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ARTICLE INFO ABSTRACT
Artic{e history: Many commodity crops are grown for human consumption, and the resulting food products usually con-
Received 5 September 2008 tain proteins, some of which may be allergenic. The legumes, peanut and soybean, as well as tree nuts and

Available online 20 November 2008 some cereal grains are well recognized sources of food allergens. In peanut, there are 11 documented

allergenic proteins, although the major allergens are considered to be Ara h 1 and Ara h 2, both of which
Keywords: are seed storage proteins. Methods to reduce or eliminate these proteins from seeds are available and
Peanut allow the feasibility of this approach to be tested. Greatly reduced amounts of Ara h 2 can be achieved
Groundnut by RNA silencing in transgenic peanut; however, mutagenesis is a more viable and socially acceptable

Arachis duranensis .o . .
Arachis hypogaea approach to allergen elimination. Although the techniques for mutagenesis are not new, methods for

Arah 2 mutant detection at the molecular level have recently been developed. However, these methods are
RNA interference dependent on genome sequence. These methods will facilitate discovery of spontaneous and induced
RNA silencing mutations that may be useful over the long term to eliminate certain allergens from peanut.

TILLING © 2008 Elsevier Inc. All rights reserved.

Mutagenesis

1. Introduction 5% prevalence and a minimum of five patients that show IgE reac-
tivity. We are exploring molecular variation for allergens in peanut
Crops with significant food allergen issues include the legumes, (Arachis hypogaea L.) with the goal of using genetic resources to re-

peanut and soybean, cereal grains such as wheat, and tree nuts duce allergenicity of the food product.
(walnut, Brazil nut, among other phylogenetically diverse species)
(Teuber et al., 2006). Officially recognized allergenic proteins may

include one or multiple proteins per species (www.allergen.org; 2. Peanut allergens and their genes
www.allergome.org) and fall into a variety of functional/biochem- . ) .
ical classes (Ozias-Akins et al., 2006). These classes include seed Peanut seeds contain 11 officially recognized allergens, Arah 1-

storage proteins (e.g., globulins, albumins), metabolic proteins Arah 11. Ara h 1 and Ara h 2 are considered to be the .mo.st.clini-
such as profilin (an actin binding protein), and certain proteins cally relevant allergens bt_ecause >90% ofp_eanut allergic individuals
with protective functions such as insect or fungal resistance ~ have IgE that reacts with these proteins (Burks et al., 1998),
(agglutinin, protease inhibitors, lipid transfer proteins, etc.). Natu- although Ara h 3 Isa significant allergen among some populat{on
ral genetic variation can produce multiple isoforms for one aller- subgroups (Restam et al., 2005). Al}ergens are named according
gen, and these isoforms can be officially recognized as distinct if ~ t© genus and species of th'e source, in the order they were fOUﬂ‘{‘~
sufficient evidence for allergenicity is provided to the Allergen For example, the second dlSCOVGI‘?d allergeq from peanut (Arachis
Nomenclature Sub-Committee of the International Union of Inmu-  fypogaea) was named Ara h 2. This allergenic protein was first de-
nological Societies (I.U.LS.). The committee considers submissions scribed as two protein bands of approximately 17 kDa according to

that meet the following criteria: reactivity with IgE of more than polyacrylamide gel electrophoresis (Burks et al., 1992), and struc-
tural analysis indicated that eight cysteine residues allow the for-

mation of four disulfide bonds that contribute to protease
P Corresponding author. Fax: +229 386 7371, resistance (Sen et al., 2002.). It was later shown that the two bapds
E-mail address: pozias@uga.edu (P. Ozias-Akins). observed on polyacrylamide gels actually represented two iso-

0273-2300/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.yrtph.2008.11.002


http://www.allergen.org
http://www.allergome.org
mailto:pozias@uga.edu
http://www.sciencedirect.com/science/journal/02732300
http://www.elsevier.com/locate/yrtph

S38 P. Ozias-Akins et al./Regulatory Toxicology and Pharmacology 54 (2009) S37-540

forms that differed most significantly by a 12 amino acid insertion/
deletion in the coding region (Chatel et al., 2003). Ramos et al.
(2006) assigned the two isoforms to the two subgenomes of tetra-
ploid peanut (Fig. 1) by studying their similarity with homologous
sequences in the diploid progenitors of peanut, Arachis duranensis
(A genome) and Arachis ipaensis (B genome). The lower molecular
weight fragment corresponds to the A genome isoform. Nucleotide
and predicted amino acid sequences for Ara d 2.01 [Accession Nos.
EF609641 (nucleotide) and ABQ96212 (protein)] and Ara i 2.02
[Accession Nos. EF609642 (nucleotide) and ABQ96213 (protein)]
show that the wild diploid species have forms of the genes that
are essentially identical to their orthologs in A. hypogaea. Their
allergenic properties, therefore, should be the same.

3. Screening for spontaneous and induced mutational variation
in allergen genes

The putative diploid progenitors of peanut that we initially
studied, A. duranensis and A. ipaensis, were the same accessions
identified by Kochert et al. (1996) as being most similar to culti-
vated tetraploid peanut, A. hypogaea, for molecular marker poly-
morphisms. Our observation that orthologous Ara h 2 sequences
from the progenitor genomes are identical to cultivated peanut se-
quences further supports their conclusions. However, they also ob-
served considerable polymorphism among different accessions of
A. duranensis. In order to search for polymorphisms in the A gen-
ome, Ara d 2.01 gene (Ara h 2.01 ortholog), we screened 30 acces-
sions of A. duranensis using a technique called EcoTILLING (Comai
etal., 2004), which is based on the TILLING (targeting induced local
lesions in genomes) method for detecting induced mutations
(Henikoff and Comai, 2003). Briefly, DNA is extracted from individ-
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Fig. 1. Representative chromosomes from each of the four sets of 10 chromosomes
found in allotetraploid, cultivated peanut. The paired chromosomes are homologs
from the A and B subgenomes, and the A and B genome chromosomes are
homeologous. Ara h 2 has been shown to be encoded by a single gene in each
genome (Ramos et al., 2006). The two Ara h 2 alleles on the A genome homologs are
identical to one another (homozygous) as are those on the B genome homologs;
however, the A and B genome Ara h 2 genes in cv. Georgia Green differ from each
other by a 36 bp insertion/deletion and eight single nucleotide polymorphisms. The
36 bp indel results in an additional 12 amino acids in Ara h 2.02 compared with Ara
h 2.01 and two of the SNPs result in conservative amino acid substitutions.

uals that potentially contain induced or spontaneous mutations
and pooled 2-, 4- or 8-fold. Each pool should then contain only
wild-type or wild-type plus mutant alleles of a gene of interest.
The gene sequence information must be available to allow PCR pri-
mer design such that a 0.5-1.5 kb amplicon can be generated using
infrared dye labeled primers. Labeled amplicons from pooled DNAs
will contain a mutation if present in the pool, and mutant plus
wild-type amplicons can reanneal as heteroduplexes. Single nucle-
otide mismatches are detected and cleaved by endonucleases such
as the enzyme Cel I, and fragments are separated by denaturing
polyacrylamide gel electrophoresis, usually on a Licor DNA analysis
system where both fluorescent labels can be detected. Differen-
tially labeled fragments that represent the same mutation should
be complementary in size. Once a pool of DNAs is identified to con-
tain a putative mutant allele, the process is repeated with individ-
ual DNAs to verify which one is the mutant. The mutant allele DNA
sequence then is determined by routine sequencing after which
the impact of the mutation on amino acid sequence can be pre-
dicted. Ideally a collection of different alleles can be obtained
and used to study gene function.

After EcoTILLING of A. duranensis for Ara d 2.01 mutations and
sequencing of mutant alleles, seven accessions displayed alto-
gether eight single nucleotide polymorphisms (SNPs) in the coding
region, five of which resulted in amino acid substitutions (Ramos
et al., 2008). Three of these substitutions were in previously iden-
tified IgE epitopes (Stanley et al., 1997). Although none was pre-
dicted to radically alter tertiary structure, one change was found
to result in significantly reduced IgE binding from three patients
tested. This most interesting mutation was present in two A. duran-
ensis accessions, both originating from Paraguay. The reduction in
IgE binding quantified using densitometry of signals from repli-
cated samples on western blots ranged from 56% to 99%. The ques-
tion remains whether this orthologous isoform (or natural variant)
of Ara h 2 would behave differently from wild-type for sensitiza-
tion and allergenicity in a mouse or swine model, in basophil acti-
vation assays, or in human skin-prick tests. If a less allergenic
isoform were to be identified in peanut relatives, it would be fea-
sible, although long-term, to introgress the mutant allele into cul-
tivated peanut through interspecific hybridization (Simpson 2001).
An alternative to introgression might be to induce mutation to a
similar allele by chemical mutagenesis or ionizing radiation of cul-
tivated peanut (Ozias-Akins et al., 2006).

TILLING also has been used to screen for induced mutations in
cultivated peanut. Peanut seeds are treated with ethylmethane-
sulfonate or similar DNA alkylating agents that cause G/C to A/T
transitions (Greene et al., 2003) and planted to generate the M1
generation. A single M2 seed is harvested from each plant and
DNA is extracted from leaves of M2 plants. TILLING is conducted
on M2 leaf DNA and M3 seeds from each plant are stored for later
sampling after mutant lines have been identified. The efficiency of
the screening largely depends on pooling depth. Populations that
are of manageable sizes to screen for mutants in multiple genes
should have a mutation frequency of 10~ or greater (Henikoff
et al., 2004). A small mutant population of cultivated peanut has al-
lowed the identification of three mutations in Ara h 2.01 neither of
which is a knockout mutation, but two of them cause a predicted
amino acid change. Screening in cultivated peanut was designed
to allow Ara h 2.01 and 2.02 to be separately screened using
gene-specific primers. Since Ara h 2 genes are small and without
introns, primers were targeted to non-coding upstream and down-
stream regions, allowing amplification of 1.2 kb encompassing the
entire coding region. In order to pursue this strategy for peanut on
a large scale, much more genomic sequence information will be re-
quired. At this time limited sequence information is available and
is largely restricted to expressed sequence tag (EST) sequences
from seed and leaf tissues.
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While TILLING for Ara h 2 mutants is relatively straightforward
because of a single gene copy in each of the subgenomes of culti-
vated peanut and Ara h 1 shows a similar level of complexity
(unpublished results), Ara h 3 is likely to be encoded by multiple
members within a gene family since more than two genes already
have been estimated from Southern blots (Kang and Gallo, 2007).
Even for Ara h 2, there is a very low probability that a mutation
in each of the two genes could be found in a single mutant individ-
ual; therefore, it will be necessary to combine two mutations by
conventional breeding and marker-assisted selection. The scenario
becomes more complex for genes with even more copies. Hence
TILLING for a reduced allergen peanut is a long-term project but
probably the most effective means to ensure stable allergen
reduction.

4. Variation resulting from allergen gene silencing

The clinical consequences of allergen reduction can be studied
in the shorter term by applying gene silencing methodology.
Post-transcriptional gene silencing is now known to be the conse-
quence of an evolutionarily ancient natural RNA surveillance sys-
tem. Foreign or aberrant transcripts can be recognized and along
with their homologous sequences can be targeted for degradation
(primarily in plants) or translational inhibition (primarily in ani-
mals) (Vaucheret 2006). Since we know the sequence of Ara h 2
transcripts, we have used sequence-dependent gene silencing to
knockdown expression of Ara h 2 in peanut seeds. This was accom-
plished by transforming peanut with a silencing construct contain-
ing a portion of the Ara h 2 gene in inverted repeat orientation and
separated by an intervening sequence (Chu et al., 2008). Such an
inverted repeat construct design allows RNA to form a stem-loop
structure that is recognized as aberrant and “diced” into ~24 nt
fragments. These short fragments will anneal with homologous
RNAs, which also become targeted for degradation. Silencing of
gene (and by extension protein) expression can be fractional or
nearly complete. Certain viruses have evolved mechanisms to
counter silencing with suppressor proteins (Roth et al., 2004). Be-
cause of this possible mechanism of instability, among others asso-
ciated with transgene instability, silencing of major food allergen
genes via RNAI is not considered to be a commercially viable solu-
tion. Nevertheless, RNAI is an extremely valuable approach to test
the effect of specific protein reduction on peanut seed develop-
ment and viability as well as for allergenicity studies using animal
models. We have begun a systematic approach to test the effects of
reducing peanut seed allergens individually and in combination.

Peanut transformation can be routinely accomplished by micro-
projectile bombardment of embryogenic tissue cultures (Ozias-
Akins 2007). Transformation efficiency is low compared to many
other crops but sufficient to allow the recovery of multiple inde-
pendent transgenic events. From our work to silence Ara h 2, three
events have been verified as independent based on Southern blot
analysis and all three show a certain degree of Ara h 2 protein
reduction (Fig. 2). As expected, IgE from human serum of peanut
allergic individuals also detected the reduction in Ara h 2 protein.
Based on 1-D and 2-D difference gel electrophoresis patterns and
IgE binding on Western blots, there were no apparent major
changes in other seed protein patterns (Chu et al., 2008). Two sam-
ples of defatted crude peanut extract, one with low and one with
wild-type levels of Ara h 2 were tested in a murine model for sen-
sitization capacity and allergic response. No significant difference
was observed in allergic reaction of mice either: (1) sensitized
and challenged with the wild-type Ara h 2 sample, or (2) sensitized
with low-level Ara h 2 and challenged with low or wild-type sam-
ples. Our conclusions based on the current data are that: (1) the
low quantitative threshold for allergic response to Ara h 2 may
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Fig. 2. Polyacrylamide gel electrophoresis (1-D) of total protein extracted from
peanut seeds. Each lane represents extract from a single seed with all seeds derived
from a single transgenic event. The parent plant was heterozygous (hemizygous) for
the transgene; therefore, the trait for Ara h 2 silencing is segregating among
progeny. The lane labeled “silenced” has significantly lower amounts of both Ara h 2
isoforms than “non-silenced”.

not have been reached with the silenced line tested, or (2) the pres-
ence of wild-type levels of Ara h 1, Ara h 6, and perhaps Ara h 3
may mask any effect of reduced Ara h 2 in the mouse model. The
human biological relevance of murine models to test for allergen-
icity is debatable; therefore, additional types of analyses should be
conducted before strong conclusions are drawn. For example, skin
prick tests (SPT) on subjects monosensitized to Ara h 2 (Astier
et al., 2006), or measurement of mediator release after challenge
of humanized rat basophilic leukemia (RBL) cells (Lehmann et al.,
2006) could better predict whether peanut with reduced Ara h 2
would be hypoallergenic.

5. Significance of genetic variability

There are several questions that the variability we have found
or generated in peanut can help to address, particularly if animal
models are shown to be valid surrogates for human allergenicity
testing. These are related to the extent that amino acid substitu-
tions in allergen proteins can affect their properties, either protein
stability, function or allergenicity/reactivity. We have shown that a
single amino acid change naturally occurring in an accession of the
A genome progenitor of peanut significantly reduces IgE binding to
the linear epitope. This change occurs in the immunodominant epi-
tope #7. Previous mutational analysis of Ara h 2 epitopes actually
had shown an increase in IgE binding with a different amino acid
substitution at this site (Stanley et al., 1997). The secondary and
tertiary protein structure most likely is unaffected based on evi-
dence from computational modeling and no apparent change in
stability of the protein in vivo. Another example of a natural genet-
ic variant that shows an even more dramatic consequence for pro-
tein expression is from soybean. The allergenic protein P34, a
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cysteine protease, was absent from two out of 14,239 cultivated
soybean (Glycine max) and seven out of 1114 wild relative (Glycine
soja) accessions screened (Joseph et al., 2006). The two soybean
accessions had P34 genes of identical sequence that displayed six
mutations when compared with the wild-type sequence. Four of
the mutations were predicted to result in amino acid substitutions
and one of the substitutions was from serine to cysteine. Since a
full-length transcript of the variant gene was detected on northern
blots but no protein was produced, it was speculated that the addi-
tional cysteine probably disrupted tertiary structure and caused
protein instability. For peanut, TILLING of induced mutants also
has the potential to identify an amino acid substitution that would
add or remove a cysteine from Ara h 2 and alter its stability by
changing disulfide bonding. Although we can speculate on the con-
sequences of these variant genes/proteins for allergenicity of the
food product, testing of the food or total proteins from the food
in animal models or by using SPT or RBL assays would be necessary
steps to obtain definitive data.

The development of various animal models is another topic of
discussion at this workshop. Such testing should also take into con-
sideration the variation in food processing methods used for a
commodity such as peanut. For example, peanuts can be eaten
raw, roasted, boiled or processed into a variety of products. Roast-
ing is commonly used during processing of peanuts in the US and
roasting has been shown to enhance binding of IgE to peanut pro-
teins, probably by promoting the formation of products of the
Maillard reaction between sugar and protein (Maleki et al., 2000;
Chung et al., 2003; Gruber et al., 2005). Can genetic variants re-
spond differently to roasting either in terms of interactions with
other macromolecules or downstream digestion? This and related
questions can be addressed by the abundant research tools now
available to facilitate discovery of genetic variation (DNA sequence
and analysis tools), its consequence for protein variation (proteo-
mics tools) and its consequence for allergenicity (animal models).
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