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Groundnut (Arachis hypogaea L.) is an important food and oilseed crop, but its seeds contain several major
allergens, among which Ara h 2 and Ara h 6 are prominent 2S albumin proteins associated with strong
allergenic activity. Despite extensive biochemical and immunological characterization, the genome-level
organization and sequence diversity of their allergen encoding genes in cultivated groundnut remain
comparatively less explored. The present study aimed to identify and comprehensively characterize Ara h 2
and Ara h 6 genes in the chromosome-scale Tifrunner genome using an integrated in-silico approach.
Reference-guided BLASTP analysis, HMM-based family screening, genome annotation, InterPro analysis,
MCScanX based synteny assessment, gene-structure analysis, physicochemical characterization, MEME
motif discovery, and MUSCLE multiple sequence alignment was employed. Five loci were identified,
comprising two Ara h 2 genes and three Ara h 6 genes, localized to chromosomes 8 (A08) and 18 (B08).
Syntenic analysis supported the homeologous relationship of the two Ara h 2 copies and indicated a
corresponding A08/B08 organization for Ara h 6, with an additional duplicated copy, Ara h 6-3, on B08. All
five genes exhibited a single-exon organization and encoded compact proteins of 145-172 amino acids with
conserved 2S albumin-related domain features. Motif analysis identified three broadly conserved motifs,
while additional motifs were restricted to Ara h 2 copies. Multiple sequence alignment revealed high within-
group conservation, including 98.8% identity between Ara h 2-1 and Ara h 2-2 and 97.9-100% identity
among the Ara h 6 copies, together with 64.3-67.1% identity between the two allergen groups. Overall, the
study establishes a genome-to-protein framework for the organization and sequence diversity of Ara h 2
and Ara h 6 in cultivated groundnut and provides a useful reference for future investigation of allergen
isoforms and copy-specific variation.
Key words : Arachis hypogaea, Tifrunner, Groundnut allergy, Ara h 2, Ara h 6, 2S albumin, Allergen,

Homeology, In-silico characterization, Conserved domain.
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ABSTRACT

Introduction
Groundnut (Arachis hypogaea L.) is an

economically important legume cultivated worldwide for
its protein rich seeds and edible oil. Despite its nutritional
and agricultural importance, it is also a major source of
food allergy, causing reactions ranging from mild
symptoms to severe systemic responses, including
anaphylaxis. Its allergenic activity is associated with

diverse seed storage proteins belonging to several
superfamilies, including 2S albumins, cupins and other
allergen families. The WHO/IUIS Allergen Nomenclature
provides a standardized framework for identifying and
classifying these allergenic proteins and their variants.
Among these, 2S albumins have received particular
attention because of their abundance, structural stability,
and strong IgE-reactive properties.
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Among the major groundnut allergens, Ara h 2 and
Ara h 6 are particularly important, belonging to the 2S
albumin/conglutin group of the prolamin superfamily and
sharing substantial sequence and structural similarity.
Together, they account for a large proportion of the
effector activity of groundnut extracts in functional
allergenicity assays, supporting their classification among
the most potent allergens (Kulis et al., 2012). Their clinical
importance is further supported by component resolved
diagnostic studies showing strong diagnostic value of IgE
responses to Ara h 2 and Ara h 6 in groundnut allergy.
Although Ara h 2 is generally considered the dominant
allergen and may exhibit greater effector activity, Ara h
6 independently contributes to allergic responses and
shows substantial immunological cross-reactivity with Ara
h 2 (Klemans et al., 2014; Hemmings et al., 2020). Thus,
both allergens need to be considered to fully represent
the diversity of the 2S albumin allergen group in groundnut.

At the molecular level, Ara h 2 and Ara h 6 exhibit
characteristic features of 2S albumin seed storage
proteins. Their mature proteins contain multiple cysteine
residues that form disulfide bonds, contributing to their
compact and structurally constrained allergen cores.
Structural studies have shown that their protease resistant
regions adopt closely related helical folds, while the
disulfide stabilized cores contribute to their structural
persistence. Both allergens are relatively resistant to
proteolytic digestion, and digestion resistant fragments
can retain IgE-binding and allergenic activity (Lehmann
et al., 2006; Hazebrouck et al., 2012). These properties
may contribute to their persistence during gastrointestinal
digestion and retention of allergen associated structural
features under some processing conditions. However,
their response to thermal processing depends on the
processing conditions and surrounding food matrix rather
than reflecting uniform resistance to heating (de Jongh
et al., 2020).

The genomic organization of cultivated groundnut
provides an important framework for understanding copy
level diversity. Arachis hypogaea is a segmental
allotetraploid with A and B subgenomes derived from
diploid ancestors related to Arachis duranensis and
Arachis ipaensis. The chromosome scale of Tifrunner
genome comprises 20 chromosomes, with Arahy.01
Arahy.10 belonging to the A subgenome and Arahy.11-
Arahy.20 to the B subgenome (Gundaraniya et al., 2023).
Although the homeologous chromosomes retain
substantial structural correspondence, chromosome
specific rearrangements and other structural differences
are also present (Bertioli et al., 2019). Thus, closely
related genes may occur as homeologous A/B

counterparts, while local duplications can further increase
gene copy number. The increasing availability of genome
sequences and other genomic resources has further
enabled data mining and candidate gene identification in
crop species (Jaiswal et al., 2018; Satyavathi et al.,
2019). For allergen genes, distinguishing homeologs from
tandem duplicates and other paralogs is therefore
important, as sequence similarity alone cannot establish
their genomic relationships.

Genome and transcriptome scale approaches have
also been increasingly applied to resolve complex
molecular processes underlying important traits in crop
species (Hamid et al., 2019). Recent transcriptome based
studies in groundnut have demonstrated the utility of
genome scale approaches for systematic gene discovery
and molecular characterization (Rathod et al., 2020).
Although, Ara h 2 and Ara h 6 have been extensively
studied through immunological, biochemical, and structural
approaches, their genome level organization in cultivated
groundnut remains less explored. Genome scale studies
in groundnut associated systems have demonstrated the
value of computational genome analysis for resolving gene
content and functional characteristics (Iquebal et al.,
2017). An integrated analysis linking allergen gene
identification with chromosomal distribution, homeology
and duplication, gene structure, protein physicochemical
properties, conserved domains and motifs, and sequence
conservation can provide a more complete understanding
of their genomic and molecular organization. Such an
approach is particularly relevant in the allotetraploid
groundnut genome, where homeologous and duplicated
copies may contribute to allergen sequence diversity.

Therefore, the present study aimed to identify and
comprehensively characterize Ara h 2 and Ara h 6 genes
in the groundnut Tifrunner genome using an integrated
in-silico approach. The analysis encompassed
genomewide identification, chromosomal localization,
homeology, duplication and synteny assessment, gene
structure analysis, protein physicochemical and amino acid
composition analysis, conserved domain and motif
characterization, and multiple sequence alignment. By
integrating these genomic and protein level analyses, the
study sought to resolve the organization of Ara h 2 and
Ara h 6 copies and identify their conserved and copy
specific sequence features.

Materials and Methods
Genome and annotation resources

The chromosome scale genome assembly of
cultivated groundnut (Arachis hypogaea L.) cv.
Tifrunner was used as the genomic reference for the
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present study. The Tifrunner genome comprises 20
chromosomes representing the A and B subgenomes of
cultivated groundnut and provides a chromosome level
framework for genome-wide analysis of allergen related
genes. The genomic resources used in this study included
the Tifrunner genome FASTA file, genome annotation
file, coding sequence (CDS) FASTA file, and predicted
protein FASTA file. These resources were used to
examine the genomic location, gene organization, and
predicted protein characteristics of Ara h 2 and Ara h 6
related sequences. Known Ara h 2 and Ara h 6 protein
sequences were used as reference sequences for the
identification of corresponding sequences within the
Tifrunner predicted protein dataset. Reference allergen
identities and accession information were cross checked
against NCBI, UniProt, and the WHO/IUIS Allergen
Nomenclature Database to ensure consistent
identification of Ara h 2 and Ara h 6 related proteins.
Identification of Ara h 2 and Ara h 6 genes

A stepwise sequence based approach was employed
to identify Ara h 2 and Ara h 6 related proteins from the
Tifrunner predicted protein dataset. Known Ara h 2 and
Ara h 6 protein sequences were used as reference
sequences for similarity based searching against the
Tifrunner protein FASTA file using NCBI BLASTP. The
resulting matches were examined on the basis of
sequence similarity and alignment characteristics to
identify proteins showing substantial similarity to the
reference allergens. BLASTP was used as the initial
similarity searching step because it enables the
identification of homologous proteins within a target
sequence database based on local sequence similarity.
The resulting candidate proteins were subsequently
examined using profile hidden Markov model (HMM)
based analysis with HMMER and the corresponding
Pfam protein family model to support family level
classification. In the present analysis, the Pfam 2S albumin
related model PF00234 was used as an additional family
level screening criterion. Candidate sequences were then
evaluated using the combined evidence from BLASTP
similarity, reference protein identity, genome annotation,
and protein family/domain information. The selected
protein sequences were traced back to their
corresponding gene and transcript models in the Tifrunner
genome annotation to establish their genomic identities
and coordinates.
Chromosomal localization and genomic organization

The chromosomal positions of the identified Ara h 2
and Ara h 6 genes were obtained from the Tifrunner
genome annotation by extracting chromosome number,

genomic coordinates and strand information for each
locus. Based on chromosome assignment, genes located
on chromosomes 1-10 were classified as belonging to
the A subgenome, whereas genes located on
chromosomes 11-20 were assigned to the B subgenome.
Chromosomal distribution of the allergen genes was
visualized using the Gene Location Visualize module
implemented in TBtools-II (Chen et al. ,  2023).
Chromosome length information and gene coordinates
were supplied as input to generate a chromosome scale
map illustrating the physical distribution of Ara h 2 and
Ara h 6 loci within the cultivated groundnut genome.
Homeology, duplication and synteny analysis

To investigate evolutionary relationships among the
identified allergen genes, local collinearity and syntenic
relationships were analyzed using the MCScanX package
integrated within TBtools-II (Wang et al., 2012). The
genomic regions surrounding the Ara h 2 and Ara h 6
loci were examined to identify conserved neighboring
genes and collinear blocks between the A and B
subgenomes. Particular attention was given to
chromosomes A08 and B08, where the identified allergen
genes were located. Conserved anchor genes flanking
the allergen loci were used to evaluate homeologous
relationships between subgenomic regions. The presence
of additional copies was further assessed to distinguish
homeologous gene pairs from potential duplication derived
paralogs. Syntenic relationships were visualized using
TBtools-II (Chen et al., 2023) and cross checked with R
software (Chambers, 2008).
Gene structure analysis

The gene structures of the identified Ara h 2 and
Ara h 6 loci were characterized using the transcript and
coding sequence (CDS) information retrieved from the
Tifrunner genome annotation. For each gene, the genomic
coordinates of the corresponding mRNA and CDS
features were examined to determine transcript length,
CDS length, exon number, and the relative positions of
the coding regions within the transcripts. The five
identified genes were subsequently compared to assess
similarities and differences in their transcript organization.
For visualization, the relevant annotation features were
converted into a GFF3 compatible format suitable for
gene structure analysis. Gene structures were visualized
using the Gene Structure Display Server (GSDS) (Hu et
al., 2015), with CDS regions represented separately from
untranslated regions (UTRs). Because UTR features
were not explicitly provided as independent features in
the original Tifrunner annotation used in this study, the
displayed 5 and 3 UTR regions were inferred from the
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boundaries of the annotated mRNA and CDS features.
Thus, the UTRs shown in the gene structure diagram
represent coordinate derived regions rather than
independently annotated UTR features.
Protein physicochemical characterization and
amino-acid composition

The physicochemical properties of the five identified
Ara h 2 and Ara h 6 proteins were characterized using
the ExPASy ProtParam tool (Gasteiger et al., 2003). The
predicted protein sequences were submitted individually
to ProtParam to calculate protein length, molecular
weight, theoretical isoelectric point (pI), instability index,
aliphatic index, and grand average of hydropathy
(GRAVY). The percentage of cysteine residues was also
recorded because cysteine mediated disulfide bonds are
an important structural feature of 2S albumin proteins.
ProtParam-derived values were used to compare the
physicochemical characteristics of the identified Ara h 2
and Ara h 6 proteins and to assess similarities and
sequence level differences among the copies. The amino
acid composition of each protein sequence was
determined from the corresponding amino acid counts
and expressed as the percentage contribution of each of
the 20 standard amino acids. The resulting composition
matrix was organized and visualized as a heatmap using
R version 4.3.2 with the ggplot2 (Wickham and Sievert,
2009) and tidyr (Boehmke, 2016) packages. The heatmap
was generated to facilitate comparison of residue
composition among the five proteins and to identify amino
acids showing relatively conserved or variable
representation across Ara h 2 and Ara h 6 protein
sequences.
Conserved domain and protein family analysis

The domain architecture of the five identified Ara h
2 and Ara h 6 proteins was characterized using the
InterPro database, which integrates protein signatures
from multiple member databases to provide information
on protein families, domains, conserved regions, and other
sequence features (Blum et al., 2021). Each protein
sequence was analyzed individually, and the resulting
annotations were examined with particular attention to
the 2S seed-storage protein/conglutin family related
domain signatures, and other predicted sequence regions
relevant to the structural organization of the proteins. The
amino acid coordinates of the identified domains and
regions were recorded for each protein. Signal peptide
subregions, including the N, H, and C regions, together
with predicted non-cytoplasmic regions and coil regions,
were also recorded where available. Overlapping InterPro
signatures were retained when they represented distinct

database annotations of the same sequence region rather
than being treated as independent, non-overlapping
structural domains. The final domain architecture of each
protein was reconstructed from the InterPro-derived
coordinates and visualized using R (Chambers, 2008),
allowing comparison of conserved and variable regions
among the five Ara h 2 and Ara h 6 proteins.
Conserved motif analysis

Conserved sequence motifs among the five Ara h 2
and Ara h 6 proteins were identified using the MEME
Suite (version 5.5.9) (Bailey et al., 2015). The five protein
sequences were analyzed using the classical MEME motif
discovery algorithm with protein selected as the sequence
type and the “any number of repetitions” (anr) model
enabled. A maximum of 10 motifs was initially requested.
The analysis returned five motif patterns before no
additional starting points were identified. For each
detected motif, the consensus sequence, motif width,
occurrence frequency, amino acid positions and
associated significance statistics were obtained from the
MEME output. Motif occurrence coordinates were then
mapped onto the corresponding protein sequences and
visualized to compare motif organization among the Ara
h 2 and Ara h 6 proteins. The resulting motif architecture
was used to distinguish broadly conserved sequence
patterns from motifs restricted to particular protein copies.
Although five motifs were detected by MEME, the motifs
were not considered equally informative for comparative
interpretation. Motifs showing consistent occurrence
across the five proteins and strong MEME significance
were considered the principal conserved motifs, whereas
motifs detected at only a small number of sites and
showing weak overall significance were treated as minor
or copy specific sequence features. This approach was
used to avoid interpreting low confidence or sparsely
distributed motifs as universally conserved characteristics
of the Ara h 2/Ara h 6 group.
Multiple sequence alignment and sequence
conservation analysis

The amino acid sequences of the five identified Ara
h 2 and Ara h 6 proteins were subjected to multiple
sequence alignment using MUSCLE through the EMBL-
EBI web interface (Edgar, 2004). The resulting alignment
was subsequently examined and formatted using Jalview,
which was used to organize the sequence labels, apply
Clustal based residue colouring, and display sequence
conservation and consensus information (Waterhouse et
al., 2009). The final alignment was examined to identify
conserved and variable amino acid positions, sequence
insertions and deletions and regions of greater sequence



divergence among the five proteins. The alignment was
also used to evaluate the extent of sequence conservation
between the homeologous and duplicated copies identified
in the Tifrunner genome.

Results and Discussion
Genome-wide identification of Ara h 2 and Ara h 6
loci

The integrated sequence search and annotation based
workflow identified five Ara h 2 and Ara h 6 related loci
in the Tifrunner genome, comprising two Ara h 2 genes
and three Ara h 6 genes. The Ara h 2 loci were
designated Ara h 2-1 (LOC112707245) and Ara h 2-2
(LOC112771110), whereas the three Ara h 6 loci were
designated Ara h 6-1 (LOC112707246), Ara h 6-2
(LOC112771111), and Ara h 6-3 (LOC112771582). Their
corresponding transcript and protein accessions were
consistently linked to the respective gene models in the
Tifrunner annotation, providing a defined set of five loci
for subsequent genomic and protein level characterization.
The identified genes were restricted to chromosomes 8
and 18. Ara h 2-1 and Ara h 6-1 were located on
chromosome 8 at 35,990,900-35,991,697 bp and
36,038,508-36,039,244 bp, respectively. On chromosome
18, Ara h 2-2 was located at 15,347,067-15,347,887 bp,
while Ara h 6-2 and Ara h 6-3 occurred at 15,355,204-
15,355,972 bp and 15,404,235-15,404,974 bp, respectively.
All five retained genes were located on the positive strand
and contained a single exon. Transcript lengths ranged
from 737 to 821 bp, with CDS lengths of 438-519 bp,
corresponding to predicted proteins of 145-172 amino
acids (Fig. 1, Table 1).

The identification of two Ara h 2 and three Ara h 6
loci is consistent with previous reports of multiple conglutin
copies in cultivated groundnut and supports the presence
of duplicated allergen genes within the allotetraploid
genome (Ramos et al., 2006). Their localization to A08
and B08 is particularly relevant because these
chromosomes represent corresponding A and B
subgenome regions that retain substantial genomic
collinearity. The presence of multiple closely related copies
also provides a genomic basis for examining sequence
conservation and copy specific variation, which is
particularly relevant for Ara h 2 and Ara h 6 because
naturally occurring sequence variants have been reported
for both allergen groups (Bertioli et al., 2019).
Chromosomal distribution of the identified genes

The five identified loci were confined to two
chromosomes i.e.; Ara h 2-1 and Ara h 6-1 on
chromosome 8 (A08) and Ara h 2-2, Ara h 6-2 and Ara
h 6-3 on chromosome 18 (B08) (Fig. 1). Thus, both
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allergen groups were restricted to corresponding A and
B sub genome regions rather than being dispersed across
the genome. This distribution provided the basis for
examining homeology and local duplication between the
A08 and B08 regions.

The A08/B08 distribution is consistent with the
allotetraploid organization of cultivated groundnut and its
largely corresponding A and B sub genome chromosome
structure (Bertioli et al., 2019). The concentration of Ara
h 2 and Ara h 6 loci in these corresponding regions also
agrees with earlier genomic characterization of conglutin
genes in Arachis (Ramos et al., 2006).
Syntenic organization and duplication of Ara h 2 and
Ara h 6 loci

The A08 and B08 regions showed conserved local
gene organization around the identified allergen loci (Fig.
1). Ara h 2-1 and Ara h 2-2 were located within
corresponding syntenic blocks and were supported by
conserved neighboring anchor genes, providing strong
evidence for their homeologous relationship. In contrast,
Ara h 6-1 on A08 corresponded to the Ara h 6 region on
B08, where Ara h 6-2 and Ara h 6-3 occurred as closely
related copies. The local organization therefore supports

Ara h 6-1/Ara h 6-2 as corresponding A/B copies, while
Ara h 6-3 represents an additional B08 duplicate.

This organization closely agrees with the earlier
genomic study of Ramos et al. (2006), which identified
two Ara h 2 homeologs and three Ara h 6 copies, including
one A genome and two B genome Ara h 6 copies and
proposed B genome duplication associated with tandem
organization. The present synteny analysis therefore
provides genome-level support for this organization in
Tifrunner, while avoiding the assumption that all three
Ara h 6 copies are homeologs.
Gene structure of Ara h 2 and Ara h 6 copies

All five identified allergen genes exhibited a single
exon organization, with no introns detected in the analyzed
gene models (Fig. 2). Ara h 2-1 had a gene span of 798
bp and a 483 bp CDS, whereas Ara h 2-2 spanned 821
bp with a 519 bp CDS. The three Ara h 6 genes showed
gene spans of 737, 769, and 740 bp, respectively, with
each containing a 438 bp CDS. The 52  and 32  UTR
regions shown in Fig. 2 were inferred from the annotated
mRNA and CDS boundaries rather than from independent
UTR annotations.

Fig. 1 : Chromosomal distribution & syntenic organization of Ara h 2 and Ara h 6 loci in the Tifrunner genome.

Fig. 2 : Gene structure of the identified Ara h 2 and Ara h 6 loci showing CDS and inferred UTR regions.



The conserved single exon organization across all
five loci indicates that their structural differences are not
associated with intron gain or loss. Instead, variation
among the copies is more evident in their sequence and
transcript/CDS lengths. The intronless organization is
consistent with the earlier genomic characterization of
Ara h 2, in which comparison of genomic and cDNA
sequences also demonstrated the absence of an intron
(Viquez et al., 2001).
Protein physicochemical characteristics and amino
acid composition

The predicted physicochemical characteristics of the
five proteins are summarized in Table 2. Protein lengths
ranged from 145 to 172 amino acids, with Ara h 2-2 being
the longest (172 aa), followed by Ara h 2-1 (160 aa),
while all three Ara h 6 proteins were 145 aa. The predicted
molecular masses ranged from 16.92 to 20.11 kDa, with
Ara h 2-2 showing the highest molecular weight (20.11
kDa). The theoretical pI values were relatively similar,
ranging from 5.73 to 6.13, indicating mildly acidic to near
neutral theoretical charge characteristics. All five proteins

showed negative GRAVY values, ranging from -1.242 to
-0.821, indicating an overall hydrophilic tendency based
on the Kyte-Doolittle scale. The Ara h 6 proteins showed
slightly less negative GRAVY values than the Ara h 2
proteins. Cysteine content ranged from 4.7 to 6.9%, with
all three Ara h 6 proteins containing 6.9% cysteine. The
ProtParam instability indices ranged from 60.47 to 76.37,
exceeding the conventional value of 40 for all five proteins.
However, this index is a computational prediction and
should not be interpreted as evidence of experimental
protein instability. The amino acid composition showed a
broadly conserved pattern among the five proteins (Fig.
3). Glutamine was the most abundant residue in all
sequences (13.8-14.4%), followed by arginine (11.7-
12.2%), while several residues, including tryptophan,
histidine, and isoleucine, occurred at relatively low
frequencies. Ara h 2-1 and Ara h 2-2 showed closely
related compositional profiles, whereas Ara h 6-1, Ara h
6-2, and Ara h 6-3 displayed nearly identical compositions.
The three Ara h 6 proteins also shared the same length
and highly similar physicochemical characteristics.

The predicted molecular characteristics are consistent
with the compact nature of groundnut Ara h 2 and Ara h
6 as 2S albumin type seed storage allergens. Their
relatively high cysteine content is particularly relevant
because disulfide bonds contribute to the structural
stability and protease resistance of these proteins.
Experimental studies have demonstrated that the
conserved disulfide network is important for maintaining
the stable core of Ara h 2 and Ara h 6 (Lehmann et al.,
2006; Hazebrouck et al., 2012). The highly similar
composition and physicochemical properties of the three
Ara h 6 copies further support their close sequence
relationship, while the modest differences between Ara
h 2 and Ara h 6 are consistent with their divergence as
distinct but structurally related allergen groups.
Conserved domain architecture of Ara h 2 and Ara
h 6

InterPro analysis confirmed that all five proteins were

Fig. 3 : Amino acid composition of the identified Ara h 2 and
Ara h 6 proteins.

Table 2 : Predicted physicochemical properties of the identified Ara h 2 and Ara h 6 proteins.

Protein Length (aa) MW (Da) Theoretical Instability Aliphatic Grand average of Cys (%)
pI index index hydropathicity

(GRAVY)

Ara h 2-1 160 18757.85 5.96 72.41 59.25 -1.163 5.00%

Ara h 2-2 172 20114.26 5.96 76.37 55.12 -1.242 4.70%

Ara h 6-1 145 16921.19 5.73 62.31 65.24 -0.821 6.90%

Ara h 6-2 145 16920.2 6.13 60.47 65.24 -0.821 6.90%

Ara h 6-3 145 16920.2 6.13 60.47 65.24 -0.821 6.90%
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associated with the 2S seed storage protein/Conglutin
family, supporting their classification as 2S albumin related
proteins. Additional overlapping signatures corresponding
to bifunctional inhibitor/seed storage 2S albumin and plant
lipid transfer/trypsin -amylase inhibitor related regions
were detected across the sequences (Fig. 4). Because
InterPro integrates signatures from multiple protein
databases, these overlapping annotations were considered
as complementary sequence features rather than
independent biological domains (Blum et al., 2021).  The
overall domain organization was conserved among the
five proteins. N terminal signal peptide regions were
detected at residues 1-21 in Ara h 2 and 1-19 in Ara h 6,
with the corresponding N, H, and C regions occupying
the expected N terminal positions. The bifunctional
inhibitor/2S albumin related signature extended across
most of the mature proteins, while the lipid transfer/trypsin
á-amylase inhibitor related signature occupied a partially
overlapping region. A predicted non-cytoplasmic region
covered most of each protein, whereas a coil feature
was detected only in Ara h 2-1 and Ara h 2-2.

The conserved domain organization across all five
sequences supports their shared classification as 2S
albumin-type groundnut allergens. This is consistent with
experimental studies showing that Ara h 2 and Ara h 6
possess highly similar 2S albumin folds stabilized by
conserved disulfide bonds (Lehmann et al., 2006). The
additional InterPro features should therefore be interpreted
primarily as overlapping sequence signatures within a
conserved protein framework, rather than as evidence
for functionally distinct domains.
Conserved motif organization

MEME analysis identified five motif patterns among
the five proteins (Fig. 5, Table 3). Motifs 1-3 showed the
most consistent distribution across the dataset. Motif 1
(EEQLDRLNLRRCEQHAKQRJM) occurred 20 times,
with four occurrences in each protein, while Motif 2

(NLPQQYBIRAPQRSDLQVRCG) occurred 10 times,
with two occurrences in each protein. Motif 3
(ERGRQGDSSSC) occurred once in each of the five
proteins. Together, these three motifs represented the
principal conserved motif pattern shared by both allergen
groups. Motif 4 (WELQGD) was restricted to the two
Ara h 2 proteins, whereas Motif 5 (DPDRRD) occurred
only in Ara h 2-2. Because of their restricted occurrence,
these two motifs were retained in the visualization but
were not considered broadly conserved motifs. Their
distribution may therefore represent Ara h 2 specific or
copy specific sequence features.

The conserved occurrence of Motifs 1-3 across both
allergen groups is consistent with the substantial sequence
relationship between Ara h 2 and Ara h 6, which share
approximately 60% sequence identity and related
structural characteristics (Mueller et al., 2014; Hemmings
et al., 2020). The restricted occurrence of Motifs 4 and
5 further suggests that, despite their shared conserved
framework, individual copies retain localized sequence
differences.
Multiple sequence alignment reveals strong within-
group conservation

The MUSCLE alignment revealed high sequence
conservation within the Ara h 2 and Ara h 6 groups, while
also showing clear sequence differences between the
two allergen groups (Fig. 6). Ara h 2-1 and Ara h 2-2
shared approximately 98.8% sequence identity, with Ara
h 2-2 containing an approximately 12 residue insertion
that accounted for its longer 172 aa sequence. The three
Ara h 6 proteins showed even greater conservation. Ara
h 6-2 and Ara h 6-3 were identical, whereas Ara h 6-1
shared approximately 97.9% sequence identity with the
other two copies. Between the two allergen groups,
pairwise identity ranged from approximately 64.3 to
67.1%, indicating substantial sequence relatedness despite

Fig. 4 : Conserved domain architecture and predicted
sequence features of Ara h 2 and Ara h 6 proteins. Fig. 5 : Conserved motif distribution and sequence logos of

the identified Ara h 2 and Ara h 6 proteins.
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Table 3 : MEME-predicted conserved motif sequences, positions, and significance values of the identified Ara h 2 and Ara h 6
proteins.

Gene Protein ID Motif Motif Sequence Start aa End aa p value

Ara h 2-1 NP_001363146.1 1 EEQLDRLNLRRCEQHAKQRJM 4 24 9.32e-11
4 WELQGD 25 30 7.17e-09
1 EEQLDRLNLRRCEQHAKQRJM 34 54 7.90e-14
3 ERGRQGDSSSC 59 69 7.01e-10
2 NLPQQYBIRAPQRSDLQVRCG 72 92 7.95e-16
1 EEQLDRLNLRRCEQHAKQRJM 93 113 1.19e-14
1 EEQLDRLNLRRCEQHAKQRJM 114 134 1.80e-11
2 NLPQQYBIRAPQRSDLQVRCG 135 155 1.71e-18

Ara h 2-2 NP_001392340.1 1 EEQLDRLNLRRCEQHAKQRJM 4 24 9.32e-11
4 WELQGD 25 30 7.17e-09
1 EEQLDRLNLRRCEQHAKQRJM 34 54 7.90e-14
3 ERGRQGDSSSC 59 69 1.06e-11
5 DPDRRD 70 75 8.16e-07
5 DPDRRD 77 82 3.21e-07
2 NLPQQYBIRAPQRSDLQVRCG 84 104 7.95e-16
1 EEQLDRLNLRRCEQHAKQRJM 105 125 1.19e-14
1 EEQLDRLNLRRCEQHAKQRJM 126 146 1.80e-11
2 NLPQQYBIRAPQRSDLQVRCG 147 167 4.80e-18

Ara h 6-1 XP_025614701.1 1 EEQLDRLNLRRCEQHAKQRJM 2 22 1.19e-14

3 ERGRQGDSSSC 25 35 2.15e-12

1 EEQLDRLNLRRCEQHAKQRJM 36 56 2.06e-19

2 NLPQQYBIRAPQRSDLQVRCG 60 80 6.48e-17

1 EEQLDRLNLRRCEQHAKQRJM 81 101 1.93e-12

1 EEQLDRLNLRRCEQHAKQRJM 102 122 6.37e-14

2 NLPQQYBIRAPQRSDLQVRCG 123 143 2.29e-21

Ara h 6-2 NP_001363141.1 1 EEQLDRLNLRRCEQHAKQRJM 2 22 1.19e-14

3 ERGRQGDSSSC 25 35 2.15e-12

1 EEQLDRLNLRRCEQHAKQRJM 36 56 2.06e-19

2 NLPQQYBIRAPQRSDLQVRCG 60 80 6.48e-17

1 EEQLDRLNLRRCEQHAKQRJM 81 101 5.89e-15

1 EEQLDRLNLRRCEQHAKQRJM 102 122 6.37e-14

2 NLPQQYBIRAPQRSDLQVRCG 123 143 2.29e-21

Ara h 6-3 XP_025672152.1 1 EEQLDRLNLRRCEQHAKQRJM 2 22 1.19e-14

3 ERGRQGDSSSC 25 35 2.15e-12

1 EEQLDRLNLRRCEQHAKQRJM 36 56 2.06e-19

2 NLPQQYBIRAPQRSDLQVRCG 60 80 6.48e-17

1 EEQLDRLNLRRCEQHAKQRJM 81 101 5.89e-15

1 EEQLDRLNLRRCEQHAKQRJM 102 122 6.37e-14

2 NLPQQYBIRAPQRSDLQVRCG 123 143 2.29e-21
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Fig. 6 : Multiple sequence alignment and conservation profile of the identified Ara h 2 and Ara h 6 proteins.

their distinction as separate allergen groups. Eight aligned
positions were occupied by cysteine in all five sequences,
highlighting the strong conservation of cysteine residues
within the shared protein framework.

The high within group sequence identity supports the
close relationship among the identified copies, particularly
the near identical Ara h 6 sequences. The approximately
64-67% identity between Ara h 2 and Ara h 6 is consistent
with previous studies reporting approximately 59-60%
sequence identity between these two allergen groups
(Hemmings et al., 2020; Bublin and Breiteneder, 2014).
The 12 residue insertion observed in Ara h 2-2 also agrees
with experimentally characterized Ara h 2 isoforms, in
which a longer isoform contains an additional 12 amino
acids (Chatel et al., 2003; Li et al., 2010). The conserved
cysteine positions further support the shared 2S albumin/
prolamin structural framework, in which cysteine residues
contribute to disulfide-bond stabilization (Lehmann et al.,
2006; Bublin and Breiteneder, 2014).

Conclusion
The present study provides an integrated in-silico

characterization of the Ara h 2 and Ara h 6 allergen
gene in cultivated groundnut cv. Tifrunner, identifying two
Ara h 2 and three Ara h 6 loci distributed across the
corresponding A08 and B08 genomic regions. Synteny
and duplication analyses supported the homeologous
relationship of the Ara h 2 copies and indicated a
corresponding A/B organization for Ara h 6, with an
additional duplicated B08 copy represented by Ara h 6-
3. Despite differences in transcript and protein length, all
five loci retained a conserved single exon organization
and showed broadly similar 2S albumin related protein
features, including conserved domain architecture, motif
patterns, and cysteine-rich regions. Multiple sequence
alignment further demonstrated strong within group
conservation, particularly among the three Ara h 6 copies,
while retaining sequence differences between Ara h 2
and Ara h 6. Overall, these findings establish a genome
to protein framework for understanding the organization
and sequence diversity of these two major groundnut
allergens and provide a useful reference for future studies
investigating allergen isoforms, copy specific variation,
and their potential relevance to groundnut allergen

characterization.
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