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Abstract
Allium cepa (onion) is a diploid plant with one of the largest nuclear genomes among all dip-

loids. Onion is an example of an under-researched crop which has a complex heterozygous

genome. There are no allergenic proteins and genomic data available for onions. This study

was conducted to establish a transcriptome catalogue of onion bulb that will enable us to

study onion related genes involved in medicinal use and allergies. Transcriptome dataset

generated from onion bulb using the Illumina HiSeq 2000 technology showed a total of

99,074,309 high quality raw reads (~20 Gb). Based on sequence homology onion genes

were categorized into 49 different functional groups. Most of the genes however, were clas-

sified under 'unknown' in all three gene ontology categories. Of the categorized genes,

61.2% showed metabolic functions followed by cellular components such as binding, cellu-

lar processes; catalytic activity and cell part. With BLASTx top hit analysis, a total of 2,511

homologous allergenic sequences were found, which had 37–100% similarity with 46 differ-

ent types of allergens existing in the database. From the 46 contigs or allergens, 521 B-cell

linear epitopes were identified using BepiPred linear epitope prediction tool. This is the first

comprehensive insight into the transcriptome of onion bulb tissue using the NGS technol-

ogy, which can be used to map IgE epitopes and prediction of structures and functions of

various proteins.

Introduction
Allium cepa (onion) is one of the most important vegetable crops in the Allium family known
for its nutritional and medicinal properties [1], [2]. Onion perhaps is among the earliest culti-
vated vegetables and dates back to 5000 years [3]. Onions have antioxidant, anti-cholesterol
anticancer properties and anti-inflammatory activitydue to phenolics compounds and flavo-
noids; but can induce symptoms of food allergy such as asthma, rhino conjunctivitis and
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contact dermatitis in sensitised individuals [4–7]. Diallyl disulphide is a major allergen in garlic
and onion that is known to cause contact dermatitis [1], [8].

In food allergic individuals, exposure to allergenic epitopes from food proteins causes
production of specific IgE antibodies that bind to the surface of tissue bound mast cells or cir-
culating basophils, which ultimately releases inflammatory mediators. The actions of these
mediators cause the clinical signs and symptoms of food allergy [9], [10]. Quite a few diagnos-
tic techniques are available for the diagnosis of IgE mediated food allergy such as double-blind
placebo-controlled food challenge (DBPCFC), skin prick test (SPT), specific IgE antibody test,
case history etc. [11], [12]. However, diagnosis of food allergy is complicated with low or no
detectable levels of specific IgE in patients with symptoms of IgE mediated food allergy [13],
[14] and detection of specific IgE is not necessarily associate with clinical symptoms [15–17].
Novel diagnostic methods such as focusing on protein and epitope specificity are under investi-
gation. In this scenario, epitopes on onion bulb allergens were predicted as onion is widely con-
sumed and is known to cause IgE mediated allergy [1], [18–20].

A. cepa is a diploid (2n = 16) plant and has approximately 16.4 giga (billion) bases per 1C;
it's nuclear genome is one of the largest nuclear genomes among all diploids and is over six
times greater than maize or humans [21], [22]. Though onion has been used extensively in the
past for cytogenetic studies, molecular analysis has been lacking.

Although modern sequencing and proteomic technologies permit the ready detection of
numerous protein sequence variants in any organisms, for onions, there are no allergenic pro-
teins and genomic data available. Onion is an example of an under-researched crop which has
a complex heterozygous genome. Whereas genome based research has previously been hin-
dered by limited sequence resources and allergenic protein information.

In recent years several studies have successfully reported the generation of transcriptome
data and its analysis as an effective tool to study gene expression in specific tissues and also
provide a platform to address comparative genomics for gene discovery in non-model plants in
which no reference genome sequences are available [23–25]. Next-generation sequencing
(NGS) technologies, such as Illumina, Genome Sequencer FLX system (GS FLX), and ABI
SOLiD, allow analysis of the transcriptome because of increased throughput and reduced
sequencing cost [25–29]. Due to the availability of quick, low cost sequencing and high quality
annotation using different assembly tools, it has become possible to analyze and understand
the transcriptome of onion plant [30].

This study describes the generation, de novo assembly and annotation of transcriptome
dataset derived from cDNAs obtained from onion bulb using the Illumina HiSeq 2000
sequencing technology. The final assembly was functionally annotated, allowing for the identi-
fication of putative genes responsible for allergenicity and other similar sequences. Identifica-
tion of these genes leads to testable hypotheses concerning their conserved function and to
rational strategies to improve allergen free (genetically modified) onions.

Materials and Methods

Plant material
Fresh onion bulb (Pusa Madhavi light red onion variety) was collected from our institutional
vegetable garden and the bulb was cut into small pieces in RNA later solution to extract RNA.

RNA isolation and quality control
Total RNA was isolated using the High Pure RNA Isolation Kit (Roche Life sciences,Basel,
Switzerland) following the manufacturer’s instructions. The integrity was checked with bio-
analyzer (Agilent 2100 Technologies, USA) to yield high quality RNA for further processing.
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The mRNA was extracted and purified from the total RNA by using TruSeq stranded mRNA
HT sample preparation kit (Illumina Inc., U.S.A), followed by purity check with Qubit fluo-
rometer before proceeding to cDNA synthesis.

Paired-end library preparation and Illumina sequencing
The cDNA was synthesized and libraries were prepared with the above-mentioned TruSeq
Stranded mRNA HT Sample prep kit according to manufacturer's protocol. After PCR amplifi-
cation the libraries were purified on agarose gel. The quality of the library was assessed by
Qubit 2.0 fluorometer (Life technologies, USA.) and inserts with 150–250 bp were selected.
Clustering was performed using TruSeq PE cluster kit v3-cBot-HS on cBot (Illumina Inc,
USA). The samples were run (2x100) on Illumina HiSeq 2000 instrument using TruSeq SBS kit
v3-HS (200 cycles) (Illumina Inc, USA) following manufacturer's instructions. The sequence
data generated in this study have been deposited at NCBI, Sequence Read Archive (SRA) data-
base under the accession number PRJNA248253 (BioProject) with experiment accession num-
ber SRX547958 for PE reads.

Raw data pre-processing and de novo transcriptome assembly
The sequenced raw data was processed to obtain high quality clean reads, we used the open-
source software package Trimmomatic v0.32 to identify and to trim nucleotides falling below
the established quality threshold (minimum 20 phred score) as well as to trim adapter
sequences [31]. A minimum length of 50 nt (nucleotide) after trimming was applied. Orphaned
reads were assigned as single-end reads. Onion bulb whole transcriptome assembly was carried
out in three different stages. At first stage of assembly, the high quality clean reads were assem-
bled by using Velvet (Version 1.2.10) followed by Oases (Version 0.2.8) to built k-mer specific
transcripts from k-mer 27 to k-mer 63 (S1 Table), both Velvet and Oases are meant for assem-
bly of short reads [32], [33]. The second stage of assembly was performed to obtain merged
assembly of transcripts obtained from first stage i.e., from k-mer 27 to k-mer 63 using Velvet
and Oases long read option. The third/final stage of assembly was performed by using CD-HIT
which produces a set of 'non-redundant' (nr) onion bulb transcriptome catalogue [34]. The GC
content analysis of onion transcripts was performed by using in-house perl scripts.

Similarity search and functional annotation
To deduce the putative function, onion transcripts were used as queries to search protein data-
bases using BLASTx (Basic Local Alignment Search Tool) programme against the NCBI non-
redundant (nr) green plant database, homology searches were performed with an e-value cut-
off of 1E-06. Gene Ontology (GO) classification was carried out by using BLASTx results in
Blast2GO software for functional classification of GO terms [35]. GO terms were obtained
from nr hits using Blast2GO software with default parameters during mapping and an e-value
cut-off of 1E-06 was used for BLAST hits in the BLAST2GO annotation step.

Identification of allergens and homologous sequences
For the identification of food and other allergens and their families represented in onion tran-
scriptome, the onion transcripts were searched against the allergen data collected using
BLASTx with an E-value cut-off of 1E-05 and the default parameters for BLASTx were used:
Expected value is 10, word size is 3, scoring matrix is BLOSUM62, gap penalty existence is 11,
gap penalty extension is 1 and "low complexity region" was not selected.
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Total number of 553 allergen groups which has protein sequences were collected from the
allergen data source, AllergenOnline, version 11, 1491 sequences (553 groups, 265 species)
which is maintained by Food allergy research and resource programme (FARRP) allergen pro-
tein sequences, University of Nebraska–Lincoln [36]. For allergen identification contiguous 80
amino acid sequence length transcripts were separated. E values and identity percentages were
evaluated to estimate potential cross-reactivity that may endow with an immunological target
for IgE antibodies.

Identification of epitopes on allergenic proteins
Contigs that had shown best E-Values in the BLASTx top hits were considered for epitope pre-
diction. Accelrys Discovery Studio Visualizer (version 4.0) was used to translate contigs in
nucleotide sequences to protein sequences [37]. These translated protein sequences were sub-
mitted to antibody epitope prediction tool by "BepiPred linear epitope prediction" method
[38]. Internally BepiPred use Parker hydrophilicity scale, Levitt secondary structure scale, and
Hidden Markov Models [39–41]. The default values were maintained for threshold (0.350) and
window size (7). The predicted epitope length with start and end positions were mentioned
including residue scores.

Results

Sequencing and de novo transcriptome assembly to build onion
transcriptome catalogue
A total of 99,074,309 high quality raw sequence reads (~20Gb) were generated using Illumina
HiSeq 2000 technology (Table 1). The raw data filtration was carried out by using Trimmo-
matic v0.32 which resulted in high quality 83,046,820 paired-end (PE), 1,384,023 single-end
forward and 93 single-end reverse reads (Table 2). After quality assessment and data filtering,
the high quality clean reads were used for de novo assembly of the onion bulb transcriptome in
three different stages. In the first stage of assembly, the high quality clean reads were assembled
using Velvet/Oases assembler at different k-mer lengths (S1 Fig, S1 Table). At second stage of
assembly, we merged the transcripts which were obtained from first stage of assembly into a
consensus transcriptome using Velvet and Oases long read option (S2 Table). The non-redun-
dant (nr) representative sequences were generated by the CD-HIT algorithm at the third and
final stage of assembly (S2 Table), which resulted in 293,475 transcripts of 280,882,036 bp in
size. On analyzing the final assembly only transcripts with more than 100 bp length were con-
sidered for functional annotation (S2 Fig). GC content (Guanine and Cytosine ratio) of the
onion bulb transcriptome catalogue was determined using in-house perl script and the average
GC content was found to be 38% (Table 2).

Table 1. Summary of raw reads of Allium cepa bulb transcripts.

Raw reads 99,074,309 (~20Gb)

Clean PE reads 83,046,820

Clean SE forward reads 1,384,023

Clean SE reverse reads 93

G+C% 43%

Gb, Giga bases; PE, paired end; SE, single end; G+C, Guanine+Cytocine; %, percentage

doi:10.1371/journal.pone.0135387.t001
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Functional annotation and characterization of onion transcripts
The assembled onion bulb transcript set was analysed for similarity/sequence conservation
against the NCBI green plant nr-database using BLASTx search. To define a significant hit, an
E-value cut-off threshold of�1E-06 was considered. From the total of 293,475 onion tran-
scripts, 15,434 transcripts were annotated by BLASTx search and 4,780 transcripts were
mapped against nr database by using BLAST2GO tool. In addition, of the 293,475 transcripts,
a total of 115,251 transcripts had unique matches, whereas 178,224 transcripts had no blast
hits (S3 Fig). Overall, a total of 115,251 (40%) transcripts exhibited significant similarity with
at least one of the predicted protein from sequenced plants in the database. Likewise, we ana-
lysed the sequence conservation of onion transcripts with proteomes of all sequenced plant
species. From the 115,251 transcripts, the highest matching of onion transcripts was observed
with Vitis vinifera (14%) followed by Oryza sativa (8%), Theobroma cacao (5.4%) and other
species (Fig 1). However, only 1,086 (1%) sequences were found as onion specific.

Functional classification of onion transcriptome by GO
In order to assign putative functions, transcripts from onion were compared against the Gen-
Bank’s nr-protein sequences of green plants and UniProt database using BLASTx algorithm.
The associated hits were searched for their respective GO. Based on sequence homology Allium
cepa genes were categorized into 49 different functional groups and were categorized as biolog-
ical process, cellular component and molecular function (S4 Fig). Most of the genes however,
were classified under ‘unknown groups’ in all three GO categories. Of the categorized genes,
61.2% showed metabolic functions followed by other functions and cellular components such
as binding (58.5%), cellular processes (57.6%), catalytic activity (47.7%) and cell and cell part
(45.6%).

Identification of allergens & epitopes of onion transcripts with allergen
database
Onion allergen species distribution was identified with BLASTx top hits. Most of the onion
transcripts were categorized under “unknown species” against allergen database. A total of
2,511 homologous allergenic sequences were found in onion transcriptome, which had 37 to
100% similarity with existing allergen database. A huge number of onion transcripts have
shown homology to Cryptomeria japonica (Japanese cedar, 9%) allergens, followed by Blattella
Germania (German cockroach, 7%) and Corylus avellana (Common hazel, 6%) (Fig 2). Of the
2,511 homologous allergenic sequences identified, when nucleotide bases of 240 or more
(equal to 80 amino acid length or more) were considered for blast top hits, 682 transcripts
from onion bulb were found to be similar to published allergen sequences, which were

Table 2. Statistics of non-redundant set of Allium cepa bulb transcripts obtained from final stage of
assembly.

Total number of transcripts 293,475

G+C% 38%

Total transcriptome length 280,882,036 bp

Average transcript size 957.1 bp

Transcript N50 1,594 bp

Max. transcript size 12,638 bp

G+C, Guanine+Cytocine; %, percentage; Max, maximum; bp, base pairs

doi:10.1371/journal.pone.0135387.t002
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altogether 46 different types. Thus, 46 allergens were identified from onion bulb whole tran-
scriptome (Fig 3).

From the BLASTx results the onion transcripts contig 116485 showed E-value of ‘0’, bit-
score of 525.013 and homology of 75% with Enolase 1, 2-phospho-D-glycerate hydro-lyase.
The onion contig 165540 showed E-value of 4.93E-169, bit-score of 483.411 and homology of
76% with ASP f 23 allergen (Table 3). From the 46 identified allergens (BLASTx results) epi-
topes were predicted using BepiPred linear epitope prediction tool. A total of 521 B cell linear
epitopes were identified from 46 allergens of onion bulb when amino acid length of six or more
was considered (S3 Table).

Discussion
Onion is one of the most important vegetable crops in the Allium family, known for its nutri-
tional and medicinal properties. Vegetables of the genus Allium are widely consumed, but
remain poorly understood genetically. Allium species are notable for their very large genomes,
and typically ranges from10–20 Gbp, which have made it difficult for genomic studies and
therefore have precluded genome sequencing to date [42].

Very few genomic resources including EST sequences and molecular markers are available
for onion bulb compared to other vegetable species [43]. Transcriptome catalogue of onion
bulb was generated for the first time, using which allergens and epitopes were identified in the
current study. Transcriptome analysis is particularly useful for revealing relationships between
plant gene expression and phenotypes. To build the transcriptome, the sequencing lengths of

Fig 1. Annotations and BLAST top hits of onion transcripts with other species. This figure shows species distribution of onion transcripts with other
species by BLASTx. Most of the onion sequences were homologous to Vitis vinifera (14%) followed byOryza sativa (8%) and Theobroma cacao (5.4%).

doi:10.1371/journal.pone.0135387.g001
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2×100 bp paired-end sequencing was opted using Illumina HiSeq 2000 V3 chemistry, which is
suitable for analysis of 200–5,000-bp lengths. This system is the most efficient and accurate
approach to demarcate the boundaries of transcription units of genes and complements other
methods for transcriptome studies [44].

In this study, Velvet and Oases assemblers were used in the first two stages for assembly of
short read sequences. This technique yielded long N50 lengths and therefore we could obtain
better quality assembly of short reads. An earlier study by Rohini G et al. also showed the de
novo assembly by Velvet followed by Oases programmes and validated these programs for bet-
ter assembly [45]. In the final stage of assembly we had used CD-HIT algorithm to reduce the
redundancy.

Nearly 100 million sequence reads were generated for onion bulb in the current study and
293,475 non-redundant set of transcripts were found (Tables 1 and 2). Only few transcripts
were annotated, and complete information on gene functionality could be obtained for few
genes. Interestingly, half of the amount of onion transcripts did not show significant homology
with existing sequences, suggesting novel genes that may perform species specific functions in
onion bulb; nevertheless, from the functional annotation a large number of onion transcripts

Fig 2. Onion allergen species distribution identified with BLASTx. The data represents number of transcripts and percentage of species distribution of
onion bulb. For each species that was matching with onion, total number of hits is given along with relative percentage of homology. The comma (,) is
separating the number of transcritpts from the % of species distribution. Highest number of onion transcripts have shown homology to Cryptomeria japonica
allergens (9%), followed by Blattella Germania (7%) andCorylus avellana (6%).

doi:10.1371/journal.pone.0135387.g002
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showed significant similarity with predicted proteins of plants. Examining a non-model vegeta-
ble plant such as onion can provide novel insights into the underlying mechanisms and diver-
sity, however, to our surprise, only 1,086 (1%) sequences were identified as onion (Allium
cepa) specific, thus signifying that limited information is available about the genomes or tran-
scriptomes of onion and its related species. In the present study a large number of transcripts
from Allium cepa were classified as unknown, suggesting the existence of massive potential for
new gene identification.

Gene Ontology is an international standardized gene functional classification system that
offers a strictly defined concept to comprehensively describe the properties of genes and gene
products in any organism [35]. By using GO tool, we obtained a high number of onion bulb
genes that were classified under either cell and cell part (cellular component) or metabolic pro-
cesses (biological process) or binding activity indicating the dominance of genes that are
responsible for cellular processes and metabolism, gene regulation and transcription factor
binding processes (S4 Fig).

Base composition is a fundamental property of genomes and has a strong influence on vari-
ous aspects related to gene function, regulation, structure (intron size and number), thermo-
stability and species ecology [46–48]. However, the biological significance of GC content diver-
sity in plants remains unclear because of a lack of sufficiently robust genomic data. The average
GC content of the onion bulb transcripts in the present study was ~38%, which is very similar
to what has been reported previously (Table 2) [49].

Fig 3. Onion allergens identified through transcriptome analysis. This radar graph depicts onion allergens identified through transcriptome analysis.
Highest number of transcripts were homologous to Cla h4 (115) followed by putative luminal binding protein of Corylus avellana (73), CPA 63 pollen allergen
Cryptomeria japonica (73), and Asp f12 of fungi (72). (Selected transcript sequence size:�80 amino acids).

doi:10.1371/journal.pone.0135387.g003
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Whole trascriptome sequencing may change the ways in which gene expression is studied,
which is likely to have much future impact. The growing number of available allergen sequences
together with the advancements of bioinformatics tools and methods will enable us to shed light
on evolutionary and structural relationships between allergens from different sources [50].

Using bioinformatics approach we compared the onion bulb transcripts with existing allergen
sequences in databases such as AllergenOnlline, FARRP, Allergome and Structural database for
allergenic proteins (SDAP) to predict potential cross reactivity of onion bulb transcriptome
sequences with available database [51], [52]. In our transcriptome data we have found more than
2,500 homologous sequences to 553 existing allergen groups containing 1,491 sequences of 265
different species. According to guidelines of Food and Agriculture Organisation/World health
organization (FAO/WHO) and Codex (2003) the sequences which showmore than 35% identity
against amino acid sequences of expressed proteins (allergens) are considered as cross reactive
allergens (>80 amino acid transcript sequences) [53]. By adopting these guidelines we have identi-
fied 682 homologous sequences and 46 different allergens in onion bulb. Transcript sequences
generated from this study can be used to map epitopes of monoclonal antibodies and polyclonal
sera from patients. With the support of total transcriptome of onion, the complete list of genes
can be predicted based on which unknown protein structures may be modelled and novel diag-
nostic approach in food allergy and immunotherapeutic can be developed. Compared to the previ-
ously described random peptide libraries, the transcriptome RNA gene sequencing as performed
in the current study offers good approach to identify epitopes. More than 500 B cell linear epitopes
were identified from onion bulb when amino acid length of six or more was considered.

Conclusion
From the 99,074,309 high quality raw reads that were generated from onion bulb, 49 different
functional groups of genes were identified. With BLASTx top hit analysis, a total of 2,511
homologous allergenic sequences were found, which had 37 to 100% similarity with 46 differ-
ent types of allergens existing in the database. From the 46allergens, more than 500 B-cell linear
epitopes were identified. This is the first comprehensive insight into the transcriptome of
onion bulb tissue using the NGS technology, which can be used to map IgE epitopes and pre-
diction of structures and functions of various proteins.

Supporting Information
S1 Fig. De novo assembly of onion bulb transcriptome. This figure represents the De novo
assembly of onion bulb transcriptome generated by Velvet/Oases (1st and 2nd stage) and by
CD-HIT (3rd stage). The bars indicate number of contigs (100 bp or longer). The lines indicate
N50 length in bp (light green colour line with triangles) and average contig length (dark red
colour line with rectangles). The left Y- axis indicates number of contigs and the right Y- axis
indicates length in bp.
(TIF)

S2 Fig. De novo assembly length distribution. Frequency histogram showing number of tran-
scripts as function of onion assembly read length distribution. The highest sequence length was
12,635 bp and only transcripts with�100 bp length sequences were considered for functional
annotation.
(TIF)

S3 Fig. Onion BLASTx statistics. This figure shows the BLAST hits results including annota-
tions and mapping.
(TIF)
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S4 Fig. Histogram of onion Gene Ontology classification. GO terms obtained and classified
into three major groups as Cellular Component, Molecular Function and Biological Process.
Most of the onion GO terms observed as cell and cell part, metabolic processes, catalytic and
binding processes.
(TIF)

S1 Table. Stage one onion (Allium cepa L.) bulb transcriptome assembly statistics. In stage
1 assembly Velvet/Oases tools were used to assemble high quality reads to generate kmer spe-
cific transcripts.
(XLS)

S2 Table. Assembly statistics of onion (Allium cepa L.) bulb transcriptome using Velvet/
Oasis and CD-Hit tools. This table represents the statistics of assembled transcripts at second
and third stages of assemblies.
(DOC)

S3 Table. The allergenic peptide or epitope prediction. The 46 identified allergens (BLASTx
results) from onion bulb showed a total of 521 B cell linear epitopes when amino acid length of
6 or more was considered.
(XLS)
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