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Summary
Food-induced allergies have been regarded as an emergent problem of public health. Clas-
sified as important allergenic ingredients, the presence of walnut and other nuts as hidden
allergens in processed foods constitutes a risk for sensitized individuals, being a real prob-
lem of allergen management. Attending to the increasing importance dedicated to walnut
allergy, this review intends to provide the relevant and up-to-date information on main
issues such as the prevalence of walnut allergy, the clinical threshold levels, the molecular
characterization of walnut allergens and their clinical relevance, as well as the methodol-
ogies for walnut allergen detection in foods. As the walnut used in human diet comes
from Juglans regia and Juglans nigra, the molecular characterization of the allergens from
both species included in the prolamins (Jug r 1, Jug n 1 and Jug r 3), cupins (Jug r 2, Jug
n 2 and Jug r 4) and profilins (Jug r 5), together with respective clinical relevance, were
compiled in this review. The most recent progresses on walnut allergen detection tech-
niques (protein- and DNA-based) are described and critically compared, including the
emergent multitarget approaches.

Introduction

Walnut belongs to the botanical family of Juglanda-
ceae, and it is the seed of the trees of the genus
Juglans, which encompass 24 different species. The nuts
from all the species included in this genus are edible,
but only two have economical interest, namely the
Juglans regia (also designated as common, Persian,
English, California, or Carpathian walnut) and the
Juglans nigra (Eastern black walnut) [1]. Both species
are well spread around the globe, being predominantly
cultivated in temperate climates. The most well-known
species of walnut is the common walnut (Juglans regia)
that is native from the Balkans region in southeast
Europe, southwest and central Asia to the Himalaya
and southwest China. The black walnut (Juglans nigra)
is native from the eastern North America, but also
widely cultivated in other regions [1]. There is a large
number of walnut cultivars, being Chandler, Hartley,
Tulare, Howard, Ashley, Payne, Lara, Franquette, Marbot,
Parisienne, Serr, Vina and Valcor, some examples of
the varieties originated and/or cultivated in Europe and
USA [1, 2].

Like other tree nuts, walnuts have also attained a
special interest among world’s population as their
consumption is frequently associated with healthy hab-
its and equilibrated food diets. The regular consumption
of walnut seems to improve body’s lipid profile, con-
tributing to the decrease of cholesterol levels and thus
reducing the risk of coronary heart diseases. Addition-
ally, other positive beneficial health effects can be
attributed to the intake of walnut and other nuts, such
as their active intervention on inflammatory processes,
oxidative stress, vascular reactivity and glycemic con-
trol (see review [3]). The edible part of walnuts is the
kernels, though the hulls also present elevated commer-
cial interest, especially those from Juglans nigra due to
its high content in pigments (juglone and plumbagin)
and tannins. As consequence, walnut hulls have multi-
ple applications, not only as dyes and inks, but also as
potent antibacterial, antimicrobial and antifungal
agents [4].

Taking into consideration all the human health bene-
fits and the numerous industrial uses attributed to wal-
nut, the demand for this nut has been increasing, which
is supported by the growth of its global production



(approximately 270%) during the past 20 years [5]. In
2011, the world’s total production of walnut corre-
sponded to 3 418 502 tonnes, ranking this nut in the
second place in terms of total tree nut production quan-
tity, just behind cashew nut. In the same year, the
major walnut producers were China and Iran, account-
ing for almost 63% of the world’s production [5].

The recognized health effects of walnut, combined
with its pleasant taste, have led to its inclusion (as seed
or oil) in several cookery dishes and pastry products
(e.g. cakes, biscuits, ice-creams) [6]. The walnut con-
sumption is frequent and mostly appreciated by the
majority of the individuals. However, for a part of the
general population, the ingestion of walnut can repre-
sent a health risk due to the possibility of inducing
hypersensitivity in sensitized/allergic individuals. As
preventive measure since 1985, the Codex Alimentarius
Commission suggested the mandatory labelling of foods
susceptible of containing potentially allergenic ingredi-
ents. From 1993, walnut and other tree nuts were
defined as one of the eight groups accountable for
almost 90% of human food allergies [7]. Since then,
legislation has been issued and further updated to pro-
tect sensitized/allergic individuals. Inside the European
Union (EU), food producers are obligated to declare all
the ingredients present in prepackaged foods [8]. Cur-
rently, EU legislation establishes a list of fourteen
groups of certain substances or products causing aller-
gies or intolerances that are required to be emphasized
from the rest of the ingredients enumerated in processed
foods, regardless of their quantity [9, 10]. In the referred
list, walnut together with other tree nuts, represent
one of the fourteen groups of potentially allergenic
foods, which also includes soybean, cereals containing
gluten, sesame, mustard, celery, peanuts, milk, eggs, fish,
molluscs, crustaceans, lupine and sulphites.

Over the past years, tree nuts have been the focus of
several studies about food allergies. With this review, it
is intended to provide a broad and updated overview
about some of the most relevant issues regarding wal-
nut as an allergenic food. Topics such as the prevalence
of walnut allergy, the molecular characterization of
identified allergens (from both Juglans regia and Jug-
lans nigra) and the available analytical methods for its
detection will be focused in this review. In addition,
other pertinent subjects concerning the clinical rele-
vance of walnut allergy, the definition of threshold
levels and an insight into forthcoming potential immu-
notherapies for food allergies will also be addressed.

General considerations about food allergy

Food-induced allergies can be classified as immunoglob-
ulin-E (IgE) mediated, non-IgE mediated, or a combina-
tion of both [11]. Most of IgE-mediated reactions are

featured by a series of symptoms (involving skin, gastro-
intestinal, cardiovascular and/or respiratory tracts) that
commonly appear during the first 2 h upon ingestion of
the offending food. After the allergic sensitization, food-
specific IgE antibodies are produced and bounded on the
surface of the mast cells and blood basophils. Upon
re-exposure to the given food, the allergenic proteins
are recognized by the specific IgE antibodies, which are
responsible for activating the release of mediators such
as leukotrienes, prostaglandins and histamine [11, 12].
Without observable clinical symptomatology, the sensi-
tization alone is not sufficient to classify as food allergy
[13].

The cell-mediated immunological reactions (non-IgE
mediated) have different clinical presentations often
associated with proctolitis, enterocolitis and enteropathy
syndromes that affect primarily infants and young
children. In those cases, patients frequently exhibit
abdominal cramps, diarrhoea and/or vomiting. Clinical
syndromes related to eosinophilic esophagitis and atopic
dermatitis are examples of food allergy caused by mixed
IgE- and cell-mediated disorders [12, 13]. Abnormal
immunological responses can be catalogued in different
types, namely immediate and delayed hypersensitivity
reactions. The immediate hypersensitivity reactions are
mediated by IgE and clinical symptoms ensue, generally,
within 2 h after ingestion or exposure to the offending
food [11]. Despite being very rare, the appearance of
observable symptoms after 24 h or more, upon the inges-
tion of the allergenic food are classified as delayed hyper-
sensitivity reactions. In these conditions, the adverse
responses are cell-mediated and normally activate the
T cells [14]. Although the cell-mediated responses, such
as allergic contact dermatitis, are catalogued as immune-
mediated reactions, they are the most uncommon form of
food allergy [11]. For this reason, they are classified of
small clinical relevance when compared to other
immune-mediated adverse food reactions.

The severity of the allergic reactions varies from mild
to potentially life-threatening, and it is dependent on a
variety of internal and external factors [15]. Several
features have been investigated and are pointed out as
possible risks and causes for the development of food
allergies. Accordingly, genetic aspects (familial associa-
tions and specific genes), association with atopic dis-
eases (e.g. atopic dermatitis) and pre-existing conditions
(e.g. asthma), timing and route of exposure to allergen
(e.g. topical/respiratory exposure may be sensitizing),
components of diet (reduced consumption of x-3 poly-
unsaturated fatty acids, vitamin D), diet during preg-
nancy and medication (e.g. antibiotics, antacids) have
been highlighted as potentially increasing risk factors
for developing food allergy [16]. The severity of the
allergic reactions is highly dependent on the amount of
food ingested, on the type of food processing used

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 319–341

320 J. Costa et al



(cooked, raw, or processed) and on the possible
interactions with other foods [13]. In addition, factors
such as patient’s age, speed of food absorption and
ingestion of food close to a time of exercise can also
contribute to the severity of the allergic reaction.
Although all those conditions are known to enhance
the severity of an allergic response, its degree of inten-
sity is very difficult to predict [11].

In the past few years, the knowledge about different
aspects of food allergies have been actively used to pro-
tect and enhance the quality of life of the sensitized/
allergic individuals, though much work is needed in
this field.

Prevalence of walnut allergy

Food-induced allergy is regarded as an emerging prob-
lem of public health affecting adults and children,
whose prevalence seems to be rising, not only in the
industrialized countries, but also in developing and
emerging economies [17]. The true prevalence of food
allergies has been very difficult to estimate. Until now,
data suggest that 3–4% of adults and 5–6% of young
children/adolescents can suffer from some type of
allergy related to food [18, 19]. Although the available
data is considered rather inaccurate, general numbers
estimate that 1–2% up to 10% of the world’s population
can be affected by food allergy [20].

Most of the studies designed to evaluate the preva-
lence of food allergies are frequently based on self-
reported reactions to foods such as questionnaires and
surveys, rather than objective assessments as open food
challenges (OFC), double-blind placebo-controlled food
challenge tests (DBPCFC), or determined sensitization to
foods by serum IgE and skin prick tests (SPT) [21].
Although questionnaires and surveys could represent
helpful tools, respective data must to be carefully inter-
preted as individuals often tend to overestimate virtual
symptoms. With respect to some of these facts, the
prevalence data are still far from being accurate and
should always be regarded as mere indicators of the
true incidence of food allergies [22].

Although some studies have been advanced estimat-
ing the prevalence of tree nut allergies [23–27], the
information concerning the specific incidence of walnut
allergy is still very scarce. Walnut allergies seem to be
more prevalent in the USA along with allergies towards
almond and cashew, in opposition to Europe, where
hazelnut allergy is more frequently reported [25, 28].

On the basis of a large Europewide research project
(EuroPrevall) funded by the European Commission that
was specifically elected to evaluate the prevalence, basis
and cost of food allergies [29], data about the preva-
lence of walnut allergy were recently provided. In this
project, involving numerous centres from a total of 13

countries (USA, Australia and eleven countries from
Europe), 5 allergen mixes from a total of 24 foods pre-
viously defined as priorities (including walnut) were
tested against the sera of sensitized/allergic subjects.
Walnut allergy presented an overall incidence of 2.2%
and a prevalence of 1.8% after excluding the birch
positive individuals [30]. France exhibited the highest
incidence of walnut-allergic patients (3.7%), closely fol-
lowed by Germany (3.3%), Italy (3.1%) and Spain
(3.1%). From the total of 24 foods surveyed in the
referred study, only two nuts (hazelnut and walnut)
were evaluated. Accordingly, walnut allergy ranked fif-
teenth, being the first position occupied by hazelnut
[30]. This ranking evidenced the relevance of hazelnut
allergy in Europe, considering that most of the coun-
tries participating in this wide project were European.

With respect to the presented information, it becomes
clear that more extensive studies are needed to support
the estimated data for the prevalence of walnut allergy.
In addition, it would also be very important to include
objective information regarding walnut and other nut
allergies involving more countries from different
regions (e.g. Africa and Asia).

Clinical threshold levels for walnut

In spite of the severity, the prevalence and the impact
of food allergies on daily life of the sensitized/allergic
individuals, there is still no cure for them. Only preven-
tive and therapeutic measures are available to help
these patients managing their food allergies. Therefore,
for the sensitized/allergic individuals, the only effective
means of preventing an adverse reaction is the total
avoidance of the offending food or a therapeutic treat-
ment (antihistaminic, corticosteroids, bronchodilators
and/or epinephrine) in the case of an accidental expo-
sure to the allergenic food [15]. As food-allergic con-
sumers represent a small, but rather significant growing
portion of the general population [31], protective mea-
sures such as precautionary labelling have been widely
adopted by food-processing industry to prevent possible
legal actions. The use of precautionary labelling safe-
guards the allergic population, but also restricts their
choices when acquiring processed foods. In this sense,
the knowledge of the minimum dose that can elicit a
reaction is of great interest to all food allergy stake-
holders (caretakers, health professionals, food industry)
[32, 33]. The definition of clinical thresholds for aller-
genic foods is fundamental to evaluate their risk at both
individual and population levels. While the information
about individual thresholds permits allergic patients
and health professionals to better manage food allergy,
the insight about population thresholds should help
food industry and regulatory authorities assessing
appropriate guidelines for risk management of aller-
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genic foods [32]. The clinical threshold level for an
allergenic food lies between the highest dose observed,
not inducing any adverse effect (no observed adverse
effect level – NOAEL), and the lowest dose of food trig-
gering an observed adverse effect (lowest observed
adverse effect level – LOAEL) [34]. Considering that this
limit is difficult to delineate, threshold is often defined
as the LOAEL or the NOAEL on both population and
individual basis [34].

When in contact with the offending food, allergic
individuals can respond differently to a very large
range of doses. As a result, the assessment of individual
threshold levels can be determined by clinical challenge
trials such as OFC and DBPCFC. Results from those
challenges can be extrapolated to provide a dose–
response curve to a given allergen by means of statisti-
cal models based on individual LOAEL parameters [35].
Nevertheless, these tests must involve the cooperation
of the allergic patients during small or long periods,
which is not always easily carried out.

The determination of clinical thresholds for allergenic
foods is still at a very preliminary stage. In the particu-
lar case of the group of tree nuts, only primary data
have been advanced for hazelnut, cashew nut and wal-
nut [36, 37]. Regarding walnut, a single study based on
DBPCFC was reported by Blom et al. [36], in which the
retrieved information was analysed to determine indi-
vidual LOAEL and NOAEL for both subjective and
objective symptoms. The DBPCFC was applied to a total
of 363 allergic children/adolescents with ages ranging
from 2 to 16 years-old to trace a profile of threshold
levels for 7 different allergenic foods, namely peanut,
egg, milk, cashew nut, hazelnut, soybean and walnut.
Statistical models were applied to define population
thresholds using LOAEL and NOAEL values expressed as
discrete doses in milligram of total protein of the aller-
genic food [36]. Threshold levels were established for
5 major allergenic foods (cashew nut, hazelnut, egg, milk
and peanut). However, the number of individuals with
positive objective symptoms for walnut was too small
to fit into the distribution models and only individual
LOAEL and NOAEL were defined for this allergenic ingre-
dient. The positive LOAEL with objective symptoms
exhibited a wide scope of doses, ranging from 0.9 to
350 mg of walnut total protein in baked cookies [36].

From the exposed facts, it is well reinforced that
much research is still needed to establish clear clinical
threshold levels for walnut and other allergenic foods
such as different nuts.

Allergen characterization and clinical relevance

In the last years, significant research has been con-
ducted to characterize the allergens involved in tree nut
allergy. The categorization of the specific allergens,

both from a biochemical and from a immunological
point of view, allowed them to be classified into a very
restrict number of families and superfamilies [38, 39].
In addition to this classification, food allergens can be
further catalogued as class I or class II, according to
their subjacent pattern of sensitization. While class I
food allergens evidence similar characteristics such as
high stability to food processing and gastric digestion,
enabling them to induce allergic sensitization via the
gastrointestinal tract, class II food allergens are consid-
ered to be more sensitive to heat and digestive
enzymes. As consequence, class II food allergens do not
cause sensitization via the oral route. Instead, they are
more likely to provoke allergic reactions in patients
with previous sensitization to inhalant allergens, with
pollen acting as primary sensitizer, potentially leading
to pollinosis-associated food allergies [40–42]. Thus,
parameters, such as stability to acidic environment,
thermal denaturation and gastrointestinal proteases, are
highly relevant for the classification of class I or class
II food allergens [40].

Currently, a clear and distinct classification of class I
or II food allergens is not always possible, although
evidences suggest that class I allergens can only be
found in foods (not in pollen), in contrast to class II
allergens that are commonly present in both [42]. In
terms of clinical relevance, class I food allergens are
often considered of major importance because they are
correlated with severe clinical presentations. In the case
of class II food allergens, allergic reactions are gener-
ally classified as mild, although severe adverse immu-
nological responses can also be attributed to them.
Class I and II food allergens can be found in the tree
nut group, being both of critical importance in nut
allergy. Therefore, 2S albumins, legumins and vicilins
are classified as important tree nut seed storage pro-
teins, representing relevant class I food allergens, while
class II allergens from pathogenesis-related (PR)
proteins (Bet v 1-homologous family) and structural
profilins are minor components in nuts.

A number of specific clinical syndromes can occur as
a result of food allergies, which are rated on the basis
of inter-related immunologic causes and the organ or
system(s) affected. As disorders can vary in intensity
targeting one or more organs/systems, clinical manifes-
tations of food allergy are known to affect the skin, as
well as the gastrointestinal, cardiovascular and/or respi-
ratory tracts [13]. The most common symptoms related
to IgE-mediated food allergies are urticaria, angioedem-
a, pruritus, nausea and vomiting, abdominal pain or
cramping, and diarrhoea. Respiratory symptoms such as
sneezing, rhinorrhoea, nasal congestion, coughing, stri-
dor, wheezing and ocular injection, often occur associ-
ated with cutaneous and gastrointestinal complaints
[11]. In adults, the most usual clinical manifestation
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concerns the oral allergy syndrome (OAS) also referred
as pollen-associated food allergy syndrome, which ordi-
narily affects patients with pollen allergies [13].

Among the observable IgE-mediated responses to
food, the most severe is anaphylaxis that is a systemic
and potentially fatal allergic reaction. Anaphylactic
shocks can ensue suddenly upon the ingestion of the
offending food [43] and are frequently reported to
occur in children and adolescents. IgE-mediated reac-
tions to peanut and tree nuts are usually related to this
severe clinical manifestation, often resulting in fatalities
[11, 44]. In the tree nut group, walnuts, hazelnuts and
almonds are among the most usually cited as being the
cause of systemic allergic reactions [45]. Walnut allergy
is typically classified as severe and potentially life-
threatening, occurring with complex clinical presenta-
tions [39].

The recent advances in recombinant DNA technology
for allergen research, the application of recombinant
allergens and synthetic sequential epitopes have been
contributing for the detection of sensitization profiles,
with IgE specific to several allergens/substructures, now
being pointed out as possible markers of severity and
persistence. Thereby, the use of novel technologies (e.g.
microarrays) for the simultaneous measurement of mul-
tiple IgE reactivity concerning specificity, abundance,
reactivity, or interaction has been regarded as excellent
tools to improve allergy diagnosis procedures. In spite
of this, clinical studies on cross-reactivity between tree
nuts are still scarce.

In the specific case of walnut, different allergenic
proteins have been identified and characterized, con-
cerning the two species Juglans regia and Juglans nigra
owing to their involvement in walnut allergy. Common
and black walnut allergens were included in two super-
families of proteins, namely the prolamin (Jug r 1, Jug
n 1 and Jug r 3) and the cupin (Jug r 2, Jug n 2 and
Jug r 4). More recently, another allergen (Jug r 5) was
identified in walnut as belonging to a different family
of proteins, the profilins.

At the time, proteins Jug r 1, Jug r 2, Jug r 3 and
Jug r 4 from common walnut and Jug n 1 and Jug n 2
from black walnut were already included and classified
as food allergens in the WHO-IUIS list of allergens [46].
The profilin Jug r 5 was not yet encompassed in the
referred list, but it was already comprised in the Allerg-
ome database [47]. In this context, the allergens identi-
fied so far, as well as their clinical relevance
concerning walnut allergy, will be extensively discussed
in this review.

Prolamin superfamily

This superfamily of proteins was initially characterized
by its solubility in alcohol/water mixtures, either in its

native state or after the reduction of interchain disul-
phide bonds and by its high content in amino acids
such as proline and glutamine, thus justifying its desig-
nation (prolamin) [48, 49]. It encompasses three major
groups of food allergens: the 2S albumins, the nonspe-
cific lipid transfer proteins (nsLTP) and the cereal
alpha-amylase/trypsin inhibitors. The members of the
prolamin superfamily present a highly conserved pat-
tern of cysteine residues located within a sequence of
about 100 amino acids (aa). They exhibit six or eight
cysteine residues, forming three or four intrachain di-
sulphide bonds, respectively [49]. In general, these pro-
teins have low molecular weight, high cysteine content,
similar three-dimensional structures rich in alpha-heli-
ces and high stability to thermal processing and prote-
olysis [50]. Due to these characteristics, many of the
allergens belonging to this superfamily are considered
important class I food allergens responsible for
inducing severe allergic reactions (e.g. anaphylaxis) in
sensitized individuals [51].

2S Albumin family

Included in the prolamin superfamily of proteins, Jug r
1 and Jug n 1 were identified as allergens from com-
mon and black walnut, respectively. Sharing the same
general characteristics of the prolamin superfamily
members, the 2S albumins are considered water-soluble
proteins at low salt concentrations, with a primary
structure presenting high content in arginine, gluta-
mine, asparagine and cysteine residues. After their syn-
thesis, these small globular proteins (12–15 kDa) are
subjected to sequence modifications that include the
cleavage of 2S albumins into a large and small subunits
(heterodimers) linked by conserved interchain disul-
phide bonds [52]. Owing to the presence of eight cyste-
ine residues that are distributed in a conserved pattern,
the conformational structure of 2S albumins is ensured
by four disulphide bonds. During germination, the 2S
albumins are thought to act as important nitrogen and
sulphur donors, as a result of the amino acid composi-
tion of these proteins, their high abundance and their
mobilization in the seed cells [38, 42]. In addition to
their active role in the germination of seeds, other
functions have also been attributed to some 2S albu-
mins, namely antifungal properties.

Jug r 1

Jug r 1 protein presents a primary sequence of 139 aa
and an estimated molecular weight of 16.4 kDa, being
encoded by the nucleotide sequence Juglans regia 2S
albumin seed storage protein precursor mRNA with
649 bp (Table 1) [46, 53]. The native walnut Jug r 1 is
composed of two polypeptide chains of 3.5 kDa (light
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chain) and 8 kDa (heavy chain), respectively, coupled
to two interchain disulphide bridges and noncovalent
bonds, resulting from the processing of a single-chain
precursor of 14 kDa [54]. Besides the two interchain
disulphide bridges, the protein has two additional intra-
chain disulphide bonds in the heavy chain, contributing
to its globular conformation. Similarly to other 2S al-
bumins, the tri-dimensional structure attributed to the
native Jug r 1 consists of four alpha-helices connected
by loops to spiral regions. Overlapping peptide scans
prepared by Spot synthesis have been used to map
interaction sites in Jug r 1. Accordingly, four epitopic
regions have been identified and characterized in native
Jug r 1, corresponding to stretches 6IDNPRR11 (epitope
#1, with 6 aa), 42YDEDNQRQH50 and 72QVVRRQQQQ80

(epitopes #2 and #3, respectively, with 9 aa each), and
102CGISSQRCEIRR113 (epitope #4, with 12 aa) [54].
These epitopic regions have charged residues that coin-
cide with the exposed electropositively (epitopes #1, #3
and #4) and electronegatively (epitope #2) charged
areas on the surface of the allergenic protein. Other
small IgE-binding epitopic stretches were identified dur-
ing the epitope mapping of Jug r 1, namely 18EQI20,
24QNL26, 30QYY32 and 54CCQ56, although residues
24QNL26 and 30QYY32 have little exposure on the sur-
face of the protein, thus being considered of poor con-
tribution to the allergenicity of this protein. The other
two regions (18EQI20 and 54CCQ56) are located near the
epitopes #1 and #2, respectively, suggesting a more
close participation of these residues in the IgE binding
of walnut-allergic patients [54].

Teuber et al. [55] were the first to report the success-
ful cloning of the recombinant Jug r 1 from common
walnut into the frame-shifted plasmid expression vector
using the Jug r 1 cDNA, with a purified fusion protein
detected as a band of approximately 42 kDa. The recom-
binant Jug r 1 presented a deduced molecular weight of
about 15–16 kDa, considering that the synthesis of
foreign proteins expressed by the plasmid expression
vector as a fusion product with a 26 kDa glutathione-S-
transferase. The 2S albumin seed storage protein precur-
sor (recombinant Jug r 1) with 139 aa exhibited a
significant homology with the allergenic methionine-
rich 2S albumin seed storage precursor from Brazil nuts,
revealing 46% of identity with Ber e 1 [55]. Epitope map-
ping of the recombinant Jug r 1 evidenced that a linear
stretch of 12 aa (33QGLRGEEMEEMV44) of the large sub-
unit was responsible for the strong IgE reactivity
observed with the sera of walnut-allergic patients. More-
over, the presence of the core amino acids 36RGEE39 and
an additional residue of glutamic acid at position 42 are
determinant for IgE binding to occur [56].

More recently, Sordet et al. [54] described the
production of a correctly folded and fully functional
recombinant Jug r 1. The recombinant allergenT
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consisted of an uncleaved single-chain precursor, thus
differing from the native protein that is composed of
two covalently linked light and heavy chains, resulting
from the in planta processing of the single chain pre-
cursor. Although not submitted to processing, the
recombinant Jug r 1 precursor evidenced an overall fold
and a disulphide bonding profile that is virtually identi-
cal to the native protein. In accordance with these
structural similarities, both native and recombinant pro-
teins exhibited a very close IgE-binding reactivity sug-
gesting that the recombinant Jug r 1 could be a useful
tool for replacing native Jug r 1 in the component-
resolved diagnosis of walnut allergy. Jug r 1 presented
high sequence identity with other 2S albumins, namely
with Ana o 3 from cashew nut (identity of 55% and
similarity of 91%) [57] and with Car i 1 from pecan nut
(identity of 88% and similarity of 92%) [58]. The high
degree of sequence identity among 2S albumins from
different plant species contributes to the immunological
cross-reactivity between Jug r 1 and other allergenic 2S
albumins. In this case, it is possible that both linear and
conformational epitopes can play a role in the cross-
reactivity phenomena observed among these proteins
[59]. 2S Albumins present high pH and thermal stability
(original folding at temperatures >90°C), mostly attrib-
uted to their compact and globular conformational
structure, which is probably responsible for the resilient
allergenic activity related to them [59, 60]. Supporting
these evidences, the native Jug r 1 proteins reveal high
resistance to enzymatic activity (trypsin/chymotrypsin)
at basic pH (8.0), although they progressively lose aller-
genicity at acidic conditions (pH 1.3) in the presence of
pepsin. In addition, native Jug r 1 molecules preserve
their alpha-helical fold after heating at 90°C, being
subsequently cooled at 20°C, which indicates a good
resistance to heat denaturation [54]. Attending to these
facts, the poor proteolysis of Jug r 1 at basic pH could
contribute to the allergenic activity attributed to this
allergen as well as to other 2S albumins.

Jug r 1 allergen is considered of great clinical impor-
tance because it has been suggested as being associated
with severe allergic symptoms in walnut-allergic
patients. To support this evidence, in a study reported
by Teuber et al. [55], the sera of 12 of 16 walnut-
allergic patients with severe clinical presentations dem-
onstrated IgE binding to the 2S albumin seed storage
precursor fusion protein (Jug r 1). Considering that
more than 50% of sera from walnut-allergic patients
were reactive to Jug r 1, this protein was defined as a
major allergen in walnut [55, 61]. The high stability of
their intrinsic protein structure enables the 2S albumins
to cause sensitization directly via the gastrointestinal
tract, which classify them as potent class I food aller-
gens. Allergic reactions to 2S albumins from different
plant sources, such as Brazil nut, mustard, sesame and

almond, have been described with increasing frequency
[59]. Although mild symptoms have also been associ-
ated with this class of proteins, it is important to
emphasize the relatively high frequency of the occur-
rence of severe reactions, including laryngeal angioe-
dema and anaphylaxis.

Jug n 1

Jug n 1 is an allergen identified in black walnut, whose
primary sequence is constituted by 161 aa (Table 1).
Classified as a 2S albumin, this protein is encoded by a
nucleotide sequence of 574 bp with an estimated
molecular weight of 18.9 kDa [46, 62]. A BLAST search
indicates that this allergen presents high sequence iden-
tity with other 2S albumins from nuts, namely 96%
with Jug r 1 (Juglans regia), 87% with Car i 1 (Carya
illinoinensis) and 57% with Cor a 14 (Corylus avellana)
[46, 53]. The shared homology of those allergens could
partly explain the cross-reactivity observed among
these different nuts. Although the information about
this allergen is very scarce, Ling et al. [63] described
the cloning of a protein with 234 aa (Jug n 1) from a
cDNA clone of black walnut library with 749 bp, pre-
senting IgE-reactivity with sera from walnut-allergic
patients. In addition, this cloned protein also evidenced
83%, 82% and 81% of sequence homology with rubber
tree manganese superoxide dismutase (MnSOD), rice
MnSOD and tobacco MnSOD, respectively. Still, more
detailed information is needed for a more precise bio-
chemical characterization of Jug n 1 allergen from
black walnut.

From a clinical point of view, Jug n 1 should be con-
sidered as important as Jug r 1 as both belong to the
family of 2S albumin and share high degree of homol-
ogy (>97%). Although black walnut is clearly less
consumed, most of walnut-allergic patients could expe-
rience adverse immunological responses to this species
as the result of prior sensitization to common walnut
[39]. Preliminary reports seem to suggest a classifica-
tion of major allergen in case of black walnut as the
sera of 8 of 12 walnut-allergic patient tested positively
for Jug n 1 [39]. In an interesting study performed by
Comstock et al. [64], extensive in vitro cross-reactivity
to seed storage proteins, among different walnut culti-
vars and species, was demonstrated. Consequently,
patients with severe allergy to common walnut are
expected to be clinically allergic to all commercial wal-
nut cultivars and to other closely related species from
Juglans genus.

nsLTP family

As part of the prolamin superfamily, the nsLTP are clas-
sified as important plant seed allergens [51, 65]. They
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are biochemically defined as monomeric proteins of
low molecular size, with primary sequences rich in cys-
teine residues that contribute to secondary structures
composed of alpha-helices, involving a lipid binding
cavity in the core. The members of this family share
common structural features encompassing a characteris-
tic eight cysteine motif (four disulphide bonds) and
basic isoelectric points (pI~9) [66, 67]. The nsLTP are
divided into two subfamilies of 9 kDa (nsLTP 1) and
7 kDa proteins (nsLTP 2), both with biological functions
related to the transport of different classes of lipids
(fatty acids, phospholipids, glycolipids and sterols)
through membranes [65, 67]. Although performing
identical tasks, proteins from the two subfamilies pres-
ent a low overall similarity regarding the amino acid
sequence, sharing only approximately 30% of identity
[67]. To the nsLTP, other biological functions can also
be attributed, namely active roles in plant protection
(antifungal and antibacterial properties) [68] or poten-
tial involvement in plant growth and development
(embryogenesis, germination) [66, 69]. With a wide dis-
tribution throughout nature [65], the nsLTP are com-
monly stimulated by biotic and abiotic plant stress
factors, which is a typical trait of the superfamily of PR
proteins. Therefore, the nsLTP are also known as the
PR-14 protein family [51].

The nsLTP are extremely resistant to heat treatment
and proteolytic digestion, which enables them to remain
intact during food processing and to survive to the
harsh environment of the gastrointestinal tract [70, 71].
As a result, LTP are classified as class I food allergens,
indicating a possible direct pattern of sensitization via
oral ingestion. Still, it is also important to refer that
some pollen LTP have been reported to behave as pri-
mary sensitizing agents in patients presenting IgE reac-
tivity to both mugwort and peach LTP [72], thus
suggesting a possible involvement of these proteins in
class II food allergies [40].

The sensitization to nsLTP appears to be affected by
geographical differences and dietary habits [73], being
frequently associated with severe symptoms of food
allergy. In this regard, LTP from Rosaceae fruits have
been considered as major allergens in the Mediterra-
nean area, whereas in Central and Northern Europe,
allergy to fruits from this family seems to be more
closely related to birch pollinosis (sensitization to Bet v
1-homologues proteins) rather than to LTP. Therefore,
LTP are thought to induce food allergies through differ-
ent sensitization pathways, namely primary sensitiza-
tion to a food LTP without pollen allergy; primary
sensitization to a food allergen with pre-existing pollen
allergy or primary sensitization to a pollen allergen.
Regardless the sensitization pathway, individuals may
suffer from food allergy, though with distinct clinical
symptoms [74].

Taking into consideration these characteristics,
together with their great dissemination among organ-
isms, nsLTP have been regarded as pan-allergens, being
even proposed as model allergens for true food allergy
[70, 74, 75].

Jug r 3

Included in the nsLTP, the Jug r 3 protein has been
classified as a food allergen in walnut seeds [46, 47]. It
presents a primary structure of 119 aa (Table 1)
encoded by the nucleotide sequence Juglans regia non-
specific lipid transfer protein mRNA with 360 bp [53].
With an isoelectric point of 9.45 and a molecular size
of 9.2 kDa, the purified LTP seems to exclude any gly-
cosylation. The N-terminal sequence of the first 30
amino acids exhibited a high degree of homology
(80%) with other fruits, namely peach and apricot [76].
According to the NCBI database [53], upon protein
alignment of relevant allergenic nsLTP from different
species, Jug r 3 exhibited a sequence identity of 60%
with Cor a 8 from hazelnut (accession no. AAK28533.
1), 59% with Pru av 3 from cherry (accession no.
AAF26449.1), 57% with Ara h 9 from peanut (accession
no. ABX56711.1) and 53% with Pru du 3 from almond
(accession no. ACN11576.1). Owing to this apparent
relationship between Jug r 3 and other allergens from
fruits/seeds of the Rosaceae family (almond, cherry,
peach), cross-reactivity among them is potentially high
[77]. The close sequence homology of LTP allergens
from Jug r 3 and peach was evidenced by the IgE
cross-reactivity between these proteins, suggesting the
IgE-binding epitopes of walnut LTP are also present in
peach LTP [76]. The nsLTP are mainly located in the
outer epidermal layers of fruits such as peach, which in
some cases allow allergic patients to tolerate peel-off
fruits. However, in the case of nuts that are commonly
eaten without removing the outer layer (peel), the aller-
gic patients are still at risk of developing adverse
immunologic reactions upon their consumption [78].
The effect of food processing on Jug r 3 allergen is not
yet clear, although heat treatments above 90°C during
long periods appear to reduce the allergenicity of some
nsLTP such as Mal d 3 from apple [79] and Cor a 8
from hazelnut [80].

In terms of clinical relevance, the nsLTP are normally
associated with severe and systemic allergic reactions
that can be potentially life-threatening [65, 81]. In a
study performed by Pastorello et al. [76], which was
specifically designed to identify the allergens involved
in walnut allergy of Italian patients, confirmed that this
nut is able to provoke very severe allergic reactions.
Besides the fact of many of the selected patients had a
convincing history of life-threatening reactions to wal-
nut, some of the individuals with history of oral itching
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(oral allergy syndrome – OAS grade I) evidenced aggra-
vated symptoms at the oral provocation test (OAS grade
II). From a total of 46 Italian patients with mild (OAS)
or severe clinical symptoms, 36 individuals evidenced
IgE reactivity to LTP (Jug r 3). This protein exhibited
IgE cross-reactivity with peach major allergen LTP, sug-
gesting that all of the IgE-binding epitopes of walnut
LTP are also present in peach LTP. This fact indicates
that many of the patients allergic to walnut were pri-
marily sensitized to peach and only secondarily to wal-
nut. According to these evidences, Jug r 3 has been
proposed as a major allergen [76]. Additionally, the
walnut-allergic individuals reacting to LTP often exhib-
ited severe clinical presentations, thus confirming the
findings of previous reports [82, 83]. Regarding those
patients, they are most likely to be also allergic to other
fruits containing LTP, such as apricot, cherry, plum,
apple, grape, maize and hazelnut. As a consequence,
allergy to walnut can be considered a clinical manifes-
tation of the LTP syndrome [76].

In the Mediterranean area, IgE reactivity to walnut is
strongly associated with sensitization to LTP [73]. More
recently, in a study described by Asero et al. [84] for
the evaluation of genuine allergy to walnut and hazel-
nut, skin prick tests were performed and sera was col-
lected from Italian allergic patients, excluding those
sensitized to cross-reacting plant-food allergens (PR-10,
profilins and LTP). In the specific case of walnut, IgE
reactivity can be related to other allergens rather than
those already identified so far [84]. In the same report,
the authors also verified that walnut allergy was mainly
observed among young patients, indicating that in most
of the cases sensitization to genuine nut allergy occurs
at a rather young age.

Cupin superfamily

This superfamily encompasses a large and multifunc-
tional variety of proteins that are estimated to be origi-
nated by divergent evolution from a common ancestor,
whose presence is transversal to different kingdoms
(Bacteria, Plants and Animals) [42, 85]. These proteins
were collectively designated as cupins due to the exis-
tence of a beta-barrel motif in their tri-dimensional
structure [86]. Based on the presence of one or two
cupin domain(s), the members of this superfamily are
classified as mono- or dicupins, respectively. The func-
tional class of dicupins includes the 7S and 11S globu-
lar seed storage proteins, which represent major protein
components of several plant foods, namely tree nuts.
Owing to their different sedimentation coefficients,
globulins are divided in two groups: the vicilins (tri-
meric 7S globulins) and the legumins (hexameric 11S
globulins) [48, 87]. Among tree nuts, as the edible part
lies on the kernel, seed storage proteins are major

components of the nutrient reservoir. As consequence,
both legumins and vicilins are considered important
allergens in this group of seeds.

Vicilin family (7S globulins)

The vicilin-like proteins belong to the cupin superfam-
ily, presenting a structure of two conserved beta-barrel
motifs classifying them as bicupins. Included in the vic-
ilin family of proteins, the Jug r 2 and Jug n 2 were
identified as allergens of Juglans regia and J. nigra,
respectively. The 7S globulins are proteins with a total
molecular weight of 150–190 kDa and a trimeric struc-
ture, being composed of three subunits with molecular
weights ranging from 40 to 80 kDa each [88]. Vicilins
lack residues of cysteine in the primary sequence [89],
and thus, their structural stability is ensured by non-
covalent hydrophobic interactions, hydrogen bonds and
van der Waals interactions. The 7S globulins are
structurally composed of N-terminal and C-terminal
domains, containing a beta-barrel motif. Unlike the 11S
globulins, the vicilins are commonly glycosylated, with
one or two N-linked glycosylation sites located in the
C-terminal domain [90]. In legumes, vicilins are consid-
ered important seed storage proteins, playing a role as
nitrogen donor during seed germinating and acting as
plant protection proteins (namely antifungal activity)
[91].

Jug r 2

The Jug r 2 protein has been identified as an important
allergen in common walnut [46]. The primary structure
of this protein presents 593 aa (Table 1) encoded by the
nucleotide sequence Juglans regia vicilin-like protein
precursor, mRNA with 2057 bp [53]. The recombinant
protein Jug r 2 was first reported by Teuber et al. [91],
who subcloned the Jug r 2 cDNA into the frame-shifted
plasmid vector pGEX-4T-3. Considering that the recom-
binant Jug r 2 is expressed in a fusion protein (92 kDa)
containing a glutathione-S-transferase of 26 kDa, the
estimated molecular weight for the resulting Jug r 2
was 66 kDa. As Jug r 2 cDNA encodes a proprotein, the
molecular weight of the mature vicilin is about 47 kDa
(44 kDa in 12% acrylamide) after the cleavage of the
precursor at amino acid position 173 [91]. Jug r 2 is
considered a complex trimeric protein like several other
plant vicilins. Similarly to the 7S globulins of soybean
(Gly m 5) and peanut (Ara h 1), Jug r 2 from walnut
was also classified as an allergen. A BLAST search evi-
dences a high sequence similarity of this protein, not
only with the allergic vicilin from black walnut (Jug n
2), but also with vicilins from different plant sources,
namely other tree nuts. Accordingly, Jug r 2 exhibits a
sequence identity of 97% with Jug n 2 (black walnut,
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accession no. AAM54366.1), 47% with Cor a 11 (hazel-
nut, accession no. AAL86739.1), 43% with Ses i 3 (ses-
ame, accession no. AAK15089.1) and 38% with Pis v 3
(pistachio, accession no. ABO36677.1) [53]. Jug r 2 also
presents 92% of sequence similarity with Car i 2 aller-
gen (accession no. ABV49590.1), though this vicilin
from pecan nut was not yet included in the WHO-IUIS
list of allergens [46, 53].

As consequence of close sequence similarity and
identity of Jug r 2 with other vicilins, Barre et al. [92]
reported the characterization of surface-exposed IgE-
binding epitopes on the molecular organization of tri-
dimensional models of the vicilin allergens of walnut
(Jug r 2), hazelnut (Cor a 11), cashew nut (Ana o 1) and
peanut (Ara h 1). When comparing the IgE-binding epi-
topes of those allergenic vicilins, Jug r 2 was found to
be structurally more closely related to Ara h 1, present-
ing an overall sequence identity of 54% with this
peanut allergen [92]. With similar conformational IgE-
binding epitopes, cross-reactivity occurrences among
vicilins from different plant sources are to be expected.

These proteins exhibit considerable thermal stability,
which allows them maintaining their conformations at
temperatures below 70–75°C [90]. Still, when submitted
to high temperatures, 7S globulins may suffer structural
disruptions and covalent modifications with special
emphasis for those involved in glycation processes or
Maillard rearrangements [90]. Depending on the type of
food processing, these alterations are likely to affect the
allergenicity of vicilins, which can even be potentially
increased. The allergenicity of Jug r 2 was evaluated
after treating walnuts with single or combined cooking
processes, which included gamma-irradiation (1–25 k
Gy), microwave (500 W, 1 and 3 min), roasting (138°C
and 160°C–30 min; 168°C and 177°C–12 min), frying
(191°C, 1 min), blanching (100°C, 5 and 10 min) and/or
autoclaving (121°C, 15 psi, 15 and 30 min) [93]. With
this study, it was verified that walnuts were antigeni-
cally stable to all the tested procedures as indicated by
the stability of the polypeptide profiles. Additionally,
the results confirmed that roasting, frying above 191°C
or microwave heating had no significant effect on
immunoreactivity of walnut. After autoclaving, the
immunoreactivity of walnut proteins tested by ELISA
was apparently not affected, though results of Western
blot analysis showed a decrease on the recognition of
42–45 kDa Jug r 2 proteins.

Jug r 2 is also considered of high clinical importance
being classified as a major allergen in walnut [91]. This
classification was endorsed to this protein in a study
performed by Teuber et al. [91], 9 of 15 sera of patients
with severe and systemic walnut allergy were reactive
to Jug r 2. Presenting high similarity (70%) with the
homologue protein in peanut (Ara h 1), which is
responsible for the majority of the reported cases of

fatal anaphylaxis [38, 39], Jug r 2 is also expected to
induced severe symptoms in walnut-allergic patients.
Despite the high similarity between Jug r 2 and Ara h
1, minimal in vitro cross-reactivity was demonstrated
between peanut and walnut proteins. When testing
patients with clear IgE reactivity to Jug r 2, no evidence
of high-affinity cross-reactive IgE with Ara h 1 (crude
peanut extract) could be observed [91]. Contrarily to
the results obtained by Teuber et al. [91] using sera
from USA patients, in a study performed by Pastorello
et al. [76] among Italian allergic patients, vicilins were
considered as minor allergens as only 9 of 46 allergic
patients presented IgE reactivity with vicilin precursor
A. In the case of Jug r 3, the majority of the patients
were sensitized to different plant foods other than wal-
nut, but the individuals sensitized to vicilins (Jug r 2)
were exclusively allergic to walnut. Most of vicilin-sen-
sitized patients had several episodes of anaphylaxis
and/or glottis oedema, even after the ingestion of min-
ute quantities of walnut present as a hidden allergen.
This finding is in good agreement with the observations
described by Teuber et al. [91], whose patients had life-
threatening reactions. In addition to this, Pastorello
et al. [76] also verified that sensitization to vicilin can
occur through the gastrointestinal route, thus confirm-
ing a possible classification as class I food allergen.
Like the walnut LTP (Jug r 3), the vicilin (Jug r 2) is
also considered a true food allergen because in both
cases, these allergens are able to sensitize patients not
allergic to pollen, triggering severe and systemic aller-
gic reactions [76].

Jug n 2

An important allergen in black walnut corresponds to
the protein Jug n 2, which has been identified as a vici-
lin from the cupin superfamily. This protein, presenting
an estimated molecular weight of 55.7 kDa, is encoded
by the Juglans nigra vicilin seed storage protein mRNA
with 1732 bp, and it is composed of a primary structure
of 481 aa (Table 1) [46]. Like for Jug r 2, Jug n 2 also
exhibits high sequence identity with other allergenic
vicilins, namely 92% with Car i 2 (accession no
ABV49590.1), 46% with Cor a 11 and with Ses i 3
(accession no AAL86739.1 and AAK15089.1, respec-
tively) and 39% with Pis v 3 (accession no ABO36677.
1) [53]. Regarding Jug n 2 allergen, little information
has become available. Ling et al. [63] reported the clon-
ing of a protein with 338 aa (Jug n 2) from a sequence
of cDNA of black walnut library with 1317 bp. The pro-
duced protein evidenced IgE reactivity with sera from
walnut-allergic patients. In addition, the cloned protein
also exhibited 84% and 83% of sequence homology
with pea and tobacco glyceraldehydes, respectively
[63]. Jug n 2 has been included in the WHO-IUIS list of
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allergens, which only occurs after careful evaluation of
the allergen submission, according to the molecular and
immunological requirements established for inclusion
into the allergen nomenclature that is made by special-
ized members of the Executive Committee. However, in
the case of Jug n 2, this information has not been
made available for common researchers [46]. Therefore,
further information about molecular characterization
and allergenicity assessment of Jug n 2 is needed.

Based on the high homology between Jug n 2 and
Jug r 2 allergens, walnut-allergic patients are also
expected to experience adverse immunological reactions
when ingesting black walnut. However, specific infor-
mation regarding the clinical presentation of Jug n 2 is
also missing, indicating that relevant studies or even
case reports should be made available for clinicians,
researchers and caretakers in general.

Legumin family (11S globulins)

The other class of functional proteins included in the
bicupins relates to the 11S globulins that are also desig-
nated as legumins. Mature 11S globulins are nongly-
cosylated hexameric proteins with a total molecular
weight of approximately 360 kDa. The structure of legu-
mins is determined by six monomers interacting non-
covalently and displayed in an open ring conformation
[48]. Each of the six monomers is initially synthesized as
a unique polypeptide, being post-translationally cleaved
into two polypeptide chains, one acidic (30–40 kDa) that
is linked by a single intermolecular disulphide bond to a
basic polypeptide of approximately 20 kDa [90]. The
mature and functional 11S globulins (legumins) are
rarely glycosylated, in opposition to other bicupins (e.g.
vicilins).

Jug r 4

Jug r 4 is classified as a 11S globulin (legumin-type),
which is encoded by a nucleotide sequence of Juglans
regia seed storage protein mRNA with 1524 bp
(Table 1) [46]. The cloning of walnut cDNA into a malt-
ose-binding protein (MBP) expression vector pMAL-c2X
and transforming into Escherichia coli was reported by
Teuber et al. [94] and Wallowitz et al. [95]. With the
first 23 aa residues predicted to be a signal peptide, the
open reading frame was 507 aa in length, accounting
for a molecular weight of 58.1 kDa and an isoelectric
point of 6.8. The estimated molecular size relates to a
single subunit of walnut legumins as these proteins are
hexamers (six subunits) [95]. Sequence identity among
allergenic legumins from different plant sources is also
frequently high. The results from multiple sequence
alignments of Jug r 4 with other allergenic legumins
revealed 95% identity with Car i 4 from pecan nut

(accession no. ABW86978.1), 72% with Cor a 9 from
hazelnut (accession no. AAL73404.1), 57% with Ana o
2 from cashew nut and Pis v 5 from pistachio (acces-
sion no. AAN76862.1 and ACB55490.1, respectively),
54% with prunin-2 that is part of Pru du 6 allergen
from almond (accession no. ADN39441.1) and 51% with
Ber e 2 from Brazil nut (accession no. AAO38859.1)
[53]. The comparison of these sequences enables sug-
gesting that the majority of the differences among legu-
min proteins are predominantly located in one of three
sections: in the first 34 amino acids (including the sig-
nal peptide), in amino acids 210-231, and in the last
residues 500-518. However, the verified differences in
the region containing the signal peptide (23 aa) are not
relevant for the analysis of the mature legumin
expressed in walnut because signal peptide is cleaved
during translation. According to Wallowitz et al. [95],
the alignment of legumins from walnut, cashew, hazel-
nut and peanut suggests that the major cleavage site
separating the protein into acidic (larger) and basic
(smaller) subunits is predictably located between resi-
dues 315 and 316. The cleavage site containing an
Asn-Gly peptide bond seems to be well conserved
among a wide variety of plant species. Jug r 4 and sev-
eral other legumins possess the NGXEET motif: NGLEET
is characteristic in Jug r 4 from walnut and in Pru du 6
from almond, NGFEET in Cor a 9 from hazelnut,
NGIEET in Ana o 2 from cashew and in Ara h 3 from
peanut [96]. Linear IgE-binding epitopes identified in
legumins from tree nuts and peanut have been mapped
using tri-dimensional models of the Jug r 4 (walnut),
Cor a 9 (hazelnut), Ana o 2 (cashew nut) and Ara h 3
(peanut) proteins. The analysis of the conformational
organization of these legumins revealed some structural
homology on the surface-exposed epitopes that could
explain the IgE-binding cross-reactivity observed
among tree nut allergens [97]. These evidences support
the occurrence of cross-reactivity between the recombi-
nant Jug r 4 and protein extracts from hazelnut (Cor a
9), cashew (Ana o 2) and peanut (Ara h 3) [95]. More
recently, Robotham et al. [98] sequenced the four epi-
topic regions (HS#1 to HS#4) most frequently recog-
nized by patient IgE, terming these binding epitopes as
‘hot spots’ and mapping the antigenic surfaces onto tri-
dimensional models. HS#2 and HS#4 IgE-binding epi-
topes share primary sequence similarity between Jug r
4 and Cor a 9, (100% for HS#2 and 86% for HS#4) and
appear to be structurally related, as evidenced by simi-
larities in the surface topology and charge distribution
regions [98]. Epitopic region HS#1 is also similar
among Jug r 4 and other legumins, namely Cor a 9
(hazelnut), Ana o 2 (cashew nut) and Gly m 6 (soy-
bean), but not with Ara h 3 (peanut). The majority of
the residues are located in the inner part of the
structure, indicating that this epitopic region is only
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available when the monomeric subunit is denatured
and/or fragmented [98].

Like the vicilins, the legumins share a propensity to
form large thermally induced aggregates with high ten-
dency to mould heat-set gels and function as emulsifi-
ers [60]. In general, legumins present a high thermal
stability responsible for preserving their conformational
structures at temperatures below 94°C, and great resis-
tance to proteolysis, which enable to retain their aller-
genic properties along the gastrointestinal system [90].
Owing to these properties, allergenic legumins can be
classified as class I food allergens. The general treat-
ments used in food processing such as heat (roasting,
blanching and autoclaving) and radiation (gamma and
microwave) are not likely to alter the immunoreactivity
of Jug r 4 protein. As demonstrated by Su et al. [93],
only the combination of gamma-irradiation (25 kGy)
and autoclaving for 30 min show a reduction in the
recognition of proteins of 45–66 kDa (identified as Jug
r 4) by Western blot analysis, but not when tested for
immunoreactivity by ELISA [99].

From an immunological and clinical point of view,
Jug r 4 is also considered an important major allergen
in common walnut. According to a study performed by
Teuber et al. [94], the sera of 15 individuals from a test
population of 23 patients with severe and systemic
reactions to walnut evidenced IgE reactivity to the
fusion protein containing Jug r 4. This allergen proved
to be a major allergen in walnut because more than
65% of the test population was reactant to it. In a dif-
ferent study conducted by Wallowitz et al. [95], the sera
from 37 patients with histories of potentially life-
threatening systemic reactions to walnut, involving
bronchospasm, hypotension, or laryngoedema/throat
swelling, were tested to verify IgE reactivity with
recombinant Jug r 4. According this report, the sera of
21 individuals evidenced positive IgE reactivity to this
allergen (>57%), thus confirming the previous designa-
tion of major allergen. Additionally, Jug r 4 displayed
significant sequence homology with other allergenic
legumins, namely with Cor a 9 (hazelnut), Ana o 2
(cashew nut) and Ara h 3 (peanut), contributing to
cross-reactivity occurrences, as already was confirmed
in vitro for those nuts [95].

Profilins

Profilins assemble a family of small cytosolic mole-
cules (12–15 kDa), presenting highly conserved pro-
teins that share close sequence identities (>75%), even
among organisms distantly related [65]. As conse-
quence of the abundant sequence conservation,
profilins exhibit highly similar structures and biologic
functions [42]. Biochemically, profilins are actin-
binding proteins involved in the dynamic turnover and

restructuring of the actin cytoskeleton. They belong to
the alpha-beta-class of proteins, evidencing a structure
mainly composed of two alpha-helices and five-
stranded anti-parallel beta-sheets. Profilins perform an
important role in cell-motility through the regulation
of actin microfilament polymerization dynamics [42].
The restructuring of the actin cytoskeleton is essential
for processes such as the organ development, the
wound healing and the hunting down of infectious
intruders by cells of the immune system. In plants,
these proteins perform an active role in the cytokine-
sis, the cytoplasmatic streaming, the cell elongation
and the growth of root hairs and pollen tubes [42, 65,
100]. In addition to actin, profilins have also been
described to bind different ligands such as phosphoi-
nositides and poly-L-proline stretches, which suggests
their involvement in other biological processes, for
example, membrane trafficking and organization, sig-
nalling pathways [65, 101]. Due to their wide partici-
pation in many essential cellular processes, profilins
can be found in most cells of eukaryotic organisms.
Consequently, they are also considered as pan-
allergens being responsible for several of the observed
cases of cross-reactivity between inhalant and food
allergens [102] and for the development of class II
food allergy [71]. In general, profilins are sensitive to
heat denaturation and gastric digestion, suggesting
their involvement in allergic reactions that are usually
confined to moderate oral symptoms (OAS), as the
result of the consumption of raw or poorly processed
foods (e.g. fruits) [71]. In contrast to nonpollen-related
class I food allergy that is very frequent among young
children, class II food allergy is more commonly
observed in adults as a consequence of sensitization to
inhalant allergens (e.g. pollen) [38].

Jug r 5

Regarding the profilin Jug r 5 identified in walnut, very
little information is available. This protein is classified
as a food allergen by the ALLERGOME database [47],
presenting IgE activity in the in vitro nonfunctional test
and cross-reactivity with the allergenic profilin Lol p
12 from grass. The route of exposure to this allergen is
by ingestion because Jug r 5 is present in walnut seed
tissues [47]. Jug r 5 has not yet been included in the
WHO-IUIS list of allergens [46], thus its classification as
an allergen is rather imprecise. The clinical symptoms
related to profilins are commonly considered mild and
mainly restricted to the oral cavity (OAS), mostly occur-
ring as the result of the ingestion of raw foods [65].
The profile of profilin sensitization is still unclear, as
clinical studies seem to suggest that patients with profi-
lin-specific IgE are frequently asymptomatic or at risk
of evolving multiple pollen-related food allergies [103].
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With respect to Jug r 5, the pattern of clinical manifes-
tations associated with this walnut profilin is unknown,
although it is expected to be similar to symptoms
described for other plant profilins.

Walnut detection

Even when following a restrict diet with total avoidance
of the offending foods, the sensitized/allergic individu-
als can still be at risk of suffering abnormal immune
episodes as consequence of accidental exposure to hid-
den allergens in foods owing to incorrect labelling or
cross-contaminations during food processing. Therefore,
to verify labelling compliance [9, 10], to help the indus-
trial management of food allergens and to ensure con-
sumer’s safety, the development of proper and highly
sensitive analytical methodologies has attained special
emphasis [104].

Presently, the need for adequate methodology has
prompted the development of numerous techniques for
the evaluation of most allergenic ingredients. Neverthe-
less, the lack of available testing/reference materials
and the absence of official methods for their detection
and quantification represent main difficulties in the
management of food allergens. In addition, the absence
of consensus towards the best methodology for allergen
detection is still a matter of extensive debate among
researchers. Until now, protein- and DNA-based meth-
ods have been considered useful tools for the evalua-
tion of allergenic ingredients in foods. Among the
available techniques, the choice of a method lies on
specific criteria such as target analyte (proteins vs.
DNA), basis of detection (e.g. chemical), cross-reactivity,
set-up cost, running cost, the need for expertise knowl-
edge and possibility of multitarget detection [105].
Based on these criteria, protein-based methods as
enzyme-linked immunosorbent assays (ELISA) or DNA-
based techniques like polymerase chain reaction (PCR)
are often preferred. Actually, a reasonable number of
methods, either based on proteins or DNA, is available
for the detection of walnut as an ingredient or a poten-
tial hidden component in foods.

Protein-based methods

Within the protein-based methods, two main groups of
techniques can be distinguished: one group based on
allergen/antibody interactions such as lateral flow
devises (LFD), ELISA, immunosensors and other relevant
immunoassays (e.g. immunoblotting); and a second
group covering the mass spectrometry (MS) platforms.
So far, the methods based on the immunoassays are
among the most popular, though recently the MS meth-
ods have also conquered a special role in the detection
and quantification of allergens in foods.

Lateral flow devices or dipsticks

This type of tests provides qualitative or semi-quantita-
tive information that can be simply read visually.
Besides this main advantage, the LFD are of simple and
rapid performance, without needing specialized equip-
ment or personnel [106]. Presently, three different LFD
can be commercially acquired for the detection of wal-
nut in foods (Table 2). The sensitivity of the LFD ranges
from 2 to 10 mg/kg of walnut in foods, allowing the
performance of the test in less than 15 min. Therefore,
these strips are regularly used by the food industry for
allergen control, enabling to answer the need for onsite
quick results. However, the LFD present main draw-
backs such as the lack of providing quantitative infor-
mation and the high propensity to false negative results
owing to the high degree of food processing and/or to
the complexity of the matrix. Consequently, these tests
need confirmation by means of other immunological
methods of higher sensitivity and precision, namely the
ELISA [107].

ELISA

The immunochemical assays such ELISA are by far the
most widely used, due to their direct assessment of the
allergen and/or marker protein, low set-up cost, moder-
ated running time and no special requirements for
expertise knowledge [105]. Additionally, the ELISA tests
can provide quantitative information, which is one
major requisite in allergen analysis. Resulting from
these clear advantages, the immunoassays have been
extensively applied to a wide variety of food allergens,
in which walnut is included. Currently, some ELISA kits
have been commercially available for the detection of
walnut in foods (Table 2). They enable the detection of
walnut protein down to 0.25–0.35 mg/kg in several
food matrices such as cookies, ice-creams or chocolates
(Table 2). However, in most kits, the stated performance
parameters such as the limit of detection (LOD) can
vary according to the type of food matrix. As expected,
several ELISA kits present elevated cross-reactivity with
other plant species, especially with pecan nut that
belongs to the same botanic family (Juglandaceae) of
walnut. Cross-reactivity with tree nuts (pistachio, hazel-
nut, Brazil nut, chestnut, pine nut) and other plant spe-
cies (quinoa, sesame, buckwheat and soybean) are also
referred to be frequent (Table 2).

Besides the commercial kits, noncompetitive sand-
wich-type ELISA and indirect competitive ELISA have
been proposed in the literature to trace walnut allergens
or marker proteins in foods (Table 3). Within the meth-
ods available so far, ELISA using polyclonal antibodies
against the entire fraction of walnut proteins or the
allergen Jug r 1 have been proposed for the detection
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of walnut in a wide variety of food matrices. Presenting
low LOD (<1 mg/kg of walnut protein) and excellent
recoveries, all the proposed methods can be applied to
determine the presence of walnut as a potentially hid-
den allergen in processed foods (Table 3). However, the
high propensity of these assays to cross-react with
other nuts (e.g. pecan nut, Brazil nut, macadamia) and

different plant foods (e.g. mustard, peanut) should
always be taken in consideration [108–111].

The ELISA methods are totally dependent on the
interaction between the antibodies and the specific pro-
teins (allergens or marker proteins). On the basis of this
interaction, the high susceptibility to cross-react with
other nontarget proteins can lead to false-positive

Table 2. Commercial ELISA, LFD and real-time PCR kits for the detection and quantification of walnut allergens

Commercial kits/Brand Assay type Cross-reactivity LOD LOQ

Estimated time to

perform assay

Lateral Flow Walnut

(R-Biopharm AG

Darmstadt, Germany)

LFD Pecan nut: 100% 10 mg/kg – ~15 min (sample

preparation)

Walnut Protein Rapid Test

(Elution Technologies,

Vermont, USA)

LFD No cross-reactivity observed 2 mg/kg – ~10 min (applied to

extracted sample)

AgraStrip� Walnut (Romer

Labs Division Holding

GmbH, Austria)

LFD No available information

about the specificity

– – ~11 min

BioKits Walnut Assay Kit

(NEOGEN Corporation,

Michigan, USA)

Polyclonal antibody

specifically detects

walnut proteins,

sandwich ELISA

(48 wells)

Pecan (2.3%), Quinoa

(0.0012%), Pistachio

(0.0009%), Hazelnut

(0.0005%), Buckwheat

(0.00024%)

0.25 mg/kg 2.4–120 mg/kg ~40 min (sample

extraction) + ~75 min

(incubation time)

AgraQuant� Walnut Assay

(Romer Labs Division

Holding GmbH, Austria)

Quantitative -

Sandwich ELISA

No available information

about the specificity

0.35 mg/kg 2–60 mg/kg ~40 min (sample

extraction) + ~60 min

(incubation time)

Walnut Protein ELISA Kit

(Elution Technologies,

Vermont, USA)

Sandwich ELISA No cross-reactivity observed – 1 mg/kg ~60 min (applied to

extracted sample)

Walnut ELISA Kit (Creative

Diagnostics, Shirley,

New York, USA)

Quantitative -

Sandwich ELISA

8/35 species. Pecan nuts

(0.8%), chestnut (0.11%),

hazelnut (0.02%), soybean,

pine nuts, pistachio,

sesame and brazil nuts

(0.0003%)

0.35 mg/kg 2 mg/kg ~60 min (applied to

extracted sample)

Walnut, Food, BioAssayTM

ELISA Kit (Juglans regia)

(US Biological, Salem,

Massachusetts, USA)

Quantitative test

ELISA - Sandwich

ELISA

No available information

about the specificity

0.35 mg/kg – ~60 min (applied to

extracted sample)

DAI Walnut ELISA

(Diagnostic Automation/

Cortez Diagnostics, Inc.,

Calabasas, California, USA)

Quantitative -

Sandwich ELISA

8/35 species. Pecan nuts

(0.8%), chestnut (0.11%),

hazelnut (0.02%), soybean,

pine nuts, pistachio,

sesame and brazil nuts

(0.0003%)

0.35 mg/kg 2 mg/kg ~60 min (applied to

extracted sample)

SureFood Allergen Walnut

(R-Biopharm AG

Darmstadt, Germany)

Real-time PCR

(qualitative)

Pecan nut ≤5 DNA copies,

≤0.4 mg/kg

10 DNA copies,

10 mg/kg

~35 min (applied to

extracted sample)

NutsKit Real Time - Walnut

and Pecan nut DNA

detection Real-Time PCR

kit (InCura Srl,

Casalmaggiore, Cremona,

Italy)

Real-time PCR

(qualitative)

0/20 plant- and animal-

derived foods

1 copy of walnut

or pecan nut

– ~35 min (applied to

extracted sample)
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results. Additionally, the high propensity of target pro-
teins to suffer conformational disruptions of their struc-
tures when submitted to harsh conditions, such as those
regularly used in food processing (e.g. heat treatments,
glycation, pH alterations, formation of Maillard prod-
ucts, fermentation, partial hydrolysis), can consequently
lead to false-negative results. Therefore, ELISA results
should be interpreted with careful, having in consider-
ation the type of food matrix and processing.

MS platforms

MS technologies allow a range of different types of
protein analysis to be undertaken for food allergens,
including protein identification, characterization and
quantification. The recent advances in modern MS
equipment combined with effective bioinformatic tools
are currently modernizing the field of protein analysis
[105]. MS technologies exhibit several advantages that
highlight its potential application for allergen detection,
such as the possibility of analysing target analytes with
high sensitivity, accuracy, specificity and reproducibility
[112]. Additionally, the application of MS platforms for
allergen analysis over other technologies presents the
benefit of allowing a large degree of freedom in the
selection of a target analyte to determine the presence of
the allergenic ingredient [113]. Methods based on MS
technology are less prone to problems related to
cross-reactivity phenomena, which are very frequent in
immunoassays (e.g. ELISA), allowing the unequivocal
confirmation of the identity of the tested proteins/pep-
tides [114]. Most of MS methods used in the identifica-
tion of allergens and protein markers are carried out in
‘bottom-up’ mode, being conducted on digested proteins
by the use of proteases such as trypsin [114]. The quanti-
fication of the resulting peptides involves their separa-
tion using reverse-phase liquid chromatography (LC),
often coupled with electrospray ionization tandem mass
spectrometry (ESI-MS/MS) and multiple reaction moni-
toring (MRM) [40, 113]. Accordingly, the ability for mul-
tiple target analysis in single LC runs together with the
high selectivity and rapid adaptability of MS methods
reinforce their adequacy for food allergen testing. In
spite of all well documented advantages, factors such as
the elevated cost of the equipment and the requirement
for specialized expertise to maintain MS platforms are
likely to constrain the broad application of this technol-
ogy [105].

Recently, some studies have been reported regarding
the development of MS methods for the simultaneous
detection of several allergenic foods, including walnut
(Table 3). The methods based on LC-MS/MS detection
allowed identifying and characterizing walnut peptides
in processed food matrices, such as bread, biscuits or
chocolates. The reported levels were down to few mg/T
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kg of walnut proteins, targeting digested peptides of
Jug r 1 and Jug r 4, even in complex matrices such as
dark chocolate [115–118].

From these reports, it is important to indicate that
the application of MS technology to multiple allergen
detection and quantification has high potential, though
further research is still needed.

DNA-based methods

Although the methods based on the detection of the DNA
do not target the allergenic proteins, they are able to tar-
get the respective encoding sequences or species-specific
markers. The high stability of DNA to pH alterations, par-
tial hydrolysis or thermal treatment, which are processes
commonly used by food processing industry, have indi-
cated this molecule as an ideal target for allergen analy-
sis. In addition, the DNA-based methods can be easily
implemented in routine analysis and considered, at the
same time, as confirmatory tools for the identification of
allergenic foods [22, 103]. Therefore, a great number of
detection and quantification DNA-based methods have
emerged in recent years, demonstrating their potentiali-
ties and revolutionizing the field of allergen analysis.

PCR

From the DNA-based methods, the ones relying on
polymerase chain reaction (PCR) are among the most
commonly used, mostly due to their adequate set-up
cost, reasonable running time and moderate require-
ments for specialized equipment and personnel [105]. In
addition to this, PCR methods are less prone to cross-
reactivity phenomena as the chosen target sequence
can be adapted, being independent on biological effects
such as those occurring during antibody production.

In this sense, several PCR assays have been reported
in the literature for the specific detection of walnut in
processed foods, which are reported in Table 4. In
opposition to numerous ELISA and LFD kits, only two
commercially available real-time PCR systems could be
found for the qualitative analysis of walnut in foods
(Table 2). In the case of the SureFood real-time PCR kit,
very low LOD and LOQ values (0.4 and 10 mg/kg,
respectively) are stated, but as no calibration curve is
available, it is not possible to confirm the alleged sensi-
tivity (Table 2). The NutsKit real-time PCR was devel-
oped to target both walnut and pecan nut, presenting
no cross-reactivity with twenty other foods. In relation
to sensitivity, the available information is quite limited.
Both real-time PCR kits have restricted specificity
because of being unable to discriminate walnut from
pecan nut (Table 2).

One of the main advantages attributed to PCR meth-
ods concerns their specificity. This is well evidenced in

Table 4, in which the reported methods allow very
small or no cross-reactivity to other nontarget food
species. With respect to walnut detection, the presented
real-time PCR methods were based on the amplification
of a region encoding the allergenic proteins Jug r 2 or
Jug r 3. Almost all the proposed systems can be virtu-
ally applied to a wide variety of processed foods (e.g.
cakes, biscuits, sausages), allowing quantification of
walnut down to 5–10 mg/kg or few DNA copies
(Table 4). These findings highlight the enormous poten-
tial of DNA-based methods for the detection and identi-
fication of walnut or other allergenic ingredients in
highly processed and complex food matrices [119–126].

Genosensors and microarrays

The potential application of biosensors for the detec-
tion of allergens in foods has been regarded as an
excellent alternative to the above-described protein-
and DNA-based techniques [127]. Biosensors are
expected to solve several issues concerning simplicity,
fastness, reproducibility, low-cost multitarget detection
and potential for automation. Therefore, it is predict-
able that in the near future biosensors could be used
at industrial scale for direct and real-time monitoring
of allergens along a production line [127]. DNA sen-
sors (genosensors) and DNA chips (microarrays) have
emerged as valuable, easy, inexpensive, fast and selec-
tive tools with a wide application in very different
fields [128]. While most of the proposed biosensors
(often called immunosensors) are generally based on
the recognition of the antibody/allergen interaction,
the genosensors rely on the hybridization of an immo-
bilized DNA probe onto the transducer surface with
the target DNA. When the probe hybridizes with the
target DNA, a signal is generated being subsequently
measured. There are different types of transducers
(optical, acoustical, amperometrical or potentiometrical)
that are capable of acquiring the signal and further
processing it to give a proportional output to the con-
centration of a specific target. One of the main advan-
tages attributed to this technology corresponds to its
massive potential for multitarget analysis. The reduc-
tion of reagents, costs and time of analysis, as well as
the decrease of possible cross-contaminations, consti-
tute additional benefits commonly indorsed to biosen-
sors (genosensors).

In spite of the high potential for multitarget analysis,
very few studies have been performed aiming at devel-
oping microarrays and DNA chips for the simultaneous
detection of several allergen-encoding sequences in a
single assay. In the specific case of walnut detection,
only one study based on biochip for Jug r 2 encoding
region (91 bp) has been advanced, but no sensitivity
level was reported [129]. The limited number of
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genosensors and microarrays applications for allergen
analysis, indicates that much effort is still needed for
its full development and virtual application on routine
analysis, namely at industrial scale.

Immunotherapy-induced tolerance

Food allergy develops as a result of failure or loss of
oral tolerance, though naturally acquired tolerance to
some allergenic foods may occur mainly in children
[130, 131]. Allergies to milk and eggs are quite com-
mon among children, who mostly will outgrow their
food allergy during childhood. Conversely, in the case
of children suffering from allergies to peanut and/or
tree nuts, they are more likely to be persistently
affected by them throughout adulthood [130]. The true
mechanisms involved in naturally acquired tolerance
are not yet fully understood, although recent data seem
to suggest that in children with persistent egg or milk
allergy, the IgE reactivity to linear epitopes is more rel-
evant than with conformational ones. Understanding
the mechanisms of natural outgrowth of food allergy
may provide a better knowledge on the immune path-
ways that could be therapeutically targeted in patients
with long-life persisting food allergy [130]. Therefore,
the search for definitive treatments for food allergy has
been centred on strategies able to induce oral tolerance,
being the oral immunotherapy (OIT) one of most prom-
ising approaches.

At this time, OIT is at preliminary stage, although
few clinical trials have already been performed with
tolerance as an outcome, mostly targeting egg or milk
allergies (see review [131]). It is also important to refer
that clinical efficacy of OIT has also been demonstrated
in studies using peanut extracts [132, 133]. Based on
these studies, OIT seems to present the potential to be
applied for different allergenic foods, such as the case
of walnut. Still, more extensive and appropriate
research is required to provide potential definitive ther-
apies for food-allergic patients [131].

Final remarks

Walnut, along with other tree nuts, has been considered
a relevant allergenic food, affecting a small, but rather
significant portion of the general population, especially
in western countries. In general, clinical manifestations
of walnut allergy are frequently severe and systemic
potentially life-threatening, leading to anaphylaxis. The
most widely consumed walnut species is Juglans regia,
from which five allergens have been identified and
characterized, namely Jug r 1, Jug r 2, Jug r 3, Jug r 4
and Jug r 5. Juglans nigra, known as black walnut, is
much less consumed than the common walnut, having
two allergenic proteins identified, Jug n 1 and Jug n 2.

The current research on the characterization of aller-
genic components has opened new perspectives in the
diagnosis of food allergy. Recently, relevant informa-
tion on the biochemical classification of walnut aller-
gens has become available, which enabled their
correlation with respective clinical symptoms elicited.
However, more studies are still needed to better under-
stand the different patterns of sensitization. Whether
such patterns of reactivity are the result of multiple
independent sensitizations, which are recurrent in ato-
pic patients or derived from true cross-reactivity, it
should be questioned and further investigated. From a
clinical point of view, in the case of a patient sensitized
to multiple foods, in vivo and in vitro tests should
always be performed in the attempt of answering to
this question. Additionally, the results of these tests
should also be analysed under the perspective of geo-
graphic environment, dietary habits and food matrix/
processing.

So far, the only effective means of preventing aller-
gic reactions in sensitized individuals still continues to
depend on the total avoidance of the offending food. In
relation to this, the allergic individuals are highly reli-
ant on proper food labelling when carefully choosing
the processed foods that are commercially available. In
this context, the control of labelling compliance is
much needed, prompting the development of proficient
analytical methodology (both protein- and DNA-based
techniques) for allergen detection. Until now, no cure is
yet available for food-allergic individuals, although
some clinical trials, namely OIT, have been advanced in
the past years aiming at defining possible therapeutics
for the treatment of food allergies. These studies are
still at a preliminary stage and in a near future it is
expected that forthcoming advances will include a
range of important allergenic foods such as walnut and
other relevant nuts.

From the addressed issues, it is critical that investiga-
tion based on collaborative studies between clinicians
and researchers may continue, contributing to establish
clinical threshold levels and adequate analytical meth-
ods to better manage food allergies.
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