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Abstracts Comparative genomic and cDNA sequence
analysis of ara h 2, a major peanut allergen, and a related
conglutin ara h 6 were performed in Arachis hypogaea L.
and its putative progenitors, Arachis duranensis and
Arachis ipaensis. The complete identity between sequences
encoding Ara h 2 isoforms demonstrated that these are
homeologous genes and represent orthologs from diploid
ancestors. Three copies of ara h 6 were identified in A.
hypogaea, one of them located in the A-genome and the
other two in the B-genome. Expression analysis showed
higher levels of ara h 2 transcripts compared with ara h 6.
Dual-labeled genomic in situ hybridization permitted
identification of two subgenomes, each of which con-
tained one pair of ara h 2-ara h 6 signals localized by
fluorescence in situ hybridization. Characterization of
genomic clones showed close genetic linkage between Ara
h 2.02 and one copy of ara h 6 in the B-genome. The
physical linkage may have arisen by tandem duplication
and divergence of an ancestral gene. A gene duplication
event specific to the B-genome progenitor has resulted in
ara h 6 paralogs. These data provide further evidence for
progenitor relationships and genomic organization of the
conglutin gene family in the genus Arachis and could
contribute to the development of a hypoallergenic peanut.
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Introduction

Peanut allergy is an IgE-mediated food allergy (Pum-
phrey et al. 1999), with clinical symptoms that include
facial swelling, itching, rash, wheezing, vomiting and
abdominal pain. Anaphylaxis, resulting in airway
obstruction, is the cause of death in most cases (Pham
and Rudner 2000). To date, eight peanut allergens have
been officially named (Burks et al. 1997; Stanley et al.
1997; Kleber-Janke et al. 1999; Rabjohn et al. 1999;
Chatel et al. 2003), although eleven proteins, falling into
eight protein groups (7S albumin, 11S albumin, cong-
lutin, profilin, PR-10, agglutinin, oleosin and lipid
transfer protein) have been documented as allergenic
(http://www.allergome.org). The protein structure, rec-
ognition by sera from peanut-sensitive patients, and
epitope specificity have been studied in detail for the
three considered the most clinically significant peanut
allergens, Ara h 1, Ara h 2 and Ara h 3/4 (Burks et al.
1998). From the perspective of plant development, these
allergens are abundant seed storage proteins found in
the cotyledons. Most belong to the prolamin and cupin
super-families of seed storage proteins (Breiteneder and
Radauer 2004), which provide a reservoir of amino acids
for use during germination and seedling growth.

Ara h 2, a glycoprotein with homology to the cong-
lutin family, has a molecular mass around 17 kDa
(Burks et al. 1992a; Burks et al. 1992b; de Jong et al.
1998; Kleber-Janke et al. 1999; Chatel et al. 2003). This
allergen was recognized by 85–90% of patients with
peanut allergy (Burks et al. 1992a; Kleber-Janke et al.
1999; Koppelman et al. 2004) establishing its importance
in the etiology of the disease. Extensive characterization
of purified Ara h 2 by Chatel et al. (2003) clearly showed
the presence of two isoforms, Ara h 2.01 and Ara h 2.02.
Ara h 2.02 has an insertion of 12 amino acids which
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contains an extra copy of the sequence DPYSPS, pre-
viously described as an immunodominant IgE epitope
(Stanley et al. 1997). Along with Ara h 2, at least two
other members of the conglutin gene family have been
identified in peanut, specifically Ara h 6 and Ara h 7.
The percentage of the patient sera that recognized these
proteins was 38 and 43%, respectively (Kleber-Janke
et al. 1999), leading to their classification as allergens of
intermediate frequency. Ara h 6 has homology with Ara
h 2, especially in the middle and C-terminal part of the
protein. Almost complete inhibition of IgE-interaction
with Ara h 2 by Ara h 6 demonstrated that at least some
of the epitopes of Ara h 6 were cross-reactive with epi-
topes on Ara h 2 (Koppelman et al. 2005). Ara h 6
contains ten cysteine residues and has a molecular mass
of around 15 kDa. Suhr et al. (2004) were able to
identify at least three different isoforms of Ara h 6 by
immunodetection, which differed by charge, not by
mass. Plant genomes are rich in duplicated genes. Par-
alogous gene pairs may acquire different fates: (1) evo-
lution of one copy to a pseudogene (Zhang 2003); (2)
functional divergence of the two copies, one of them
acquiring a new function (neofunctionalization) or
simultaneous reduction of activity of both copies
maintaining the total capacity of the ancestral gene
(subfunctionalization) (Force et al. 1999; Gu et al. 2002)
or (3) the functional preservation of both copies to in-
crease the robustness of the genetic network (Force et al.
1999; Gu et al. 2003). Two genes with identical functions
are unlikely to be stably maintained in the genome un-
less they differ in some aspects of their functions, which
occur due to subfunctionalization (Wagner 2000; Gu
et al. 2002). These changes appear to be a general rule
more than the exception for duplicated genes and they
occur quickly after duplication (Gu et al. 2002).

During the characterization of different isoforms of
peanut allergens, no one has considered the polyploid
nature of this crop. Peanut (Arachis hypogaea L.) is an
allotetraploid (2n=4x=40) with an AABB genome
constitution (Smartt et al. 1978), whose subgenomes
may have their origins in two diploid progenitor species,
Arachis duranensis and Arachis ipaensis, respectively
(Kochert et al. 1996; Jung et al. 2003; Seijo et al. 2004).
It has been suggested that cultivated peanut originated
from a single event of allopolyploidization or, if from
multiple events, they always involved the same diploid
parental species (Seijo et al. 2004).

Contrary to the biochemical and immunological
knowledge of individual peanut allergens there is little
information about their genetic inheritance and genomic
characterization. Ara h 2 is a highly reactive peanut
allergen and its isoforms are targeted for the reduction
of allergenicity in this important crop species. Therefore,
a comparative genomic and cDNA sequence character-
ization of this, and related genes within peanut cultivars
and their wild diploid ancestors, should enable us to
determine: (1) gene copy numbers and (2) whether these
copies are putative alleles at the same locus, paralogous
duplications or homeologous genes derived from the

orthologs of diploid progenitor species. Furthermore, we
show chromosomal localization by FISH of ara h 2 and
ara h 6 and expression analysis of these seed-specific,
developmentally regulated genes in mature and imma-
ture seeds as well as in somatic embryos of peanut.
These data provide new insights about the complexity of
the conglutin gene family in the genus Arachis.

Materials and methods

Sources of plant materials

Seeds for peanut species, A. duranensis and A. ipaensis,
were obtained from Dr. Roy Pittman, USDA-ARS
Germplasm Conservation Unit, Griffin, GA. Seeds for A.
hypogaea L. cultivars Georgia Green and Florunner were
obtained from Dr. Corley Holbrook, USDA-ARS Crop
Genetics and Breeding, Tifton, GA. Seeds were grown in
greenhouses to collect leaf material for DNA isolation
and seed production. Both the peanut genomic and
developing seed-specific cDNA libraries were constructed
using the A. hypogaea breeding line, F78-1339, and were a
gift of Dr. Albert Abbott, Clemson University, Clemson,
SC. Their creation is described in Jung et al. (2000).

Southern blots

Genomic DNA was prepared from 1 g fresh or frozen
leaf material using the 2· CTAB method described by
Doyle and Doyle (1990). Genomic DNA (5–10 lg) from
each species or lambda DNA (100 ng) was digested with
appropriate restriction enzymes (New England Biolabs,
Beverly, MA) following the manufacturer’s protocol.
Fragments were separated on 0.8% agarose gels run
overnight at 20 V and transferred to Genescreen Plus
nylon membranes (Cat. No. NEF 986; NEN Research
Products, Boston, MA) using a downward alkaline
transfer method described in Sambrook et al. (1989).
After transfer, blots were baked for 1 h at 80�C. Blots
were prehybridized in Church buffer (7% SDS; 0.25 M
NaPO4, 1 mM EDTA and 1% Bovine Serum Albumin)
for 2–3 h at 65�C. Before addition of probe, the
hybridization buffer was replaced with fresh Church
buffer. Incubation with radioactively labeled probe was
done overnight at 65�C. Washes: 20 min incubation in
2· SSPE (0.3 M NaCl, 20 mM NaH2PO4, 2 mM
EDTA), 0.1% SDS at 65�C followed by a 30 min
incubation in 0.5% SSPE, 0.1% SDS at 65�C. Hybrid-
ization signals were detected using the Cyclone Imaging
System with OptiQuant software (Packard, Meriden,
CT), as described in Goldman et al. (2003).

Synthesis of radioactively labeled probes for screening
of Southern blots and lambda libraries

Radioactively labeled probes were synthesized using PCR
as described in Goldman et al. (2003). A plasmid-encoded
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copy of the previously described ara h 2 cDNA (Stanley
et al. 1997) was used as template and amplified with
primers 90 and 91 (Supplemental Table 1). PCR pro-
gram: 10 min denaturation step at 95�C followed by 40
cycles of 95�C for 30 s, annealing at 53�C for 30 s and
elongation at 72�C for 30 s with a final elongation step
at 72�C for 7 min. Synthesized product was separated
from unincorporated label by passing the PCR mixture
over a Sephadex G-50 column and eluting in STE
(100 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM
EDTA).

Screening of lambda genomic clones

The peanut genomic library (Lambda FIXII cloning
vector, Stratagene, La Jolla, CA) was screened for
inserts containing sequences homologous to the pre-
viously cloned ara h 2 cDNA using methods described
in Sambrook and Russell (2001). The library was ini-
tially plated at a density of 50,000 pfu per plate on 20
plates (150 mm in diameter) in the host strain XL1
Blue MRA (P2). Subsequent platings were on either
150 or 100 mm plates. The plates were incubated at
37�C until clear plaque formation (usually 10–12 h)
and then transferred to 4�C to chill the plates before
plaque lifts. Plaque lifts were performed according to
manufacturer’s recommendations using either 137 mm
diameter filters (Cat. No. NEF-978; Perkin Elmer Life
Sciences Inc., Boston, MA) or 85 mm diameter filters
(Cat. No. NJOHY08550, Osmonics, http://www.os-
molabstore.com). After baking at 80�C for 1 h, the
filters were prehybridized, hybridized with radioac-
tively labeled probe and washed as described in the
Southern blots. After washing, the filters were wrapped
in cellophane and exposed to X-Ray film (Super Rx
A125047, Fuji Photo Film Co., Tokyo, Japan) at
�80�C. Pure plaques were isolated through sequential
screenings.

Screening of seed cDNA libraries

Similar methods were used for screening the seed cDNA
library as those described above for the genomic library
with the following changes. The host strain for the
Lambda GT11 cDNA library was Y1088 (Cat. No.
200263, Stratagene, La Jolla, CA). After plating, pla-
ques usually appeared after incubation at 37�C for 5–
7 h. The initial plating of the cDNA library at
50,000 pfu per plate yielded so many positive colonies
that eluents were collected from two plates (designated 7
and 12) and diluted for replating at lower densities (200
or 400 pfu per 100 mm plate). After this second plating,
plaques were randomly picked and screened by PCR as
described below. PCR-positive clones were replated and
screened until pure.

PCR with phage eluent

Plugs containing candidate plaques were cut out of
plates using Pasteur pipettes and eluted overnight at 4�C
in SM [0.1 M NaCl, 8 mM MgSO4•H2O, 50 mM Tris-
HCl (pH 7.5), 0.01% gelatin solution] and a few drops of
chloroform as described in Sambrook and Russell
(2001). An aliquot of the eluent was used undiluted or
diluted as a source of template DNA. The aliquot was
boiled for 5 min or warmed 30 s on high power in a
microwave and then placed on ice before addition to a
standard PCR reaction.

Preparation of phage DNA

Phage DNA was prepared from liquid lysates according
to previously described methods (Sambrook and Russell
2001). DNA concentration was determined by compar-
ison on gels to known concentrations of lambda DNA.
Phage DNA was used to construct shotgun libraries.

Table 1 Ara h 6 nucleotide sequence analysis of A. hypogaea cv Georgia Green (GG), A. ipaensis (AI) and A. duranensis (AD)

Source No of clones 63 82 87 126 165 250 253 268 375 390 466 attat 529 ctag 606

A-genome type
Genomic GG 5 g c a g a g c g t c g No t No a
cDNA GG 5 g c a g a g c g t c g No t No a
cDNA AD 6 g c a g a g c g t c g No t No a

B-genome type I
Genomic GG 5 a a g t c a g c c t c Yes t No a
cDNA GG 1 a a g t c a g c c t c Yes t No a
cDNA AI AI5,1 a a g t c a g c c t c Yes t No a
Lambda8A2a 2 a a g t c a g c c t c Yes t No a

B-genome type II
Genomic GG 5 a a g t c a g c c t c No c Yes g
cDNA GG 1 a a g t c a g c c t c No c Yes g
cDNA AI AI5,2+5,5 a a g t c a g c c t c No c Yes g
Lambda17A2a 3 a a g t c a g c c t c No c Yes g

Coding region: nucleotides 1–434
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Shotgun library construction

Steps in the shotgun library construction were as fol-
lows: (1) Filter 8 lg k DNA in 250 ll at 10,000 rpm for
2 min using a 0.45 lm Millipore filter tube. (2) Shear
DNA using a Gene Machines HydroShear under the
following conditions: 220 ll volume, 20 cycles and speed
code 10. (3) Clean DNA with the Qiagen PCR purifi-
cation kit. (4) End-repair in the following reaction: 36 ll
Qiagen-cleaned DNA, 5 ll 10· Polynucleotide Kinase
Buffer, 2 ll 25 mM ATP, 1.75 ll 1 mM dNTPs, 1 ll T4
Polynucleotide Kinase (3 U ll�1), 1 ll Klenow DNA
Polymerase (5 U ll�1), 1 ll T4 DNA polymerase
(3 U ll�1). (5) Clean DNA as in step 3. (6) Remove 1 ll
and check on gel. (7) Ligate into pBluescript II digested
with EcoRV.

Shotgun library screening

Shotgun libraries were stamped onto prewashed and
dried Genescreen Plus membranes (Cat. No. NEF 986;
NEN Research Products, Boston, MA) with a 96-well
pin and were incubated overnight at 37�C on
LB + ampicillin (100 lg ml�1). Filters were processed
by floating for 10 min on 10% SDS, 5 min on denaturing
solution (0.5 N NaOH, 1 M NaCl) and 5 min in neu-
tralizing solution (0.5 M Tris-HCl, pH 7.5; 1.5 MNaCl).
Filters were washed for 15 min in 5· SSPE, pH 7.4 and
dried at 80�C for 30–60 min. They were prehybridized
and hybridized as described above for Southern blots.

Sequencing and sequence analysis

Sequencing of shotgun libraries was carried out by the
Pratt Lab, University of Georgia, Athens, GA (http://
www.fungen.org) using an AB3730 capillary sequencer
(Applied Biosystems). Sequencing of cDNA and geno-
mic fragments was done in-house using a Beckman
Coulter CEQ 8000 Genetic Analysis System (Beckman
Coulter Inc., Fullerton, CA). Shotgun sequences were
initially processed with Phred, assembled with Phrap
(Ewing et al. 1998) and viewed with Consed (Gordon
et al. 1998). Reassembly, editing and analysis of contigs
were conducted using the Vector NTI (VNTI) Suite
(InforMax, North Bethesda, MD) and included restric-
tion site analysis, sequence alignments and primer design.

Preparations of chromosomes

Seeds were germinated on moistened filter paper. Root
tips were collected and pretreated for 3 h by soaking in
2 mM 8-hydroxyquinoline at room temperature prior to
fixation in 3:1 ethanol:acetic acid. The chromosome
spreads were prepared by the enzymatic maceration
method (Fukui 1996) by incubating for 80–85 min at
37�C.

FISH and GISH

Chromosome preparations were pre-treated with
DNase-free RNase (100 lg ml�1 in 2·SSC) for 1 h at
37�C. The slides were washed in 2· SSC three times for
5 min each, digested with a proteinase K solution
(0.1 lg ml�1 in 20 mM Tris-HCl, pH 7.5, 2 mM CaCl2)
for 10 min at 37�C followed by a wash in 1· PBS for
5 min. After this step, cytological experiments were
carried out according to Akiyama et al. (2004). For
FISH probes, fragment A, 0.6 kb including the ORF of
ara h 6, and fragment B, �3.5 kb including the 5¢UTR,
ORF and 3¢UTR of ara h 2, were labeled with biotin-11-
dUTP (Roche) by PCR using the primers 676/657
(Supplemental Table 1) and nick translation, respec-
tively. The probes were mixed before hybridization. For
GISH, genomic DNAs from A. duranensis or A. ipaensis
were labeled with biotin-11-dUTP or digoxigenin-11-
dUTP (Roche) by nick translation. Slides were incu-
bated with denatured hybridization mixture [approxi-
mately 1 ng ll�1 biotin- or digoxigenin-labeled probe,
5% dextran sulfate (MW=500,000), 50% formamide,
2·SSC] in a humidified chamber at 37�C overnight.

Detection of signals

For GISH, the digoxigenin-labeled probes were detected
with fluorescein using a fluorescent antibody enhancer
set for DIG detection (Roche). Biotin-labeled probes
were detected with Texas-red streptavidin (Vector Lab-
oratories) and biotinylated anti-streptavidin (Vector
Laboratories) for a second layer of Texas-red strepta-
vidin. For FISH, the digoxigenin-labeled probes were
detected with fluorescein using a fluorescent antibody
enhancer set for DIG detection (Roche) and the Alexa
Fluor�488 signal-amplification kit for fluorescein
(Molecular Probes). After detection, the slides were
mounted in Vectashield (Vector Laboratories) contain-
ing 1.5 lg ml�1 DAPI and observed under a fluores-
cence microscope, Olympus BX50. Images of
chromosomes were captured by a Sensys CCD camera
(Photometrics) and Image Pro ver 4.1 software (Media
Cybernetics).

Rehybridization

GISH analysis performed on the same spread after
FISH was carried out according to Akiyama et al.
(2004).

RNA isolation and analysis

RNA was isolated from A. hypogaea cv Georgia Green
somatic embryos using the RNeasy mini kit (Qiagen).
RNA isolation was carried out on several developmen-
tal seed stages from Georgia Green, A. ipaensis and
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A. duranensis using a previously published method with
slight modification (Paik-Ro et al. 2002). Immature seed
stages for A. hypogaea are described in Paik-Ro et al.
(2002). Immature seed stage 3 for A. ipaensis can be
described as a fat seed starting to show pink on the
seed coat and having a hard hull. For A. duranensis,
immature stage 3 was a plump, elongate seed with stripes
beginning to show on the seed coat.

Reverse transcriptase PCR (RT-PCR) from total
RNA was performed with Superscript III first strand
cDNA synthesis system (Invitrogen) and primers 185/
371 to amplify ara h 2 or 676/657 to amplify ara h 6
(Supplemental Table 1). For northern blots, 20–40 lg of
RNA was loaded on a 1.2% formaldehyde denaturing
gel, subjected to electrophoresis and transferred onto
nylon membrane (GeneScreen Plus). Membranes were
prehybridized in 50% formamide, 5· SSC, 5· Denhart’s
solution, 1% SDS for 2 h at 42�C. A radioactively la-
beled DNA probe was added into the prehybridization
solution and hybridized at 42�C overnight. The mem-
brane was washed one time each with 2· SSC–0.1%
SDS, 1· SSC–0.1% SDS and 0.5· SSC–0.1% SDS at
50�C. Blots were exposed using a Storm Phosphoimager
(Amersham Biosciences).

Results

Copy number determination of ara h 2

Since peanut is allotetraploid and inbreeding, it is likely
to contain an ara h 2 gene in each of the A and B sub-
genomes and if completely inbred only one allele of each
gene would be present (Jung et al. 2000). In order to
determine the copy number for ara h 2 and to predict
each copy’s subgenomic origin, Southern blot analyses
were carried out with genomic DNAs from putative
progenitor wild diploid species: A. duranensis Krapov &
W. C. Gregory (A-genome) and A. ipaensis Krapov &
W. C. Gregory (B-genome) and from the tetraploid
species, A. hypogaea L. cv. Georgia Green. Wild diploid
species revealed only one band hybridizing to an ara h 2
probe in DraI digests, but the bands differed slightly in
size (Fig. 1a). A. hypogaea L. cv. Georgia Green con-
tained two hybridizing bands, which co-migrated with
each band present in the wild diploid species, suggesting
two genomic copies for ara h 2 in the tetraploid species.
With the aim of determining whether the two hybridiz-
ing bands in A. hypogaea were likely to represent the
orthologs in the diploid relatives, we first sequenced ara
h 2 PCR products from genomic DNA of the two dip-
loid species, A. duranensis and A. ipaensis.

Genomic sequence of ara h 2 from putative progenitors
A. duranensis and A. ipaensis

The sequence analysis of ara h 2 genomic PCR products
from putative progenitors of cultivated peanut showed

that the A. duranensis genomic sequence was 100%
identical to AhCONG2 (AY722689) and 99.7% identical
to Ara h 2.01 (L77197). The A. ipaensis genomic se-
quence showed 99.9, 99.6 and 99.4% nucleotide simi-
larity to AhCONG1 (AY581853), AY117434 and Ara h
2.02 (AY158467), respectively (Supplemental Fig. 1).
The genomic sequences from these two diploid species
did not indicate the presence of an intron.

The genomic sequences from the progenitors did not
share 100% sequence similarity with some of the pub-
lished cDNA sequences from A. hypogaea which could
be explained by: (1) sequence divergence since the
polyploidization event gave rise to A. hypogaea, (2) se-
quence polymorphisms among the accessions used in
this study and the genotypes that actually gave rise to A.
hypogaea or (3) sequencing errors. Sequencing of geno-
mic and cDNAs from two cultivars of A. hypogaea was
conducted to distinguish among these possibilities.

Expressed sequences of ara h 2 from A. hypogaea
F78-1339

Initial screening of a cDNA library constructed from
developing peanut seeds (A. hypogaea L. F78-1339) with
an ara h 2 probe showed that the cDNAs for ara h 2
were extremely abundant. Forty-six randomly picked
plaques were selected and tested for ara h 2 by PCR
to categorize the positive plaques as A- or B-genome
derived. This random selection of plaques revealed that

Fig. 1 a Southern blot hybridization of A. ipaensis (AI), A.
duranensis (AD) and A. hypogaea cv Georgia Green (GG) to
determine copy number of ara h 2. Each lane was loaded with 10 lg
of genomic DNA digested with DraI and hybridized with an ara h
2-specific probe. Molecular weight sizes (kb) are indicated on the
left. b Southern blot hybridization of A. hypogaea cv Georgia
Green, A. duranensis and A. ipaensis to determine copy number of
ara h 6. Each lane was loaded with 5 lg of genomic DNA digested
with NcoI and hybridized with the internal arah6 probe. Molecular
weight sizes (kb) are indicated on the left. c RT-PCR products from
ara h 2 subjected to 5% SDS-PAGE. A. hypogaea cv Georgia
Green (lane 1), A. ipaensis (lane 2), A. duranensis (lane 3), negative
RT-PCR (lane 4), mixture of cDNA products from A. ipaensis and
A. duranensis denatured at 95�C for 5 min then cooled before
loading (lane 5). The molecular weight sizes (bp) are displayed on
the left
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ara h 2 genes from both sub-genomes were being
expressed in developing peanut seeds in a ratio of 2.7:1
A- to B-genome.

After sequencing, the alignment between A- and B-
genome cDNA sequences revealed the expected 36 bp
indel (insertion/deletion) and a total of eight single
nucleotide polymorphisms (SNPs) between the two
homeologous genes (Supplemental Table 2; Supplemental
Fig. 2). For our cDNA sequences of the A- and B-gen-
ome genes, only two SNPs (positions 182 and 489) were
responsible for amino acid changes, a non-conservative
E/61/G and a conservative D/163/E change (Supple-
mental Fig. 3). Our cDNA sequence for the A-genome
copy (537 bp) shared 100% similarity with AhCONG2
and did not vary from the first published cDNA se-
quence for Ara h 2 (L77197) except for the inclusion of
the putative translational start site and an additional five

nucleotides at the 5¢ end. The B-genome sequence,
however, showed two SNPs by comparison with cDNA
AY117434, plus the inclusion of the putative transla-
tional start site and an additional six nucleotides at the
5¢ end. Two additional SNPs were identified by com-
parison of our B-genome cDNA sequence with Ara h
2.02 (AY158467) (Supplemental Table 2; Supplemental
Fig. 2). The predicted amino acid sequences corre-
sponding to the complete open reading frames of the B-
genome ara h 2 sequences revealed that only the first
SNP at position 29 in AY117434 was non-silent and
caused a conservative amino acid substitution at posi-
tion 10 (L–P) compared with the other derived amino
acid sequences. The polymorphisms at amino acid po-
sition 142 (142E) for Ara h 2.01 and 142 (142D) for Ara
h 2.02 reported by Hales et al. (2004) were not present in
our clones (Supplemental Fig. 3).

Fig. 2 Contig of 12.24 kb of genomic sequence from lambda clone
8A2a assembled with VNTI. The restriction sites displayed
correspond to those used in the Southern blot analysis except for
DraI sites. The DraI sites responsible for the release of bands
detected by the 3¢arah2 probe are located at positions 3,131 bp and
4,462 bp and by the 3¢arah6 probe at 11,328 bp with the second site

in the lambda vector. The hybridization probe sites (relevant to
Supplemental Fig. 5) are displayed in lowercase letters on the
picture, ‘‘a’’ for 3¢arah2, ‘‘b’’ for internal arah6 and ‘‘c’’ for
3¢arah6. The ORFs corresponding to ara h 2 and ara h 6 are
displayed as gray arrows; both of them are in the same orientation

Table 2 Predicted amino acid sequence analysis for Ara h 6 derived from nucleotide sequences of A. hypogaea, A. ipaensis, A. duranensis

Nucleotide position 121 196 199 202 250 253 268 271 319 348 368 391

AA position 41 66 67 68 84 85 90 91 107 116 123 131
A-genome typea R D I R D

c
Q E R R Q N R

B-genome typeb R D I R N E Q R R Q N R
AY871100 R D I R N E Q G R Q S R
AF092846 G N F G N E Q R G H N G

The deduced amino acid sequences within either A or B-genome type shared 100% similarity
aSequences included in A-genome type: A. duranensis, Psc 33 conglutin (AF366561), A. hypogaea cv Georgia Green genomic and cDNA
clones A-genome type and AhCONG4 (AY848699).
bSequences included in B-genome type: A. ipaensis, A. hypogaea cv Georgia Green genomic and cDNA clones B-genome type, AhCONG3
(AY722690) and AhCONG5 (AY849314)
cThe amino acid changes at positions 84, 85 and 90 between A-genome type and B-genome type are displayed in bold. Amino acid changes
observed in other Ara h 6 published sequences are shown in italics (see also Supplemental Fig. 8).
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Fig. 3 Indels in the 5¢UTR as shown by alignment of paralogous
ara h 6 B-genome sequences from lambda clones 17A2a and 8A2a.
A start codon (ATG) is found at position 1081. Identity between

the sequences is noted by black boxes. TATA-box and CAAT-box
motifs are outlined at positions 984 and 907 that correspond at �96
and �173 from start codons, respectively
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Expressed sequences of ara h 2 from A. hypogaea cv.
Georgia Green, A. duranensis and A. ipaensis

Expressed sequences from A. hypogaea F78-1339 have
been shown to align with 100% identity to genomic
sequence from the proposed diploid progenitors. The
presence of sequence polymorphisms was implied by
comparison of our sequences with some of the previ-
ously published cDNA sequences; therefore, we se-
quenced cDNAs from one additional A. hypogaea
genotype and the expressed sequences from the two
diploid species using cloned RT-PCR products ampli-
fied with primers 185/371 (Supplemental Table 1). The
sequence analysis of the A- and B-genome sequences
of A. hypogaea cv. Georgia Green showed 100% se-
quence similarity with the ara h 2 sequences belonging
to the cDNA library of A. hypogaea F78-1339. Con-
trary to the sequence polymorphisms between pub-
lished B-genome cDNAs and F78-1339, there was no
polymorphism between this genotype and cv. Georgia
Green. The cDNA sequences from A. duranensis and
A. ipaensis exactly matched their respective genomic
sequences and the A- and B-genome ara h 2 cDNA
sequences from A. hypogaea cv. Georgia Green. When
ara h 2 RT-PCR products from the three species were
examined on a polyacrylamide gel, the diploid species,
A. duranensis and A. ipaensis, showed only one band
each (Fig. 1c). The product from A. ipaensis migrated
slower than A. duranensis. Two doublets were ob-
served from A. hypogaea cv. Georgia Green. The
faster-migrating doublet comigrated with the two
bands collectively present in the wild diploid species.
The slower-migrating doublet seen in A. hypogaea
most likely corresponded to heteroduplexes formed
between the A- and B-genome RT-PCR products. This
banding pattern was also observed when RT-PCR
products of A. ipaensis and A. duranensis were mixed,
denatured, reannealed and run on the polyacrylamide
gel (Fig. 1c, mix).

The predicted molecular masses of the two complete
encoded proteins were 18.87 and 20.22 kDa for the A-
and B-genome genes and 16.64 and 17.99 kDa for the
mature proteins, respectively. The calculated difference
between the two theoretical mature proteins was
1.36 kDa, which was in excellent agreement with the
difference of 1.380 kDa obtained by mass spectrometry
(Chatel et al. 2003).

Characterization of genomic sequence of ara h 2
and related conglutins from A. hypogaea

A genomic library of A. hypogaea F78-1339 was
screened by hybridization with an ara h 2 cDNA probe
and 26 positive plaques were identified. Seven of these
were purified through sequential platings and plaque
lifts. Two lambda genomic clones were selected for
further characterization because they yielded B-gen-
ome-size (8A2a) or A-genome-size (17A2a) PCR

products after amplification with primer sets 117/122 or
185/186 (Supplemental Table 1). The two types of
clones were presumed to contain the A- and B-genome
genes of ara h 2.

Sequencing of PCR products from these two lambda
clones revealed that the selected primers were amplifying
not only ara h 2 from 8A2a, but also a sequence that had
homology with ara h 6 (AF092846) from 8A2a and
17A2a. Because cDNA sequences of Ara h 2.02
(AY158467) and Ara h 6 (AF092846) share 63% se-
quence similarity (Supplemental Fig. 4) and both genes
can be amplified with certain primer combinations,
shotgun libraries were constructed from both lambda
clones and the shotgun clones that did not hybridize
with lambda DNA were sequenced.

Eighty-four shotgun clones were sequenced from li-
brary 8A2a and Phred-quality sequence was assembled
with Phrap, viewed with Consed and finally aligned with
VNTI. A map covering 12.24 kb of lambda 8A2a is
shown in Fig. 2. Only two open reading frames (ORFs)
with an ATG start codon showed significant alignments
based on a BLASTx query to sequences in GenBank nr.
One ORF of 516 bp was identified as encoding Ara h
2.02 and the second ORF of 434 bp as ara h 6.
Approximately, 7.6 kb of intergenic sequence separated
the two ORFs. Both ORFs showed the same orientation
with respect to direction of transcription. The ORF
corresponding to Ara h 2.02 showed 100% sequence
similarity to the B-genome cDNA and genomic sequence
of A. ipaensis. Southern blot analysis of the lambda
clone 8A2a was conducted to verify the restriction sites
predicted by the sequence (Supplemental Fig. 5). In sil-
ico analysis of the 5¢UTR region from this B-genome ara
h 2 gene sequence (PlantCARE Promoter Database;
Lescot et al. 2002) showed, among other motifs, the
presence of a TATA-box (TATAaat) at position �79,
three CAAT-box (CAAT) motifs at �1, �30 and
�166 bp and a CGTCA-motif involved in MeJA-
responsiveness at around �1910 bp upstream of the
start codon.

A shotgun library was also constructed with a
second genomic clone, 17A2a. After screening 384
shotgun clones with three probes (3¢arah6, internal
arah6, lambda probe), 12 clones were selected for
sequencing. Seven clones formed one contig of
1,806 bp that comprised one complete ORF of 434 bp,
1,021 bp upstream of the ATG site and 364 bp cor-
responding to the 3¢UTR. The ORF from lambda
17A2a shared 100% homology with the ORF of ara h
6 present in lambda 8A2a; however, the 5¢ and
3¢UTRs showed differences. The 5¢UTR of lambda
8A2a and lambda 17A2a shared 360 bp of complete
homology upstream of the ATG site (Fig. 3). In this
context, the TATA box (�96) and CAAT box (�173)
were found at the same position (PlantCARE pro-
moter database). Walking upstream of position �360,
several SNPs and indels were identified (Fig. 3). Dif-
ferences at the 3¢UTR are shown in Supplemental
Table 3 and Supplemental Fig. 6.
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Copy number of ara h 6

Close physical linkage of two conglutin genes, ara h 2
and ara h 6, prompted the generation of addi-
tional genomic and cDNA sequences of ara h 6 and
determination of its copy number. With the purpose of

determining the copy number for ara h 6, Southern blot
analysis was carried out with NcoI-digested genomic
DNA from wild diploid species, A. duranensis and A.
ipaensis, and cultivated tetraploid, A. hypogaea cv
Georgia Green. When probed with an internal ara h 6
probe, only one clear band hybridized in each diploid

Fig. 4 Genomic in situ hybridization/Fluorescence in situ hybrid-
ization (GISH/FISH) to chromosomes of A. hypogaea cv Georgia
Green. a-b Dual-labeled GISH (without use of blocking DNA). a
Red fluorescence shows hybridization to the biotin-labeled A-
genome DNA of A. duranensis and green fluorescence indicates
hybridization to the digoxigenin-labeled genomic DNA of A.
ipaensis (B-genome). Twenty chromosomes painted with red (A-
genome) showed strong centromeric bands. Twenty chromosomes
with weak centromeric bands were painted with green (B-genome).
b The 4¢, 6-diamino-2-phenyldole (DAPI) counterstaining the same
spread shown in (a). In (a) and in (b) the short arm of the putative
chromosome pair A10 is labeled with an asterisk and the satellite
by a degree sign as were observed in Seijo et al. (2004). Also, the
putative small A9 pair is labeled. Scale bar = 10 lm. c-e GISH/
FISH. Some chromosomes are missing from this spread. c Green
fluorescence signals (white arrows) indicate subtelomeric position of

hybridization of the digoxigenin labeled ara h 2 and ara h 6 probes.
d Red fluorescence shows hybridization to the biotin-labeled A-
genome DNA of A. duranensis and green fluorescence indicates
hybridization to the digoxigenin-labeled genomic DNA of A.
ipaensis (B-genome). e The 4 ¢, 6-diamino-2-phenyldole (DAPI)
counterstaining of the same spread shown in (c) and in (d). In (d)
and (e) red and green arrows indicate the chromosomes showing
FISH signals in (C). Scale bar = 10 lm. f-i FISH to highly
condensed chromosomes of A. hypogaea cv Georgia Green. In (f)
and (h) green fluorescence signals (white arrows) indicate subtelo-
meric position of hybridization of the digoxigenin labeled ara h 2
and ara h 6 probes. g, i 4¢, 6-diamino-2-phenyldole (DAPI)
counterstaining the same spreads shown in (f) and (h), respectively.
Green arrows show the chromosomes with weak centromeric bands
that belong to the B-genome (A. ipaensis) as were confirmed by
GISH in previous experiments. Scale bar = 10 lm
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species, but they differed in size (Fig. 1b). The two
bands, which hybridized in the tetraploid species, were
of the same size as the bands present in the diploid
species, suggesting that there are at least two genomic
copies for ara h 6 in the tetraploid.

To obtain a full complement of cDNA and genomic
sequences for ara h 6, PCR was carried out with primers
676/657 (Supplemental Table 1) using genomic and
cDNAs from A. hypogaea cv. Georgia Green. The PCR
products were then cloned and sequenced. Thirteen
SNPs were found among these clones (Table 1 and
Supplemental Fig. 7).

Five cDNA clones and five genomic clones from A.
hypogaea demonstrated 100% sequence similarity with
the ara h 6 cDNA sequence from A. duranensis (A-
genome type). One cDNA clone and five genomic
clones from A. hypogaea L. cv Georgia Green were
100% identical to one type of ara h 6 sequence found
in A. ipaensis (B-genome type I). The ara h 6 sequence
belonging to the lambda 8A2a genomic clone fell in
this group. One cDNA clone and five genomic clones
were homologous to a second ara h 6 cDNA sequence
identified from A. ipaensis (B-genome type II). The ara
h 6 sequence belonging to the lambda genomic clone
17A2a fell in this group. Therefore, two copies of ara h
6 were identified in A. ipaensis. The differences among
these sequences were in the 3¢UTR. The coding regions
shared 100% sequence similarity. This result was con-
sistent with the sequences derived from A. hypogaea
F78-1339 and cv Georgia Green. A. duranensis showed
only one type of ara h 6 sequence, which exactly
matched one of the ara h 6 sequences found in cv
Georgia Green. In total, three ara h 6 sequences were
identified in A. hypogaea cv Georgia Green. No intron
was present in any of the conglutin sequences.

Translational differences in Ara h 6

From our predicted amino acid sequences for Ara h 6,
three nucleotide differences at positions 250, 253 and 268
would induce amino acid changes during translation
(Table 2; Supplemental Fig. 8).

All derived ara h 6 peptide sequences that fell into the
A. duranensis group (A-genome type) showed an amino
acid sequence of DQE at these positions. The deduced
sequence from clone Psc33 (AF366561) (Paik-Ro et al.
2002) and AhCONG4 (AY848699) shared 100% amino
acid sequence similarity to the present ara h 6 A. du-
ranensis-like protein.

All predicted Ara h 6 sequences that fit in the A.
ipaensis group (B-genome type) displayed NEQ at these
positions. The derived amino acid sequence of
AY871100 displayed NEQ at the same three positions
(250, 253 and 258), but had two other amino acid dif-
ferences compared with the current ara h 6 sequences.
Unfortunately, the genotype from which this sequence
originated was not reported. Derived amino acid se-
quence for the published ara h 6 allergen gene
(AF092846) displayed NEQ at positions 250, 253 and
268, but had eight other amino acid differences com-
pared with our sequences (Table 2).

Our current results for ara h 6 sequences did not
detect any nucleotide differences between the two
genotypes of A. hypogaea analyzed and their diploid
putative progenitor species. Thus, the high number of
mutations shown by AF092846 derived from a virginia-
type cultivar of A. hypogaea could be due to sequencing
errors rather than indicating the occurrence of a differ-
ent isoform. However, none of the predicted amino acid
changes affected cysteine residues, which are important
to the tertiary structure of these proteins.

Fig. 5 a, b Northen blot analysis of A. hypogaea cv Georgia Green
immature seed stages. Specific probes were used to detect ara h 2 (a)
and ara h 6 transcripts (b) across the immature seed stages. c, d
Stained gel as control for RNA loading in (a) and (b). e, f, g RT-
PCR analysis. e RT-PCR from different developmental stages of A.
hypogaea cv Georgia Green: imbibed seeds (imb); dry seeds (dry);
immature seeds, stage 2 (imm2); immature seeds, stage 3 (imm3);

immature seeds, stage 4 (imm4). f RT-PCR from developmental
stage 3 of A. ipaensis (AI) and A. duranensis (AD). g RT-PCR from
somatic embryos of A. hypogaea cv Georgia Green, stages 1 and 2
(Supplemental Fig. 11), immature seed stage 2 (imm2), immature
seed stage 3 (imm3), immature seed stage 4 (imm4) ara h 2 RT-PCR
products (2), ara h 6 RT-PCR products (6), negative control (-ve).
Molecular weight sizes (kb) on the left
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Signal peptide cleavage prediction for Ara h 6

Suhr et al. (2004) sequenced the N-terminus of purified
Ara h 6 protein. Their peptide sequence
(MRRERGRQGDSSS) was identical to our predicted
Ara h 6 amino acid sequence starting at Met22 from
cDNA and genomic clones (A. hypogaea, A. duranensis
and A. ipaensis). The N-terminal sequence of ara h 2
(RQXWELQGDR, X = unidentified) reported by
Chatel et al. (2003) showed 100% identity with the
predicted amino acid sequence of ara h 2.01 and ara h
2.02, beginning at Arg 22. Starting at Met1 and using
SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/),
we searched for the signal peptide cleavage prediction in
Ara h 2 and Ara h 6 (Supplemental Fig. 9). These
searches suggested that the most probable site for
cleavage of Ara h 6 and Ara h 2 was between position 21
and 22 at the sites ASA-MR and ASA-RQ, respectively.
Therefore, both Ara h 2 and Ara h 6 should enter the
endoplasmic reticulum of the cell during translation.

Chromosomal location of ara h 2 and ara h 6 genes

DAPI staining revealed a differentiated pattern of het-
erochromatic and euchromatic regions in chromosomes
of A. hypogaea cv Georgia Green as were reported by
Raina and Mukai (1999). Dual-labeled genomic in situ
hybridization (GISH) showed that 20 of 40 chromo-
somes with weak centromeric bands were painted by the
probe containing labeled genomic DNA from A. ipaen-
sis. The remaining 20 chromosomes with strong cen-
tromeric bands hybridized with the probe coming from
A. duranensis (Fig. 4a, b).

In A. hypogaea cv Georgia Green, two pairs of ara h
2-ara h 6 signals were detected by fluorescence in situ
hybridization (FISH). One pair was localized on strong
centromeric-band-containing chromosomes belonging
to the A-genome. The other pair was detected on chro-
mosomes belonging to the B-genome. In both A- and B-
genomes, signals were localized at a subtelomeric posi-
tion (Fig. 4c–e). The localization of ara h 2-ara h 6
performed on highly condensed chromosomes showed
consistently one pair of signals in a subtelomeric posi-
tion on the B-genome (Fig. 4f–i).

Expression of ara h 2 and ara h 6 in embryos

To determine the expression of these two conglutin
genes, northern blot analysis was carried out with gene-
specific probes (3¢arah2 and internal arah6) using total
RNA extracted from three immature seed stages
(Fig. 5a, b). The specificity of the 3¢arah2 probe had
been tested previously on a Southern blot of RT-PCR
products run on a polyacrylamide gel (Supplemental
Fig. 10). The level of expression for each gene was
similar across these developmental stages, which was in
accordance with the results reported by Paik-Ro et al.

(2002). The ara h 2 hybridization signal was stronger
than ara h 6 suggesting indirectly that expression levels
of ara h 2 in these developmental stages were higher than
ara h 6 (Fig. 5a, b).

The levels of expression of ara h 2 and ara h 6 in
immature seeds of A. ipaensis, A. duranensis and in so-
matic embryos of A. hypogaea cv Georgia Green were
not detectable by northern blot (data not shown). Two
reasons could explain this observation: (1) 20 lg of total
RNA rather than 40 lg as in Fig. 5 were loaded due to a
limited amount of material or (2) the level of expression
in the diploid species may be lower than that from A.
hypogaea immature seeds. A RT-PCR assay, which is
more sensitive than northern blot analysis, was used to
detect expression of these genes. Expression of both ara
h 2 and ara h 6 in mature seeds (dry and imbibed) as well
as immature seed stages 2, 3 and 4 of Georgia Green was
observed (Fig. 5e). Expression of ara h 2 and ara h 6 was
also detected in immature seed stage 3 (the only stage
assayed) from A. ipaensis and A. duranensis (Fig. 5f).
Somatic embryo stages 1 and 2 of cv Georgia Green
(Supplemental Fig. 11) expressed ara h 2, but expression
of ara h 6 was barely detectable (Fig. 5g).

Discussion

Genes encoding the isoforms Ara h 2.01 and Ara h 2.02
are homeologous genes representing orthologs
from diploid ancestors

On the basis of comparative genomic and cDNA se-
quence characterization of ara h 2, two genes encoding
the two isoforms Ara h 2.01 and Ara h 2.02 were iden-
tified, and 100% sequence similarity was found among
A. hypogaea cultivars and between A. hypogaea and its
putative ancestors. These results, in addition to South-
ern blot analysis, allowed assignment of one copy cor-
responding to Ara h 2.01 in A. hypogaea to A.
duranensis, the A-genome progenitor. The copy in A.
hypogaea encoding Ara h 2.02 was present only in A.
ipaensis, the B-genome progenitor. Because A. hypogaea
has low genetic variability (Kochert 1991; Kochert et al.
1996) and no polymorphisms were identified in genes
encoding Ara h 2.01 or Ara h 2.02 in the A. hypogaea
cultivars and the respective putative ancestors that we
studied, the sequence polymorphisms detected for Ara h
2.02 by Chatel et al. (2003) and Hales et al. (2004) could
be due to sequencing error rather than natural variation,
particularly in the case of Chatel et al. (2003) who used
the same cDNA library that we used in our study.

All previously published sequences have been from
cDNAs except for the ‘‘first genomic’’ clone for ara h 2
reported by Viquez et al. (2001) who purportedly de-
scribed the regulatory sequences of this allergen gene in
A. hypogaea F78-1339 (AX148738). Alignment of that
sequence with the B-genome sequence reported in the
current paper showed that they did not share similarity
upstream of the putative translational start site (position
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128) nor beyond that clone’s position 632, 10 bp up-
stream of the stop codon in the current ara h 2 genomic
sequence (Supplemental Fig. 12). The ORF reported in
the current work comprised 516 bp and TAA as the stop
codon in contrast with the 621 bp ORF proposed for the
ara h 2 genomic sequence and TGA as the stop codon
reported in Viquez et al. (2001). Using NCBI’s Vec-
Screen BLAST function, GenBank ID AX148738
showed a strong match with vector from nt 1 to 99 and
587 to 1152, specifically with the E. coli lactose operon
(Supplemental Fig. 13, 14). This similarity of upstream
and downstream sequences with vector sequence sug-
gests that the ara h 2 regulatory sequences were not
present in this clone.

Differences in expression of genes encoding Ara h 2.01
and Ara h 2.02

Quantification of total Ara h 2 in the extractable protein
fraction of mature peanut seed has been estimated be-
tween 5.9 and 9.3% (Koppelman et al. 2001), but the
ratio of Ara h 2.01 to Ara h 2.02 was not determined. In
the current study a PCR analysis to specifically amplify
ara h 2 genes allowed a transcript ratio of 2.7:1, A-
genome:B-genome, to be determined. We did not at-
tempt to validate this ratio by real-time RT-PCR;
however, a similar ratio was found by Yan et al. (2005)
who randomly sequenced more than 400 clones from a
cDNA library derived from mid-maduration stage cot-
yledons of peanut and found a ratio of 2:1, A- to B-
genome, for ara h 2. In another study, Expressed Se-
quence Tags (ESTs) generated from a cDNA library
constructed from immature pods of peanut showed that
the seed storage proteins, glycinin and conglutin, each
accounted for over 5% of the total ESTs, giving an idea
about the redundancy of expression of these particular
genes in this specific tissue (Luo et al. 2005). The number
of sequences in dbEST that showed 100% identity to our
sequences was too few to support our data on differen-
tial expression of A- and B-genome ara h 2 genes.
One possible explanation for the lower expression of the
B-genome gene demonstrated in two of the three studies
could be a negative effect of the 36 bp insertion.
Nevertheless, whether the transcript levels of A- and
B-genome sequences are related to cis and/or trans-
regulatory differences, with protein turnover, or are
influenced by stage of development will require more
extensive studies.

Physical linkage of ara h 6 and the gene encoding
Ara h 2.02 in the B-genome

The linkage between the gene encoding Ara h 2.02 and
ara h 6 was shown by sequencing a 12.24 kb genomic
fragment cloned from A. hypogaea and confirming the
arrangement in the lambda clone by Southern blot
analysis. Additionally, these genes were localized by

FISH in A. hypogaea cv Georgia Green. Two pairs of
ara h 2-ara h 6 sites were revealed, one on the A- and one
on the B-genome, as distinguished by GISH. The chro-
mosomal localization by FISH of ara h 2-ara h 6 on
highly condensed chromosomes, which reduces FISH
resolution, was not the same for A- and B-genome loci
indicating that the number of genes per locus is variable.
The most reproducible hybridization signals were ob-
served on the B-genome, which was consistent with the
duplicated sequence information reported for ara h 6 on
the B-genome and reflects the difference in the number
of gene copies per locus for both A and B-genomes.

GISH has led to improvements in chromosome
identification by permitting their categorization on the
basis of diploid parental ancestry and/or intergenomic
exchange in tobacco (Nicotiana tabacum) (Kenton et al.
1993; Moscone et al. 1996; Chase et al. 2003), in the
characterization of genetic stocks derived from crosses
of wheat (Triticum aestivum) (Han et al. 2003; Fedak
and Han 2005) and in the verification of hybrid status of
plants in Lilium (Marasek et al. 2004), just to provide a
few examples. In peanut, previous GISH study indicated
that the A. ipaensis genome was similar to one of the
subgenomic chromosome sets in A. hypogaea, whereas
the A. duranensis genome showed weak and fragmented
signals contrary to the intense and uniform signals dis-
played by A. villosa on A. hypogaea (Raina and Mukai
1999). In the present study, dual-labeled GISH, without
the use of blocking DNA, allowed distinct and uniform
hybridization along parental chromosomes in A. hypo-
gaea where 20 chromosomes with a centromeric band,
including the small A9 pair that characterizes this sub-
genome, were clearly painted with A. duranensis DNA,
and the other 20 chromosomes lacking a clear centro-
meric band were painted with A. ipaensis DNA. The
discrepancy between the results with A. duranensis in the
two studies could be due to differences among accessions
chosen for the experiments. Chromosomes with inter-
genomic translocations could not be identified. Thus, a
combination of 5S and 18S–25S ribosomal RNA genes,
dual-labeled GISH, and allergen gene probes could
potentially be used to aid in the identification and study
of chromosome evolution in A. hypogaea and its diploid
relatives.

Paralogous copies of ara h 6 in the B-genome

Sequencing results provided evidence for three different
ara h 6 genes in A. hypogaea cv Georgia Green. The
presence of two copies of ara h 6 in the B-genome and B-
genome progenitor, but only one copy of ara h 6 in the
A-genome and A-genome progenitor, argues that a
duplication of ara h 6 occurred in A. ipaensis prior to the
polyploidization event that founded A. hypogaea. Other
lines of evidence support a recent origin of A. hypogaea
from A. duranensis and A. ipaensis: (1) no evidence for
chromosomal rearrangements involving 5S and 18S–25S
ribosomal genes (Seijo et al. 2004); (2) 100% sequence
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similarity between homeologous genes in A. hypogaea
and their respective orthologs both in the present study
and that of Jung et al. (2003) and (3) the lack of inter-
genomic translocations that could be detected by GISH
experiments.

Although it is probable that the three ara h 6 copies
are encoding at least two of the three isoforms reported
by Suhr et al. (2004), it is not clear whether the B-gen-
ome derived isoform is being produced from one or both
B-genome copies. Preserved overall similarity between
promoters of duplicated genes as well as preservation of
individual cis-elements within the respective promoters
indicates that the process of transcriptional neo- and
subfunctionalization is restricted to only a fraction of
cis-elements (Harberer et al. 2004). Thus, sequence dif-
ferences in the 5¢ and 3¢UTRs as were found for ara h 6
B-genome genes could potentially alter temporal and/or
spatial expression patterns or transcriptional responses
to different stimuli even though the proteins produced
are expected to be identical.

Expression of ara h 2 and ara h 6 in somatic embryos

Our results showed reduced transcript abundance for
ara h 2 and ara h 6 by northen blot assays in somatic
embryos of A. hypogaea cv Georgia Green which is
consistent with other studies that showed a reduction in
storage protein synthesis (Morcillo et al. 1998; Morcillo
et al. 2001). Taking into account that the expression
level of ara h 6 was lower than that of ara h 2 in seeds,
barely detectable levels by RT-PCR in somatic embryos
could be anticipated. Nevertheless, detection of ara h 2
by RT-PCR in stages 1 and 2 of somatic embryos makes
it possible to test for silencing of these genes early during
a transformation experiment and to avoid unnecessary
maintenance of cultures where posttranscriptional gene
silencing is not active.

The 2S albumin seed storage protein genes from
Arabidopsis (at2S1, at2S2, at2S3 and at2S4) are consid-
ered isoforms even though they share only 58–83% of
similarity at the amino acid level. These genes follow
similar temporal expression profiles throughout devel-
opment but two of them, at2S2 and at2S3, are expressed
at significantly higher levels and tissue specificity differs
among the four genes (Guerche et al. 1990). Similarly,
ara h 2 and ara h 6 are members of the same gene family
and their different expression levels could reflect differ-
ent expression patterns and/or different functions played
by these genes in seed tissues.

In the present study we report structural and func-
tional characterization of one of the major peanut
allergen genes, ara h 2, and a related conglutin gene, ara
h 6, both expressed in peanut seed. We have determined
that orthologs in the putative diploid progenitors are
identical in nucleotide sequence to homeologous genes in
A. hypogaea. The close physical linkage of the gene
encoding Ara h 2.02 and one ara h 6 gene of B-genome
origin may have arisen by tandem duplication and

divergence of an ancestral gene. More recent gene
duplication specific to the B-genome progenitor has re-
sulted in ara h 6 paralogs. Peanut seeds are the most
economically important part of the peanut plant and are
also one of the most allergenic foods. Therefore, geno-
mic characterization of the storage protein genes
encoding the triggers of allergic reactions is important
from the perspective of allergy diagnosis and is an
essential step in the process to develop a hypoallergenic
peanut (Dodo et al. 2005; Ozias-Akins et al. 2006). The
effects of a knockdown or knockout conglutin genes,
particularly ara h 2, on the quality, fitness, viability and
storage protein composition of the seed are immediate
and intriguing questions waiting to be addressed.
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Supplemental Table 1 

List of  primers 

 

Primer 
Name Target Sequence Position of 3’ 

nucleotide 

Primer 
Length 

(nt) 
Direction Use (second 

primer/annealing temp) 

#90 A- or B-genome 
ara h 2 170a 18 sense ara h 2 probe (#91/53ºC) 

#91 A- or B-genome 
ara h 2 677 or 713 22 antisense ara h 2 probe (#91/53ºC) 

#117 A- or B-genome 
ara h 2 28 20 sense PCR (#122/55ºC) 

#122 A- or B-genome 
ara h 2 346 or 382 18 antisense PCR (#117/55ºC) 

#185 A or B-genome 
ara h 2 8 25 sense PCR (#186/60ºC) 

full arah2 (#371/58ºC) 

#186 A- or B-genome 
ara h 2 267 or 303 26 antisense PCR (#185/60ºC) 

#370 A- or B-genome 
ara h 2 478 or 514 22 sense 3’arah2 probe 

(#371/ 55ºC) 

#371 A- or B-genome 
ara h 2 654 or 690 24 antisense 3’arah2 probe 

(#370/ 55ºC) 

#676 A- or B-genome 
ara h 6 34 34 sense full arah6 probe (#657/58ºC) 

#657 A- or B-genome 
ara h 6 603 or 608 27 antisense full arah6  (#676/58ºC) 

3’arah6 probe (#656/56ºC) 

#441 A- or B-genome 
ara h 6 101 b 23 sense internal arah6 probe 

(#658/67ºC) 

#658 A or B-genome 
ara h 6 275 b 20 antisense internal arah6 probe 

(#441/67ºC) 

#656 A or B-genome 
ara h 6 432 20 sense 3’ara h6 probe 

(#657/56ºC) 

aOne mismatch at 5’ end primer in B-genome.  
bTwo mismatches at 5’ end primer in A-genome. 
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Supplemental Table 2 

Nucleotide positions of SNPs and indels between ara h 2 cDNA sequences from A. 
hypogaea L. F78-1339 and published sequences. 

position 1-8 
indel 9 29 81 126 156 182 227-262 

indel 
243 272 288 300 372 462 489 

AhCONG2 
(AY722689) 8bp G T C G G A - - C C A C T C 

Ara h 2.01 
(L77197) - G T C G G A - - C C A C T C 

cDNA ara h 2 
(A-genome) 8bp G T C G G A - - C C A C T C 

cDNA ara h 2 
(B-genome) 8bp G T A T A G 36bp T A C A A C A 

AY117434 - - C A T A G 36bp C A C A A C A 

Ara h 2.02 
(AY158467) 8bp G T C G A G 36bp T A T A A C A 

AhCONG1 
(581853) 8bp G T A T A G 36bp T A C G A C A 

 
SNPs that induce changes at the amino acid level are displayed in black boxes, and in 
bold those that do not induce changes (see also supplemental Fig. 2).  Position numbers 
begin at the putative translational start site (ATG) and extend to the stop codon (TAA) at 
position 517. 
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Supplemental Table 3 
 

SNPs and indels present in the 3’UTRs of two ara h 6 genes, one from lambda 8A2a 
(B-genome type I) and one from lambda 17A2a (B-genome type II) 

3’UTR ara h 6 
sequence 

485-489 
TTATA site 

529 557-560 
CTAG site 

606 651 
 

Lambda 8A2a Yes T No A 28bp 
Lambda 17A2a No C Yes G 54bp 

 
Position numbers correspond to the 3’UTR.  The stop codon is located at position 436.  
Starting at position 651 and downstream the sequences diverge with no homology (see 
also supplemental Fig. 4).   
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Supplemental Fig.  1 Nucleotide sequence alignment between ara h 2 genomic 
sequences derived from A. duranensis (AD), A. ipaensis (AI), published cDNA 
sequences of A. hypogaea that shared the higher levels of similarity and the ara h 2 
genomic sequences from A. hypogaea cv Georgia Green.  Putative start codon (ATG) 
at position 1 and stop codon (TAA) at position 517. 
 
Supplemental Fig.  2  Alignment of ara h 2 cDNA sequences belonging to the A- and 
B-genomes of A. hypogaea F78-1339 and previously published cDNA sequences.  A 
putative start codon (ATG) is shown at position 1 and a stop codon (TAA) at position 
517.  Sequences without the 36 bp insertion belong to the A-genome and encode Ara h 
2.01 isoform.  Sequences that belong to the B-genome show the 36 bp insertion (position 
227-262) and encode the Ara h 2.02 isoform. 
 
Supplemental Fig. 3  Alignment of deduced amino acid sequences from cDNAs of 
ara h 2 belonging to A-genome, B-genome, and unassigned published sequences.  
Identity among all sequences is noted by black boxes, arrowhead indicates non-
conservative changes and asterisks show conservative amino acid changes. 
 
Supplemental Fig.  4  Nucleotide alignment of the ara h 6 cDNA sequence published 
by Kleber-Janke et al. (1999) and the cDNA that encodes for the Ara h 2.02 isoform 
from Chatel et al. (2003).  The ORF of these genes share a 63% of sequence identity and 
the homology is especially in the middle and 3’ end region. 
 
Supplemental Fig.  5  Southern blot analysis with the lambda 8A2a genomic clone.  (A), 
(B) and (C) were hybridized with the 3’arah2 probe, (D) hybridized with internal arah6 
probe, and (E) with the 3’arah6 probe.  The enzymes used in each digestion are displayed 
above each lane.  Molecular weight sizes (kb) are displayed on the left. 
Using an ara h 2-specific cDNA fragment (3’arah2) as a probe, one hybridizing band of 
almost 4 kb was observed in the SacI digest, one hybridizing band of 500 bp in the SacI-
PstI digest (this band was slightly higher than the 300 bp expected), and one band 
approximately 10 kb in the NcoI digest (A).  The NcoI-SacI double-digest looked the 
same as the SacI digest which indicated that there was no NcoI site within the SacI band 
recognized by 3’arah2.  In the DraI digestion, one hybridizing band of 1.3 kb was 
detected (B). This band was the same size as the larger of the two hybridizing DraI 
fragments shown in the genomic Southern blot (Figure 1A), which corresponds to the B-
genome.  Two hybridizing bands of ~10 kb and 0.5 kb were observed in the HindIII 
digestion (B) which was consistent with the presence of a HindIII site within the probe 
sequence.  Eco RI digestion showed only one band of approximately 5.5 kb that agreed 
with the expected size (C).  The 9 kb band released by AvaI (C) was in accordance with 
only one AvaI site present in the genomic fragment, indicating that the other AvaI site is 
present in the lambda vector.  Southern blot analysis of lambda 8A2a also was carried out 
with a probe that would specifically detect the second ORF contained in this clone, ara h 
6 (D).  SacI digestion showed one hybridizing band of around 4 kb (D).  The same band 
was identified in the SacI-PstI double digest, indicating that a PstI site was not present 
within the Sac I fragment that hybridized with the ara h 6 ORF-specific probe.  In the 
NcoI digestion one band of around 6 kb was detected and in the NcoI-SacI digestion one 
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hybridizing band slightly smaller than 500 bp.  This size was a little larger than the 
expected 363 bp size predicted from the sequence.   
     Results using a third probe designed to recognize the 3’ region of the ara h 6 gene are 
shown in E.  In the DraI digestion, one strongly hybridizing band of almost 4 kb was 
identified (E).  The 3’arah6 probe also weakly recognized a band similar in size to the 
one labeled with the 3’arah2 probe, suggesting a weak cross-hybridization of the 3’ 
regions of ara h 2 and ara h 6 genes (compare DraI lanes in B and E).  One band was 
detected in the HindIII digestion and two bands in the NcoI, but the upper, weaker band 
probably resulted from cross-hybridization with ara h 2 sequence.  The hybridization 
patterns revealed by Southern blot analysis confirmed the predicted restriction sites in 
this genomic clone plus the presence of ara h 2 and the related conglutin ara h 6 on this 
genomic fragment.   
 
Supplemental Fig.  6  ORF and 3’UTR alignment from two ara h 6 sequences 
belonging to the B-genome.  A putative start codon (ATG) is shown at position 1 and a 
stop codon (TAG) at position 436.  The TTATA indel at position 485-489 is present only 
in the ara h 6 sequence belonging to lambda 8A2a (B-genome type I), and the CTGA 
indel at position 557-560 is only in lambda 17A2a (B-genome type II). 
 
Supplemental Fig.  7  ORF and 3’UTR alignment from ara h 6  sequences coming 
from A. duranensis, A. ipaensis and the B-genome of A. hypogaea F78-1339.  The ara 
h 6 sequence that belongs to A. duranensis shows no TTATA and CTGA indels in the 
3’UTR. 
 
Supplemental Fig.  8  Amino acid alignment from the deduced sequences of  ara h 6.  
Identity between all sequences is noted by yellow shading, identity between three or four 
of them by light blue, letters in green shading indicate conservative amino acid changes, 
and white shading non-conservative changes.  The first 49 amino acid sequences starting 
at Met1 were used in the prediction of a putative signal peptide cleavage site.  The amino 
acid changes between these sequences did not affect the cysteine residues located at 
positions 35, 47, 79, 80, 92, 94, 105, 128, 136 and 145. 
 
Supplemental Fig.  9  Signal peptide prediction of ara h 6 and ara h 2 sequences.  (A 
and C)  SignalP 3.0 using the neural networks (NN) model showed the most likely 
cleavage site between positions 21 and 22 for ara h 6 (ASA-MR) and ara h 2 (ASA-RQ).  
(B and D) SignalP 3.0 using the hidden Markov model pointed out the maximum 
cleavage site probabilities 0.756 and 0.560 between positions 21 and 22 for ara h 6 and 
ara h 2 respectively. 
 
Supplemental Fig.  10  Southern blot analysis showing  ara h 2 probe specificity 
after separation of RT-PCR products using 5% SDS-PAGE.  Two ara h 2 probes 
were checked for specificity against ara h 2 (2) and ara h 6 (6) RT-PCR products from A. 
hypogaea cv Georgia Green (GG), A. ipaensis (AI), and A. duranensis (AD).  The arah2 
full probe (generated with primers 185/371) recognizes the ORF and part of the 3’UTR of 
ara h 2, and the 3’arah2 probe (generated with primers 370/371) encompasses the 3’ end 
of the ORF and the same part of the 3’UTR as the arah2 full probe. After hybridization, 
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the membranes were washed at 65ºC under “normal” stringency (15 min in 1XSSC twice 
and once in 0.5X SSC) followed by “high” stringency (20 min in 0.1X SSC; stringent 
wash).  Since there was no signal from ara h 6 after probing with 3’arah2 probe and 
washing at high stringency, 3’arah2 probe was chosen to perform northern blot assays.  
 
Supplemental Fig.  11  Somatic embryos of A. hypogagea cv Georgia Green.  A  
Stage 1: less differentiated embryos.   Only protruding embryos with a smooth surface 
were collected for RNA extraction.  B  Stage 2: clearly differentiated embryos.  Only 
protruding embryos with defined structure were collected for RNA extraction. 
 
Supplemental Fig.  12 Nucleotide sequence alignment between our B-genome ara h 2 
sequence, the ‘first genomic clone’ for ara h 2 published by Viquez et al. (2001) and 
the Lac Z gene (Accesion number V00296).  The start codon (ATG) is at position 127.  
A TAA stop codon is present in our sequence at position 644 whereas a TGA stop codon 
was reported for AX148738 at position 789.  A red asterisk point out the divergence in 
sequence identity between the ara h 2 sequence reported by Vizquez et al. (2001) and our 
ara h 2 sequence.  A green arrow head shows the start point where the Lac Z gene matchs 
with ara h 2 sequence from Vizquez et al. (2001)  
 
Supplemental Fig.  13 Nucleotide sequence aligment between the 3’ end region of 
Lac Z gene (Accesion number V00296), the  ‘first genomic’ ara h 2 sequence 
reported by Vizquez et al (2001) and our B-genome ara h 2 sequence.  56 bp from the 
3’ region of Lac Z gene, starting at position 46-106, matched with the putative promoter 
region reported by Vizquez et al. (2001).  Putative start codon at position 127. 
 
Supplemental Fig.  14 Nucleotide sequence aligment between the  ‘first genomic’ ara 
h 2 sequence reported by Vizquez et al (2001) and the 3’ end region of Lac Z gene 
(Accesion number V00296).  Putative start codon at position 111. 

6 



Supplemental Fig. 1 
 
 
 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Fig.  2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

  





 Supplemental Fig. 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 





 Supplemental Fig. 6 

 



Supplemental Fig. 7 

 
 

 



 
 Supplemental Fig. 8 

 



Supplemental Fig. 9  
 

A B

C D

 

 





1 

 

Supplemental Fig. 1
A B 

 

 



Supplemental Fig. 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*

 



 
 
 
 
 
 
 
 

 



 
Supplemental Fig. 13 

 



 
Supplemental Fig. 14 

 


	2006-275-578-92.pdf
	Chromosomal and phylogenetic context for conglutin genes�in Arachis based on genomic sequence
	Abstracts
	Introduction
	Materials and methods
	Sources of plant materials
	Southern blots
	Synthesis of radioactively labeled probes for screening�of Southern blots and lambda libraries
	Screening of lambda genomic clones
	Screening of seed cDNA libraries
	PCR with phage eluent
	Preparation of phage DNA
	Tab1
	Shotgun library construction
	Shotgun library screening
	Sequencing and sequence analysis
	Preparations of chromosomes
	FISH and GISH
	Detection of signals
	Rehybridization
	RNA isolation and analysis
	Results
	Copy number determination of ara h 2
	Genomic sequence of ara h 2 from putative progenitors A. duranensis and A. ipaensis 
	Expressed sequences of ara h 2 from A. hypogaea�F78-1339
	Fig1
	Fig2
	Tab2
	Fig3
	Expressed sequences of ara h 2 from A. hypogaea cv. Georgia Green, A. duranensis and A. ipaensis
	Characterization of genomic sequence of ara h 2�and related conglutins from A. hypogaea 
	Copy number of ara h 6 
	Fig4
	Translational differences in Ara h 6 
	Fig5
	Signal peptide cleavage prediction for Ara h 6
	Chromosomal location of ara h 2 and ara h 6 genes
	Expression of ara h 2 and ara h 6 in embryos
	Discussion
	Genes encoding the isoforms Ara h 2.01 and Ara h 2.02 are homeologous genes representing orthologs�from diploid ancestors
	Differences in expression of genes encoding Ara h 2.01 and Ara h 2.02 
	Physical linkage of ara h 6 and the gene encoding�Ara h 2.02 in the B-genome
	Paralogous copies of ara h 6 in the B-genome
	Expression of ara h 2 and ara h 6 in somatic embryos
	Acknowledgements
	References
	CR1
	CR2
	CR4
	CR5
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57


