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Identification of Sola l 4 as Bet v 1 homologous

pathogenesis related-10 allergen in tomato fruits
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Scope: The aim was to investigate the potential contribution of a major birch pollen Bet v 1-
homologous allergen to birch pollen-associated tomato fruit allergy.
Methods and results: Two isoforms of a Bet v 1-homologous protein (designated Sola l 4)
from tomato fruit were identified by cDNA-cloning and produced as recombinant proteins.
Allergen-specific IgE levels to tomato, birch pollen, Bet v 1, and Sola l 4 were determined in
birch pollen allergic patients with allergy or tolerance to tomato. Sola l 4 was recognized in 76%
of birch/tomato allergic patients, while tomato- and Bet v 1-specific IgE was detectable in 64%
and 81% of sera. Almost all patients sensitized to Bet v 1 reacted with Sola l 4. Both Sola l 4
isoforms displayed allergenic potency and IgE-cross-reactivity with Bet v 1 as investigated by
competitive ELISA and in vitro mediator release assay. Nevertheless, the reactivity pattern of
patients’ sera was diverse.
Conclusion: Sola l 4, a novel pathogenesis related-10 protein, qualifies as major allergen in
tomato fruits. Data suggest Sola l 4 as class II allergen. IgE-testing using Sola l 4 showed low
clinical specificity, but high sensitivity in tomato allergic patients and will further improve
component-resolved allergy diagnosis.
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1 Introduction

The consumption of tomatoes (Solanum lycopersicum) has
doubled over the last decades and has been reported to cause
adverse IgE-mediated allergic reactions [1]. Studies on the
prevalence of tomato allergy using oral challenge tests, rather
than reports on sensitization, are limited. In line with this,
patients reporting tomato allergy frequently did not show
tomato-specific IgE, likely due to non-IgE mediated adverse
reactions. Nevertheless, 3.3% of food allergic subjects world-
wide [2], and 16–33% of Italian patients with fruit and/or veg-
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Abbreviations: aa-id, amino acid identity; CD, circular dichroism;
OAS, oral allergy syndrom; PR, pathogenesis related

etable allergy show IgE-binding to tomatoes [3–5]. Patients
with reactivity to tomatoes are frequently sensitized to aeroal-
lergens suggesting cross-reactivity with pollen allergens [6]
due to putative homologous cross-reactive proteins. In a study
published by Foetisch et al. [7], 9% of birch pollen allergic pa-
tients reported adverse reactions to tomato, and de Martino
et al. [8] showed that 39% of grass pollen allergic children are
sensitized to tomato. Furthermore, cross-reactivity to tomato
was described for up to 28% of latex allergic patients [9]. Man-
ifestation of tomato allergy mostly includes mild symptoms,
such as oral allergy syndrome (OAS), as well as rhinitis and
abdominal pain [6, 7], but also urticaria and contact dermati-
tis, anaphylactic reactions, and exercise-induced symptoms
are described [10–12].

Despite the sensitization pattern, showing several tomato
allergens likely to be involved in tomato allergy [7, 13], only
three tomato allergens have so far been officially accepted
by the IUIS Allergen Nomenclature Subcommittee. At least
32% of food allergic [14] and approximately 22% of tomato
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allergic patients [15] are sensitized to tomato profilin Sola l 1.
17% of tomato allergic patients are sensitized to invertase (�-
fructofuranosidase) Sola l 2 [16, 17] and up to 15% of Italian
tomato allergic patients were mono-sensitized to the non-
specific lipid transfer protein from tomato, Sola l 3 [1, 18].
In a multicenter study, about 35% of pollen-fruit allergic
patients had IgE to Sola l 3 using a microarray assay [19].
Moreover, pectinesterase, polygalacturonase 2A, superoxide-
dismutase [7, 13], an osmotin-like protein, glucanase, and
chitinase, as well as a 9 kDa heat-labile and pepsin-
resistant protein are discussed as further tomato allergens
[20–23].

Pollen associated food allergy, including tomato allergy,
is considered to be elicited by cross-reactive allergenic struc-
tures, e.g. profilins, cross-reactive carbohydrates and in par-
ticular by Bet v 1-like proteins of the pathogenesis-related
protein 10 (PR-10) family. In Central Europe, Bet v 1, the
major allergen in birch pollen, has been described as the pri-
mary sensitizer for cross-reactivity to PR-10 proteins from
fruits and vegetables [24]. Although multiple sensitization
profiles of tomato allergic patients have been shown using
tomato extract [17], no Bet v 1 homologous PR-10 protein
from tomato with allergenic properties is described so far,
even though there is some evidence for the presence of this
gene family in tomatoes [22, 23]. The objective of the present
study was the identification of Bet v 1-homologous PR-10 pro-
teins in tomato fruits and the investigation of their allergenic
properties.

2 Material and methods

2.1 Patients’ sera and ImmunoCAPTM testing

Overall 68 patients, 42 birch pollen allergic patients with al-
lergy to fresh tomato fruits (group 1) and 26 birch pollen
allergic patients with tolerance to tomato (group 2) were in-
cluded in the study (Table 1). Birch pollen allergic patients
were selected by clinical symptoms, e.g. seasonal rhinocon-
junctivitis allergica and asthmatic symptoms in response to
early flowering trees (including birch, alder, and hazel) and
sensitization to birch pollen, determined by positive skin test
and/or ImmunoCAPTM test with birch pollen specific IgE
>0.35 kUA/L. Tomato allergic patients were selected by clear
clinical history upon ingestion of raw tomatoes. OAS was
the most frequently (73.8%, n = 31) observed symptom. Sys-
temic symptoms, predominantly skin reactions were reported
in 9 patients (21%). Approval by the local ethics committee
(Faculty of Medicine, University of Erlangen-Nuremberg, No.
3344) for this study and written informed consent of all par-
ticipants were obtained. Prick-to-prick tests in tomato allergic
patients were performed as described [25]. Control prick test
solutions (histamine diluted 1:1000 and 0.9% sodium chlo-
ride) were purchased from Allergopharma (Reinbek, Ger-
many). Mean wheal diameters were determined after 20 min-
utes and sizes of 3 mm or greater were considered positive.

2.2 cDNA cloning, expression, and purification of

Sola l 4 isoforms

RNA from the commercially available tomato variety Verona
was prepared by using the TRIzol R© Reagent (Fisher Sci-
entific, Schwerte, Germany), subsequently the First-Strand
cDNA Synthesis Kit (GE Healthcare, Freiburg, Germany)
was applied according to the manufacturer’s instructions.
For PCR-based amplification, primer Sola l 4.01(+) 5′-ATG
GGT GTG AAT ACC TAT ACT T-3′, Sola l 4.02(+) 5′-ATG
GGT GTA AAC ACC TTT ACT-3′ (forward), and Sola l 4.01(-)
5′-TCA AGC GTA GAC AGA AGG ATT C-3′, Sola l 4.02(-)
5′-TTA AGC GTA GAC AGA AGG ATT AG-3′ (reverse) were
designed using two Bet v 1-homologous sequences (Gen-
Bank Acc. Nos. AK247106 and AK224718) included in the
tomato gene database MiBASE. PCR products were cloned
into pCRII-Topo vector (Fisher Scientific) for sequence veri-
fication, done by Eurofins (Ebersberg, Germany) using the cy-
cle sequencing technology (dideoxy chain termination/cycle
sequencing) on an ABI 3730XL sequencer. Full-length cDNA
was obtained by 5’ and 3’-rapid amplification of cDNA ends
(Fisher Scientific) according to manufacturer’s instructions.
Both Sola l 4 cDNA’s were subcloned via NdeI restrictions
sites into the expression vector pET15b (Merck, Darmstadt,
Germany), encoding a N-terminal hexa-histidine (His)6-tag
using the In-Fusion HD cloning system (Clontech, Saint-
Germain-en-Laye, France). The Sola l 4-pET15b constructs
were transformed into BL21(DE3) competent E. coli cells
(Merck). Protein synthesis was induced for 14 h at 23�C by
adding 1 mM isopropyl-�-D-thio-galactopyranoside at an op-
tical densitiy of OD600 nm = 0.6–0.8. Purification of (His)6-
tagged Sola l 4 was performed by immobilized metal affinity
chromatography with Ni-NTA under native conditions using
a His GraviTrap column (GE Healthcare) according to the
manufacturer’s instructions. Recombinant (r) Bet v 1.0101
(Acc. No. X15877) was prepared as described elsewhere [26].

2.3 Physicochemical analysis

Circular dichroism (CD) spectroscopy of the recombinant
proteins was performed on a Jasco J-810 spectropolarimeter
(Jasco, Groß-Umstadt, Germany) equipped with a CDF-426S
Peltier temperature control system, interfaced with a Julabo
F200 water bath (Julabo Labortechnik GmbH, Seelbach, Ger-
many). CD spectra in the range of 185–255 nm were recorded
at 20�C using a scanning speed of 50 nm/min, a step width
of 0.2 nm and a bandwidth of 1 nm. To increase the S/N,
ten scans were accumulated. Measurements were performed
in a 1 mm path length quartz cell cuvette (200 �L, Hellma,
Müllheim, Germany) at protein molarities of about 5 �M
in 10 mM potassium phosphate buffer (pH 7.0). The mean
residue ellipticity ([�]m.r.w.) was calculated from the mea-
sured ellipticity [�] according to [�]m.r.w. = 10 × �/cdN,
where � denotes the measured ellipticity in millidegrees,
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c the protein concentration in millimolar, d the light path
in centimeter and N is the number of amino acid residues.

To confirm the identity of rSola l 4.0101 and 4.0201, LC-
MS was performed. Recombinant proteins were excised from
Coomassie stained SDS-PAGE gels and further processed as
described elsewhere [27] with slight modifications. Peptides
were eluted with 25 mM NH4HCO3; 10% ACN and the diges-
tions were stopped by adding 5% formic acid. The peptides
were analyzed by using a nano-ultra performance LC sys-
tem coupled to a nano-ESI-MS (nano Acquity UPLC nanoESI
Synapt-MS, Waters, Milford, USA) with a 5 �m symmetry
180 �m × 20 mm c18 precolumn and a 1.7 �m BEH 130 100
�m × 100 mm c18 separation column. A 30 min gradient
(3% ACN to 40% CAN at 500 nL/min) after 3 min of trapping
(99% water at 5 �L/min) was applied to separate peptides.
MS was operated in V mode, acquiring MSE data and apply-
ing standard parameters. Data analysis was performed with
protein lynx global server version 2.4 (Waters), searching an
in house database consisting of the Uniprot database (May
2011, restricted to reviewed entries of eukaryotic organisms)
and the amino acid sequences of recombinant and natural
Sola l 4.0101 and recombinant and natural Sola l 4.0201. Pro-
tein hits were accepted at a false positive rate of less than 4%;
peptide mass accuracy was 7 ppm or better. For the identi-
fication of natural Sola l 4 LC-MS was applied as described
above. Briefly, protein extract from ripe tomatoes was sepa-
rated by SDS-PAGE. All proteins between a molecular weight
of 10 kDa and 45 kDa were excised and analyzed as described
above.

2.4 Preparation of tomato extract

Tomato extract was prepared from fresh whole tomatoes of
the variety Verona by direct homogenization of frozen tomato
pieces in 100 mM ammonium carbonate buffer, pH 8.0 and
incubation for 6 h at 4�C by end over end rotation. After
centrifugation (30 min, 12 000 × g, 4�C), the supernatant was
precipitated with four volumes of ice-cold acetone over night
at –20�C and centrifuged for 30 min (12 000 × g, 4�C). The
pellet containing the proteins was dried for 2 h in a fume hood
and dissolved in PBS. Total protein content was quantified
using the BCA protein assay (Fisher Scientific).

2.5 SDS-PAGE and immunoblotting

The purity of rSola l 4 isoforms was analyzed by SDS-PAGE
(T: 15%, 2 �g/lane) [28] under reducing conditions and stain-
ing with GelCode Blue Stain reagent (Fisher Scientific). For
immunoblotting, tomato extract (40 �g/cm) was subjected to
SDS-PAGE under nonreducing conditions, transferred to a
0.2 �m nitrocellulose membrane (Protran, Whatman, Dassel,
Germany) by semi-dry blotting [29] and stained with Ponceau
S (Sigma-Aldrich, Munich, Germany). Detection of IgE bind-
ing was done as described elsewhere [30]. For inhibition of
IgE-binding, serum samples (dilution 1:10) were incubated

with 10 �g or 50 �g (per 600 �L diluted serum) of rSola l 4
isoforms, rBet v 1 or, as negative control, BSA.

2.6 ELISA and IgE-inhibition assay

ELISA and IgE-inhibition experiments were performed as de-
scribed elsewhere [30] with the slight modification that coat-
ing was done with 2.5 �g/mL rSola l 4 isoforms, respectively.

2.7 Preparation of experimental ImmunoCAPs

Experimental ImmunoCAPTM testing was performed as de-
scribed elsewhere [31].

2.8 Basophil histamine release

Histamine release with stripped and passively sensitized ba-
sophils was performed as described elsewhere [16].

3 Results

3.1 cDNA sequence analysis and characterization of

Sola l 4

By using the RT-PCR approach we identified Bet v 1-
like cDNA sequences (Genbank Acc. nos. KF682291 and
KF682292) in tomato fruits from cultivar Verona confirm-
ing sequences obtained from a gene expression library
from tomato cultivar Micro-Tom [32]. Although one identi-
cal Bet v 1-like cDNA sequence from tomato (GenBank Acc.
no. AK247106) was described to occur only in leaf, we were
able to amplify this cDNA also from fruits. The Bet v 1-
like cDNA sequences, designated Sola l 4.0101 (GenBank
Acc. no. KF682291) and Sola l 4.0201 (GenBank Acc. no.
KF682292), both shown in detail in Table 2A, encoded pro-
teins of 161 amino acids with a calculated MW of 18 kDa
for Sola l 4.01 and 17.5 kDa for Sola l 4.02 and a pI of 5.35
and 5.44, respectively. The two Sola l 4 proteins share 81%
amino acid identity (aa-id) with each other and are there-
fore considered isoforms. Sola l 4.01 and Sola l 4.02 show
44% and 42% aa-id to Bet v 1.0101 (Acc. No. X15877), re-
spectively, and aa-id up to 52% with other Bet v 1-like food
allergens (Table 2B). Sola l 4 isoforms were expressed as N-
terminal (His)6-tagged proteins of 182 aa with a calculated
molecular weight of 20.3 kDa for Sola l 4.01 and 19.7 kDa
for Sola l 4.02, and a pI of 5.1 (Fig. 1A). CD-spectroscopy
showed identical secondary structures of the two isoforms,
highly similar to Bet v 1.01 indicating all proteins were likely
correctly folded (Fig. 1B). The MS data confirmed the identity
of the recombinant tomato allergens. Eleven peptides were
detected, covering approximately 50% of the amino acid se-
quence of rSola l 4.0101. The ProteinLynx Global SERVERTM

(PLGS) score was 11 683 and the root-mean square error was
3.2 ppm. Recombinant Sola l 4.0201 was confirmed by

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
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Table 2. (A) Amino acid sequences of the identified Sola l 4 isoforms. (B) Amino acid sequence identity of Sola l 4 isoforms with allergenic
PR-10 proteins from food (Pru ar 1 from apricot, Mal d 1 from apple, Gly m 4 from soybean, Api g 1 from celeriac) and birch pollen
(Bet v 1.01)

(A) Sola l 4.0101 
Acc. No. 
KF682291 

     M  G  V  N  T  Y  T  Y  E  S  T  T  T  I  S  P  T  R  L  F  K  A  L  V  L  D  F  D  N  L  V  P  K 
  1 ATGGGTGTGAATACCTATACTTATGAGTCAACAACCACAATTTCCCCAACAAGACTATTCAAAGCTTTGGTTCTTGATTTTGACAACCTTGTACCTAAA 
     L  L  S  Q  H  V  K  N  N  E  T  I  E  G  D  G  G  V  G  S  I  K  Q  M  N  F  V  E  G  G  P  I  K 
100 TTGTTGTCACAACATGTTAAGAACAATGAGACTATTGAGGGAGATGGTGGTGTTGGAAGCATCAAGCAAATGAACTTTGTTGAAGGTGGTCCAATAAAG 
     Y  L  K  H  K  I  H  V  I  D  D  K  N  L  E  T  K  Y  S  L  I  E  G  D  I  L  G  E  K  L  E  S  I 
199 TACTTGAAACACAAGATTCATGTGATTGATGACAAGAACTTAGAAACAAAATATTCACTTATTGAAGGTGATATTCTTGGAGAAAAATTGGAATCAATT 
     T  Y  D  I  K  F  E  A  N  D  N  G  G  C  V  Y  K  T  T  T  E  Y  H  T  K  G  D  H  V  V  S  E  E 
298 ACTTATGATATCAAATTTGAAGCTAATGATAATGGAGGTTGTGTTTACAAGACAACAACTGAGTATCACACAAAGGGTGATCATGTTGTTAGTGAAGAA 
     E  H  N  V  G  R  E  R  I  M  N  I  S  K  A  V  E  A  Y  L  L  A  N  P  S  V  Y  A  *  I  L  M  K 
397 GAACACAATGTAGGCAGAGAGAGAATCATGAATATTTCCAAGGCTGTAGAAGCATACCTTCTCGCGAATCCTTCTGTCTACGCTTGAATATTGATGAAA 
     K  N  Q  V  Y  T  * 
496 AAGAATCAGGTCTACACGTGA 

Sola l 4.0201 
Acc. No. 
KF682292 

     M  G  V  N  T  F  T  H  E  S  T  T  T  I  A  P  T  R  L  F  K  G  L  V  L  D  F  D  S  L  V  P  K 
  1 ATGGGTGTAAACACCTTTACTCATGAGTCCACAACCACAATTGCCCCAACAAGGCTATTCAAAGGTTTGGTTCTTGATTTTGATAGCCTTGTACCTAAA 
     L  L  S  H  D  V  K  S  I  E  I  V  E  G  D  G  G  A  G  S  I  K  Q  M  N  F  V  E  G  G  P  I  K 
100 TTGTTGTCACATGATGTTAAGAGCATTGAGATTGTTGAGGGAGATGGTGGTGCTGGAAGCATCAAGCAAATGAACTTTGTTGAAGGTGGACCAATTAAG 
     Y  L  K  H  K  I  H  V  I  D  D  K  N  L  V  T  K  Y  S  L  I  E  G  D  V  L  G  D  K  L  E  S  I 
199 TACTTGAAGCACAAGATTCATGTGATTGATGACAAGAATTTGGTAACAAAATATTCACTTATTGAAGGTGATGTTCTTGGTGACAAATTGGAATCAATT 
     A  Y  D  V  K  F  E  A  A  G  D  G  G  C  V  C  K  T  T  T  E  Y  H  T  K  G  D  H  V  V  S  E  E 
298 GCCTATGATGTCAAATTTGAAGCTGCTGGAGATGGAGGTTGTGTTTGCAAGACAACAACTGAGTATCACACAAAGGGTGATCATGTTGTTAGTGAAGAA 
     E  H  N  V  G  K  G  K  A  I  D  L  F  K  A  I  E  A  Y  L  L  A  N  P  S  V  Y  A  * 
397 GAACACAATGTAGGCAAAGGGAAAGCCATTGACCTATTCAAGGCCATCGAAGCGTACCTCCTCGCTAATCCTTCTGTCTACGCTTAA 
 

(B) Sola l 4.01
KF682291

Pru ar 1
O50001

Mal d 1
AF124823

Gly m 4
X60043

Bet v 1.01
X15877

Api g 1.01
Z48967

Api g 1.02
Z75662

Sola l 4.02 KF682292 81 52 47 47 42 42 40
Sola l 4.01 KF682291 51 43 43 44 39 40
Pru ar 1 O50001 72 51 60 46 47
Mal d 1 AF124823 53 57 39 37
Gly m 4 X60043 47 39 38
Bet v 1.01 X15877 42 38
Api g 1.01 Z48967 52

detecting 7 peptides covering 38% of the amino acid sequence
with a score of 5174 and a root-mean square error of 3.8 ppm.

3.2 Sola l 4 is a Bet v 1-homologous allergen in

tomato fruits

Initial screening of sera from tomato allergic patients by in-
direct ELISA revealed a similar prevalence of IgE reactivity of
28% to rSola l 4.01 and rSola l 4.02 (data not shown). Subse-
quently, experimental ImmunoCAPTM testing was performed
with rSola l 4.02 and rBet v 1.01 to quantify-specific IgE lev-
els in sera from birch pollen allergic patients with (Fig. 2A)
and without (Fig. 2B) tomato allergy. ImmunoCAPTM data
revealed prevalence of specific IgE to Sola l 4 in 76% and
to Bet v 1 in 81% of tomato allergic subjects. Three tomato
allergic patients with reactivity to Bet v 1 were not sensitized
to Sola l 4 and one patient showed reactivity to Sola l 4, but
was not reactive with Bet v 1. Seven out of 42 sera tested,
did not show IgE binding to any of the two PR-10 proteins.
Notably, all birch pollen allergics without tomato allergy were
sensitized to both Bet v 1 and Sola l 4. In both patient groups
we observed a good correlation (R2 = 0.595 and 0.432) be-
tween Bet v 1 and Sola l 4 specific IgE values (Fig. 2A, B). The
correlation (R2 = 0.226) between birch pollen and tomato
specific IgE levels was considerably lower in tomato allergic
patients (Fig. 2C). Statistically significant differences between

the groups were only observed for Bet v 1 specific IgE (me-
dian group 1: 19.05 kUA/L, median group 2: 40.65 kUA/L,
R2: 0.099, p value = 0.009) (Fig. 3B). However, specific IgE
concentrations to Sola l 4 in the two groups were not signifi-
cantly different; Sola l 4: median group 1: 2.38 kUA/L, median
group 2: 11.85 kUA/L, R2: 0.015, p value = 0.313 (Fig. 3A). In
summary, according to the definitions of the IUIS Allergen
Nomenclature Subcommittee, Sola l 4 qualifies as major al-
lergen in tomato fruits. Sensitization to Bet v 1 was strongly
associated with IgE-reactivity to Sola l 4 regardless whether
patients tolerate or react to tomatoes.

3.3 Sola l 4 and Bet v 1 show strong IgE

cross-reactivity

Cross-reactivity of IgE between Sola l 4 isoforms and Bet v 1
was evaluated by competitive ELISA experiments using
Sola l 4-reactive sera from 11 patients (two samples are de-
picted in Fig. 4). In the experimental setting Sola l 4 isoforms
were used on the solid phase, and Bet v 1 as well as the tomato
proteins were used as inhibitors. Sola l 4.02 showed stronger
(e.g. serum no. 05 + 31) or at least similar (e.g. serum no.
60, data not shown) inhibition capacity as Sola l 4.01, de-
pending on the individual serum tested. Noteworthy, for the
majority of sera tested, Bet v 1 was a more efficient inhibitor
of IgE binding to the Sola l 4 isoforms than these proteins

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
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Figure 1. Purification and structural characterization of Sola l 4
isoforms. (A) SDS-PAGE analysis and Coomassie staining of
rBet v 1.01 (lane 1), rSola l 4.02 (lane 2), and rSola l 4.01 (lane 3),
molecular marker (M). (B) Circular dichroism (CD) spectroscopy
of rSola l 4.01 and rSola l 4.02 in comparison to rBet v 1.01.

themselves (e.g. serum no. 05). Here, Bet v 1 showed up to
300-fold stronger IgE binding than Sola l 4. Only for a lim-
ited number of sera we observed lower capacity of Bet v 1
to compete IgE binding to the tomato homologue Sola l 4
(e.g. serum no. 31). Interestingly, the capacity to inhibit IgE
binding to Sola l 4 and Bet v 1 varied among individual sera
tested but no correlation to the donors’ allergy or tolerance to
tomato was found.

3.4 Sola l 4 induces mediator release from passively

sensitized peripheral blood mononuclear cells

Allergenic potency of Sola l 4 was evaluated by in vitro his-
tamine release tests using Sola l 4-reactive sera from 13 pa-
tients and the passive sensitization technique. Sola l 4 was
able to induce substantial histamine release (>10% cut-off)
using sera from 4/5 tomato allergic patients, but only in
2/8 tomato tolerant patients. Representative mediator release
curves for two tomato allergic (nos. 05 + 31) and two tomato
tolerant (nos. 55 + 63) patients are depicted in Fig. 5 (sera
are indicated in bold in Table 1). Likewise, Sola l 4.02 showed
stronger (e.g. serum no. 63) or at least similar (e.g. serum no.
31) allergenic potency as Sola l 4.01, depending on the indi-
vidual serum tested. Only in one patient Sola l 4.01 was able

Figure 2. Determination of rSola l 4.02, rBet v 1.01, tomato,
and birch pollen-specific IgE values by means of experimen-
tal ImmunoCAPTM testing. Comparison of rSola l 4.02 and
rBet v 1.01-specific IgE using sera from birch pollen allergic
patients (A) with clinical history of allergy (n = 42) or (B) toler-
ance (n = 26) to tomato. (C) Comparison of tomato and birch
pollen-specific IgE in birch pollen allergic patients with tomato
allergy.

to trigger stronger mediator release than Sola l 4.02 (no. 48,
data not shown). For almost all sera tested, Bet v 1 showed
the strongest allergenic potency (e.g. serum nos. 05, 55 +
63). For a limited number of samples (e.g. serum no. 31), the
allergenic potency of Bet v 1 and Sola l 4 were comparable.
Noteworthy, the low frequency of sera from tomato toler-
ant patients responding to Sola l 4 by mediator release was
not associated with significantly increased total IgE values

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com
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Figure 3. Comparison of tomato allergic patients (n = 42) and
tomato tolerant patients (n = 26) in terms of specific IgE to
(A) rSola l 4.02 and (B) rBet v 1.01 by means of experimental
ImmunoCAPTM testing.

compared to sera from tomato allergic patients (total IgE:
median group 1: 485 kUA/L, median group 2: 405.5 kUA/L,
R2: 0.052, p value = 0.218).

3.5 Detection of a Bet v 1 homologous protein in

tomato fruits

To further confirm the expression of natural Sola l 4 in tomato
fruits, immunoblot inhibition experiments were performed,
using both recombinant Sola l 4 isoforms and rBet v 1 as
inhibitors. A Sola l 4 corresponding protein with an apparent
molecular weight of 20 kDa was barely detectable in different
tomato cultivars, by probing different Sola l 4 reactive sera
and PR-10 reactive monoclonal antibodies, as well as using
various protein extraction protocols and detection methods
(data not shown). Nevertheless, both rSola l 4 isoforms and
rBet v 1 were able to outcompete IgE binding to a protein
with an apparent molecular weight of 20 kDa in tomato fruits
of the cv Verona (Fig. 6), likely the cross-reactive homologous
Sola l 4 in tomato fruits. Furthermore, natural Sola l 4.02
was detected by LC-MS analyses of protein extracts of tomato
fruits. Seven peptides covering 44% of the amino acid se-

quence of Sola l 4.02 (Acc. no. K4CWC4, which is equivalent
to Acc. no. AK224718 as none of the previously used Acc.
nos. is present in the UniProt derived In-house database)
were detected with a score of 748 and a RMS mass error of
2.3 ppm.

4 Discussion

Tomato allergy has been suggested to be clinically associated
with birch pollen allergy [6]. If patients with concomitant
birch pollen allergy are excluded, the prevalence of tomato
sensitization decreases from 3.3 to 2.3% of food allergic sub-
jects [2]. Furthermore, a recent Italian study showed 20 of 32
tomato allergic patients to be sensitized to the major birch al-
lergen Bet v 1 [4]. These findings support the cross-reactivity
of IgE to birch pollen with tomato allergens and provide in-
direct evidence for the presence of a Bet v 1 homologous
allergen in tomato fruits. Even though tomato allergic pa-
tients display sensitization to multiple tomato proteins, until
now no Bet v 1 homologous protein has been described as
tomato allergen. Therefore, this study aimed at the identifica-
tion and investigation of the allergenic properties and clinical
relevance of a Bet v 1 homologous protein in tomato.

Utilizing the tomato sequence databank MiBASE, we
cloned and purified two recombinant PR-10 proteins from
tomato cv Verona, which have been accepted by the IUIS
Allergen Nomenclature Subcommittee as Sola l 4.01 and
Sola l 4.02. Noteworthy, a Bet v 1-like cDNA sequence pub-
lished by Sree Vidya et al. [33] that is almost identical to
Sola l 4.01 shows one base pair insertion at position 415,
which leads to a frameshift and thereby to an extended amino
acid sequence of 18 amino acids affecting the structural
integrity and showing diminished IgE-reactivity (data not
shown). In the present study we provided evidence that both
Sola l 4 isoforms are correctly folded and immunologically
reactive. Sola l 4.02 was selected for single component analy-
sis by experimental ImmunoCAPTM testing. Results showed
IgE binding to Sola l 4 to be strongly associated with IgE
reactivity to Bet v 1, even in patients without tomato allergy
indicating a high sensitivity but low specificity using Sola l 4
for component-resolved diagnosis in tomato allergic patients.
Notably, we observed higher Bet v 1-specific IgE levels in birch
pollen allergic patients without tomato allergy (group 2) than
in patients with tomato allergy (group 1). This may be ex-
plained by the fact that patients in group 1 were selected by
clinical history of tomato allergy and patients in group 2 were
selected by birch pollen allergy and concomitant sensitization
to Bet v 1. Only one tomato allergic patient was sensitized to
Sola l 4 but not reactive to Bet v 1 and vice versa, three sera
were reactive to Bet v 1 but not to Sola l 4. Taken together, the
level of amino acid identity over 40%, similar protein struc-
tures and covariation in IgE binding, suggested substantial
IgE cross-reactivity between Sola l 4 and Bet v 1. Compet-
itive IgE-binding assays confirmed cross-reactivity between
these PR-10 proteins and Bet v 1 to be the strongest inhibitor,

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2014, 00, 1–11 9

Figure 4. IgE cross-inhibition
between Sola l 4 isoforms and
Bet v 1. Sera from tomato aller-
gic patients were preincubated
dose dependently with the re-
spective allergens. Competition
of IgE-binding to rSola l 4.01 and
rSola l 4.02 was measured by
ELISA.

Figure 5. Determination of al-
lergenic potency of Sola l 4 iso-
forms in comparison to Bet v 1
by means of in vitro histamine
release assay using sera from
(A, B) tomato allergic and (C, D)
tomato tolerant patients.
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Figure 6. Detection of Sola l 4 expression in tomato fruits. IgE
binding to tomato extract (cv Verona) was inhibited by prein-
cubation of a Sola l 4-reactive serum with rSola l 4.02 (10 and
50 �g/mL, lanes 2 + 3), rSola l 4.01 (10 and 50 �g/mL, lanes 4 +
5), and rBet v 1.01 (10 and 50 �g/mL, lanes 6 + 7). M: Molecular
marker; no inhibitor (lane 1).

suggesting primary sensitization to birch pollen rather than
to tomato. Nevertheless, for a limited number of sera, Bet v 1
competed less efficiently for IgE binding to Sola l 4.02 than
did Sola l 4.02 itself. Further, IgE binding to Sola l 4.01 was
more efficiently inhibited by Sola l 4.02 than IgE binding to
Sola l 4.02 by Sola l 4.01. In addition to demonstrating cross-
reactivity between PR-10 proteins from birch and tomato,
the results also indicated the diverse IgE-epitope recognition
of the Sola l 4 isoforms among the individual sera tested.
Both Sola l 4 isoforms displayed allergenic activity by trigger-
ing mediator release upon stimulation of passively sensitized
basophils. In general, the allergenic potency was strongest
for Bet v 1, moderate for Sola l 4.02 and slightly weaker for
Sola l 4.01. Of note, we observed a lower number of tomato
tolerant patients than tomato allergic patients responding to
Sola l 4 by histamine release, all with a level of IgE to Sola l 4
corresponding to ImmunoCAPTM class 3 or higher. To estab-
lish whether this finding is statistically significant, sera of a
larger number of subjects need to be analyzed. Remarkably,
the induction of mediator release by Sola l 4 was not affected
by the concentration of total IgE that might be considered to
bind to Fc�RI and block binding of lower amounts of Sola l 4-
specific IgE.

Despite the capacity of Sola l 4 to induce mediator release,
clinical relevance has not been directly proven and likely de-
pends on the amount of Sola l 4 present in tomato fruit. In
our study, high Sola l 4-specific IgE-levels were not associated
with high IgE-levels to tomato extract, indicating that the al-
lergen may not be abundantly represented in tomato extracts,
most likely due to a low expression level in tomato fruits.
These results are in line with Asero et al. [4] who observed no
correlation between birch pollen-specific and tomato-specific

IgE-levels in patients mono-sensitized to Bet v 1. Low expres-
sion of Sola l 4 in tomato fruits among other IgE-reactive
proteins is substantiated by a faint IgE binding to Sola l 4 in
immunoblot inhibition analysis of protein extracts from cv
Verona. Moreover, mass spectrometric analysis clearly con-
firmed the presence of one of the Sola l 4 isoforms in tomato
fruit extract. However, the expression level of the tomato
PR-10 allergen in other tomato varieties and potential up-
regulation upon biotic and abiotic stress need to be further
investigated.

In summary, two isoforms of a Bet v 1-homologous pro-
tein, designated as Sola l 4, were identified in tomato fruits.
Sola l 4.02 showed strongest immunological activities and was
characterized as major allergen in tomato fruits. In vitro di-
agnosis using Sola l 4 showed high sensitivity but low clinical
specificity. Further conclusions about the clinical relevance
of Sola l 4 needs to consider the level of accumulation of
the allergen in tomato fruits and symptom eliciting threshold
levels in patients.

The authors thank Jens Dorna, Michaela Gubesch, Re-
nate Hoeppner, Luisa Schwaben, Klaus Thalheim and Sonja
Wolfheimer for excellent technical assistance. The study was
funded by the German Research Foundation (Deutsche
Forschungsgemeinschaft, DFG VI 165/6 and DFG MA 1997/
3-1).

Potential conflict of interest statement: Jonas Lidholm is an
employee of Thermo Fisher Scientific, manufacturer of Immuno-
CAP IgE antibody tests. The following activities of Stefan Vieths
could be perceived as a potential conflict of interest concerning this
manuscript: In the past five years SV has received speakers hon-
orarium from Phadia (now Thermofisher Scientific), Uppsala, a
honorarium for organising and chairing an educational seminar
on food allergens from Fresenius Academy, Dortmund, honoraria
for acting as expert reviewer for the Allergen Online Database of
the Food Allergy Resource and Research Program, Lincoln NE,
and consultancy fees by the Institute for Product Quality, Berlin.
The other authors have declared no conflict of interest.

5 References

[1] Pravettoni, V., Primavesi, L., Farioli, L., Brenna, O. V.
et al., Tomato allergy: detection of IgE-binding lipid trans-
fer proteins in tomato derivatives and in fresh tomato
peel, pulp, and seeds. J. Agric. Food Chem. 2009, 57,
10749–10754.

[2] Burney, P., Summers, C., Chinn, S., Hooper, R. et al., Preva-
lence and distribution of sensitization to foods in the Euro-
pean Community Respiratory Health Survey: a EuroPrevall
analysis. Allergy 2010, 65, 1182–1188.

[3] Ortolani, C., Ispano, M., Pastorello, E., Bigi, A. et al., The oral
allergy syndrome. Ann. Allergy 1988, 61, 47–52.

[4] Asero, R., Tomato allergy: clinical features and usefulness of
current routinely available diagnostic methods. J. Investig.
Allergol. Clin. Immunol. 2013, 23, 37-42.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 2014, 00, 1–11 11

[5] Ortolani, C., Ispano, M., Pastorello, E. A., Ansaloni, R. et al.,
Comparison of results of skin prick tests (with fresh foods
and commercial food extracts) and RAST in 100 patients
with oral allergy syndrome. J. Allergy Clin. Immunol. 1989,
83, 683–690.

[6] Larramendi, C. H., Ferrer, A., Huertas, A. J., Garcia-Abujeta,
J. L. et al., Sensitization to tomato peel and pulp extracts
in the Mediterranean Coast of Spain: prevalence and co-
sensitization with aeroallergens. Clin. Exp. Allergy 2008, 38,
169–177.

[7] Foetisch, K., Son, D. Y., Altmann, F., Aulepp, H. et al., Tomato
(Lycopersicon esculentum) allergens in pollen-allergic pa-
tients. Eur. Food Res. Technol. 2001, 213, 259–266.

[8] de, M. M., Novembre, E., Cozza, G., de, M. A. et al., Sensitivity
to tomato and peanut allergens in children monosensitized
to grass pollen. Allergy 1988, 43, 206–213.

[9] Beezhold, D. H., Sussman, G. L., Liss, G. M., Chang, N. S.,
Latex allergy can induce clinical reactions to specific foods.
Clin. Exp. Allergy 1996, 26, 416–422.

[10] Asero, R., Mistrello, G., Amato, S., Anaphylaxis caused by
tomato lipid transfer protein. Eur. Ann. Allergy Clin. Im-
munol. 2011, 43, 125–126.

[11] Paulsen, E., Christensen, L. P., Andersen, K. E., Tomato con-
tact dermatitis. Contact Dermatitis 2012, 67, 321–327.

[12] Povesi, D. C., Caffarelli, C., Exercise-induced anaphylaxis: a
clinical view. Ital. J. Pediatr. 2012, 38, 43.

[13] Kondo, Y., Urisu, A., Tokuda, R., Identification and characteri-
zation of the allergens in the tomato fruit by immunoblotting.
Int. Arch. Allergy Immunol. 2001, 126, 294–299.

[14] Willerroider, M., Fuchs, H., Ballmer-Weber, B. K., Focke, M.
et al., Cloning and molecular and immunological character-
isation of two new food allergens, Cap a 2 and Lyc e 1, pro-
filins from bell pepper (Capsicum annuum) and Tomato (Ly-
copersicon esculentum). Int. Arch. Allergy Immunol. 2003,
131, 245–255.

[15] Westphal, S., Kempf, W., Foetisch, K., Retzek, M. et al.,
Tomato profilin Lyc e 1: IgE cross-reactivity and allergenic
potency. Allergy 2004, 59, 526–532.

[16] Foetisch, K., Westphal, S., Lauer, I., Retzek, M. et al., Biolog-
ical activity of IgE specific for cross-reactive carbohydrate
determinants. J. Allergy Clin. Immunol. 2003, 111, 889-896.

[17] Westphal, S., Kolarich, D., Foetisch, K., Lauer, I. et al., Molec-
ular characterization and allergenic activity of Lyc e 2 (beta-
fructofuranosidase), a glycosylated allergen of tomato. Eur.
J. Biochem. 2003, 270, 1327–1337.

[18] Plant, A. L., Cohen, A., Moses, M. S., Bray, E. A., Nucleotide
sequence and spatial expression pattern of a drought- and
abscisic acid-induced gene of tomato. Plant Physiol. 1991,
97, 900–906.

[19] Palacin, A., Gomez-Casado, C., Rivas, L. A., Aguirre, J. et al.,
Graph based study of allergen cross-reactivity of plant lipid
transfer proteins (LTPs) using microarray in a multicenter
study. PLoS One 2012, 7, e50799.

[20] Asero, R., Mistrello, G., Roncarolo, D., Amato, S. et al., Detec-
tion of a novel allergen in raw tomato. J. Investig. Allergol.
Clin. Immunol. 2008, 18, 397–400.

[21] Diaz-Perales, A., Collada, C., Blanco, C., Sanchez-Monge, R.
et al., Cross-reactions in the latex-fruit syndrome: a relevant
role of chitinases but not of complex asparagine-linked gly-
cans. J. Allergy Clin. Immunol. 1999, 104, 681–687.

[22] Lopez-Matas, M. A., Larramendi, C. H., Ferrer, A., Huertas, A.
J. et al., Identification and quantification of tomato allergens:
in vitro characterization of six different varieties. Ann. Allergy
Asthma Immunol. 2011, 106, 230–238.

[23] Palomares, O., Villalba, M., Quiralte, J., Polo, F. et al.,
1,3-beta-glucanases as candidates in latex-pollen-
vegetable food cross-reactivity. Clin. Exp. Allergy 2005, 35,
345-351.

[24] Vieths, S., Scheurer, S., Ballmer-Weber, B., Current under-
standing of cross-reactivity of food allergens and pollen.
Ann. N. Y. Acad. Sci. 2002, 964, 47–68.

[25] Dreborg, S., 3. Skin test for diagnosis of IgE-mediated al-
lergy. Allergy 1989, 44, 31–37.

[26] Hofmann, C., Scheurer, S., Rost, K., Graulich, E. et al., Cor a
1-reactive T cells and IgE are predominantly cross-reactive
to Bet v 1 in patients with birch pollen-associated food
allergy to hazelnut. J. Allergy Clin. Immunol. 2013, 131,
1384–1392.

[27] Albrecht, M., Alessandri, S., Conti, A., Reuter, A. et al., High
level expression, purification and physico- and immuno-
chemical characterisation of recombinant Pen a 1: a major
allergen of shrimp. Mol. Nutr. Food Res. 2008, 52, S186–
S195.

[28] Laemmli, U. K., Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970, 227,
680–685.

[29] Kyhse-Andersen, J., Electroblotting of multiple gels: a simple
apparatus without buffer tank for rapid transfer of proteins
from polyacrylamide to nitrocellulose. J. Biochem. Biophys.
Methods 1984, 10, 203–209.

[30] Wangorsch, A., Weigand, D., Peters, S., Mahler, V. et al., Iden-
tification of a Dau c PRPlike protein (Dau c 1.03) as a new
allergenic isoform in carrots (cultivar Rodelika). Clin. Exp.
Allergy 2012, 42, 156–166.

[31] Marknell, D. A., Niederberger, V., Lehtonen, P., Spitzauer, S.
et al., Molecular and immunological characterization of a
novel timothy grass (Phleum pratense) pollen allergen, Phl
p 11. Clin. Exp. Allergy 2002, 32, 1329–1340.

[32] Aoki, K., Yano, K., Suzuki, A., Kawamura, S. et al., Large-scale
analysis of full-length cDNAs from the tomato (Solanum ly-
copersicum) cultivar Micro-Tom, a reference system for the
Solanaceae genomics. BMC Genomics 2010, 11, 210.

[33] Sree Vidya, C. S., Manoharan, M., Lakshmi Sita, G., Cloning
and characterization of salicylic acid-induced, intracellular
pathogenesis-related gene from tomato (Lycopersicon es-
culentum). J. Biosci. 1999, 24, 287–293.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com




