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Abstract

Background

Respiratory allergy triggered by pollen allergens is increasing at an alarming rate worldwide.

Sunflower pollen is thought to be an important source of inhalant allergens. Present study

aims to identify the prevalence of sunflower pollinosis among the Indian allergic population

and characterizes the pollen allergens using immuno-proteomic tools.

Methodology

Clinico-immunological tests were performed to understand the prevalence of sensitivity

towards sunflower pollen among the atopic population. Sera from selected sunflower posi-

tive patients were used as probe to detect the IgE-reactive proteins from the one and two

dimensional electrophoretic separated proteome of sunflower pollen. The antigenic nature

of the sugar moiety of the glycoallergens was studied by meta-periodate modification of

IgE-immunoblot. Finally, these allergens were identified by mass-spectrometry.

Results

Prevalence of sunflower pollen sensitization was observed among 21% of the pollen allergic

population and associated with elevated level of specific IgE and histamine in the sera of

these patients. Immunoscreening of sunflower pollen proteome with patient sera detected

seven IgE-reactive proteins with varying molecular weight and pI. Hierarchical clustering of

2D-immunoblot data highlighted three allergens characterized by a more frequent immuno-

reactivity and increased levels of IgE antibodies in the sera of susceptible patients. These

allergens were considered as the major allergens of sunflower pollen and were found to

have their glycan moiety critical for inducing IgE response. Homology driven search of MS/

MS data of these IgE-reactive proteins identified seven previously unreported allergens
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from sunflower pollen. Three major allergenic proteins were identified as two pectate lyases

and a cysteine protease.

Conclusion

Novelty of the present report is the identification of a panel of seven sunflower pollen aller-

gens for the first time at immuno-biochemical and proteomic level, which substantiated the

clinical evidence of sunflower allergy. Further purification and recombinant expression of

these allergens will improve component-resolved diagnosis and therapy of pollen allergy.

Introduction
Allergy is a type of abnormal immune reactions, which is triggered by environmental antigens or
allergens and mediated by IgE antibodies. Pollen grains are the most common sources of inhalant
allergens and responsible for inducing respiratory allergic disorders. Around 15–30% of world
population was estimated to suffer from respiratory allergy caused by pollen grains of ambient
outdoor environment [1]. Pollen allergen induced inflammation of respiratory tract is thought to
be mediated by activation of two signaling pathways, one of which leads to ROS generation
resulting in dendritic cell dysfunction and the other one disrupts the Th1/Th2 balance leading to
enhancement of Th2 subpopulation [2]. Currently the mainstay in allergy treatment relies on the
use of anti-histamines, non-steroidal anti-inflammatories and corticosteroids in acute cases,
which may most often have severe side effects. The only disease modifying approach is thought
to be allergen-specific immunotherapy in which the allergy inducing molecule i.e. the allergen
itself is used for vaccination. Furthermore, the clinical diagnosis of allergy is also based on the use
of purified allergens which is thought to be more accurate and sensitive than using crude pollen
extract. Hence, proper identification and characterization of allergens are important in order to
efficiently utilize the current diagnostic and therapeutic tools for allergy.

Some of the plants belonging to Asteraceae family such as Ambrosia artemisiifolia (Rag-
weed) [3, 4, 5], Artemisia vulgaris (mugwort) [5, 6, 7] and Parthenium hysterophorus [8, 9] are
important sources of pollen allergens. Economically, the most important plant of this family
(Asteraceae) isHelianthus annuus (sunflower), which is an agriculturally important oilseed
crop and also an ornamental flowering plant. Although there are several clinical reports from
different parts of the world on the occurrence of sunflower pollen allergy, still the knowledge
has been restricted due to lack of substantive biochemical evidences on the allergenic proteins
of sunflower pollen.

Role of sunflower pollen grain as airborne allergen was controversial. Due to its larger pollen
size (dimension 40.2 x 37.9 μm2), sunflower pollen grains were thought not to fly in the air;
causing only occupational allergy among florists and horticulture based workers. Studies on
the workers of a sunflower processing industry also demonstrated that regular exposure to sun-
flower pollen grains often developed occupational allergic syndromes including severe lung
impairment, allergic rhinitis and conjunctivitis [10]. However, the idea was changed when
Jimenez et al. [11] reported frequent occurrence of sunflower pollen in ambient outdoor air. In
this report the sunflower pollen grains were considered as potent aero-allergen for the individ-
uals living in close vicinity of sunflower plantation. Therefore, identification of the immuno-
reactive proteins from this pollen will facilitate understanding the molecular and immunologi-
cal basis of sunflower pollinosis.

With the technical advancement in proteomics including mass spectrometry and bioinfor-
matics, allergen identification has become more precise and accurate. It is now possible to
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detect and identify all the possible major and minor allergens by immunoscreening the single
proteome of a particular source such as pollen, fungi, food and insect with sera from corre-
sponding patients. Now-a-days mass spectrometry is the method of choice for allergen identifi-
cation based on homology searching [12]. Some of the plant species from which pollen
allergens have been identified and characterized by gel electrophoresis and mass spectrometry
based proteomics are Plantago lanceolata [13], Beta vulgaris [14], Betula verrucosa [15] and
Artemisia vulgaris [6]. However, little is known about sunflower pollen allergenicity. Till date
only two allergens viz, Hel a 1 (34 kDa) [11] and Hel a 2 (14.7 kDa) [16] were primarily
reported in IUIS database. Other works also reported the presence of three IgE reactive pro-
teins in sunflower pollen [17]. However, comprehensive studies to understand the biochemical
nature of the allergenic proteins from sunflower pollen are still in quest. Present study, to the
best of our knowledge, is the first comprehensive study on the inhalant allergens of sunflower
pollen using immunoproteomic approach.

The present study is conducted with the specific aim of identifying and characterizing the
allergenic proteins from sunflower pollen grains using proteomic techniques. Allergenicity of
H. annuus pollen grains were primarily investigated by clinical studies including in vivo and in
vitro tests, such as, SPT, ELISA and histamine assay, followed by detailed immuno-biochemical
and immunoproteomic analyses. In fact, this is the first report on the occurrence of sunflower
pollen allergy in the Indian megacity of Kolkata.

Materials and Methods

Ethics statement
The present study protocol was approved by the human ethics committee of Bose Institute and
Mediland Diagnostic Clinic, Kolkata. Informed written consents were obtained from patients
and non-allergic volunteers for participation in the study. In case of minors, informed written
consents were obtained from their guardians.

Chemicals
All kits and reagents were purchased fromMillipore Corporation (USA), Sigma-Aldrich
(USA), GE-Healthcare (Sweden), GE Lifesciences (USA), G Bioscience (USA), Promega
(USA), Merck (Germany), Bio-Rad (USA), Thermo Fischer(USA), Immunotech (France),
Amersham (Sweden), Bruker Daltonics (Germany), Bruker Michrom (USA), Pathozyme
(India), GeNei (India) and were of molecular biology grade.

Pollen sampling
Pure pollen grains ofH. annuus were collected from mature anthers of the fresh flowers grow-
ing around the city during their peak flowering period (April to first week of July of 2012–
2014). The batch used throughout this work contained less than 1% of non pollen contami-
nants. 200 micron mesh was used to filter out unwanted debris.

Allergen extract for Clinical Test (Skin Prick Test)
After defatting in diethyl ether, total pollen protein was extracted from 1 g of pollen in 20 ml of
0.1 M phosphate buffer (PB), pH 7.2 as described earlier [18]. Centrifugation was done at
12,000×g for 20 min to obtain the clear supernatant, which was passed through a 0.22 μm
Millipore filter (Millipore Corp.) and used as antigen extract for pollen allergy diagnosis.
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Patient selection, Skin Prick Test (SPT), total IgE and histamine assay
Pollen allergic patients visiting Mediland Diagnostics, Kolkata were tested with antigenic
extract of sunflower pollen grains. During SPT, 20 μL antigen extracts were placed on the ven-
tral side of the forearm and the skin was pricked with a sterile lancet, without inducing bleed-
ing. Histamine diphosphate (1 mg/mL) and PB (0.01 M, pH 7.2) were used as positive and
negative controls, respectively. The wheal and flare reaction of the skin was read after 20 min-
utes by measuring wheal diameter and graded according to Platts-Mills et al [19]. Wheal diam-
eter of� 3 mm was recorded as positive response. The exclusion criteria for skin testing were
pregnancy or lactation, malignancy and other severe systemic diseases. Corticosteroids and
antihistamines were prohibited for 48 hrs before SPT, for the avoidance of decreasing sensitiv-
ity of SPT as these anti-allergic medications can inhibit allergic reactions in the skin. Patients
with positive cutaneous response against sunflower pollen antigen were selected and 5ml of
peripheral blood were collected for immunological studies. The patient group in our study was
represented by 20 individuals sensitive to sunflower pollen, while the control group included 6
non-atopic subjects. The total IgE and released histamine in the sera were quantified by using
commercial Total IgE quantification kit (Pathozyme) and EIA Histamine kit (Immunotech)
respectively, following manufacturer’s protocol. All the serum samples were stored at −20°C.

Sunflower specific IgE estimation
Indirect ELISA was performed to estimate the level of specific IgE in patient’s sera against
crude antigenic extracts of pollen grains following the method as described earlier [20, 21].
Briefly, microtiter plates (Nunc, Thermo) were coated with crude antigen (100 ng/μl) of
Helianthus pollen in carbonate-bicarbonate buffer (pH 9.2) and incubated overnight at 4°C.
After repeated washing and blocking with 1% bovine serum albumin (BSA) (Sigma), wells
were incubated with individual patients' sera (in 1:5 dilution) at 37°C for 16 h. Anti-human IgE
tagged with alkaline phosphatase (1:1000 dilution) was used as secondary antibody. Colour
was developed with para-Nitro Phenyl Phosphate (pNPP). The reaction was stopped by adding
3N NaOH and absorbance was measured at 405 nm. An individual serum having P/N value
[ratio between mean OD405 of patient sera (P) and the healthy control (N)] more than 2.5 were
considered as having high specific IgE titer and selected for further studies.

Total protein profiling
Total pollen protein extracted in 20 ml of 0.1M PB, pH 7.2, was precipitated by salting out with
95% ammonium sulphate. Protein pellet was reconstituted in 4 ml of PB and dialyzed to
remove traces of ammonium sulphate. Proteins (120 μg per well) were mixed with 20 μl of
sodium dodecyl sulphate (SDS) loading buffer (0.125 M Tris–HCl pH 6.8, 5% SDS, 20% glyc-
erol, 5% β-mercaptoethanol, 0.02% bromophenol blue), boiled for 5 min and run in 12%
SDS-PAGE [22] using Mini-vertical gel electrophoresis apparatus (Amersham). The protein
profile was visualized by CBB-R250 staining.

IgE specific Western Blot
For immunoblot, resolved total protein was transferred onto polyvinylidene difluoride (PVDF)
membrane (GE Lifesciences) by semi-dry transfer method as described elsewhere [21].The
transfer was verified by reversible staining of the membrane with 0.1% PonceauS (w/v) in 5.0%
acetic acid (w/v). Membrane was then rinsed with deionized water for 3h to completely remove
PonceauS and cut into 10 mm strips. Membrane strips were blocked with 3% BSA in Tris
buffer saline or TBS (50 mM Tris-Cl, 150mMNaCl, pH 7.5) containing 0.05% Tween-20
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(TBS-T) at 4°C for 3 h. Following washing the strips were incubated overnight with 1:10 diluted
sunflower pollen positive patients’ sera at 4°C. Twenty individual patient's sera with elevated
level of specific IgE (as confirmed by ELISA) were used as primary antibody. Healthy serum
pool was taken as negative control. Unbound IgE were removed by washing with TBS-T and
strips were incubated with 1:1000 diluted secondary antibody, i.e., monoclonal anti-human IgE
alkaline phosphatase conjugate (Sigma) at 4°C for 3h. Blots were devolpoed with nitro-blue tet-
razolium -5-bromo-4-chloro-3'-indolyphosphate (NBT-BCIP) (Sigma). Finally the reaction
was stopped by adding 0.5 mM ethylenediaminetetraacetic acid (EDTA).

Protein extraction for proteome analysis
For proteomic analysis, total protein was extracted using trichloro-acetic acid (TCA)-acetone
protocol following the method described earlier [23] with slight modifications. 100mg of
Helianthus pollen was homogenized in liquid N2 and resuspended in 4 ml acetone containing
10% TCA plus 1% dithiothreitol (DTT) and incubated overnight at -20°C. After centrifugation
at 15 000× gat 4°C for 30 min, the supernatant was removed and the pellet was rinsed thrice in
ice-cold acetone with 1% DTT. The pellet was air-dried and resuspended in 100 μL rehydration
buffer (IEF) containing 7M urea, 2M thiourea and 4%3-((3-cholamidopropyl) dimethylammo-
nio)-1-propanesulfonate (CHAPS) (without DTT and ampholytes) and kept at -20°C for 16h.
Finally it was centrifuged at 15 000× g at 4°C for 30 minutes; supernatant was collected and
stored at -80°C. Protein concentration in the sample was quantified using Bradford reagent
(BioRad).

2Dimensional (2D) gel electrophoresis
2D electrophoresis was performed following the protocol earlier described [24]with minor
modification. Around 120μg of protein was processed thoroughly using Focus Perfect 2D
Clean up Kit (G Biosciences), following manufacturer’s protocol. The clear protein was recon-
stituted in 125 μl rehydration buffer containing 0.75% IPG (pH 3–10 linear) buffer (v/v) (GE
Healthcare), 25 mM DTT and traces of bromophenol blue. The sample was applied to 7 cm
IPG strip (pH 3–10 Linear) in a re-swelling tray and left overnight at room temperature for
rehydration. Separation of proteins in the first dimension was carried out in Ettan IPGphor 3
isoelectric focusing system (GE Lifescience) as per manufacturer’s instructions. Briefly, the
strips were focused at 0–200 V for 1 min, 200–3500 V for 1.30 h and 3500 V for 1.15 h, with a
total of 8 kVh accumulated. After focusing strips were equilibrated with equilibration buffer-I
(6 M Urea, 75 mM Tris–Cl pH 8.8, 30% glycerol, 2% SDS and 1% w/v DTT) for 15 min fol-
lowed by equilibration buffer-II (same as equilibration buffer-I with 2.5% w/v iodoacetamide
instead of DTT). After equilibration, the strip was placed over 1 mm thick 12% vertical acryl-
amide gel and overlaid with molten 0.5% agarose sealing solution containing 0.002% (w/v) bro-
mophenol blue dye. The second dimension separation was performed in miniVE Vertical
Electrophoresis System (GE Healthcare). Gels were stained with Coomassie Brilliant Blue-
R250 and photographed in a Bio-Rad Versa Doc (Bio-Rad Laboratories) system.

2D Immmunoblot and image analysis
Proteins from 7 cm 2D gel were subjected to semi dry transfer onto PVDF membrane and
immuno- blotted as described previously in “IgE specific Western Blot”. After that, the PVDF
membrane was blocked with BSA and then probed with sera collected from atopic patients.
Twenty separate immunoblots were performed with 20 individual serum samples. In addition,
a blot was also developed by confronting with pooled sera from 20 patients included in this
study. Another blot was developed with sera from healthy subjects as negative control. Images
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of all the blots were acquired in Bio-Rad Versa Doc (Bio-Rad Laboratories) system and ana-
lyzed by Quantity One1 software (version 4.6.3, Bio-Rad Laboratories).We considered only
those sero-reactive spots with high signal (intensity value greater than 2).

Periodic Acid Schiff (PAS) staining
Glycoproteins in the total protein were detected using Glycoprotein Staining Kit (G Bioscience)
following manufacturer’s protocol. The kit uses an enhanced Periodic Acid‐Schiff (PAS)
method for detection of sugar moiety. The supplied oxidizing agent in the kit first oxidized the
cis‐diol groups of the aldehydes in sunflower glcoprotein, which then reacted with the Schiff
reagent to produce strong magenta colored bands. RAPIDstain™ was used after glycoprotein
staining to counter stain the non‐ glycosylated proteins.

Deglycosylation study of allergens in 2D blot
Deglycosylation study was performed to remove the attached sugar moiety from glycoproteins
through sodium metaperiodate treatment as described by Sircar et al. [21]. Briefly, proteins
from 2D gel were transferred onto PVDF membrane and the membrane was incubated with 10
mM sodium acetate buffer (pH 5.0) containing 50 mM sodium metaperiodate for 3 h in the
dark, after which the periodate was inactivated by adding a drop of ethylene glycol. Finally, the
membrane was incubated with sodium borohydride solution (1 mg/ml) at 4°C for 12 h. The
membrane was acidified by adding 0.001% acetic acid in borohydrate solution followed by
repeated washing in TBS-T and then blocked with 3% BSA. IgE-western blotting was done
with 1:10 diluted pooled patient sera in blocking solution.

Hierarchical cluster analysis
A qualitative matrix designed on presence/absence of each allergen in all immunoblots was
submitted to Hierarchical Clustering Analysis, processed with Complete Linkage clustering
method according to the Euclidean distance using Spotfire TIBCO software, v.6.0. Clinical dif-
ferences between classes were investigated through Dot Plot analysis using GraphPad Prism
software, v.6.03.

Sample preparation for mass spectrometry
For mass spectrometry (MALDI TOF/TOF and LC ESI qTOF), spots from 2D gel correspond-
ing to the IgE reactive spots on 2D blot, were excised and subjected to in-gel trypsin digestion
following the protocol as described by Shevchenko et al. [25] with slight modifications. Briefly,
the gel pieces were destained with ethanol in 50mM ammonium bicarbonate (pH 8.0) (1:1 v/v)
and Acetonitrile (ACN). Reduction and alkylation was done with 10mM DTT and 55mM
iodoacetamide respectively. Digestion was carried out in 12.5 ng/μl modified sequencing grade
Trypsin Gold (Promega) at 37°C for 16 h. Tryptic fragments were eluted from gel pieces by vig-
orous vortexing in extraction buffer containing 3% TFA and 30% ACN. Final volume of the
sample was reduced up to 10 times in Speed Vac (Thermo Fischer). Approximately, 1.5 μl of
peptide digests were mixed with 5 volumes of 0.5 mg/ml α-cyano-4-hydroxycinnamic acid
(CHCA) matrix solution (Bruker Daltonics), spotted on MTP 384 ground steel target plate
(Bruker Daltonics) and air dried. For LC-ESI experiments the solvent was completely evapo-
rated and the peptides were dissolved in a suitable volume of 2% ACN containing 0.1% formic
acid. This reconstituted sample was then mixed with solvent A used for loading onto LC-
column.
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MALDI-TOF/TOF analysis
Mass spectra of trypsin digested proteins were obtained in Autoflex II MALDI TOF/TOF (Bru-
ker Daltonics). Mass spectra were recorded in linear mode equipped with a pulsed N2 laser (λ
= 337nm, 50 Hz) at 54% power in positive ion mode. After MS spectra acquisition, the instru-
ment was switched to LIFT mode. The MS/MS spectra of top ten peptides with highest inten-
sity were recorded by fragmentation of these peptides using LID (laser induced dissociation).
MS/MS spectra were acquired with a minimum of 4000 and a maximum of 8000 laser shots
using the instrument calibration file. Spectra baseline subtraction, smoothing [26] and cen-
troiding were performed in FlexAnalysis software v3.0 (Bruker Daltonics).

LC-ESI qTOF analysis
All the MS and MS/MS experiments for peptide identification were performed using a maXis
impact™ high resolution qTOF mass spectrometer (Bruker Daltonics) equipped with a Captive
Spray (Bruker Michrom) electrospray ionization platform. Separation was performed on a Dio-
nex PepMap C18 column (250mmx75μm, 3 μm particle). The flow rate was set at 300 nL/min.
The mobile phases A and B were 0.1% formic acid in water and 0.1% formic acid in 80% ACN,
respectively. Positive ions (charge state +1, +2, +3) were generated by the electrospray ioniza-
tion captive source. The following source settings were used for all subsequent data collection:
Drying gas (nitrogen): 3 L/min, Dry temperature: 150°C, Capillary voltage: start at 1500–1700
V, decrease in 50 V steps until signal drops and add 300 V, End plate offset: 0 V.

Survey scans were acquired within a range from 200 to 2000 m/z. The spectrometer sequen-
tially conducted MS/MS (in CID chamber) on the precursor ions (+2 and +3 charge state,
excluding +1) detected in the full scan in data independent manner. MS/MS scans were con-
ducted within a range from 25 to 2000 m/z. All MS and MS/MS raw data were acquired in.mgf
format using Bruker’s ProteinScape™ software (version 3.0).

Database search and allergen identification
The raw MS/MS spectra processed using MS Biotools™ 3.2(Bruker Daltonics) was used as input
to an in house MASCOT search engine version 2.2 using the following criteria: minimum sig-
nal-to noise ratio: 20; peak density filter: 5 peaks per 200 Da and maximum number of peaks:
20. Searches were conducted with the following settings: one missed cleavage, P< 0.05 as sig-
nificance threshold, the mass tolerance of precursor and fragment ions: 0.5 Da and 1.2 Da,
respectively for MALDI TOF/TOF whereas 40 ppm and 100 ppm respectively for LC-ESI
qTOF, carbamidomethylation of cysteine as fixed modification, methionine oxidation as vari-
able modification, peptide charge: +1 for MALDI TOF/TOF and +2, +3, +4 for LC-ESI qTOF.
Spectra were initially searched against NCBInr database, however unmatched peptides with
low significance score were further subjected to similarity searches against theH. annuus EST
database (downloaded from NCBI on June, 2015) containing 134474 entries. FASTA sequences
of respective EST clones were analyzed by BLASTx algorithm, which searched for any signature
sequence in the translated query to identify the protein.

Result

Determination of prevalence of allergenic sensitization to airborne
sunflower pollen by SPT, specific IgE and histamine assay
In-vivo positive cutaneous reaction (SPT) towards sunflower pollen antigenic extract was
observed among21%of the total pollen allergic patients (n = 354, age range: 16–50) screened in
the present study. Among them +3 grade of positivity was found to be most predominant
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followed by +2 and +1. Here, we considered only +3 and +2 category patients (53 patients out
of 74 sunflower pollen sensitized patients) and total thirty seven(22 of them with +3 grade) of
such patients had given their written consent to use their blood for experimental purpose. The
clinical and demographic features of the patients selected for serological analysis are presented
in Table 1 and their clinical profiles of sensitization are included in S1 Table.

In-vitro tests revealed significantly elevated levels of total IgE, sunflower specific IgE (P/N>
2.5) and histamine (>10nMol) in the sera of twenty patients as compared to healthy controls.
Sera of these twenty patients were used in further immuno-biochemical studies for detail char-
acterization of sunflower allergens.

Detection of allergens by one dimensional IgE-immunoblot
Total protein profile of sunflower pollen resolved in SDS-PAGE revealed more than forty coo-
massie stained protein bands within a MW range from14.3 to 97.4 kDa [Fig 1, Lane-T].The IgE

Table 1. Clinical features of the sunflower sensitized patient enrolled in the study.

Patient
Number

Age Sex Symptoms* SPT to sunflower (>3mm)
**

Total IgE(kUA/
L)

Specific IgE (P/N
value)

Histamine content (nMol/
L)

1 34 F AR+ BA +2 103 2.62 330.52

2 57 M U +3 124 3.56 355.91

3 48 F AR+ ANG +3 134 2.85 284.36

4 35 M SOB +3 100 3.69 306.97

5 25 F CC +2 119 3.86 370.53

6 24 F CC +3 122 4.26 367.92

7 20 F AR+ BA
+SOB

+3 127 4.09 370.29

8 16 M SR +2 105 2.77 207.76

9 30 F CC +3 105 3.43 309.03

10 55 F AR+ BA +3 107 2.59 255.71

11 47 M SOB +3 111 2.91 267.13

12 36 M AR+ BA +3 110 3.18 299.98

13 37 M AR+ BA +3 105 3.02 289.26

14 51 M SR +3 120 2.88 276.31

15 26 F SR +3 115 3.51 316.19

16 19 F SR +3 126 3.66 309.28

17 32 F ANG +3 121 3.37 305.32

18 34 M CC +2 116 2.71 269.23

19 26 F CC +2 112 3.45 257.84

20 59 M ANG +2 102 3.12 261.35

C1 18 M NS - 50 - 10

C2 20 F NS - 46 - 15

C3 35 M NS - 40 - 12.6

C4 30 F NS - 48 - 17.2

C5 59 M NS - 30 - 10.8

C6 55 F NS - 41 - 12

*Abbreviations: AR- Allergic Rhinitis, BA- Bronchial Asthma, SOB- Shortness of Breath, U- Urticaria, ANG- Angioedema, CC- Cough & Cold, SR- Skin

Rash, NS- No Symptom, C1 –C6 –Non-atopic healthy subjects.

** The grading scale of positive skin prick reactions is as follows: negative if wheal diameter is <3 mm, +1 if wheal diameter is 3–5 mm, +2 if wheal

diameter is >6 mm, +3 if wheal diameter is >6 mm, with one or two small pseudopodes, and +4 is any reaction that is more pronounced than +3.

doi:10.1371/journal.pone.0138992.t001

Characterization of Sunflower Pollen Allergen

PLOS ONE | DOI:10.1371/journal.pone.0138992 September 29, 2015 8 / 20



binding proteins were detected by western blot of total pollen protein with twenty selected indi-
vidual patient serum [Fig 1A, Lane 1–20]. This IgE immunoblot showed three distinct sero-
reactive bands at MW of 39 kDa, 44 kDa and 49 kDa. In Addition, certain IgE reactive bands
also appeared at MW regions of 32–34 kDa and 41–42 kDa. We considered these allergenic
bands as two IgE reactive zones due to insufficient resolution of proteins particularly in these
regions. Immunoblot with 6 non-atopic controls are also represented in Fig 1B.

Sunflower pollen proteome profile in 2D gel and detection of IgE-reactive
spots
As illustrated in Fig 2A, the pollen proteome of sunflower in 2D gel was resolved into more
than hundred spots within isoelectric point (pI) range of 3–10 horizontally and MW range of
14.3–97.4 kDa vertically. Fig 2B represents 2D immunoblot of the pollen proteome after being
confronted with pooled sera from twenty sunflower positive allergy patients. We detected
seven IgE reactive spots in the 2D blot. The MW’s of all the IgE reactive spots in 2D immuno-
blot were in agreement with that of the IgE reactive bands in 1D immunoblot.

Fig 1. Total protein profiling and IgE-immunoscreening of allergens from sunflower pollen: A. Lane M: Medium range molecular weight marker, Lane
T: Total protein profile of sunflower pollen in 12% SDS-PAGE as visualized by staining with CBB-R250, Lane 1–20: immunoblotting with individual serum of
twenty sunflower positive atopic patients, Lane C: Negative control blot with pooled sera of non-atopic (healthy)subjects showing no IgE reactivity; B. Lane
C1-C6: Negative control blot with individual sera of non-atopic (healthy) subjects showing no IgE reactivity

doi:10.1371/journal.pone.0138992.g001
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Glycoprotein allergens and their IgE reactivity in 2D immunblot after deglycosyla-
tion. PAS staining was done to detect the possible glycoproteins from IgE-reactive molecules.
Schiff staining of the total protein profile in SDS-PAGE showed magenta coloration of the
bands near 88 kDa, 58 kDa, 42–44 kDa, 29–38 kDa and 26 kDa; hence, these were considered
as glycoproteins [Fig 3A]. This result was compared with our previous immunoblot and it was

Fig 2. Two dimensional proteomemapping of sunflower pollen and detection of IgE reactive proteins
by 2D-immunoblot: A. Proteome of sunflower (H. annuus) pollen in 2D gel within a pH range 3–10; B.
2D immunoblot with pooled sera from 20 atopic patients revealed seven distinct IgE reactive spots on
2D blot.

doi:10.1371/journal.pone.0138992.g002

Fig 3. Detection of glycoprotein allergens in sunflower pollen and their antigenecity bymetaperiodate
mediated deglycosylation study in 2D blot: A. PAS staining of sunflower pollen protein in 1D
SDS-PAGE to detect the glycoproteins, which turned into purple colors. The PAS stained gel was
compared with IgE-immunoblot shown in Fig 1, which identified three glycoprotein regions as
possible IgE reactive zones highlighted in boxes. Lane 1: sunflower pollen rotein in SDS-PAGE after
PAS staining, Lane 2: Counter staining the PAS stained gel with CBB- G250 that turned only non-
glycoproteins into blue. B & C. 2D immunoblot without metaperiodate treatment (B) was compared
with another 2D immunoblot after metaperiodate (C) treatment. The metaperiodate treatment resulted in
loss of IgE reactivity of certain spots (marked within box) suggesting the possible involvement of sugar moiety
to determine the IgE binding of the allergens.

doi:10.1371/journal.pone.0138992.g003
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found that the IgE-reactive bands of MW 41–42 kDa, 44 kDa and 32–34 kDa respectively,
could be possible glycoproteins as these were present within PAS stained regions of
SDS-PAGE. Remaining other IgE-reactive bands did not appear to be PAS stained.

Deglycosylation study followed by 2D-immunoblot was performed to understand the anti-
genic role of sugar moieties of the glycoprotein allergens. Meta periodate treatment of PVDF
membrane destroyed the glycol-structures of the glycoproteins, which was then probed with
pooled patient sera. The 2D immunoblot developed after deglycosylation was compared with
non-deglycosylated 2D blot. As shown in Fig 3B and 3C, four sunflower pollen allergens (spot
number 2, 3,4and 7) were found to have no IgE-reactivity after deglycosylation, suggesting
their glycopeptidic nature of the IgE binding epitopes.

Determination of major sunflower pollen allergen(s) by cluster analysis
of patient’s sensitization profile
A series of twenty different 2D immunoblots were performed with twenty individual patient
sera to define the IgE reactivity profile of each patient towards sunflower pollen allergens. Clus-
ter analysis was performed using a matrix of binary data based on presence/absence of IgE
reactive proteins in each immunoblot (Fig 4A). Column clustering revealed four distinct classes
(Class A to D) based on the frequency of IgE reactive spots in examined cohort. The constitu-
ent IgE-reactive spots in each of these four ‘column clusters’ are shown in Table 2. The algo-
rithm also defined four major ‘row clusters’ (Class 1 to 4) based on IgE reactivity profile of
each patient. The constituent patients in each of these four ‘row clusters’ are also listed in
Table 2. Sensitivity profile of two patients in Class 1 showed predominant reactivity towards
cluster B and D allergens. Class 2 was comparatively larger and composed of nine patients,
who displayed reactivity towards Class C and D allergens. The only exception in Class 2 was
patient number 1, who remained un-reactive to class D allergen. Sensitivity toward 39 kDa pro-
tein of Class A allergen was found only in patient number 9 of Class 2. Class 3 patients were
characterized by their reactivity with Class B, C and D allergens. Class 4patients showed exten-
sive reactivity to almost all sunflower pollen allergens. Only this cluster showed frequent

Fig 4. Hierarchical cluster analysis based on individual patient’s immunological profile and the
corresponding immuno-reactive components: A. Heat map representing a qualitative summary
matrix based on presence/absence of IgE-reactive components in 2D immunoblots of individual
patient serum. The clustered data was processed with complete linkage according to Euclidean
distance. Column clustering divided allergens into four classes (A- D) based on their frequency of
IgE-reactivity. Row clustering divided patients into four classes (1–4) depending upon the sensitivity
towards sunflower pollen allergen. B. Scatter plot analysis of sunflower specific IgE levels in serum
pool of each of the four patient clusters generated by hierarchical cluster analysis. Each dot represents
a single patient within a cluster.

doi:10.1371/journal.pone.0138992.g004
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reactivity to class A allergens in addition to Class B, C and D. Therefore, class 4 patients were
found to be more susceptible to multiple sensitizations toward different inhalant allergens
from sunflower pollen. This observation was further substantiated by the presence of more
severe clinical symptoms, more complex immunoblot and significantly elevated level of sun-
flower specific IgE (Fig 4B) in the sera of class 4 patients. Representative 2D blots from each of
the four Classes of patients are shown in S1 Fig.

From this hierarchical cluster analysis, it is also evident that Class C and D allergens were
predominant among 95% of sunflower sensitive subjects. Thus we identified these as immuno-
dominant major allergens from sunflower (Helianthus annuus) pollen.

Mass spectrometry based identification of allergens
We have identified 7 IgE reactive proteins from sunflower pollen using a gel based layered
proteomic approach by employing combinations of two different mass spectrometers (MALDI
and ESI) and two different databases (NCBInr and sunflower EST collection)as illustrated in
Fig 5. The major criteria for valid identification of proteins was based on the occurrence of at
least two unique peptides with significance level p<0.05.

All the seven IgE reactive spots were excised from 2D gel, trypsin digested and subjected to
MALDI-TOF/TOF. Four allergens (spot number 2, 4, 6 and 7) were identified with significant

Table 2. List of individual components within allergen class (column clustering) and patient class
(row clustering) obtained by Hierarchical Cluster Analysis.

Column cluster Row cluster

Allergen
class

IgE reactive spots Patient
class

Patient number

A Spot no. 7 (41.2 KDa), Spot no. 1 (49.5KDa) and
Spot no. 6 (39KDa)

1 18, 3

B Spot no. 5 (32.7KDa) 2 1, 10, 20, 14, 13, 12, 8,
11 and 9

C Spot no. 3 (44.2KDa) and spot no. 2 (42.7KDa) 3 17, 16, 15, 2, 4 and 7

D Spot no. 4 (34.2KDa) 4 19, 5 and 6

doi:10.1371/journal.pone.0138992.t002

Fig 5. A schematic representation illustrating the mass spectrometry workflow adopted in the present
study for proteomic identification of sunflower.

doi:10.1371/journal.pone.0138992.g005
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scores by MALDI-TOF/TOF. Except for spot number 2, which was successfully identified in
NCBInr database, the other three spots displayed low confidence of identification. Hence,
MALDI generated MS/MS spectra of these three spots were searched against EST library of
Helianthus annuus. This resulted in significant homology for spot number 4, 6 and 7 with
selected sunflower EST clones.

Three remaining spots (spot number 1, 3 and 5) which could not be identified by MALDI--
TOF/TOF were subjected to LC-ESI qTOF. Searching of these MS/MS data against NCBInr
database resulted in low confident protein identification. Hence the mass spectra were analyzed
against EST library ofHelianthus annuus as previously described for MALDI data, which led
to successful identification of these three spots.

In nutshell, the mass spectrometry analysis identified six sunflower allergens (spot number
1 and 3 to 7) from the corresponding EST library whereas only one allergen (spot number 2)
was identified from NCBInr database. In case of spot number 2, two peptides “R.
WGTYAIGGSSAPTILSQGNR.F” and “R.FGFFQVVNNNYDR.W” were matched with pectate
lyase amb a1.2 from Ambrosia artemisiifolia with peptide sequence coverage of 5.52% and
3.76% respectively. Three sunflower pollen proteins which came out to be as the major aller-
gens in our cluster analysis were identified as pectate lyase (spot number 2 and 3) and cysteine
protease (spot number 4) respectively. Detail results of mass spectrometry identification of
sunflower pollen allergens are described in Table 3 and BLASTx analysis of EST clones are
illustrated in Table 4.

Discussion
Allergic diseases associated with IgE mediated sensitization to Compositae pollen allergens has
been increasing at an alarming rate worldwide with India being no exception. With the increase
in sunflower plantation for agro-commercial purpose, allergenicity to its pollen grains has now
become a serious health concerns for patients suffering from respiratory allergic disorder. Lack
of information on allergenic components in sunflower pollen has rendered the clinical diagno-
sis and treatment of sunflower pollinosis largely inexplicable. Here we present a detail clinical,
immuno-biochemical and proteomic approach with an aim to precisely characterize the inhal-
ant allergens of sunflower pollen.

Sunflower pollen causes IgE-mediated atopic sensitization of respiratory
tract
The present study started with clinical investigation on the predominance of sunflower pollen
allergy among the atopic population of Kolkata megacity of India. A major part of the allergy
sufferers (20.62%) were diagnosed to have atopic sensitivity towards sunflower pollen antigens.
In these patients, the atopic sensitivity together with respiratory allergic inflammation was
found to have been associated with the presence of serum IgE specific for sunflower pollen
extract and histamines, as determined by in-vitro confirmatory tests. Whereas the earlier pub-
lished literatures on ‘sunflower allergy’[10, 11, 16, 17] mainly predicted a close association
between the occurrences of sunflower pollen in the ambient outdoor air and prevalence of
respiratory allergic symptoms, our present study has indeed strengthened this notion by adding
new sunflower allergens to the meager list of Asteraceae pollen allergens reported so far.

Sunflower pollen proteome is a repertoire of inhalant allergens
In order to explore the sero-reactive proteins from the pollen proteome of sunflower, an aller-
genomic study was undertaken. This study was basically a discovery approach based on one
dimension and two dimensional separation of pollen proteins followed by immunoscreening
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of allergens using sera from sunflower pollen sensitive patients. Multiple IgE reactive bands
observed in 1D immunoblot against individual patient serum suggested sunflower pollen as a
source of different allergens.

A major limitation of 1D immunoblot is insufficient resolution of proteins rendering the
precise identification of these allergens quite difficult. Hence, we have taken the help of 2D gel
based proteomic tools, which are customarily used for better separation of allergens[27]. Five
IgE reactive bands in 1D gel were found to resolve into seven distinct IgE reactive spots in 2D
gel using the same set of sera. Thus 2D separation of sunflower pollen allergens has increased
the chance of finding individual species in each excised spot and subsequent analysis by mass
spectrometry.

Sugar moieties of certain glycoprotein allergens of sunflower pollen are
important for IgE-binding
Studies had shown that IgE binding glycoproteins are widespread among pollen grains [28].
Certain Asteraceae species for example mugwort (Art v 1) [29] and ragweed (Amb a 4) [30]
were reported to produce pollen containing such allergens with a bulky arabinogalactan-pro-
tein moiety. These findings prompted us to investigate for the presence of any such glycopro-
tein allergens in sunflower, which is another member of Asteraceae family. PAS staining of

Table 4. BLASTx search analysis using sunflower EST clones (identified in MS/MS) as input against
NCBInr database.

Spot
No.

NCBI
Accession

No. of
Sunflower

EST

Protein hits in
BLASTx (Organism)

NCBI
Accession

No. of
matched
proteins

Query
coverage#

E
value##

Sequence
Identity###

1 gi|90464401 Beta-tubulin (Nicotiana
attenuata)

gi|40036995 88% 0 97%

3 gi|90459099 Putative pectate lyase
precursor (Ambrosia
artimisiifolia)

gi|302127816 95% 5.00E-
146

80%

4 gi|90442509 Cysteine protease
(Ambrosia
artimisiifolia)

gi|558482540 98% 3.00E-
96

54%

5 gi|90455367 NtPRp27-like, partial
(Senecio aethnensis)

gi|409189751 74% 1.00E-
72

55%

6 gi|22389921 Glyceraldehyde-
3-phosphate
dehydrogenase,
putative (Ricinus
communis)

gi|255544534 65% 4.00E-
65

94%

gi|90454328 Glyceraldehyde-
3-phosphate
dehydrogenase C
subunit (Gossypium
hirsutum)

gi|211906518 92% 3.00E-
135

91%

7 CHAY6293.
b1_J13.ab1
CHA(XYZ)

Predicted: fructose-
bisphosphate aldolase
cytoplasmic isozyme-
like (Citrus sinensis)

gi|568856629 94% 2.00E-
165

89%

#: Query coverage

##: E value

###: and sequence identity were calculated for matched proteins in NCBI database with respect to each

corresponding EST clones.

doi:10.1371/journal.pone.0138992.t004
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sunflower pollen proteins in 1D SDS-PAGE revealed three regions of glycoproteins that closely
resemble with the IgE reactive zones in immunoblot. One of these regions was in agreement
with a 55 kDa glycoprotein allergen from sunflower pollen already reported by Hoz et al.[17].
In our study, we tried to determine the antigenic role of the glycan moiety by meta-periodate
modification test in 2D blot. Loss of IgE reactivity ascertained the role of glycan part in eliciting
IgE response whereas retention of IgE reactivity revealed the peptidic nature of IgE epitopes. In
our case, four glycoprotein allergens of sunflower such as 44.2 kDa, 42.7 kDa, 34.2 kDa and
41.2 kDa were found to have their carbohydrate part acting as antigenic determinant.

The major allergens of sunflower pollen are glycoproteins
Most interestingly the three glycoprotein allergens (44.2 kDa, 42.7 kDa and 34.2 kDa) were
identified as major allergens of sunflower pollen since 95% of sunflower allergic patients were
sensitive to these allergens as revealed by comparative cluster analysis. Among these three aller-
gens 44.2 kDa and 42.7 kDa allergens constituted class C allergens and 34.2 kDa allergen con-
stituted class D allergens. All these three allergens were frequently reacted with serum IgE of
most of the patients in individual 2D blot. Alternatively, row clustering discriminated a distinct
class of patients (Class 4) which showed extensive sensitization toward a larger variety of sun-
flower allergens. This class of patients is more susceptible to multiple sensitizations toward dif-
ferent allergen sources due to cross IgE reactivity.

Novel allergens identified from sunflower pollen by mass spectrometry
In this study, all the IgE reactive spots detected from 2D proteome map of sunflower pollen
were successfully identified using ‘bottom-up’mass spectrometry. A major pitfall in proteomic
studies on sunflower (Helianthus annuus) is the lack of its functional genome information,
which hinders confident identification of proteins from the non-redundant databases (NCBI
and Uniprot) using MS/MS data. Although most of the plant genomes are largely unsequenced
due to extensiveness of the task, a number of EST sequences have been assembled in NCBI
database to provide researchers some transcriptomic sequence data [31]. CGPDB (http://
cgpdb.ucdavis.edu) is an EST sequencing project that offers 134474 online available EST clones
(as on June, 2015) for Helianthus annuus to overcome the problem of lack of full annotation to
some extent. We have efficiently utilized these sunflower EST data as reference database to
search the MS/MS data. In the starting, MALDI-TOF/TOF was used to generate mass spectral
data. However, for certain spots MALDI-TOF/TOF generated data were unable to find signifi-
cant hit in any of the databases used in our study. Hence, for better peak resolution, maximum
signal and maximum coverage, we used LC-MS/MS for those unassigned spots. This approach
has enabled us to identify all the allergens without any ambiguity. Both spot number 2 and 3
showed homology with pectate lyase of Ambrosia artemisiifolia. Pectate lyase is an enzyme
involved in pectin degradation during pollen tube growth [32]. Five isoforms of pectate lyase
allergen have been reported from Ambrosia artemisiifolia (Amb a 1.1 to Amb a 1.5) of varying
MW ranging from 42.709 kDa to 44.082 kDa and pI value from 5.58 to 6.63 [33]. Pectate lyase
belongs to an allergen family (accession number: AF073) enlisting ten allergens reported so far,
two of which, Amb a 1 and Art v 6 [34] were from Asteraceae family. Moreover, spot number 2
and 3 exhibited exactly same pattern of IgE-sensitization among the tested patients.

Spot number 4 (MW- 34.2 kDa) has been identified as another major allergen from sun-
flower pollen, displaying extensive reactivity almost across the entire patient groups, except
one (patient number 3). The mass spectra of this spot upon searching against sunflower EST
database displayed significant match with an EST clone (Gene bank acc.: DY904392), which
partially represents a plant cysteine protease as revealed by BLASTx search. Proteases have
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been documented as important group of inhalant and food allergens. An already reported cys-
teine protease allergen is Amb a 11from ragweed pollen (Ambrosia artemisiifolia) [35].In addi-
tion to IgE reactivity, these allergens, by virtue of their protease activity can desquamate lung
epithelial tissue to facilitate easy invasion of the allergens. All the eleven unique peptides of
spot number 1 displayed homology with an EST clone (Genebank acc.: DY926280) which con-
tains a putative conserved domain of tubulin FtsZ superfamily. Constitutively expressed tubu-
lin protein was earlier reported as allergen from dust mites [36]. Our study is perhaps the first
report on a plant specific tubulin as respiratory allergen from pollen grains.

In similar way, spot number 5 was identified as a putative member of GluZincin super fam-
ily. It contains a highly conserved zinc binding metalloprotease (M36) domain with HEXXH
and EXXXDmotifs [37]. Such metalloproteases have been reported as allergen from certain
pathogenic molds such as Aspergillus fumigatus (Asp f 5) [38] and are popularly known as fun-
galysins. These fungalysins are thought to aid in degradation of host lung cell walls during
allergy and infection [38]. In case of plants, similar type of protein was found to get induced
during biotic stress and thus considered as a pathogenesis related protein (PR-17 family) [39].
However, no previous reports exist that support the allergenic nature of this protein of plant
origin. Here, we have identified a putative form of this metalloprotease as a novel allergen from
sunflower pollen. Two unique peptides generated from trypsinization of 37 kDa spot number 6
had shown significant match with plant glyceraldehyde-3-phosphate dehydrogenase. This con-
stitutively expressed glycolytic enzyme is a well known allergen from wheat as food allergen
[40] and Asprgillus versicolor as indoor inhalant allergen [41].Spot number 7 has been identi-
fied as a fructose bisphosphate aldolase (FBPA) with two unique peptides. Until now only one
class-II FBPA has been reported as allergen from skin colonizing Candida albicans [42]. The
class-II FBPA are mainly prevalent among the prokaryotes and molds. In our study, the exact
nature of sunflower FBPA could not be determined due to the corresponding incomplete EST
sequence.

Taken together the entire mass spectrometry results, present study essentially describes a
panel of IgE reactive molecules from sunflower pollen proteome by homology driven proteo-
mics. Although similar types of allergens have already been discovered from other sources, still
to the best of our knowledge, we report these proteins for the first time as novel allergens from
sunflower pollen.

Conclusion
Our present study is the pioneer report on the clinical evidence of sunflower pollen allergens as
major threat for respiratory allergy patients, which was further corroborated by detail
immuno-proteomic analysis. It also describes a useful strategy of mass spectrometry analysis
involving two different ionization methods and two different database searches in order to
fruitfully identify the allergens from plant species without any prior information on its genome
sequence. Such strategy can also be effectively applied for other wildly grown weed species for
which no genome information is available. The present study has primarily identified a total
seven new sero-reactive allergens from sunflower pollen, three (two pectate lyase and a cysteine
protease) of which have been detected as major and immunodominant sensitizers. These three
major allergens were glycoproteins and most significantly, their glycan structures were found
to take part in IgE binding.

Further studies such as purification, recombinant expression and epitope mapping of these
allergens will open up new avenues to improve the current tools of component resolved diag-
nosis and immunotherapy of pollen allergy.
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IgE reactive components appeared in twenty different 2D blots developed with twenty individ-
ual sera was used for cluster analysis to identify the most frequently reactive sunflower aller-
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len allergic patients
(DOCX)

Acknowledgments
Authors are grateful to Dr. Sudipto Saha of Bioinfomatics center, Bose Institute, Kolkata, for
providing generous help and suggestions in statistical analysis. We are also thankful to Mr.
Chanchal Chakraborty,Mr. Amarendranath Biswas,Smt. Kaveri Ghosh and Mr. Jadav Ghosh
for their technical support.We are thankful to the ProteomeXchange Consortium for their help
to deposit our mass spectrometry proteomics data via the PRIDE partner repository with the
dataset identifier PXD002397.

Author Contributions
Conceived and designed the experiments: NG GS BS SGB. Performed the experiments: NG.
Analyzed the data: NG GS BS SGB. Contributed reagents/materials/analysis tools: NP SGB.
Wrote the paper: NG GS SGB.

References
1. Singh AB, Mathur C. An aerobiological perspective in allergy and asthma. Asia Pac Allergy. 2012; 2

(3): 210–222. doi: 10.5415/apallergy.2012.2.3.210 PMID: 22872824

2. Hosoki K, Boldogh I, Sur S. Innate responses to pollen allergens. Curr Opin Allergy Clin Immunol.
2015; 15 (1):79–88 doi: 10.1097/ACI.0000000000000136 PMID: 25546327

3. Kanter U, Heller W, Durner J, Winkler JB, Engel M, Behrendt H, et al. Molecular and Immunological
Characterization of Ragweed (Ambrosia artemisiifolia L.) Pollen after Exposure of the Plants to Ele-
vated Ozone over aWhole Growing Season. PLOSONE. 2013; 8(4): e61518. doi: 10.1371/journal.
pone.0061518 PMID: 23637846

4. Pazmandi K, Kumar BV, Szabo K, Boldogh I, Szoor A, Vereb G, et al. Ragweed Subpollen Particles of
Respirable Size Activate Human Dendritic Cells. PLOS ONE. 2012; 7(12): e52085. doi: 10.1371/
journal.pone.0052085 PMID: 23251688

5. D'Amato G, Cecchi L, Bonini S, Nunes C,Annesi-Maesano I, Behrendt H, et al. Allergenic pollen and
pollen allergy in Europe. Allergy. 2007; 62 (9): 976–990. PMID: 17521313

6. Gadermaier G, Harrer A, Girbl T, Palazzo P, Himly M, Vogel L, et al. Isoform identification and charac-
terization of Art v 3, the lipid-transfer protein of mugwort pollen. Mol Immunol. 2009; 46 (10): 1919–24.
doi: 10.1016/j.molimm.2009.03.021 PMID: 19406480

7. Asero R, Bellotto E, Ghiani A, Aina R, Villalta D, Citterio S. Concomitant sensitization to ragweed and
mugwort pollen: who is who in clinical allergy?Ann Allergy Asthma Immunol. 2014; 113(3): 307–13.
doi: 10.1016/j.anai.2014.06.009 PMID: 25053399

8. Rao M, Prakash O, Subba Rao PV. Reaginic allergy to Parthenium pollen: evaluation by skin test and
RAST. Clin Allergy. 1985; 15 (5): 449–54. PMID: 4053335

9. Sriramarao P, Nagpal S, Rao BS, Prakash O, Rao PV. Immediate hypersensitivity to Parthenium hys-
terophorus. II Clinical studies on the prevalence of Parthenium rhinitis. Clin Exp Allergy. 1991; 21 (1):
55–62. PMID: 2021879

10. Atis S, Tutluoglu B, Sahin K, Yaman M, Küçükusta AR, Oktay I. Sensitization to sunflower pollen and
lung functions in sunflower processing workers. Allergy. 2002; 57 (1):35–9. PMID: 11991286

Characterization of Sunflower Pollen Allergen

PLOS ONE | DOI:10.1371/journal.pone.0138992 September 29, 2015 18 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138992.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138992.s002
http://dx.doi.org/10.5415/apallergy.2012.2.3.210
http://www.ncbi.nlm.nih.gov/pubmed/22872824
http://dx.doi.org/10.1097/ACI.0000000000000136
http://www.ncbi.nlm.nih.gov/pubmed/25546327
http://dx.doi.org/10.1371/journal.pone.0061518
http://dx.doi.org/10.1371/journal.pone.0061518
http://www.ncbi.nlm.nih.gov/pubmed/23637846
http://dx.doi.org/10.1371/journal.pone.0052085
http://dx.doi.org/10.1371/journal.pone.0052085
http://www.ncbi.nlm.nih.gov/pubmed/23251688
http://www.ncbi.nlm.nih.gov/pubmed/17521313
http://dx.doi.org/10.1016/j.molimm.2009.03.021
http://www.ncbi.nlm.nih.gov/pubmed/19406480
http://dx.doi.org/10.1016/j.anai.2014.06.009
http://www.ncbi.nlm.nih.gov/pubmed/25053399
http://www.ncbi.nlm.nih.gov/pubmed/4053335
http://www.ncbi.nlm.nih.gov/pubmed/2021879
http://www.ncbi.nlm.nih.gov/pubmed/11991286


11. Jiménez A, Moreno C, Martínez J, Martínez A, Bartolomé B, Guerra F, et al. Sensitization to sunflower
pollen: only an occupational allergy? Int Arch Allergy Immunol. 1994; 105 (3): 297–307 PMID: 7920032

12. Monaci L, Visconti A. Mass spectrometry-based proteomics methods for analysis of food allergens.
Trends in Analytical Chemistry. 2009; 28 (5),: 581–91

13. Sousa R, Osório H, Duque L, Ribeiro H, Cruz A, Abreu I. Identification of Plantago lanceolata Pollen
Allergens Using an Immunoproteomic Approach. J Investig Allergol Clin Immunol. 2014; 24(3): 177–
183 PMID: 25011355

14. Luoto S, Lambert W, Blomqvist A, Emanuelsson C. The identification of allergen proteins in sugar beet
(Beta vulgaris) pollen causing occupational allergy in greenhouses.Clinical and Molecular Allergy.
2008; 6:7 doi: 10.1186/1476-7961-6-7 PMID: 18694503

15. Erler A, Hawranek T, Kruckemeier L, Asam C, Egger M, Ferreira F, et al. Proteomic profiling of birch
(Betula verrucosa) pollen extracts from different origins. Proteomics. 2011; 11 (8): 1486–1498. doi: 10.
1002/pmic.201000624 PMID: 21360672

16. Asturias JA, Arilla MC, Gómez-Bayón N, Aguirre M, Martínez A, Palacios R, et al. Cloning and immuno-
logical characterization of the allergen Hel a 2 (profilin) from sunflower pollen. Mol Immunol. 1998; 35
(8): 469–478. PMID: 9798651

17. de la Hoz F, Melero JA, González R, Carreira J. Isolation and partial characterization of allergens from
Helianthus annuus (sunflower) pollen. Allergy. 1994; 49 (10): 848–854. PMID: 7709994

18. Dey D, Ghosh N, Pandey N, Gupta Bhattacharya S. A Hospital-Based Survey on Food Allergy in the
Population of Kolkata, India. Int Arch Allergy Immunol. 2014; 164 (3): 218–221 doi: 10.1159/
000365629 PMID: 25138428

19. Platts-Mills TA, Chapman MD, Marsh DG. Human immunoglobulin E and immunoglobulin G antibody
responses to the "minor" ragweed allergen Ra3: correlation with skin tests and comparison with other
allergens. J Allergy Clin Immunol. 1981; 67(2): 129–34. PMID: 7451780

20. Bodinier M, Brossard C, Triballeau S, Morisset M, Guérin-Marchand C, Pineau F, et al. Evaluation of an
in vitro mast cell degranulation test in the context of food allergy to wheat. Int Arch Allergy Immunol.
2008; 146 (4): 307–320. doi: 10.1159/000121465 PMID: 18367844

21. Sircar G, Chakrabarti HS, Saha B, Gupta Bhattacharya S. Identification of aero-allergens from Rhizo-
pus oryzae: An immunoproteomic approach. J Proteomics 2012; 77: 455–468 doi: 10.1016/j.jprot.
2012.09.023 PMID: 23041133

22. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227 (5259): 680–685. PMID: 5432063

23. Carpentier SC, Witters E, Laukens K, Deckers P, Swennen R, Panis B. Preparation of protein extracts
from recalcitrant plant tissues: an evaluation of different methods for two-dimensional gel electrophore-
sis analysis. Proteomics 2005; 5 (10): 2497–2507. PMID: 15912556

24. Petersen A, Dresselhaus T, Grobe K, Becker WM. Proteome analysis of maize pollen for allergy-rele-
vant components. Proteomics 2006; 6 (23): 6317–6325 PMID: 17080481

25. Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M. In-gel digestion for mass spectrometric charac-
terization of proteins and proteomes. Nat Protoc. 2006; 1 (6): 2856–60. PMID: 17406544

26. Yang C, He Z, YuW. Comparison of public peak detection algorithms for MALDI mass spectrometry
data analysis. BMC Bioinformatics. 2009; 10: 4. doi: 10.1186/1471-2105-10-4 PMID: 19126200

27. Chevalier F. Highlights on the capacities of "Gel-based" proteomics. Proteome Science. 2010; 8:23
doi: 10.1186/1477-5956-8-23 PMID: 20426826

28. Altmann F. The role of protein glycosylation in allergy. Int Arch Allergy Immunol. 2007; 142 (2): 99–
115. PMID: 17033195

29. Himly M, Jahn-Schmid B, Dedic A, Kelemen P, Wopfner N, Altmann F. Art v 1, the major allergen of
mugwort pollen, is a modular glycoprotein with a defensin-like and a hydroxyproline-rich domain.
FASEB J. 2003; 17 (1):106–8. PMID: 12475905

30. Léonard R, Wopfner N, Pabst M, Stadlmann J, Petersen BO, Duus JQ, et al. A New Allergen from Rag-
weed (Ambrosia artemisiifolia) with Homology to Art v 1 fromMugwort. J Biol Chem. 2010; 285 (35):
27192–27200 doi: 10.1074/jbc.M110.127118 PMID: 20576600

31. Pashley CH, Ellis JR, Mccauley DE, Burke JM.EST Databases as a Source for Molecular Markers: Les-
sons from Helianthus.Journal of Heredity. 2006; 97 (4): 381–388 PMID: 16840524

32. Marin-Rodriguez MC, Orchard J, Seymour GB. Pectate lyases, cell wall degradation and fruit softening.
J Exp Bot. 2002; 53 (377): 2115–9 PMID: 12324535

33. The UniProt Consortium. Activities at the Universal Protein Resource (UniProt).Nucleic Acids Res.
2014; 42 (D1): D191–D198.

Characterization of Sunflower Pollen Allergen

PLOS ONE | DOI:10.1371/journal.pone.0138992 September 29, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/7920032
http://www.ncbi.nlm.nih.gov/pubmed/25011355
http://dx.doi.org/10.1186/1476-7961-6-7
http://www.ncbi.nlm.nih.gov/pubmed/18694503
http://dx.doi.org/10.1002/pmic.201000624
http://dx.doi.org/10.1002/pmic.201000624
http://www.ncbi.nlm.nih.gov/pubmed/21360672
http://www.ncbi.nlm.nih.gov/pubmed/9798651
http://www.ncbi.nlm.nih.gov/pubmed/7709994
http://dx.doi.org/10.1159/000365629
http://dx.doi.org/10.1159/000365629
http://www.ncbi.nlm.nih.gov/pubmed/25138428
http://www.ncbi.nlm.nih.gov/pubmed/7451780
http://dx.doi.org/10.1159/000121465
http://www.ncbi.nlm.nih.gov/pubmed/18367844
http://dx.doi.org/10.1016/j.jprot.2012.09.023
http://dx.doi.org/10.1016/j.jprot.2012.09.023
http://www.ncbi.nlm.nih.gov/pubmed/23041133
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/15912556
http://www.ncbi.nlm.nih.gov/pubmed/17080481
http://www.ncbi.nlm.nih.gov/pubmed/17406544
http://dx.doi.org/10.1186/1471-2105-10-4
http://www.ncbi.nlm.nih.gov/pubmed/19126200
http://dx.doi.org/10.1186/1477-5956-8-23
http://www.ncbi.nlm.nih.gov/pubmed/20426826
http://www.ncbi.nlm.nih.gov/pubmed/17033195
http://www.ncbi.nlm.nih.gov/pubmed/12475905
http://dx.doi.org/10.1074/jbc.M110.127118
http://www.ncbi.nlm.nih.gov/pubmed/20576600
http://www.ncbi.nlm.nih.gov/pubmed/16840524
http://www.ncbi.nlm.nih.gov/pubmed/12324535


34. Radauer C, Bublin M, Wagner S, Mari A, Breiteneder H. Allergens are distributed into few protein fami-
lies and possess a restricted number of biochemical functions. J Allergy Clin Immunol. 2008; 121 (4):
847–852 doi: 10.1016/j.jaci.2008.01.025 PMID: 18395549

35. Bouley J, Groeme R, Mignon ML, Jain K, Chabre H, Floch VB, et al. Identification of the cysteine prote-
ase Amb a 11 as a novel major allergen from short ragweed. J Allergy Clin Immunol. 2015 Apr. Avail-
able: http://www.jacionline.org/article/S0091-6749%2815%2900336-X/fulltext

36. Jeong KY, Lee H, Lee JS, Lee J, Lee IY, Ree HI, et al. Immunoglobulin E binding reactivity of a recombi-
nant allergen homologous to alpha-Tubulin from Tyrophagus putrescentiae. Clin. Diagn. Lab. Immunol.
2005; 12 (12):1451–1454 PMID: 16339071

37. Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, et al. CDD: NCBI's con-
served domain database.Nucleic Acids Res. 2015; 43 (Database issue): D222–6. doi: 10.1093/nar/
gku1221 PMID: 25414356

38. Crameri R. Recombinant Aspergillus fumigatus allergens: from the nucleotide sequences to clinical
applications. Int Arch Allergy Immunol. 1998; 115 (2): 99–114. PMID: 9482698

39. Yoshida K, Nishiguchi M, Futamura N, Nanjo T. Expressed sequence tags from Cryptomeria japonica
sapwood during the drying process. Tree Physiology. 2007; 27 (1): 1–9 PMID: 17169901

40. Sander I, Rozynek P, Rihs HP, van Kampen V, Chew FT, LeeWS, et al. Multiple wheat flour allergens
and cross-reactive carbohydrate determinants bind IgE in baker's asthma. Allergy. 2011; 66(9):1208–
15. doi: 10.1111/j.1398-9995.2011.02636.x PMID: 21557753

41. Benndorf D, Müller A, Bock K, Manuwald O, Herbarth O, von Bergen M. Identification of spore allergens
from the indoor mould Aspergillus versicolor. Allergy. 2008; 63 (4): 454–60. doi: 10.1111/j.1398-9995.
2007.01603.x PMID: 18315733

42. Calcedo R, Ramirez-Garcia A, Abad A, Rementeria A, Pontón J, Hernando FL. Phosphoglycerate
kinase and fructose bisphosphate aldolase of Candida albicans as new antigens recognized by human
salivary IgA. Rev IberoamMicol. 2012; 29(3): 172–174 doi: 10.1016/j.riam.2011.07.004 PMID:
21906693

Characterization of Sunflower Pollen Allergen

PLOS ONE | DOI:10.1371/journal.pone.0138992 September 29, 2015 20 / 20

http://dx.doi.org/10.1016/j.jaci.2008.01.025
http://www.ncbi.nlm.nih.gov/pubmed/18395549
http://www.jacionline.org/article/S0091-6749%2815%2900336-X/fulltext
http://www.ncbi.nlm.nih.gov/pubmed/16339071
http://dx.doi.org/10.1093/nar/gku1221
http://dx.doi.org/10.1093/nar/gku1221
http://www.ncbi.nlm.nih.gov/pubmed/25414356
http://www.ncbi.nlm.nih.gov/pubmed/9482698
http://www.ncbi.nlm.nih.gov/pubmed/17169901
http://dx.doi.org/10.1111/j.1398-9995.2011.02636.x
http://www.ncbi.nlm.nih.gov/pubmed/21557753
http://dx.doi.org/10.1111/j.1398-9995.2007.01603.x
http://dx.doi.org/10.1111/j.1398-9995.2007.01603.x
http://www.ncbi.nlm.nih.gov/pubmed/18315733
http://dx.doi.org/10.1016/j.riam.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21906693

