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The majority of plant food allergens can be grouped into just

4 protein families. This review summarizes the evolutionary

relationships of allergenic and nonallergenic members of these

families. Proteins from the prolamin superfamily have been

described in vascular plants. This superfamily contains several

allergenic (2S albumins, nonspecific lipid transfer proteins, and

cereal amylase and protease inhibitors) and nonallergenic

(hybrid proline-rich proteins, cereal indolines, and a-globulins)

member families. The cupin superfamily comprises numerous

functionally highly diverse protein families from all groups of

organisms. However, allergenicity within the cupins is confined

to the vicilin and legumin seed storage proteins. Profilins are

ubiquitous eukaryotic proteins that are nonallergenic, with the

exception of profilins from flowering plants. Finally, the Bet v 1

superfamily contains the pathogenesis-related proteins 10

family, the family of major latex proteins and ripening-related

proteins, the norcoclaurine synthases, and the cytokinin-

binding proteins, with pathogenesis-related proteins 10 family

members from certain taxa being the only allergenic members.

The study of the distribution of allergenic and nonallergenic

members of protein families will provide new insights into the

evolution of allergenicity and the factors that make proteins

allergenic. (J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)

Key words: Allergens, evolution, protein superfamilies, prolamins,

cupins, profilins, Bet v 1

The massive accumulation of sequence data of plant
proteins in recent years has made the classification of
allergens into protein families possible.1,2 It also allowed
the identification of a vast range of related proteins that
are either not allergenic by nature or that have never
come into contact with the human immune system, result-
ing in a lack of knowledge about their allergenicity. By
comparing sequences and structures, related proteins can
be grouped together into families, and related families
can be grouped together into superfamilies. This much
broader picture now allows us to view allergenic proteins
in their evolutionary context. The emerging research area
of the evolutionary biology of allergens aims to discover
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the origin of allergens and thus to elucidate the emergence
of allergenicity itself.3

Recently, we have established the AllFam database, a
freely available internet resource for classifying allergens
into protein families (http://www.meduniwien.ac.at/aller
gens/allfam/).4 Querying the database for the distribution
of plant food allergens into protein families renders a list
that is highly biased toward certain families. As few as 4
protein families contain nearly 60% of all plant food aller-
gens. These families are the prolamin superfamily, which
contains, among others, the 2S albumin seed storage pro-
teins and the nonspecific lipid transfer proteins; the cupin
superfamily, to which belong the vicilin and legumin-type
seed storage globulins; the profilins; and proteins related
to the major birch pollen allergen Bet v 1. This review
gives a first introduction to the evolutionary scope of the
origin of some of the most important plant food allergens.
THE PROLAMIN SUPERFAMILY

Numerically, the prolamin superfamily is the most
prominent of all protein families that contain allergenic
members. Prolamins are a group of seed storage proteins
that are the dominant storage proteins of cereals and other
members of the grass family. Exceptions are rice and oats,
in which the major storage proteins are 11S globulin like.
Prolamins were initially defined on the basis of their
solubility in alcohol/water mixtures and their high content
of proline and glutamine, hence the name prolamins.
Because of their importance in nutrition and food pro-
cessing, cereal prolamins have been subjected to intense
research.5 The subgroup of sulfur-rich prolamins consists
of a repetitive domain rich in proline and glutamine and a
nonrepetitive domain that contains conserved cysteine
residues. The identification of the existence of related
proteins was based on the presence of this conserved
cysteine skeleton.6 Three groups of unrelated seed pro-
teins were identified, including the sulfur-rich prolamins
and the a-amylase/trypsin inhibitors of cereal seeds, to-
gether with the 2S albumins found in a variety of dicoty-
ledonous seeds. This cysteine skeleton has since been
1
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FIG 1. Phylogenetic tree showing the relationships of members of the prolamin superfamily. Allergens and

families that contain allergens are shaded. AI, a-Amylase inhibitor; Ace-AMP1, Allium cepa antimicrobial pro-

tein 1; DAI, dimeric amylase inhibitor; ExtLP, extensin-like protein; GSP, grain softness protein; HyPRP, hybrid

proline–rich protein; LDI, limit dextrinase inhibitor; LMW, low molecular weight; MAI, monomeric amylase in-

hibitor; MTI, monomeric trypsin inhibitor; nsLTP, nonspecific lipid transfer protein; PRP, proline-rich protein;

SFA-8, sunflower albumin 8; TAI-CM, chloroform/methanol soluble tetrameric amylase inhibitor; TI, trypsin

inhibitor; WCI, wheat chymotrypsin inhibitor; XyLP, xylogen-like protein.
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found in a range of small sulfur-rich proteins, most of
which are restricted to seeds and some of which are aller-
gens (Fig 1).1

In addition to the nonspecific lipid transfer proteins that
are also members of the prolamin superfamily, indolines
represent the other major lipid-binding protein family
present in cereal seeds.7 Members of the a-globulin family
of storage proteins were originally identified in rice8 and
corn.9 The hybrid proline-rich domain B proteins are hy-
droxyproline-rich cell-wall glycoproteins that have been
cloned from different monocotyledonous and dicotyle-
donous plants. Their C-terminal domain with the 8 cyste-
ines showed similarity to the allergenic hydrophobic
protein from soybean.10 Because the prolamins are essen-
tially defined on the basis of the cysteine skeleton, dis-
tantly related members of this superfamily are much
more difficult to define than for the cupin superfamily,
which is defined on the basis of related 3-dimensional
structures. Thus far, members of the prolamin superfamily
have only been reported in seed plants, with the only
exception being proteins related to 2S albumins that are
present in spores of the ostrich fern.11

Allergenic prolamins include members of the nonspe-
cific lipid transfer protein family,12 the 2S albumin stor-
age proteins,13 the cereal a-amylase/trypsin inhibitors,14

and the soybean hydrophobic protein.15 Allergies to ce-
real prolamin seed storage proteins do not occur very fre-
quently and have been studied mainly in wheat.16 These
protein families have little sequence homology to each
other apart from the cysteine skeleton, but they have
highly similar a-helical structures. This structure is
highly stable to both thermal and proteolytic denatura-
tion, which might contribute to the allergenicity of these
proteins.17



FIG 2. Phylogenetic tree showing the relationships of members of the cupin superfamily. Allergens and

families that contain allergens are shaded. AcK, Acetate kinase; ARD, acireductone dioxygenase; AuxBP,

auxin-binding protein; b-cg, b-conglycinin; Bd28K, 28-kd allergen; CenPC1, centromer protein C1; ChBP,

carbohydrate-binding protein; CMLD, 4-carboxymuconolactone decarboxylase; DAD, 2,49-dihydroxyaceto-

phenone dioxygenase; EctS, L-ectoine synthase; EutQ, ethanolamine utilization protein Q; GDO, gentisate

1,2-dioxygenase; GLP, germin-like protein; GPI, glucose-6-phosphate isomerase; HADO, 3-hydroxyanthranilic

acid dioxygenase; HGDO, homogentisate 1,2-dioxygenase; ManPI, mannose-6-phosphate isomerase; OXD,

oxalate decarboxylase; PecDP, pectin degradation protein; PhnG, 1-hydroxy-2-naphthoate dioxygenase;

PkCyc, polyketide cyclase; RhGAcE, rhamnogalacturonan acetylesterase; QDO, quercetin dioxygenase; TR,

transcriptional regulator; TR-AraC, transcriptional regulator from the AraC family.
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THE CUPIN SUPERFAMILY

The cupins are a superfamily of functionally highly
diverse proteins whose evolution can be traced from
archaea and bacteria to eukaryotes, including plants and
animals. Their discovery was based on the identification of
sequence similarities between wheat germin, a highly
thermostable and protease-resistant glycoprotein; fungal
spherulins produced in the slime mold Physarum polyce-
phalum on spore formation; and plant globulin seed stor-
age proteins.18,19 These proteins were named cupins20

because they share a common architecture described as a
6-stranded b-barrel (Latin ‘‘cupa’’ means barrel). Cupin
subgroups are classified on whether these proteins com-
prise a single cupin domain or whether they have a
duplicated or a multicupin structure. It was estimated
that there were a minimum of 18 different functional sub-
classes based on the proteins’ various enzymatic and non-
enzymatic functions (Fig 2).21

Monocupins, or single-domain cupins, comprise the
majority of cupin proteins and are either monomeric,
dimeric, or oligomeric. They mostly comprise enzymes,
such as dioxygenases and phosphomannose isomerases.21

It is noteworthy that several thermophilic archaea express
thermostable cupin domain–containing enzymes, such as
the Pyrococcus furiosus phosphoglucose isomerase,
which shows maximum activity at temperatures in excess
of 908C.22 Auxin-binding proteins (ABPs), a family of
dimeric monocupins from plants, are involved in a variety
of plant growth responses by interacting with the plant



FIG 3. Phylogenetic tree showing the relationships of profilins. Allergens and taxonomic groups that contain

allergens are shaded.
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hormone auxin.23 The structure of ABP1 from corn is sim-
ilar to that of germin, with which it shares 24% sequence
identity.23 ABPs display considerable sequence conserva-
tion across a broad range of plants, including apple and
strawberry.

Germins and germin-like proteins (GLPs), being olig-
omeric monocupins, represent the largest family of cupins
in plants. Germins from wheat and barley are highly
thermostable, hydrogen peroxide–generating oxalate ox-
idases, with an additional superoxide dismutase activity
identified for barley germin.24 The major nectar protein
from ornamental tobacco has been identified as a GLP
with superoxide dismutase activity that generates high
levels of hydrogen peroxide in nectar, thus contributing
to defense against potential pathogens.25 Structural analy-
sis revealed the germin protein to be a disc-shaped homo-
hexamer organized as trimers of dimers.24

The first 2-domain cupins, or bicupins, to be discovered
were the seed storage proteins of higher plants.19 They can
be classified into trimeric 7S globulins or vicilins and hex-
americ 11S globulins or legumins. 7S and 11S globulins
share relatively low sequence identities of 35% to 45%
but display high structural similarity.26,27 The discovery
of bicupins in prokaryotes corroborates the assumption
that these proteins have evolved from the duplication
and then fusion of single-domain ancestral prokaryotic
genes.21 The cupin core provides a stable scaffold that
allows these proteins to survive and function under a great
variety of extreme conditions.28 It might well have been
the thermotolerance of the cupin tertiary structure that
lead to its use by plants as a means for storing amino acids,
first in desiccated spores and then in seeds.

The majority of cupin allergens belongs to either the
vicilin-like or the legumin-like seed storage protein fam-
ilies and comprise major legume, tree nut, and seed
allergens.1 GLPs have been described as allergens in pep-
per, orange, and tangerine, apparently owing much of their
IgE-binding capacity to their glycosylation.29
THE PROFILINS

Profilins, cytosolic proteins of 12 to 15 kd, are found in
all eukaryotic cells and in pox viruses (Fig 3). Profilins
bind to monomeric actin and a plethora of other ligands,
among them phosphatidyl inositol phosphates and diverse
regulatory proteins that contain proline-rich stretches.
Profilin is regarded as a key player in the regulation of
actin cytoskeleton dynamics during processes such as
cell movement, cytokinesis, and signaling.30

Phylogenetic analyses showed that profilins can be
divided into 2 groups, one containing vertebrate and viral
profilins and the other comprising profilins from inverte-
brates, protists, plants, and fungi.31 Sequence similarity
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between profilins from vertebrates and other organisms is
low. However, 3-dimensional structures of all profilins are
strikingly similar.32 They fold into compact globular
mixed a/b structures.

The genomes of most organisms contain small gene
families of functionally distinct profilin isoforms. In
vertebrates 4 isoforms with highly divergent sequences
were found. Isoforms I to III are vertebrate specific and
originated early in vertebrate evolution, whereas profilin
IV is similar to invertebrate profilins.33 These profilin iso-
forms show highly specific tissue expression patterns.33

Pox virus profilins are similar in sequence to profilin III
and are thought to influence the phosphatidyl inositol
phosphate metabolism of the host cell.34

In several nonvertebrate organisms, profilin gene fam-
ilies were characterized. Although fungal genomes appear
to contain a single isoform, the slime mold Dictyostelium
discoideum expresses 3 biochemically and functionally
distinct profilins.31 Organ-specific expression of 3 profilin
isoforms was also shown in the nematode Caenorhabditis
elegans.35 In plants profilin isoforms show low sequence
divergence. In the genome of Arabidopsis, 8 to 10 profilin
genes were found,36 which were classified into 2 groups,
one expressed in somatic tissues and the other exclusively
expressed late in pollen development.36,37 On the basis of
multiple sequence alignments, an ancient split between
pollen-specific and constitutive isoforms was proposed.36

Allergenic profilins are exclusively found in flowering
plants (Fig 3). Because of their great extent of sequence
conservation, they constitute a family of highly cross-reac-
tive allergens in monocot and dicot pollens, plant foods,
and Hevea latex.38,39 Interestingly, no allergenic profilins
from conifer pollen are known. Likewise, no profilins
from sources other than plants have been identified as
allergens thus far.
THE BET V 1 SUPERFAMILY

The major birch pollen allergen Bet v 1 is a member of
a family of cytoplasmic disease resistance–related pro-
teins.40 This family, termed pathogenesis-related proteins
10 (PR-10),41 is ubiquitously distributed among dicotyle-
donous plants42 and also present in monocots43 and
gymnosperms.44

PR-10 proteins are members of small gene families of
differentially expressed isoforms. In birch 13 gene loci
were detected, 7 of which encoded proteins expressed
specifically in pollen.45 The existence of stress-induced
and developmentally regulated PR-10 isoforms was
shown for many different species. The expression of
stress-induced PR-10 proteins is triggered by pathogen
infection,46 plant hormones,43 wounding,47 salt stress,48

or cold.44 Developmentally regulated isoforms that are ex-
pressed in high concentrations in pollen, seeds, fruits, or
storage organs were identified as allergens cross-reactive
with Bet v 1.38 Phylogenetic analyses of PR-10 isoforms
revealed that the multiple sequences from each plant fam-
ily formed a monophyletic group, and sequences from
each family were generally more similar to each other
than those from other families, suggesting that the genes
of the multigene family underwent strong concerted
evolution.42

In recent years a superfamily of Bet v 1–related proteins
that extended beyond the PR-10 family was established.
A group of proteins from opium poppy specifically
expressed in high levels in laticifer cells showed low
sequence similarities to PR-10 proteins.49 An extended se-
quence comparison revealed that the Bet v 1 superfamily
comprises at least 4 families with low levels of sequence
similarity between each other (Fig 4): the PR-10 family,
the family of major latex proteins and ripening-related
proteins, the norcoclaurine synthases, and cytokinin-bind-
ing proteins from legumes.50

The major latex protein/ripening-related protein family
comprises major latex proteins from laticiferous plants,
such as opium poppy and plantain,51 and proteins ex-
pressed in ripening fruits, including wild strawberry52

and soybean.53 (S)-norcoclaurine synthases were cloned
from meadow rue (Thalictrum flavum) and poppy.50,54

These enzymes catalyze the first committed step in the
biosynthesis of benzylisoquinoline alkaloids, such as
morphine. Proteins binding the plant hormone cytokinin
with sequences related to PR-10 and (S)-norcoclaurine
synthases but forming a distinct family were found in
the legumes mung bean and lupine.55 The identification
of a cytokinin-binding PR-10–related protein in the
moss Physcomitrella patens revealed that the evolutionary
origin of the Bet v 1 superfamily can be dated before the
development of seed plants.56

The first solved 3-dimensional structure of a protein
from the Bet v 1 superfamily was that of Bet v 1.57 Despite
low sequence similarity, the cytokinin-binding protein
from mung bean adopts an identical fold.55 A striking fea-
ture of the Bet v 1 fold is a large cavity that contains 2
tightly bound molecules of deoxycholate in the structure
of the Bet v 1 isoform Bet v 1l.58 This pointed to a possible
biologic function of PR-10 proteins as plant steroid car-
riers. The PR-10–related protein Hyp1 from St John’s
wort (Hypericum perforatum) catalyzes the final step in
the biosynthesis of the antidepressant alkaloid hyperi-
cin.59 Considering the evolutionary relationship of the
PR-10 family to (S)-norcoclaurine synthases and legume
cytokinin-binding proteins, it is justified to propose that
the Bet v 1 fold evolved as a versatile scaffold that was
used by evolution for binding a diverse array of polycy-
clic, mostly hydrophobic, low-molecular-weight com-
pounds.60 In addition, a ribonuclease activity was
proposed for several members of the PR-10 family.61

In recent years, structural comparisons showed that the
Bet v 1 fold is also found in diverse protein families
outside the plant kingdom. This structural relationship that
cannot be detected by means of primary sequence com-
parison was first shown in 2001, when the structural
similarity between PR-10 proteins and the steroidogenic
acute regulatory protein–related lipid transfer domain of
the human metastatic lymph node protein 64 was discov-
ered.62 In the Pfam database of protein families,63 the Bet



FIG 4. Phylogenetic tree showing the relationships of members of the Bet v 1 superfamily. Allergens and

families that contain allergens are shaded. ABR, Abscisic acid–regulated protein; CSBP, cytokinin-specific

binding protein; EFP, early flowering protein; FB7, floral bud day 7 explant transcript; MLP, major latex protein;

NCS, norcoclaurine synthase; RNase, ribonuclease; RIP, ripening-induced protein; RRP, ripening-related

protein; SI, salt-tolerant protein.
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v 1 family is classified as member of the ‘‘Bet v 1–like’’
clan, which contains several protein families whose mem-
bers are found in eukaryotes, bacteria, and archaea and
whose functions are in most cases related to lipid binding.

Allergenicity within the Bet v 1 superfamily is confined
to the PR-10 family (Fig 4). Cross-reactivity of the major
birch pollen allergen Bet v 1 with homologues from plant
foods is responsible for birch pollen–associated food
allergy.38 The taxonomic distribution of Bet v 1–related
allergens is quite limited. Pollen allergens are found exclu-
sively in the order Fagales (birch and beech families),
whereas food allergens were described from fruits and
vegetables from the families Rosaceae (apple and stone
fruits), Apiaceae (celery and carrot), and Fabaceae (peanut
and soybean).
CONCLUSIONS

There is an ongoing discussion about which features
make a protein allergenic. One view claims that any
immunogenic protein presented in the right context and in
sufficient quantity to the immune system of an atopic
individual can become an allergen.64 The other view attri-
butes allergenicity to certain structural features of the
proteins.1,17 For this discussion, the distribution of aller-
genic and nonallergenic members in the prolamin and
Bet v 1 superfamilies could provide further insights. In ce-
real grains certain prolamins and bifunctional inhibitors
are allergenic, whereas indolines and the cereal a-globu-
lins are not, although they are expressed in high amounts.
Likewise, fruits and legume seeds contain allergenic
PR-10 proteins, as well as nonallergenic ripening-related
proteins, both members of the Bet v 1 superfamily.

The study of the evolutionary biology of allergens will
eventually lead to the study of the evolution of allerge-
nicity. Two main scenarios are imaginable. In scenario
1 allergenicity has been an intrinsic molecular property of
the ancestral members of certain protein families and has
been distributed into the present-day allergen sources of
the plant kingdom through evolutionary processes.
Scenario 2 would be that allergenicity emerged much
later, again as structural features but randomly evolving
only in certain proteins and inherited by their progeny.
Both scenarios are at present highly speculative. The
distribution of allergens in the prolamin superfamily (Fig
1) supports scenario 1. Allergenic proteins can be found in
many of the member families of this superfamily, indicat-
ing a tendency of a protoprolamin to act as an allergen. In
contrast, the other superfamilies discussed in this review
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show a very limited distribution of allergens among their
member families (Figs 2-4), which would be more in
accordance with scenario 2. For example, profilins from
invertebrates, fungi, and plants show very low sequence
similarities to human profilins; however, only plant profi-
lins have been described as allergens (Fig 3).

In conclusion, the introduction of evolutionary con-
cepts into allergen research places allergenic proteins in a
much larger context that will stimulate further experiments
that might eventually lead to a new understanding of
allergenicity.
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