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Allergic reactions to tree nuts are a growing global concern as the number of affected individuals contin-
ues to rise. Unlike some food allergies, tree nuts can cause severe reactions that persist throughout life.
The tree nuts discussed in this review include those most commonly responsible for allergic reactions:
cashew, almond, hazelnut, walnut, pecan, Brazil nut, pistachio, and chestnut. The native allergenic pro-
teins derived from tree nuts are frequently difficult to isolate and purify and may not be adequately rep-
resented in aqueous nut protein extracts. Consequently, defined recombinant allergens have become
useful reagents in a variety of immunoassays aimed at the diagnosis of tree nut allergy, assessing
cross-reactivity between various nuts and other seeds, mapping of IgE binding epitopes, and analyzing
the effects of the food matrix, food processing, and gastric digestion on allergenicity. This review
describes the approaches that can be used for the production of recombinant tree nut allergens and
addresses key issues associated with their production and downstream applications.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Food allergies are adverse immunological (hypersensitivity)
reactions to normally harmless proteins in foods [1]. The specific
proteins which are recognized by IgE and elicit an immune re-
sponse are known as allergens. The average human diet contains
a wide variety of foods; however, only a few are responsible for
the majority of food allergies [1]. The most common allergenic
foods include milk, egg, wheat, soy, fish, peanuts, tree nuts, and
shellfish. Often allergies to wheat, egg, milk, and soy are outgrown
whereas allergies to peanuts, shellfish, and tree nuts typically per-
sist throughout life and can cause severe type I (IgE-mediated)
allergic reactions [2–5]. Tree nuts are typically eaten as snacks or
incorporated into foods, and include almond, Brazil nut, cashew,
chestnut, coconut, hazelnut, macadamia, pecan, pine nut, pistachio,
and walnuts. The popularity and consumption of tree nuts varies
among populations and geographical locations. The most com-
monly consumed tree nuts in the US, in rank order, are cashew, al-
mond, pistachio, pecan, and walnut, whereas in Europe the most
popular nuts, in rank order, are walnuts, almonds and hazelnuts
[6–8]. Allergic reactions to tree nuts are rising; it is currently esti-
mated that 0.6% of the US population and up to 1.4% of the Euro-
pean population are allergic to one or more tree nuts [9–11].
Food allergens are classified as either type 1 or type 2 according
to their specific biochemical and immunological properties. Type 2
allergens are referred to as incomplete allergens. Reactivity to
these food allergens often results from a primary sensitization by
aeroallergens (e.g., pollens) [12–14]. The subsequent consumption
of foods, including a variety of fruits and vegetables containing
proteins homologous to the sensitizing allergen, triggers an IgE-
mediated reaction [14,15]. Such reactions are frequently mild
and localized to the oral cavity.

Type 1 allergens, in contrast, are known as complete food aller-
gens as they both sensitize the patient, primarily through the gas-
trointestinal tract (GIT), and elicit allergic symptoms. Type I
allergens are typically resistant to thermal denaturation and gas-
tric digestion, consequently retaining a substantial proportion of
their IgE-reactive epitopes [12,15,16]. Common foods containing
type 1 food allergens include peanuts, tree nuts, egg, milk, and fish
[15,17]. To date several type 1 allergens have been identified in
tree nuts including hazelnut Cor a 8, 9, 11, 12, and 13, and walnut
Jug r 1, 2 and 3. It should be noted that while type 1 allergens tend
to predominate in peanut and tree nuts, these foods have been
found to contain type 2 food allergens as well (e.g., chestnut Cas
s 1, hazelnut Cor a 1 and 2, and almond Pru du 4), a likely result
of patient sensitization to cross-reactive pollen allergens [15,17].
The higher incidence of type 1 food allergy in children is likely
due to a greater degree of intestinal permeability and a less
developed immune system [15]. Symptoms of type I food-induced
allergy range from mild gastrointestinal reactions, such as abdom-
inal pain, diarrhea, and vomiting, to severe life threatening respira-
tory reactions, such as systemic anaphylaxis [15]. It is estimated
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that 8–50 per 100,000 individuals experience an anaphylactic reac-
tion annually [18–24]. In children, peanut and cashew nut are the
most common eliciting agents [21,22]. Due to the severity of reac-
tions to tree nuts and the growing number of individuals affected,
extensive research has been performed to identify and characterize
constituent IgE-reactive proteins. In addition, immunoassays
aimed at investigating cross-reactivity between various nut and
seed proteins, as well as structural studies, IgE epitope mapping,
and analyses of the effects of associated food matrices, enzymatic
digestion, and denaturation have been preformed in hopes of
determining common features which may predispose such pro-
teins to be targeted by IgE. It is anticipated that the accumulating
information will provide insights into the unique features which
render tree nuts allergenic and may be useful for diagnostic and
therapeutic purposes.
2. Tree nut allergens

To date, 32 tree nut proteins have been shown to be reactive
with IgE from allergic patients (http://www.allergen.org/). Many
of these proteins have been extensively studied at the molecular
level. A current list of officially designated tree nut allergens is pre-
sented in Table 1. These allergens can be grouped based on their
sequence, function, and structural similarities [25,26].

2.1. Seed storage proteins

One such group is the seed storage proteins, which are esti-
mated to account for �50% of the total protein in most nuts [27–
31]. Seed storage proteins act as a carbon and nitrogen source dur-
ing germination and serve as amino acid reserves for the develop-
ing seedling [32,33]. Those with allergenic properties include the
11S globulins (legumin-like proteins), 7S globulins (vicilin-like
proteins), and 2S albumins [25,34]. The 11S globulins are members
of the cupin superfamily characterized by a six stranded b–barrel
conformation [35,36]. They are typically �360 kDa hexamers with
each subunit containing an acidic 42–40 kDa polypeptide that is
disulfide-linked to a �20 kDa basic polypeptide [26,33,37]. It is
not uncommon for multiple 11S globulin isoforms to be expressed
in nuts. Surprisingly, despite sequence similarity, not all isoforms
in a given nut display similar IgE reactivity [33,38,39]. The 7S glob-
ulins are also members of the cupin superfamily. They are typically
trimeric with a molecular mass of �150 kDa comprised of 40–
55 kDa polypeptides [25,33,40]. The 2S albumins are small
�13 kDa protein members of the prolamin superfamily. They con-
tain eight conserved cysteine residues which form two intrachain
disulfide bonds and two interchain disulfide bonds linking a
�9 kDa and �4 kDa polypeptide chain [26,33,41–43].

2.2. Pathogenesis-related proteins

Several pathogenesis-related proteins (PR-proteins) have been
identified as tree nut allergens. PR-proteins are produced in the
plant upon attack by bacteria, fungi, or when abiotically stressed
[44,45]. They range from 5–70 kDa, are stable at acidic pH, and
tend to be highly resistant to proteolytic degradation [44,45]. Aller-
genic PR-proteins include chitinases, Bet v 1 homologues, and lipid
transfer proteins (LTP) [46–50].

2.3. Structural proteins

Another group of tree nut allergens are the profilins. These are
small cytosolic �12–15 kDa proteins that bind actin in eukaryotic
cells and perform an important role in regulating actin filament
polymerization [51,52]. Profilins are highly conserved among
plants, displaying both structural and sequence similarities (70–
85% amino acid sequence identity) [25]. These proteins have been
described as pan-allergens because of the considerable cross-reac-
tivity observed between profilins from different sources
[25,35,53,54]. Oleosins are small �15–26 kDa hydrophobic pro-
teins that serve to stabilize oil bodies in desiccated seeds [55–
57]. They have a highly conserved structure with three distinctive
domains; a hydrophilic domain at the N-terminus, a central hydro-
phobic a-helical domain, and an amphipathic a-helical domain at
the C-terminus [55,58]. Among the tree nuts, oleosin has only been
identified as an allergen in hazelnuts [59].
2.4. Other allergenic proteins

In recent years several additional proteins have emerged as
potentially important allergens in tree nuts including manganese
superoxide dismutase (MnSOD), 60S acidic ribosomal protein P2,
and cytosolic class I small heat shock protein. MnSOD is a homodi-
meric or a homotetrameric enzyme that is located in mitochondria
and peroxisomes [60,61]. In plants, MnSOD plays an important role
in preventing cellular damage by reactive oxygen species [60].
MnSOD was identified as a minor allergen in pistachio nuts though
it has been suggested that the high degree of sequence similarity
between MnSOD from different organisms could potentially lead
to allergen cross-reactivity [62]. The 60S acidic ribosomal protein
P2 is a small �11 kDa ribosomal protein with a highly conserved
structure that is involved in mRNA translation [63–66]. Originally
identified as minor allergens in several fungi [67–70] they were re-
cently recognized as an IgE-reactive protein in almond nut [71]. Fi-
nally, the cytosolic class I small heat shock proteins are produced
following abiotic stress [72,73] and are reactive with IgE in some
chestnut-allergic sera (unpublished data, http://www.aller-
gen.org/).
3. Purification of native tree nut allergens

The growing number of allergens identified in tree nuts is
mainly due to advances in protein purification and molecular biol-
ogy techniques. Initially, studies to identify tree nut allergy and
constituent IgE-reactive proteins were performed using aqueous
nut extracts in immunoblotting assays, radioallergosorbent tests,
or skin prick tests [74–83]. Further characterization has been
accomplished by application of a wide variety of biophysical tech-
niques such as high performance liquid chromatography, mass
spectrometry, nuclear magnetic resonance, X-ray crystallography,
amino acid sequencing, circular dichroism spectroscopy, and enzy-
matic activity assays [37,84–93]. Application of these techniques
has led to the identification, characterization and, in some cases,
purification of specific allergens, which can subsequently be used
in immunoassays for the detection of IgE from tree nut allergic
individuals.

Whereas native allergens offer the conformationally and anti-
genically optimum choice for analysis, the characteristics of some
tree nut allergens complicate their use in analytical studies
[85,94]. First, native allergens are often difficult to purify to homo-
geneity even when applying multistep protocols [28,30,95–98].
Enzymatic degradation during in vivo (in planta) synthesis, frac-
tionation or purification, the frequent presence of multiple iso-
forms, strain/cultivar differences, variations reflecting different
developmental stages, and environmental influences on growth,
can all impact the degree of homogeneity within and between
samples [85,94]. A lack of homogeneity can interfere with the
downstream use in diagnostics and immunoassays. Finally, some
native allergens are present at low concentrations in nuts necessitat-
ing the use of excessive starting material and complex purification
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Table 1
Tree nut allergens (detailed information available at http://www.allergen.org/).

Tree nut Allergen Reactivity Type/function Molecular
weight

Native/
recombinant

Expression
system/
vector

Ref.

Anacardium occidentale
(Cashew)

Ana o 1 Major allergen, 10 of 20 patients reactive in immunoblots 7S vicilin-like protein/seed storage protein 50 kDa Recombinant E. coli/pMAL-c2 [106]

Ana o 2 Major allergen, 13 of 21 patients reactive in immunoblots 11S legumin-like protein/seed storage protein 55 kDa Recombinant E. coli/pMAL-c2 [119]
Ana o 3 Major allergen, 21 of 26 patients reactive in immunoblots 2S albumin/seed storage protein 14 kDa Recombinant E. coli/pMAL-c2 [120]

Bertholletia excelsa (Brazil
nut)

Ber e 1 Major allergen, 8 of 9 patients reactive in immunoblots 2S sulfur-rich albumin/seed storage protein 9 kDa Both P. pastoris/pPIC9 [78,90,103]

Ber e 2 Minor allergen, patient serum was reactive in immunoblots 11S globulin/seed storage protein 29 kDa Native [78,176]

Carya illinoinensis (Pecan) Car i 1 Major allergen, 22 of 28 patients reactive in dot blots 2S albumin/seed storage protein 16 kDa Recombinant E. coli/pMAL-c4X [107]
Car i 4 Major allergen, 16 of 28 patients reactive in dot blots 11S legumin-like protein/seed storage protein 55.4 kDa Recombinant E. coli/pMAL-c4X [121]

Castanea sativa (European
chestnut)

Cas s 1, Major allergen, 8 of 8 patients reactive in immunoblots PR-10/pathogenesis-related protein 22 kDa Native [177]

Cas s 5 Major allergen, 4 of 4 patients reactive in immunoblots Chitinase/ pathogenesis-related protein Native [178]
Cas s 8 Minor allergen, recognized by pool of 6 patients in immunoblots Non-specific lipid transfer protein/pathogenesis-

related protein
12–
13 kDa

Native [46]

Cas s 9 Information unavailable Cytosolic class I small heat shock protein 17 kDa Recombinant unpublished

Corylus avellana (Hazelnut) Cor a 1 Major allergen, 65 of 65 patients reactive in immunoblots PR-10/pathogenesis-related protein 17 kDa Both E. coli/pTYB11 [47,48]
Cor a 2 Minor allergen, 7 of 17 patients reactive Profilin/structural protein 14 kDa Recombinant E. coli/pET30a [117]
Cor a 8 Major allergen, 7 of 7 patients reactive in immunoblots Non-specific lipid transfer protein/pathogenesis-

related protein
9 kDa Both E. coli/pET-16b

P. pastoris/
pPICZalphaA

[49,98,117]

Cor a 9 Major allergen, 12 of 14 patients reactive in 2-dimensional
proteomics

11S legumin-like protein/seed storage protein 40 kDa Native [98,179]

Cor a 11 Minor allergen, 31 of the 65 patients reactive in immunoblots 7S vicilin-like protein/seed storage protien 48 kDa Both E. coli/pET100D [98,180]
Cor a 12 Major allergen, 118 of 185 patients reactive in RAST, immunoCAP,

and immunoblot
Oelosin/structural protein 17 kDa Recombinant E. coli/pET19b [59]

Cor a 13 Major allergen, 118 of 185 patients reactive in RAST, imunoCAP, and
immunoblot

Oleosin/structural protein 14–
16 kDa

Recombinant E. coli/pET19b [59]

Cor a 14 Minor allergen, 5 of 15 patients reactive in immunoblots and
immunoCAP

2S albumin/seed storage protein 15–
16 kDa

Both E. coli/pPAL7 [95]

Juglans nigra (Black walnut) Jug n 1 Information unavailable 2S albumin/seed storage protein 18 kDa Recombinant unpublished Ling et al.
unpublished

Jug n 2 Information unavailable 7S vicilin-like protein/seed storage protein 55 kDa Recombinant unpublished Ling et al.
unpublished

Juglans regia (English
walnut)

Jug r 1 Major allergen, 12 of 16 patients reactive in immunoblots 2S albumin/seed storage protein 15–
16 kDa

Recombinant E. coli/pGEX
E. coli/pTH19*

[102,105]

Jug r 2 Major allergen, 9 of 15 patients reactive in immunoblots 7S vicilin-like protein/seed storage protein 44 kDa Recombinant E. coli/pGEX [122]
Jug r 3 Major allergen, 42 of 46 patients were in immunoblots Non-specific lipid transfer protein/pathogenesis-

related protein
9 kDa Native [50]

Jug r 4 Major allergen, 21 of 37 patients reactive in immunoblots 11S legumin-like protein/seed storage protein 55 kDa Recombinant E. coli/pMAL-c2X [115]

Pistacia vera (Pistachio) Pis v 1 Major allergen, 19 of 28 patients reactive in immunoblots 2S albumin/seed storage protein 7 kDa Recombinant E. coli/pET24b [38]
Pis v 2 Major allergen, 14 of 28 patients reactive in immunoblots 11S legumin-like subunit/seed storage protein 32 kDa Recombinant E. coli/pET24b [38]
Pis v 3 Minor allergen, 7 of 19 patients reactive in immunodot blots 7S vicilin-like protein/seed storage protein 55 kDa Recombinant E. coli/pMAL-c2 [114]
Pis v 4 Minor allergen, 10 of 25 patients reactive in immunoblots Manganese superoxide dismutase 25.7 kDa Recombinant E. coli/pET-32b [62]
Pis v 5 Minor allergen, 10 of 28 patients reactive in 2-D immunoblots 11S legumin-like subunit/seed storage protein 36 kDa Native unpublished

Prunus dulcis (Almond) Pru du 3 Minor allergen, 5 of 31 patients reactive in immunodot blots Non-specific lipid transfer protein/pathogenesis-
related protein

9 kDa Recombinant E. coli/pMAL-c4X unpublished

Pru du 4 Minor allergen, 8 of 18 patients reactive in immunodot blot and
ELISA

Profilin/structural protein 14 kDa Both E. coli/pMAL-c2 [99]

Pru du 5 Minor allergen, reactive with pooled patient sera in immunodot
blots

60s acidic ribosomal protein P2 10 kDa Recombinant E. coli/pMAL-c2 [71]

Pru du 6 Major allergen, 9 of 18 patients reactive in immunodot blots 11S legumin-like protein/seed storage protein 57–
60 kDa

Both E. coli/pMAL-c4X [39]

* Indicates a unique vector that is not available commercially.
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strategies to obtain acceptable yields. For example, 20 g of starting
material yielded �500 lg of purified native almond profilin, Pru du
4 [99].
4. Production of recombinant tree nut allergens

For many applications, recombinant allergens offer an attractive
alternative to circumvent these issues. They have demonstrated
their utility in a variety of immunoassays and show potential for
use in immunotherapy for tree nut allergy [85,100,101]. Through
the application of molecular genetic techniques, large quantities
of molecularly defined homogenous allergen preparations can be
obtained. A variety of expression systems are now available to help
ensure that recombinant allergens most closely resemble the na-
tive form. For example, analyses of recombinant 2S albumin from
walnut (Jug r 1) and Brazil nut (Ber e 1) by serological IgE reactiv-
ity, basophil activation assay, circular dichroism, and chemical/
temperature denaturation assays have demonstrated that these re-
combinant allergens are, by these measures, equivalent to their na-
tive counterparts [102–104]. For many of the tree nut allergens, the
production of their recombinant forms has become a relatively
simple and straightforward process.
4.1. cDNA production and PCR amplification of allergen genes

The products named in this section are the ones commonly used
in our laboratories as well as by others. Alternatives may also be
available.

Recombinant tree nut allergens are often generated by screen-
ing cDNA libraries with allergen-specific antisera such as patients’
sera, lab animal polyclonal antibodies, or monoclonal antibodies.
The libraries are created from nut tissues collected at various
stages of development (near mature, immature, and somatic em-
bryos) to insure the presence of the desired mRNA. Freshly col-
lected tissues are chopped, frozen in liquid nitrogen, and ground
to a fine powder with a mortar and pestle. Total RNA can be ex-
tracted in TRIzol (Life Technologies, Carlsbad, CA, USA) or by using
the RNeasy Plant Mini Kit (Qiagen Inc, Valencia, CA, USA). mRNA
can be isolated from the total RNA with a Poly-ATtract kit (Prome-
ga, Madison, WI, USA). The synthesis of cDNA and construction of
the library can be performed with the ZAP-cDNA Gigapack III Gold
cloning kit (Stratagene Inc, Cedar Creek, TX, USA). The resultant li-
brary is plated and protein expression is induced using nitrocellu-
lose membranes soaked in isopropyl-D-thiogalactopyranoside
(IPTG). Incubation of the membrane with the antibody of interest
allows the identification of immunopositive plaques. Positive pla-
ques are manually picked, purified, amplified with M13 primers
by means of PCR, and sequenced. Many of the recombinant tree
nut allergens have been generated using this approach including
those of walnut [105], cashew [106], almond [99], and pecan
[107]. For detailed information on the isolation of RNA, mRNA, gen-
eration of cDNA, cDNA library construction, PCR, primer design,
amplification, or rapid amplification of cDNA ends (RACE), refer
to protocols provided by the specific manufacturers or [109,110].

The approach outlined above works well if the specific sequence
of the targeted gene is known (facilitating PCR amplification) or
has been determined as a result of screening the cDNA library with
an allergen-specific antibody followed by sequencing of reactive
plaques. However, if the nucleotide sequence of a suspected aller-
gen gene is unknown and if antisera are not available, PCR ampli-
fication using degenerate primers can be employed. For this
purpose, regions of conserved DNA sequence in homologous pro-
teins of related plant species are identified. Typically, a mixture
of primers incorporating the major sequence variances is produced
in the hopes that at least some of the primer members will display
sufficient homology to the unknown target sequence in the cDNA
library to initiate the PCR reaction [110,111]. If nucleotide se-
quences are unavailable, minimally degenerate primers can be de-
signed to best match the possible nucleotides encoding the
conserved amino acids of homologous proteins for use in PCR
amplification [112]. Once a portion of the target cDNA is se-
quenced, additional primers can be generated based on the actual
gene sequence and paired with primers directed against the vector
sequence to obtain the full length allergen gene sequence. In those
instances where only a portion of the allergen gene is amplified by
degenerate PCR and a cDNA library from the desired nut is not
available, 50 or 30 rapid amplification of cDNA ends (RACE) can be
performed to derive the missing genetic sequence [110,113].
Gene-specific primers corresponding to a segment of the known
region are paired with a poly(A) tail (30 end) targeting primer or
a tag sequence associated with the 50 end to amplify the full length
allergen gene [110,113]. This approach has been successfully used
to amplify the MnSOD, Pis v 4, and the 7S vicilin, Pis v 3, allergen
genes from pistachio nut [62,114], the 11S globulin, Jug r 4, from
walnut [115], the lipid transfer protein, Cor a 8, the pathogene-
sis-related protein PR-10, Cor a 1, and the oleosins, Cor a 12 and
13, from hazelnut [49,59,108].

4.2. Cloning, expression, and purification of recombinant tree nut
allergens

Once the allergen gene has been amplified by PCR and se-
quenced, it can be cloned and expressed (for detailed protocols re-
fer to [109]). A wide variety of expression systems are available
(bacteria, yeast, insect, plant, or Chinese hamster ovary cells).
The selection of a suitable system for the recombinant allergen de-
pends on several factors including, desired yield, need for post-
translational modifications, ease of purification, cost, and size of
the allergen. Whereas insect and mammalian cells typically gener-
ate proteins that are more properly folded and glycosylated, low
yields, extended culture times, and greater expense have limited
their use. Moreover, since most tree nut allergens are naturally
unglycosylated [33,40], the insect and mammalian expression sys-
tems offer little advantage in this respect [116]. Yeasts (Pichia pas-
toris and Saccharomyces cerevisiae) also glycosylate expressed
proteins and facilitate disulfide bond formation and have the
advantage of lower cost and higher rates of secretion as compared
to mammalian and insect cells. However, their ability to glycosy-
late expressed tree nut allergens offers little benefit as indicated
above. To date, yeast (P. pastoris) has only been used to express
two tree nut allergens (Ber e 1 and Cor a 8) [103,117].

Consequently, most allergens have been expressed in Esche-
richia coli using a variety of different expression vectors as shown
in Table 1. Bacteria often produce high yields of protein in a short
amount of time, are cost effective, and easy to culture, which
makes them an ideal choice for many applications. Each vector
has its own set of features (Table 2). The use of tagged or fusion
proteins facilitates rapid and efficient purification by affinity chro-
matography to produce highly purified recombinant proteins. De-
tailed information on purification and fusion protein cleavage is
provided by the respective manufacturers.

One popular vector is pMAL which generates an N-terminal fu-
sion protein containing maltose binding protein (MBP) associated
with the allergen of interest (Table 2) (New England BioLabs Inc,
Beverly, MA, USA). MBP fusion proteins can easily be purified from
the bacterial lysates through binding to immobilized amylose resin
followed by elution with a maltose-containing buffer (New Eng-
land BioLabs Inc, Beverly, MA, USA). Once purified, a site-specific
protease such as thrombin, factor Xa, enterokinase, or Genenase
I™ can be used to cleave the MBP fusion protein from the allergen.
The addition of MBP also helps enhance the solubility of the fused
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proteins, an important issue in the production of several recombi-
nant tree nut allergens [118]. For example, the 11S and 7S seed
storage allergens are naturally hexameric and trimeric pro-
teins respectively. When expressed without a fusion partner,
these molecules tend to aggregate and are relatively insoluble as
compared to their native counterparts [39,119]. pMAL has been
used to express allergens from almond (Pru du 4, 5, and 6)
[39,71,99], cashew (Ana o 1, 2, and 3) [106,119,120], pecan (Car i
1 and 4) [107,121], walnut (Jug r 4) [115], and pistachio (Pis v 3)
[114].

The pGEX vector generates a fusion protein containing N-termi-
nal glutathione S-transferase (GST) which can be purified using
immobilized glutathione followed by elution with soluble glutathi-
one (Table 2) (GE Healthcare Biosciences, Pittsburgh, PA, USA). If
desired, cleavage of the allergen from GST can be achieved using
a site-specific protease like thrombin, factor Xa, or PreScission™
protease depending on the vector used. pGEX has been used to ex-
press allergens from walnut (Jug r 1 and 2) [105,122].

More recently, the pPAL7 vector has been used to express the
recombinant hazelnut allergen, Cor a 14 [95]. This vector generates
an N-terminal fusion protein containing the prodomain of subtili-
sin and allows for the simultaneous capture and cleavage of the fu-
sion protein (Table 2) (Bio-Rad, Hercules, CA, USA). The fusion
protein is captured by immobilized subtilisin protease and on-col-
umn cleavage occurs by fluoride buffer activation of subtilisin pro-
tease to release the allergen for collection.

Another popular vector used for the expression of tree nut aller-
gens is the pET vector system (Table 2) (Novagen, EMD Millipore,
Billerica, MA, USA). This vector contains a short 6 to 10 aa histidine
(His) tag which can be located at either the N- or C-terminal of the
allergen depending on the pET vector used. The His tag facilitates
capture through interaction with immobilized divalent cations
(e.g., Ni++, Co++). An imidazole-containing buffer is used for elution.
An important advantage of using His tags is that it minimizes the
possibility that bulky fusion partners might interfere with natural
oligomerization or antibody reactivity in downstream immunoas-
says. Also, because of its small size, a tag removal step is typically
unnecessary [123]. pET vectors have been used to express allergens
from hazelnut (Cor a 2, 8, 12, and 13) [49,59,117], and pistachio
(Pis v 1, 2, and 4) [38,62]. Additional pET vectors are available that
lack a fusion tag or contain GST, HSV, T7, Dsb, Trx, or a combination
of tags (Novagen, EMD Millipore, Billerica, MA, USA). To date these
vectors have not been used to express recombinant tree nut aller-
gens. For a comprehensive review of tagged fusion proteins please
refer to Ref. [123].

Although bacteria are the most popular expression system for
tree nut allergens, they do have certain drawbacks such as the
inability to replicate the post-translational modifications associ-
ated with some native nut allergens, particularly disulfide bond
formation and glycosylation [116,124]. The expression of recombi-
nant allergens typically occurs in the cytoplasm of bacterial cells,
which is a reducing environment not conducive to disulfide bond
formation [124]. This can be problematic as most tree nut aller-
gens, such as the seed storage proteins (11S legumin, 2S albumin)
and PR-protein, LTP, have several disulfide linkages which may be
necessary for proper folding, epitope expression, and resistance to
denaturation [26,33,41,125].

To facilitate disulfide bond formation, a short leader peptide can
be genetically attached to the N-terminus of the newly synthesized
recombinant protein to target it to the oxidizing environment of
the bacterial periplasm. Most commercial vectors are available
with this adaption. Although periplasm expression can facilitate
the production of folded, soluble, disulfide bonded recombinant
proteins, it often lowers overall expression levels and can result
in unwanted leakage (and loss) of the recombinant protein into
the culture medium [116].
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Alternative approaches to the disulfide bond issue are found in
other genetically modified strains of bacteria [116,124]. For a com-
prehensive review of strain engineering for improved expression of
recombinant proteins in bacteria please refer to [124]. One such
strain is Rosetta-gami B which contains mutations in thioredoxin
reductase (trxB) and glutathione reductase (gor) genes resulting
in the formation of disulfide bonds in the bacterial cytoplasm
(Novagen, EMD Millipore, Billerica, MA, USA). We have recently
used Rosetta-gami B cells to express recombinant almond aller-
gens that are conformationally and serologically more similar to
their native counterparts as compared to molecules derived from
traditional unmodified E. coli strains (unpublished data).

A few tree nut allergens are glycosylated. Recently, it was dis-
covered that N-linked glycosylation of proteins can occur in the
enteropathogenic bacteria Campylobacter jejuni due to the pgl gene
cluster [124,126]. Transformation of the gene cluster into E. coli has
been shown to facilitate the production of glycosylated recombi-
nant proteins [126]. Additionally, genetically modified strains that
co-express chaperone proteins (GroEL/GroES, DnaK/DnaJ, IbpA/
IbpB, Skp, FkpA) are available to help minimize aggregation and
improve recombinant protein folding [124]. These expression sys-
tems have not yet been used for the production of recombinant
tree nut allergens.

By judicious selection of bacterial expression systems, recombi-
nant allergens can be produced that are structurally and function-
ally similar to their native counterparts in most cases.
5. Applications of recombinant tree nut allergens

The use of recombinant tree nut allergens continues to expand.
To date, they have been used in a variety of immunoassays aimed
at assessing patient IgE reactivity, investigating cross-reactivity be-
tween various nut and seed proteins, assisting in structural studies,
epitope mapping and characterization, and analyses of the effects
of food matrix, enzymatic digestion, and denaturation on
allergenicity.

Recombinant proteins have played a major role in the identifi-
cation and characterization of a wide variety of tree nut allergens
(Table 1). Amplification of an allergen gene directly through the
cDNA production, cloning, and expression allows researchers to
bypass purification of the native protein. This approach is ideal
when appropriate techniques are unavailable to identify/isolate
the native allergen from the whole nut extract. Once obtained
the recombinant allergen can be used to assess patient reactivity,
characterize IgE binding epitopes, and study the effect of muta-
tions on IgE binding. Several IgE binding allergens have been iden-
tified using this approach including; cashew (Ana o 1, 2 and 3)
[106,119,120], hazelnut (Cor a 8 and 14) [49,95], pecan (Car i 1
and 4) [107,121], walnut (Jug r 1, 2, and 4) [105,115,122], pistachio
(Pis v 1, 2, and 3) [38,114], and almond (Pru du 6) [39]. Collectively,
the cloned and expressed allergens represent 11S globulins (Ana o
2, Car i 4, Jug r 4, Pis v 2, and Pru du 6), 7S globulins (Ana o 1, Jug r
2, and Pis v 3), 2S albumins (Ana o 3, Car i 1, Cor a 14, Jug r 1, and
Pis v 1), and a lipid transfer protein (Cor a 8).

Recombinant proteins are becoming an increasingly important
tool for the diagnosis of tree nut allergy as they can provide stan-
dardized quality controlled samples for in vitro analysis of IgE reac-
tivity. The importance of this is illustrated by the results of a study
in which nine commercially available hazelnut extracts used in
immunoassays were shown to display a wide variation in the con-
centrations of some constituent allergen proteins [127]. Some,
such as Cor a 8, were undetectable in several extracts [127]. A vari-
ety of precisely defined recombinant tree nut allergens have been
developed, in part, to address this problem and some (Ber e 1,
Cor a 1, and Cor a 8) are now commercially available to clinicians
for in vitro allergen diagnosis (ImmunoCAP assays, Phadia AB, Upp-
sala, Sweden). Their clinical application, known as recombinant
allergen-based component resolved diagnostics (CRD), focuses on
analyzing IgE reactivity to specific allergenic proteins to accurately
identifying the eliciting molecules [128]. This approach has been
successfully used, for example, to evaluate IgE reactivity of hazel-
nut-sensitized individuals in Spain, Switzerland, and Denmark to
reveal significant geographical differences in the recognition of
Cor a 1.04 and Cor a 8 [129]. Additionally, recombinant allergens,
such as Cor a 1.04, have been successfully used to augment con-
ventional hazelnut allergen extracts to enhance the scope of IgE
detection and aid in diagnosis [130]. The analysis of clinical histo-
ries, double-blind placebo-controlled food challenges, and in vitro
CRD using recombinant allergens has lead to the identification of
several marker allergens which are associated with the severity
of tree nut allergy. Studies focused on hazelnut have shown that
specific allergenic proteins can serve as marker proteins in diag-
nosing not only the symptom-eliciting nut allergen but in predict-
ing the severity of the patient reaction (Cor a 8, 9, 12, 13, and 14 are
associate with severe objective symptoms, and Cor a 1, and 2 with
milder subjective symptoms) [49,59,131–133]. A similar observa-
tion was made with the recombinant almond allergen, Pru du 4,
in which the reactive patients experienced milder reactions upon
consumption of almonds and suffered from pollinosis [99]. These
studies demonstrate the usefulness of recombinant proteins for
in vitro allergen testing as they provide a well-defined, stable re-
agent for diagnosis.

Once a tree nut allergen has been identified and cloned, epitope
mapping studies are typically performed to identify the IgE binding
regions. To date, most studies have focused on the identification of
sequential (linear) epitopes which are defined as short contiguous
stretches of amino acids (typically 8–15 residues) [16,134,135].
These epitopes are relatively easy to identify by probing short syn-
thetic overlapping peptides, representing the entire amino acid se-
quence, with serum from sensitized individuals [134]. Sequential
epitopes are prevalent on type I food allergens as they can remain
intact, unlike many conformational epitopes, even after extensive
food processing and gastric digestion [134]. Sequential IgE binding
epitopes have been described in pecan (Car i 1 and 4) [107,121],
cashew (Ana o 1, 2, and 3) [106,119,120], walnut (Jug r 1 and 4)
[102,136,137], hazelnut (Cor a 9) [137], and almond (Pru du 6)
[39].

Several studies have focused on comparing the sequential epi-
topes identified on tree nut allergens with the hopes of establish-
ing patterns of recognition and common features, which may
predispose such proteins to be targeted by IgE. Those identified
on the 11S globulins have been the most extensively studied. Com-
parison of these epitopes (walnut Jug r 4, hazelnut Cor a 9, cashew
Ana o 2, almond Pru du 6, and pecan Car i 4) with each other and
with homologous allergenic nuts and seeds (peanut Ara h 3 and
soybean Gly m 6) showed that many display a high degree of se-
quence conservation and/or are localized to homologous regions,
designated as allergenic ‘hot spots’ [39,121,137]. Mapping of these
epitopes onto three-dimensional models of the allergens revealed
that several were located in regions that had a similar conforma-
tion and charge distribution [121,137,138]. Many of the epitopes
were found to cluster together on the surface of the allergens to
form extended IgE-binding areas. It has been suggested that such
sequential epitope clusters may be part of larger conformational
epitopes on the allergen [138]. The pattern was similar for the 7S
allergens (cashew Ana o 1, walnut Jug r 2, hazelnut Cor a 11, and
peanut Ara h 1) in that there was epitope sequence conservation
and clustering [139]. A majority of the sequential epitopes identi-
fied on the 2S albumins (cashew Ana o 3, pecan Car i 1, and walnut
Jug r 1) were also found to have positional homology when com-
pared on the primary structure [107]. Three-dimensional modeling
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of the 2S albumin epitopes identified two immunodominant IgE
binding regions, which were located in highly charged areas on
the molecular surface [107].

In contrast to the abundant information on sequential allergen
epitopes, few conformational IgE binding epitopes have been iden-
tified on tree nut allergens. This situation is largely due to the tech-
nical difficulty in identifying conformational epitopes which
typically require two or more peptide segments held in a specific
orientation as a result of tertiary or quaternary structure
[1,140,141]. One approach to conformational epitope identification
is to generate a set of chimeric molecules in which segments of the
allergen of interest are exchanged, through genetic engineering,
with homologous segments of a non-reactive homologue. The
resultant chimeric molecules are then screened for maintenance
or loss of antibody reactivity. For example, to identify conforma-
tional IgE binding epitope regions on the Brazil nut 2S albumin
allergen, Ber e 1, segments were exchanged with the sunflower
seed homologue and a conformational epitope was located in a he-
lix-loop-helix region [103]. A similar approach was taken to iden-
tify a conformational epitope-bearing segment on the cashew 11S
globulin allergen, Ana o 2, wherein the soybean 11S globulin, Gly m
6, served as the exchange partner [142,143]. In this study, immu-
noassays using a murine monoclonal antibody that competed with
patient IgE antibodies indicated the presence of a conformational
epitope in a segment spanning amino acids 20–43 of the acidic
polypeptide [143]. This result was supported by analyzing con-
structs with varying degrees of N-terminal truncation and per-
forming alanine scanning mutagenesis coupled with molecular
modeling to verify the location of the epitope and identify critical
residues responsible for antibody binding [143].

Several new approaches are being applied to epitope mapping
studies on recombinant tree nut allergens with a focus on identify-
ing the more difficult conformational epitopes. These include neg-
ative stain immunoelectron microscopic analysis of individual
allergen-mAb immune complexes [143], phage display to identify
allergen mimotopes (unpublished), and hydrogen deuterium ex-
change coupled with mass spectrometry (i.e., epitope footprinting)
[144–146].

There have been a number of computer based algorithms de-
signed to predict B cell epitopes, including ABCPred, BcePred, BEPI-
TOPE, BepiPred, CEP, discotope, immune epitope database (IEDB),
and the structural database of allergenic proteins (SDAP) [147–
149]. Predictions are based on the properties of the amino acid se-
quence (hydrophilicity/hydrophobicity, charge, secondary struc-
ture) and the predicated three-dimensional structure, which is
often generated by homology modeling (exposed surface area)
[147,150]. In theory, these algorithms should be able to identify
potentially immunogeneic/epitope regions on protein [149,150].
However, studies have shown that there is often little correlation
between the experimentally derived and computed data
[150,151]. These findings highlight the importance of experimental
data for the valid identification of epitopes on proteins.

It is often observed that individuals who are allergic to one tree
nut, also display IgE reactivity to other nuts, a situation which
could result from either co-sensitization or true cross-reactivity
[75,152–157]. Recombinant tree nut allergens provide a useful tool
for investigating this phenomenon on a molecular level. Studies
have analyzed cross-reactivity between tree nuts and other seeds,
including peanut and sesame. Studies on peanut-allergic patients
with and without walnut allergy demonstrated that the observed
sensitization to both nuts is due to the recognition of unique IgE
binding epitopes on the walnut allergens Jug r 1, 2, and 4 and
not cross-reactivity between homologous peanut epitopes [158].
To investigate cross-reactivity between the 11S globulins from
walnut and sesame seed, inhibition immunoblotting assays were
performed. IgE binding to recombinant Ses i 6 was significantly re-
duced when serum was pre-incubated with recombinant walnut
Jug r 4 [159]. Similarly, chicken antibodies (IgY) raised against re-
combinant Jug r 4 recognized both walnut Jug n 4 and sesame Ses i
6 in immunoblotting assays indicating that these 11S globulins dis-
play cross-reactive epitopes [159].

Two particular nut seeds with a well-documented history of
cross-reactivity are pistachio and cashew, both members of the
Anacardaceae family [75,81,152,160]. Studies comparing the re-
combinant pistachio allergen, Pis v 3, and cashew homologue,
Ana o 1, found that in all of the pistachio/cashew allergic patients
tested, IgE binding to either allergen was blocked when sera was
pre-incubated with either recombinant allergen [114]. A panel of
murine monoclonal antibodies raised against cashew Ana o 1, also
recognized recombinant Pis v 3 in dot blot assays suggesting that
antibody reactivity to these allergens is likely focused on the con-
served regions [114].

Whereas many studies have assessed digestibility and the effect
of the food matrix on allergenic proteins in whole nut protein ex-
tracts, few have focused on the stability of specific tree nut aller-
gens [161–166]. Recombinant tree nut allergens have been used
to assess the effect of the food matrix, food processing, and gastric
digestion of tree nut allergens. For example, studies done on the
Brazil nut allergen, Ber e 1, found that exposure of mice, by intra-
peritoneal injection, to recombinant Ber e 1 alone did not induce a
detectable IgG or IgE antibody response. However, co-administra-
tion of the allergen with the total lipid, sterol-rich, or polar lipid
fractions, resulted in a strong antibody response [167]. This sug-
gests that the food matrix plays an important role in the sensitiza-
tion to Brazil nut allergens [167]. Analysis of the in vitro
digestibility of recombinant Ber e 1 has been assessed using simu-
lated gastric fluid and was found to exhibit a similar degree of
resistance to digestion as the native allergen [168]. Also, the stabil-
ity of both the native and recombinant allergen to thermal and
chemically induced unfolding was found to be similar when ana-
lyzed by circular dichroism spectroscopy [168]. These findings sug-
gest that cells of the gut mucosal immune system, which are
presumably responsible for the sensitization to this allergen, likely
come into contact with the intact allergen [168]. This information
is important in furthering our understanding of the mechanism by
which tree nut allergy is induced and how the food matrix may af-
fect the allergenicity of a protein.

6. Limitations of recombinant tree nut allergens

Recombinant allergens are relatively easy to produce and have
provided important insights into the properties of tree nut proteins
which stimulate the production of IgE leading to type I hypersen-
sitivity. However, there are several limitations associated with
their production and use. An important limitation, especially for
the E.coli-based expression systems, is the lack of post-transla-
tional modifications which may affect the overall conformation
of the recombinant allergen and thus its antibody reactivity [94].
As indicated above, several tree nut allergens, in particular the
11S and 7S seed storage allergens, are enzymatically cleaved into
subunits in the developing seed, a process which facilitates their
oligomerization and enhances solubility [25,26,33,85,169]. This
process is not readily mimicked in current expression systems,
which can lead to protein aggregation and, presumably, protein
misfolding. Many tree nut allergens also contain intra- and inter-
molecular disulfide bonds which influence folding and stability
(e.g., 11S globulins, 2S albumins, chitinase, and LTP) [33,85]. Clas-
sical E. coli-based expression vectors are deficient in this capacity
[85,116]. Additionally, the glycosylated state of the native tree
nut allergen should be considered when expressing the recombi-
nant version. Fortunately, most tree nut allergens naturally lack
glycosylation and thus can be considered for expression in multiple
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systems [33,40]. However, some tree nut allergens, such as the 7S
seed storage allergen, are glycosylated. To date, there have been no
reports of the unglycosylated recombinant homologues being defi-
cient in antibody reactivity as a consequence.

Many recombinant allergens are produced with fusion tags
(GST, MBP, or His) to aid in the downstream purification of the re-
combinant protein. Whereas small tags, such as His, likely do not
interfere in subsequent antibody binding assays, others may pro-
duce larger steric effects and potentially block epitopes on the
allergen [123]. Ideally, it would be desirable to cleave and remove
the tag once the recombinant allergen has been purified or to ex-
press the recombinant allergen in an unfused state. This approach
has been successful for some recombinant tree nut allergens (e.g.,
pecan Car i 1, pistachio Pis v 1, and hazelnut Cor a 8, 12, 13, and 14)
[38,59,95,107,117]. However, others, such as the seed storage
allergens, have been found to aggregate and become insoluble (al-
mond Pru du 6, cashew Ana o 2, pistachio Pis v 4, and walnut Jug r
1) when expressed without their solubility enhancing fusion part-
ner or have been resistant to enzymatic cleavage to remove the fu-
sion partner [39,62,105,119]. Overall, the stringent selection of the
optimum expression system and vector (discussed in Section 3.2)
can help avoid some of these pitfalls so that recombinant tree
nut allergens that most closely resemble their native counterparts
can be produced.
7. Conclusions and future perspectives

Tree nut allergy is a growing global concern as the number of
affected individuals continues to increase. Due to the difficulties
associated with purifying many native tree nut allergens, recombi-
nant allergens have become indispensable reagents in the labora-
tory and for the clinical diagnosis of tree nut allergy. Such
reagents allow for standardized diagnosis and detection of allergen
specific IgE, as well as provide important information about the
varying geographical distribution of reactivity to certain tree nut
allergens. Additionally, these allergens can be used to better under-
stand the cross-reactive nature observed in certain nuts and the
mapping of IgE binding epitopes. Such information is critical for
furthering our understanding of tree nut allergy and the mecha-
nism by which sensitization may occur.

To date, tree nut allergens have not been used in immunother-
apy. Whereas there are several therapeutic approaches potentially
available (oral immunotherapy, sublingual immunotherapy, epicu-
taneous immunotherapy, and allergen specific immunotherapy), to
date, these have been used exclusively to treat pollen allergy. Sev-
eral clinical trials have been preformed on milk, egg, peanut, and
pollen-related food allergies but have yet to be approved for the
treatment [170–175]. Future work on tree nut allergens will likely
focus, in part, on the application of recombinant proteins for the
desensitization of tree nut-allergic individuals. As the number of
recombinant allergens available continues to increase and their
IgE binding epitopes are fully evaluated, the development of hypo-
allergenic forms which have been genetically engineered to re-
duced IgE binding capacity can be anticipated.
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[89] C.K. Faeste, H.T. Rřnning, U. Christians, P.E. Granum, J. Food Prot. 74 (2011)

316–345.
[90] F. Guo, T. Jin, A. Howard, Y.Z. Zhang, Acta Crystallogr., Sect. F: Struct. Biol.

Cryst. Commun. 63 (2007) 976–979.
[91] S.M. Aibillos, T. Jin, A. Howard, Y. Zhang, M.H. Kothary, T.J. Fu, J. Agric. Food

Chem. 56 (2008) 5352–5358.
[92] F. Guo, M.H. Kothary, Y. Wang, X. Yu, A.J. Howard, T.J. Fu, Y.Z. Zhang, Acta

Crystallogr., Sect. F: Struct. Biol. Cryst. Commun. 65 (2009) 42–46.
[93] A. Harrer, M. Egger, G. Gadermaier, A. Erler, M. Hauser, F. Ferreira, M. Himly,

Mol. Nutr. Food Res. 54 (2010) 93–112.
[94] S. Steckelbroeck, B.K. Ballmer-Weber, S. Vieths, J. Allergy Clin. Immunol. 121

(2008) 1323–1330.
[95] C. Garino, L. Zuidmeer, J. Marsh, A. Lovegrove, M. Morati, S. Versteeg, P.

Schilte, P. Shewry, M. Arlorio, R. van Ree, Mol. Nutr. Food Res. 54 (2010)
1257–1265.

[96] R. Sanchez-Monge, C. Bianco, G. Lopez-Torrejon, J. Cumplido, M. Recas, J.
Figueroa, T. Carrillo, G. Salcedo, J. Allergy Clin. Immunol. 118 (2006) 705–710.
[97] S.K. Sathe, W.J. Wolf, K.H. Roux, S.S. Teuber, M. Venkatachalam, K.W. Sze-Tao,
J. Agric. Food Chem. 50 (2002) 4333–4341.

[98] N.M. Rigby, J. Marsh, A.I. Sancho, K. Wellner, J. Akkerdaas, R. van Ree, A.
Knulst, M. Fernández-Rivas, V. Brettlova, P.P. Schilte, C. Summer, R.
Pumphrey, P.R. Shewry, E.N. Mills, Mol. Nutr. Food Res. 52 (2008) S251–S261.

[99] P. Tawde, Y.P. Venkatesh, F. Wang, S.S. Teuber, S.K. Sathe, K.H. Roux, J. Allergy
Clin. Immunol. 118 (2006) 915–922.

[100] M. Egger, M. Hauser, M. Himly, N. Wopfner, M. Wallner, F. Ferreira, Front.
Biosci. (Elite Ed.) 1 (2009) 77–90.

[101] R. Valenta, D. Kraft, Curr. Opin. Immunol. 14 (2002) 718–727.
[102] C. Sordet, R. Culerrier, C. Granier, F. Rancé, A. Didier, A. Barre, P. Rougé,

Peptides 30 (2009) 1213–1221.
[103] M.J. Alcocer, G.J. Murtagh, P.B. Wilson, P. Progias, J. Lin, D.B. Archer, J. Mol.

Biol. 343 (2004) 759–769.
[104] M.J.C. Alcocer, G.J. Murtagh, K. Bailey, M. Dumoulin, A.S. Meseguer, M.J.

Parker, D.B. Archer, J. Mol. Biol. 324 (2002) 165–175.
[105] S.S. Teuber, A.M. Dandekar, W.R. Peterson, C.L. Sellers, J. Allergy Clin.

Immunol. 101 (1998) 807–814.
[106] F. Wang, J.M. Robotham, S.S. Teuber, P. Tawde, S.K. Sathe, K.H. Roux, J. Allergy

Clin. Immunol. 110 (2002) 160–166.
[107] G.M. Sharma, A. Irsigler, P. Dhanarajan, R. Ayuso, L. Bardina, H.A. Sampson,

K.H. Roux, S.K. Sathe, J. Agric. Food Chem. 59 (2011) 4130–4139.
[108] D. Luettkopf, U. Mueller, P.S. Skov, B.K. Ballmer-Weber, B. Wuthrich, K.

Skamstrup Hansen, L.K. Poulsen, M. Kastner, D. Haustein, S. Vieths, Mol.
Immunol. 38 (2001) 515–525.

[109] F.M. Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.G. Seidman, J.A. Smith, K.
Struhl, Current Protocols in Molecular Biology, Greene Publishing Associates,
Brooklyn, NY, 1991.

[110] B.A. White, PCR cloning protocols; from Molecular Cloning to Genetic
Engineering, NJ, Humanna Press, Totowa, 1997.

[111] M. Lang, V. Orgogozo, Methods Mol. Biol. 772 (2011) 245–256.
[112] S. Kwok, S.Y. Chang, J.J. Sninsky, A. Wang, PCR Methods Appl. 3 (1994) S39–

S47.
[113] M.A. Frohman, PCR Methods Appl. 4 (1994) S40–S58.
[114] L.N. Willison, P. Tawde, J.M. Robotham, R.M. Penney, S.S. Teuber, S.K. Sathe,

K.H. Roux, Clin. Exp. Allergy 38 (2008) 1220–1238.
[115] M. Wallowitz, W.R. Peterson, S. Uratsu, S.S. Comstock, A.M. Dandekar, S.S.

Teuber, J. Agric. Food Chem. 54 (2006) 8369–8375.
[116] A.L. Demain, P. Vaishnav, Biotechnol. Adv. 27 (2009) 297–306.
[117] I. Lauer, S. Alessandri, S. Pokoj, A. Reuter, A. Conti, S. Vieths, S. Scheurer, Mol.

Nutr. Food Res. 52 (2008) S262–S271.
[118] R.B. Kapust, D.S. Waugh, Protein Sci. 8 (1999) 1668–1674.
[119] F. Wang, J.M. Robotham, S.S. Teuber, S.K. Sathe, K.H. Roux, Int. Arch. Allergy

Immunol. 132 (2003) 27–39.
[120] J.M. Robotham, F. Wang, V. Seamon, S.S. Teuber, S.K. Sathe, K. Beyer, H.

Sampson, K.H. Roux, J. Allergy Clin. Immunol. 115 (2005) 1284–1290.
[121] G.M. Sharma, A. Irsigler, P. Dhanarajan, R. Ayuso, L. Bardina, H.A. Sampson,

K.H. Roux, S.K. Sathe, J. Agric. Food Chem. 59 (2011) 9542–9552.
[122] S.S. Teuber, K.C. Jarvis, A.M. Dandekar, W.R. Peterson, A.A. Ansari, J. Allergy

Clin. Immunol. 104 (1999) 1311–1320.
[123] K. Terpe, Appl. Microbiol. Biotechnol. 60 (2003) 523–533.
[124] T. Makino, G. Skretas, G. Georgiou, Microb. Cell Fact. 10 (2011) 32.
[125] J.C. Kader, Annu. Rev. Plant Physiol. Plant Mol. Biol. 47 (1996) 627–654.
[126] M. Wacker, D. Linton, P.G. Hitchen, M. Nita-Lazar, S.M. Haslam, S.J. North, M.

Panico, H.R. Morris, A. Dell, B.W. Wren, M. Aebi, Science 298 (2002) 1790–
1793.

[127] J.H. Akkerdaas, M. Wensing, A.C. Knulst, M. Krebitz, H. Breiteneder, S. de
Vries, A.H. Penninks, R.C. Aalberse, S.L. Hefle, R. van Ree, Int. Arch. Allergy
Immunol. 132 (2003) 132–140.

[128] R. Valenta, J. Lidholm, V. Niederberger, B. Hayek, D. Kraft, H. Grönlund, Clin.
Exp. Allergy 29 (1999) 896–904.

[129] K.S. Hansen, B.K. Ballmer-Weber, J. Sastre, J. Lidholm, K. Andersson, H.
Oberhofer, M. Lluch-Bernal, J. Ostling, L. Mattsson, F. Schocker, S. Vieths, L.K.
Poulsen, J. Allergy Clin. Immunol. 123 (2009) 1134–1141.

[130] K. Andersson, B.K. Ballmer-Weber, A. Cistero-Bahima, J. Ostling, I. Lauer, S.
Vieths, J. Lidholm, Allergy 62 (2007) 897–904.

[131] L.J. Masthoff, L. Mattsson, L. Zuidmeer-Jongejan, J. Lidholm, K. Andersson, J.H.
Akkerdaas, S.A. Versteeg, C. Garino, Y. Meijer, P. Kentie, A. Versluis, C.F. den
Hartog Jager, C.A. Bruijnzeel- Koomen, A.C. Knulst, R. van Ree, E. van Hoffen,
S.G. Pasmans, J. Allergy Clin. Immunol. 132 (2013) 393–399.

[132] A.E. Flinterman, J.H. Akkerdaas, A.C. Knulst, R. van Ree, S.G. Pasmans, Curr.
Opin. Allergy Clin. Immunol. 8 (2008) 261–265.

[133] K.J. De Knop, M.M. Verweij, M. Grimmelikhuijsen, E. Philipse, M.M.
Hagendorens, C.H. Bridts, L.S. De Clerck, W.J. Stevens, D.G. Ebo, Pediatr.
Allergy Immunol. 22 (2011) 139–149.

[134] J. Lin, H.A. Sampson, Curr. Opin. Allergy Clin. Immunol. 9 (2009) 357–363.
[135] M.H.V. Van Regenmortel, Methods 9 (1996) 465–472.
[136] J.M. Robotham, S.S. Teuber, S.K. Sathe, K.H. Roux, J. Allergy Clin. Immunol. 109

(2002) 143–149.
[137] J.M. Robotham, G.G. Hoffman, S.S. Teuber, K. Beyer, H.A. Sampson, S.K. Sathe,

K.H. Roux, Mol. Immunol. 46 (2009) 2975–2984.
[138] A. Barre, G. Jacquet, C. Sordet, R. Culerrier, P. Rouge, Mol. Immunol. 44 (2007)

3243–3255.
[139] A. Barre, C. Sordet, R. Culerrier, F. Rancé, A. Didier, P. Rougé, Mol. Immunol. 45

(2008) 1231–1240.

http://refhub.elsevier.com/S1046-2023(13)00282-X/h0265
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0265
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0270
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0270
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0270
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0275
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0280
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0285
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0285
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0290
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0290
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0295
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0295
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0295
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0300
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0305
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0305
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0310
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0310
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0315
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0315
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0320
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0325
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0330
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0330
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0335
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0335
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0340
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0340
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0345
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0345
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0345
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0350
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0350
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0355
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0360
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0365
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0365
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0370
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0370
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0375
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0375
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0380
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0380
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0385
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0385
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0385
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0390
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0390
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0390
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0395
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0395
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0400
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0405
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0405
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0410
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0410
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0415
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0420
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0420
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0420
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0425
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0425
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0430
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0430
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0430
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0435
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0440
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0440
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0445
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0445
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0450
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0450
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0455
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0455
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0460
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0460
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0465
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0465
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0470
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0470
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0475
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0475
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0475
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0480
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0480
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0485
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0485
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0490
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0490
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0490
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0495
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0495
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0500
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0500
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0505
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0510
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0510
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0515
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0515
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0520
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0520
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0525
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0525
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0530
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0530
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0535
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0535
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0540
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0540
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0540
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0545
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0545
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0545
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0545
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0550
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0550
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0550
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0555
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0560
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0560
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0565
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0570
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0570
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0575
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0575
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0580
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0585
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0585
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0590
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0595
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0595
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0600
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0600
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0605
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0605
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0610
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0610
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0615
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0620
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0625
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0630
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0630
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0630
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0635
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0635
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0635
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0640
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0640
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0645
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0645
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0645
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0650
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0650
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0655
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0655
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0655
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0655
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0660
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0660
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0665
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0665
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0665
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0670
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0675
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0680
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0680
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0685
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0685
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0690
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0690
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0695
http://refhub.elsevier.com/S1046-2023(13)00282-X/h0695


LeAnna N. Willison et al. / Methods 66 (2014) 34–43 43
[140] J.M. Gershoni, A. Roitburd-Berman, D.D. Siman-Tov, N. Tarnovitski Freund, Y.
Weiss, BioDrugs 21 (2007) 145–156.

[141] D.J. Barlow, M.S. Edwards, J.M. Thornton, Nature 322 (1986) 747–748.
[142] J.M. Robotham, L. Xia, L.N. Willison, S.S. Teuber, S.K. Sathe, K.H. Roux, Mol.

Immunol. 47 (2010) 1830–1838.
[143] L. Xia, L.X. Willison, L. Porter, J.M. Robotham, S.S. Teuber, S.K. Sathe, K.H.

Roux, Mol. Immunol. 47 (2010) 1808–1816.
[144] Q. Zhang, L.N. Willison, P. Tripathi, S.K. Sathe, K.H. Roux, M.R. Emmett, G.T.

Blakney, H.M. Zhang, A.G. Marshall, Anal. Chem. 83 (2011) 7129–7136.
[145] Q. Zhang, K.A. Noble, Y. Mao, N.L. Young, S.K. Sathe, K.H. Roux, A.G. Marshall,

J. Am. Soc. Mass Spectrom. 24 (2013) 1016–1025.
[146] L.N. Willison, Q. Zhang, M. Su, S.S. Teuber, S.K. Sathe, K.H. Roux, Mol.

Immunol. 55 (2013) 253–263.
[147] X. Yang, X. Yu, Rev. Med. Virol. 19 (2009) 77–96.
[148] R. Vita, L. Zarebski, J.A. Greenbaum, H. Emami, I. Hoof, N. Salimi, R. Damle, A.

Sette, B. Peters, Nucleic Acids Res. 38 (2010) D854–D862.
[149] S.J. Maleki, S.S. Teuber, H. Cheng, D. Chen, S.S. Comstock, S. Ruan, C.H. Schein,

Allergy 66 (2011) 1522–1529.
[150] V. Lollier, S. Denery-Papini, C. Larré, D. Tessier, Mol. Immunol. 48 (2011) 577–

585.
[151] A.N. da Silva, E.J. Nascimento, M.T. Cordeiro, L.H. Gil, F.G. Abath, S.M.

Montenegro, E.T. Marques, PLoS One 13 (2009) e7425.
[152] D.W. Goetz, B.A. Whisman, A.D. Goetz, Ann. Allergy Asthma Immunol. 95

(2005) 45–52.
[153] M. Kulis, L. Pons, A.W. Burks, Int. Arch. Allergy Immunol. 148 (2009) 109–117.
[154] G. Senna, P. Bonadonna, M. Crivellaro, M. Schiappoli, G. Passalacqua, J. Invest.

Allergol. Clin. Immunol. 15 (2005) 225–227.
[155] M.P. de Leon, I.N. Glaspole, A.C. Drew, J.M. Rolland, R.E. O’Hehir, C. Suphioglu,

Clin. Exp. Allergy 33 (2003) 1273–1280.
[156] M.P. de Leon, A.C. Drew, I.N. Glaspole, C. Suphioglu, J.M. Rolland, R.E. O’Hehir,

Clin. Exp. Immunol. 35 (2005) 1056–1064.
[157] M.F. Sutherland, R.E. O’Hehir, D. Czarny, C. Suphioglu, J. Allergy Clin.

Immunol. 104 (1999) 889–890.
[158] L. Rosenfel, W. Shreffler, L. Bardina, B. Niggemann, U. Wahn, H.A. Sampson, K.

Beyer, Int. Arch. Allergy Immunol. 157 (2012) 238–245.
[159] M. Wallowitz, R.J.Y. Chen, J.T.C. Tzen, S.S. Teuber, Clin. Exp. Allergy 37 (2007)

929–938.
[160] R. Noorbakhsh, S.A. Mortazavi, M. Sankian, F. Shahidi, M. Tehrani, F.J. Azad, F.

Behmanesh, A. Varasteh, Allergol. Int. 60 (2011) 425–432.
[161] J.H. Akkerdaas, M. Wensing, R. Asero, M. Fernandez Rivas, A.C. Knulst, S.
Bolhaar, S.L. Hefle, R.C. Aalberse, R. van Ree, Int. Arch. Allergy Immunol. 138
(2005) 203–208.

[162] F.J. Moreno, F.A. Mellon, FEBS J. 272 (2005) 341–352.
[163] C.C. Bowman, M.K. Selgrade, Toxicol. Sci. 102 (2008) 100–109.
[164] P. Ansari, N. Stoppacher, S. Baumgartner, Anal. Bioanal. Chem. 402 (2012)

2607–2615.
[165] F.J. Moreno, L.A. Rubio, A. Olano, A. Clemente, J. Agric. Food Chem. 54 (2006)

8631–8639.
[166] R. Noorbakhsh, S.A. Mortazavi, M. Sankian, F. Shahidi, S.J. Maleki, L.R. Nasiraii,

R. Falak, H.R. Sima, A. Varasteh, J. Agric. Food Chem. 58 (2010) 10231–10235.
[167] R.J. Dearman, M.J. Alcocer, I. Kimber, Clin. Exp. Allergy 37 (2007) 582–591.
[168] G.J. Murtagh, D.B. Archer, M. Dumoulin, S. Ridout, S. Matthews, S.H. Arshad,

M.J. Alcocer, Clin. Exp. Allergy 33 (2003) 1147–1152.
[169] P.R. Shewry, Seed proteins, in: R. Casey (Ed.), Distribution and Some

Properties of Seed Globulins, Kluwer Academic, Boston, 1999, pp. 159–169.
[170] G. Passalacqua, M. Landi, G.B. Pajno, Curr. Opin. Allergy Clin. Immunol. 12

(2012) 271–277.
[171] U. Nurmatov, I. Venderbosch, G. Devereux, F.E. Simons, A. Sheikh, Cochrane

Database Syst. Rev. 9 (2012) CD009014.
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