
21 1.1 0.7 0.7 0.1 0.18 X
22 5.2 2.9 2.6 0.2 0.47 X X
23 0.2 0.1 0.0 0.0 0.02
24 1.4 0.5 0.4 14.4 9.72 X
25 8.5 6.9 4.6 30.4 23.5 X
26 0.9 0.7 0.6 0.1 0.1 X X
27 1.1 0.8 1.1 0.2 0.17 X X
28 17.7 12.7 10.5 28.6 24.6 X X
29 1.1 0.6 0.6 0.0 0.11 X X
30 5.7 3.8 5.2 0.0 0.19 X
31 0.8 0.5 0.6 0.0 0.07
32 1.7 1.3 1.0 0.2 0.42 X
33 0.9 0.7 0.9 0.0 0.07 X X
34 0.0 0.0 0.0 2.3 1.4 X X
35 0.0 0.0 6.4 0.0 0.04 X X

Mean 10.1 8.0 9.0 4.4 4.2
L 95% CI 3.7 2.6 2.8 1.6 2.0
H 95% CI 16.5 13.4 15.3 7.2 6.3

X  = This allergen is recognized by the patient serum; L 95% CI = low 95% confidence interval; H 95% CI = high 95% confidence 
interval.
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  Using 10 primer combinations, about 120 cDNA frag-
ments were counted, but only three of them (transcript-
derived fragments) were expressed in the samples from 
polluted areas but not in extract A ( fig. 3 ). These frag-
ments were compared with those present in the GenBank 
database ( table 5 ) and all the three fragments showed al-
most perfect homology with EST related with stress-reg-
ulated gene expression, suggesting that those fragments 
were induced by standard contamination.

  Discussion 

 Environmental pollution is one of the factors involved 
in the increased incidence of allergic diseases in the last 
decades. It has been suggested that pollution might pro-
duce irritation and also inflammation of the airways; fur-
thermore, the particles could act as allergen transporters 
to small airways  [6] .

  Theoretically, pollution could also affect the sources 
of allergens. Plants exposed to urban or traffic pollution 
could suffer stress with the resultant increase in the pro-
duction of pathogenesis-related proteins (PRP)  [29, 30] . A 
higher expression of a defense protein, or even the expres-
sion of a new one, could enhance the allergenic potency 
of the pollen. The PRP 2, 3, 4, 5, 8, 10 and 14 groups con-
tain allergenic proteins. Examples include Bet v 1 (birch), 
Cor a 1 (hazel), Mal d 1 (apple), Api g 1 (celery) and Phl p 
5 ( Phleum pratense ). One study found an increase in the 
allergenic strength of pollen collected in an area exposed 
to traffic fumes, and the expression of an allergen (Cup a 
3) only in cypress pollen exposed to pollution  [11] . An-
other similar study detected an increase in the allergenic-
ity of pollen from  Lolium perenne  collected in an urban 
area in comparison to that collected in a rural one  [10] . 
Unfortunately, neither of these studies provides data on 
the levels of air pollutants in the pollen collection areas. 
In a study performed on guinea pigs with  Zinnia  pollen 
from urban and rural areas, the size of the skin tests and 
IgE levels were greater with the polluted pollen, but no 
blotting differences were found in IgE-binding bands 
 [31] . 

  Hypothetically, the presence of atypical molecules in 
pollen, e.g. during fungal infestation, could also be an-
other modulator of allergenic responses, either direct-
ly – as a result of stress – or via the expression of toxins 
 [32] . 

  In accordance with all the above-mentioned knowl-
edge, we formulated the initial hypothesis of a higher
allergenicity of pine pollen from polluted areas. Sur-

  Fig. 2.  Immunodetection in the extracts of PR pollen collected in 
2006 using a pool of 10 selected sera. Lane 1 = Negative control; 
lane 2 = commercial PR extract (ALK-Abelló); lane 3 = extract A; 
lane 4 = extract B; lane 5 = extract C.  
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Table 3. M ean sIgE to the different extracts in patients positive/
negative to the 6- to 8-kDa allergen

Patients I gE, kU/l

t213 t16 A B C

6–8 kDa negative (n = 20) 5.4 4.8 5.6 3.9 3.8

6–8 kDa positive (n = 15) 2.8 3.4 16.2 13.4 15.9

Th e differences were not statistically significant.

Table 4. A llergen potency of the different extracts in both years

Extract 2006 2007

Pollen A 122 70 
Pollen B 65 39 
Pollen C 92 74 

T he results are expressed in HEP/g of dried pollen.



 Effect of Pollution on Pine Pollen 
Allergenicity 

Int Arch Allergy Immunol 2013;160:241–250 247

prisingly, in our study, the pollen from the least pollut-
ed area confirmed to be the most allergenic by several ap-
proaches. 

  Expected differences in pollutants between areas were 
confirmed, so the areas selected as polluted (B and C) had 
higher levels of NO, CO, SO 2  and PM 2.5–10  compared to 
the non-polluted area (A). In contrast, ozone levels were 
higher in area A, as expected. Pollen sample C was ob-
tained from trees infected with a fungal disease which is 
highly prevalent in the studied region. The differences 
between areas were also as expected for cDNA-AFLP 
analysis, which identified 3 stress-related genes differen-
tially up-regulated in the contaminated areas, but not in 
the unpolluted one.

  However, contrary to our initial hypothesis based on 
results from in vivo studies, skin prick test or sIgE quan-
tification clearly showed that the extract from the unpol-
luted area (A) was the most allergenic. These results were 
further corroborated in vitro with the RAST inhibition 
study, which also showed a higher allergenicity of extract 
A. Also contrary to the initial hypothesis, the effect of 
stress due to pollutants or fungal infection on the trees 
was not evident in the pollen, since the allergenic bands 
detected by immunoblotting were the same in all three 
extracts. 

  Differences in sIgE levels to PR by commercial CAP or 
ImmunoCAP with respect to the three study extracts (A, 
B and C) could also be explained by the greater exposure 
to ozone. Unfortunately, the level of exposure to contam-
inants of the pollen used in commercial ImmunoCAP 
was unknown. According to data provided by the labora-
tory, ImmunoCAP for PR is made up of a collection of 

B1 B2 B3 B4 A1 A2 A3 A4 B A

  Fig. 3.  Result of cDNA-AFLP. In pines located in a polluted area 
(B1, B2, B3, B4), a common band (fragment p115) can be noted 
(arrows) that does not appear in the pines from a non-polluted 
area (A1, A2, A3 and A4). Lanes B and A are a mix of cDNA from 
trees located in polluted and non-polluted areas, respectively. 

Table 5. T ranscript-derived fragments of mRNA detected only in polluted samples and their homology with other fragments from 
GenBank

TDF Length
bp

Accession
No.

Homology BLAST 
score

DEPR1 115 DR118989 roots minus magnesium Pinus taeda cDNA clone RTMG1_20_A10_A029 5�, mRNA sequence 8e–53
DEPR1 115 DR093085 stem response resistant Pinus taeda cDNA clone STRR1_6_A01_A033 3�, mRNA sequence 8e–53
DEPR1 115 CF391924 drought-stressed loblolly pine roots DS2 Pinus taeda cDNA clone RTDS2_1_H12_A021 3�, 

mRNA sequence
4e–51

DEPR2 538 CO174776 needles control Pinus taeda cDNA clone NDL1_46_E10_A029 3�, mRNA sequence 0
DEPR3 569 DR100636 stem response resistant Pinus taeda cDNA clone STRR1_66_C05_A033 3�, mRNA sequence 0
DEPR3 569 DR054034 roots minus calcium Pinus taeda cDNA clone RTCA1_14_G06_A029 5�, mRNA sequence 0
DEPR3 569 DR013599 root at 37° C for 24 h Pinus taeda cDNA clone HEAT1_20_G04_A029 3�, mRNA sequence 8e–98
DEPR3 569 DR384663 roots plus added mercury Pinus taeda cDNA clone RTHG1_3_E10_A029 5�, mRNA sequence 3e–97
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pollens from different locations in Europe (e.g. Spain, 
Portugal and Croatia) and is composed of 5 proteins (82, 
67, 54, 44 and 38 kDa). However, in our study, the patients 
that recognized the 6- to 8-kDa allergen (not included in 
the commercial IgE quantification) had higher sIgE levels 
against PR with the natural extracts but lower sIgE to PR 
with the commercial technique. Consistent with its mo-
lecular weight, this 6- to 8-kDa allergen could correspond 
to a polcalcin (ubiquitous Ca 2+ -binding proteins present 
in pollens and considered as panallergens), which can be 
modulated by stress. The remarkable differences found 
between the sIgE levels determined with the commercial 
CAP and extracts A, B and C suggest that the source of 
the products used in the manufacture of allergenic ex-
tracts should be taken into account. Another factor to be 
considered is the impact of the manufacturer on the po-
tency or allergenicity of a given extract. It has previously 
been demonstrated that commercial extracts with the 
same composition and the same nominal dose but manu-
factured by different laboratories have relevant differenc-
es in systemic reactions, resulting in some cases in a sig-
nificant increase in patient risk  [33] . Probably, it would be 
advisable to study the variability in allergenic potency ac-
cording to the source of the raw material used in the pro-
duction of other allergenic extracts. In the future, such 
problems might definitively be solved by the use of puri-
fied or recombinant allergens for diagnosis and treat-
ment. 

  As stated, a higher ozone concentration was detected 
in the uncontaminated area (A). Ozone is produced in the 
presence of sunlight and requires precursor pollutants 
such as nitrogen oxides and volatile organic compounds 
from vehicle engines. It is a well-known fact that ozone 
levels are higher in rural locations close to urban areas 
 [34, 35] . Several studies demonstrated the harmful effects 
of ozone on human health  [36–39] ; apart from the direct 
effect on the airways described in these studies, ozone 
may act by other mechanisms. Motta et al.  [40]  found an 
increase in the harmful effects of pollen from  Phleum  to-
gether with an increase in the release of cytoplasmic 
granules following exposure to NO 2  and O 3 . Protein ni-
tration has been observed in allergens such as Bet v 1 ex-
posed to NO 2  and O 3   [41] . Besides, protein nitration in-
creases the allergenic potency of ovalbumin or Bet v 1 
 [42] . 

  Ozone has also an intense oxidizing effect and a great 
capacity for inducing stress in plants.  Ozone levels reach-
ing 100  � g/m 3  every 8 h are considered harmful for 
plants. Effects that have been described include changes 
in color and appearance of leaves and shoots, physiologic 

alterations such as a reduction in CO 2  elimination, pore 
conductance and transpiration, and changes in the abil-
ity to perform photosynthesis and amounts of chloro-
phyll  [43–45] . Exposure of plants to ozone has also been 
shown to induce defense genes against pathogens  [46–48]  
although an association of these proteins with an increase 
in allergenicity has not been reported.

  A recent controlled experiment demonstrated that the 
exposure of a rye plantation to O 3  increased not only the 
content of proteins in pollen but also group 1, 5, 6 and 
profilin allergens of grasses in exposed rye. Immunoblot-
ting in 2 grass-allergic patients also showed enhanced 
bands in O 3 -exposed pollen  [49] . Another very recent 
prospective study including 1,430 children showed an as-
sociation between the degree of ozone exposure with 
asthma and allergic rhinitis and an increased rate of new-
ly developed sensitization to outdoor allergens  [50] .

  In the case of pine pollen, ozone could have a stressing 
effect on the tree, which is even higher than that of other 
pollutants, which would lead to a greater allergenicity. 
However, the precise mechanism for O 3  to increase aller-
genicity remains unclear, since a greater production of 
certain allergens was not reflected in the IgE-binding 
band pattern from immunoblotting. The effect of ozone 
and other pollutants may perhaps have a cumulative ef-
fect in combination with other stimuli such as climate 
stress or fungal infection by  S. sapinea;  therefore, further 
studies analyzing the independent effects of individual 
pollutants might be interesting. In addition, it must be 
borne in mind that previous studies have shown different 
effects based on whether the exposure to the pollutant 
took place in the laboratory or in the open air, and, also, 
that the response to stress varies from one plant species 
to another  [43, 44, 51] .
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