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Abstract

Pollen allergens play important roles in plant development in addition to their allergenic nature for human.
More than 10 groups of pollen allergens have been reported. Among them, Pollen Ole e I (Ole), Pollen
allerg 1 (Allerg1) and Pollen allerg 2 (Allerg2) domain-containing proteins are the majority of allergens. We
have identified 114 pollen-allergen-like genes in rice genome by bioinformatics using public databases. Among
them, 45 genes encode Ole domain-containing proteins, 62 with Allerg1 and 7 with Allerg2. They are
distributed on 11 of 12 rice chromosomes excluding chromosome 11. Comparison analysis of coding regions
from both predicted genes and isolated full-length cDNAs showed that most of predicted genes were correct in
the splicing of exons and introns, and only 7 exhibited wrong predictions. The fact suggested the applicability
of the prediction programs to identify pollen-allergen genes. Phylogenetic analysis revealed the high diversity
withinOsOle genes and recent evolutionary event inOsAllerg1 genes, and suggested that some ofOsOle genes
were new members of the family. Expression analysis by RT–PCR showed that most of the genes were
expressed in all tested tissues and only eight genes exhibited panicle-specific expression, suggesting that
pollen-allergen genes play roles in not only productive but also vegetative development.
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1. Introduction

Pollen allergens are specific substances, which cause
hypersensitivity reactions of the immune system called
allergies.1 They are proteins with molecular weights from
8 to 50 kD, exhibiting features of solubility and stability.
These proteins are responsible for the IgE-mediated aller-
gies in human. To date, more than 10 groups of pollen
allergens have been reported.2 Among all groups of pollen
allergens, Pollen Ole e I (Ole) domain-containing pro-
teins are the major allergens.3 On the other hand,
based on the prevalence of IgE antibody recogni-
tion among grass pollen-sensitized individuals, members
of two groups, groups 1 and 5, have been shown to
dominate the immune response to grass pollen extract.2

The group 1 is described as Pollen allerg 1 (Allerg1)

domain-containing proteins and the group 5 allergens
contain the domain Pollen allerg 2 (Allerg2). There-
fore, in this study, we will focus on these three groups
of pollen allergens.
Ole e 1 was the first purified allergen from Olea euro-

paea4 and named as Ole e 1 according to the IUIS nomen-
clature.5 The protein consists of a single polypeptide chain
of 145 amino acid residues,1 similar to the polypeptide
encoded by LAT52 gene from tomato and Zmc13 gene
from maize pollens.3 The Ole domain contains six con-
served cysteines which may be involved in disulfide bonds
(http://au.expasy.org/).1 The domain also contains the
consensus sequences E/Q/T-G-X-V-Y-C-D-T/N/P-C-R
(X, any residues) (http://au.expasy.org/). Some of Ole-
containing proteins are proline-rich, encoding extensin-
like proteins.6 To date, ten Ole domain-containing genes
have been isolated and characterized from the olive
pollens.7 However, little is known about Ole-containing
proteins in rice and Arabidopsis.
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Allerg1-containing genes were considered to encode
grass group 1 pollen allergens that caused human allergy
responses.8 All group 1 allergens examined to date have
an N-glycosylation site at amino acid position 9 and carry
glycans corresponding to 4–5% of their molecular weight.2

They contain seven conserved cysteine residues, located
mainly in the N-terminal half of the proteins (http://
www.sanger.ac.uk//cgi-bin/Pfam/getacc?PF01357).2

Now Allerg1-containing genes from at least 10 species
have been cloned including one gene from rice.2,9

However, no report showed genome-wide identification
in rice.
The BLAST search of GenBank using the first expansin

cDNA sequence revealed the similarity of the sequences
to that encoding the group 1 allergens.8 Subsequently,
Cosgrove et al.10 reported that the group 1 allergen
from maize (Zea mays) pollens, called Zea m 1, has wall-
loosening activity characteristic of expansins and pro-
posed that these proteins loosen the cell walls of the
stigma and style to aid pollen tube penetration. Grass
group 1 pollen allergens are now recognized as a subgroup
of b-expansins.11 Today, expansins are regarded as pro-
teins that mediate cell wall extension in plants including
two families, named a and b expansins (http://www.bio.
psu.edu/expansins/).8,10–12 Although group 1 allergens
were first identified in pollens, b-expansin genes are
expressed more widely during the growth and develop-
ment of vegetative tissues.13–15

Allergen2 domain-containing genes encoded grass pol-
len proteins of group 5 with ribonuclease activity (http://
www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF01620).16,17

The allergens in this family were identified as Lol p 5,
Pha a 5, Phl p 5, Phl p 6, Phl p 11 and Poa p 9 with
predicted molecular weights ranging from 28.3 to
37.8kD.18 Compared to group 1 allergens, no N-linked
glycosylation has been reported to occur in this group,
but they contain several hydroxylated proline resi-
dues.2,19 Alanine constitutes up to 30% of the amino
acid content while the representation of methionine,
cysteine, histidine and tryptophan is unusually low.2

Although this group of allergens from at least seven spe-
cies have been cloned,2 little is known about this group of
genes and their proteins in rice and Arabidopsis.
Although the expression of some of Allerg1-containing

genes was detected in pollens and other tissues, previous
reports showed that Ole- and Allerg2-containing genes
were pollen specific. Both Zmc13 in maize and LAT52
in tomato were Ole domain-containing genes with
pollen-specific expression manner, playing an important
role in pollen hydration and/or pollen germination.20,21 In
rice, PS1 gene also encoded a protein with Ole domain,
showing a pollen-specific expression pattern.22 In addition
to this, three Allerg2-containing genes from kentucky
bluegrass were also confined to pollen tissues.23 There-
fore, a question raises: do all Ole- or Allerg2-containing
genes show pollen-specific expression patterns?

In this report, we have identified 114 pollen-allergen-
like genes (referred to pollen-allergen genes hereafter for
convenience) in rice genome by bioinformatics using
information available in public databases, some of
which might be new members of these families. We
also demonstrated the applicability of the prediction pro-
grams to identify pollen-allergen genes and analyze their
expression pattern by RT–PCR.

2. Materials and Methods

2.1. Plant materials and their growth conditions

Japonica rice (Oryza sativa cv. Nipponbare) was used
for all RNA extractions. The total RNAs were extracted
from the following tissues; young leaves from 3-week-old
plants, mature leaves from flowering plants, young pan-
icles from non-flowering plants, mature panicles from
flowering plants, young and mature roots from 10- to
20-days-old seedlings grown on MS media at 25 ˚C
under 16 h light/8 h dark conditions.

2.2. Databases search for pollen-allergen genes

We have used several ways to search and predict pollen-
allergen genes. The key pollen-allergen genes were
obtained from the protein families database (Pfam,
http://www.sanger.ac.uk/Software/Pfam/). The repres-
entative sequences were selected for BLAST searches
based on the phylogenetic analysis. The GenBank acces-
sion numbers of the amino acid sequences used for BLAST
searches were as follows: CAA02039, Q03211,
AAC69131, P33050, CAB78861, O49813, P13447,
P19963 and AAA98492 for Ole-containing genes;
BAA05476, AAF72986, AAB61710, Q41576, O81999,
AAC96078, AAF17571, AAF62183, Q9FL80 and
Q9LN94 for Allerg1-containing genes; AAB41585,
CAA76556, JT0756, C39098, AAB35985, AAB35986
and AAB35987 for Allerg2-containing genes. The domain
amino acid sequences of Ole, Allerg1 and Allerg2 were
used to identify corresponding pollen-allergen genes with
a high similarity in rice genome using TBLASTN and
BLASTP program in RGP (Rice Genome research
Program, http://rgp.dna.affrc.go.jp/), TIGR (http://
tigrblast.tigr.org/), Gramene (http://www.gramene.
org/), Oryzabase (http://www.shigen.nig.ac.jp/rice/
oryzabase/top/top.jsp), NCBI (http://www.ncbi.nlm.
nih.gov), and DDBJ (http://www.ddbj.nig.ac.jp) data-
bases. All predicted pollen-allergen genes were used for
similarity searches again in order to confirm predicted
genes and to detect new candidates. Alternatively, data-
bases were searched using ‘ole, allerg1 or allerg2’ as
keywords to achieve more pollen-allergen genes. The
databases used for this approach are as follows:
RiceGAAS (http://ricegaas.dna.affrc.go.jp/rgadb/),
Oryzabase, Gramene and NCBI databases. Several rice
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annotation programs such as RiceHMMprogram (http://
rgp.dna.affrc.go.jp), RiceGAAS (http://ricegaas.dna.
affrc.go.jp) and the New GENSCAN Web Server at
MIT (http://genes.mit.edu/GENSCAN.html) were used
for predicting full-length pollen-allergen coding regions
and their proteins. The rice full-length cDNA database
KOME (Knowledge-based Oryza Molecular biological
Encyclopedia; http://cdna01.dna.affrc.go.jp/cDNA/)24

was used for searching full-length cDNAs of all predicted
pollen-allergen genes. The comparison of coding regions
between predicted cDNAs and KOME full-length cDNAs
was carried out using the programs ‘BLAST 2
SEQUENCES’ in NCBI database and DNASTAR. In
addition, the Arabidopsis pollen-allergen genes were
obtained by searching TIGR and TAIR (http://www.
arabidopsis.org/) databases using the program BLASTP
and keyword searches.

2.3. Identification of motifs in the predicted
pollen-allergen genes

In order to confirm the presence of conserved domains
in the predicted genes and use their sequences for phylo-
genetic analysis, motifs in the predicted pollen-allergen
genes were identified using Pfam program (http://www.
sanger.ac.uk/). BLASTP in NCBI (http://www.ncbi.
nlm.nih.gov/BLAST/) and InterPro (http://www.ebi.
ac.uk/interpro/) databases were also employed to detect
conserved domains.

2.4. Sequence alignment and phylogenetic analysis

Preliminary sequence manipulations were performed
using DNASTAR program. The sequence alignment
was generated using ClustalX (Version 1.8).25 The
aligned amino acid sequences formed the basis for the
phylogenetic analysis. Maximum-parsimony (MP) and
maximum-likelihood (ML) analyses were performed
using the program Mac PAUP 4.0b8 (ppc) (http://
www.paup.csit.fsu.edu). Heuristic search option with
MILPARS, TBR (tree-bisection-reconnection) branch
swapping, ACCTRAN (accelerated transformation)
optimization, and random addition with 100 replicates
was used to find the best tree. Bootstrap analysis was
used to investigate tree support of MP and ML tress.
Bootstrap supports (BS) of specific nodes26 were estim-
ated with 500 replicates for ML analysis and 1000 for MP
under default options as implemented in PAUP program.
Nodes with BS values >70% were considered supported
with 95% probability.27

2.5. Primer selection and RT–PCR

All primers used in this study were designed by Primer
Selection in DNASTAR program and then submitted to
NCBI database for BLAST search. All non-specific pri-
mers shown by the search results were eliminated instead
of re-designed primers with specific binding to the corres-
ponding genes. Thus, the results from RT–PCR analysis

might represent the expression pattern of pollen-allergen
genes.
Total RNAs from six different tissues (young and

mature leaves, panicles and roots) were used as tem-
plates. The RNAs were isolated using Qiagen RNeasy
Mini Kit. In order to eliminate the possibility of genomic
DNA contamination in PCR amplification, total RNAs
were treated by RNase-free DNase. RT–PCRs were car-
ried out using Qiagen One-Step RT–PCR kit. PCR amp-
lification were performed in 25 ml reaction mixtures with
200 ng of total RNA, 400 mM of each dNTPs, 0.6 mM of
each primer, 5 ml of Q solution, 4 units of RNase inhibitor
and 5 ml of buffer provided by the supplier. The reactions
were performed in PTC-100 thermo-cyclers. The program
used for RT–PCRwas 50 ˚C for 30min and 95 ˚C for 15min
followed by 35 cycles at 94 ˚C for 1 min, 53–65 ˚C for 1 min
(depending on the Tm value of primers) and 72 ˚C for 1
min; followed by a 10 min extension step at 72 ˚C and 10 ˚C
forever to terminate.

3. Results

3.1. Identification of pollen-allergen genes using
public sequence databases

More than 230 sequences encoding three types of pollen
allergens and/or their homologs were identified by search-
ing all public databases as described in the Materials and
Methods. Some of the sequences were redundant as the
sequence of a pollen allergen or its homolog overlapped
between two YAC or BAC clones. Others showed no
homology to three types of domains namely Ole,
Allerg1 and Allerg2 by further BLASTP search. After
filtering these sequences, 114 pollen-allergen genes were
predicted. Among them, 45 genes were identified which
encoded Ole domain-containing proteins with 350–6188
bp long in genome sequence. They were named as Oryza
sativa Ole 1–45 (OsOle1–45). Other 62 predicted genes
encode Allerg1 domain-containing proteins, and their
genomic region ranged from 353 to 6919 bp long named
as Oryza sativa Allerg1-1 to 49 (OsAllerg1-1 to 62). The
remaining seven members were genes encoding Allerg2-
containing proteins and were from 809 to 5164 bp
long which were named as Oryza sativa Allerg1-1
to 7 (OsAllerg1-1 to 7 ). Supplemental Table 1a–c
(www.dnaresearch.oxfordjournals.org) lists all the
pollen-allergen genes predicted, their locations on rice
chromosomes, BAC, YAC clones with accession num-
bers, genetic map positions and molecular weights of
the proteins they encode. Based on this analysis, we con-
cluded that the rice genome encodes at least 114 putative
pollen-allergen genes.

3.2. Phylogenetic analysis

In order to classify the rice pollen-allergen genes pre-
dicted in this study, we have constructed phylogenetic
trees based on the amino acid sequences of the known
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Ole, Allerg1 and Allerg2 domains. All domain sequences
were obtained by searching databases as mentioned in
the Materials and Methods.
Using the Pfam database (http://www.sanger.ac.uk/),

9 key Ole-containing genes were identified. Phylogenetic
tree was constructed by using these key sequences and all
predicted Ole domain sequences (Fig. 1A). Analysis of the
tree showed that six genes (OsOle20, 23–25, 28 and 36)
were grouped together with five key Ole-containing genes
from other plants with accession numbers P33050,
O49527, O49813, P13447 and P19963 (Fig. 1A). The
OsOle12was in the same cluster of the gene with accession
number Q40793. In addition to this, we could not find any

member of rice genes classified with the other three non-
rice Ole-containing genes: Q07894, Q03211 and P93013.
On the contrary, most of the OsOle genes also could not
be clustered into any group of non-rice Ole-containing
genes, indicating the prediction of new members of
Ole-containing genes in rice.
The phylogenetic analysis of the 64 sequences with

Allerg1 domain in the Pfam database revealed 10 key
Allerg1 domains in plants (data not shown). One member
from each group was selected randomly for the tree con-
struction with 62 rice Allerg1 domains to classify into a-,
b- expansin or expansin-like members (Fig. 2A). The tree
analysis showed that rice Allerg1 genes could be divided

Figure 1. Phylogenetic tree and structure of exons and introns of OsOle genes. A, Phylogenetic tree using the bootstrap method with a heuristic
search of the PAUP 4.0b8 program. Besides the rice amino acid sequences of Ole domains, the 9 key sequences from other plants were also used
and were listed by protein accession numbers. B, Exons and intron structure of rice OsOle genes. Red boxes indicate exons and white boxes
indicate introns.
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into three subgroups on the basis of domain sequence
similarity. The largest subgroup is classed into a-
expansins, with 35 members as shown in Fig. 2A with
blue shade. The second subgroup is b-expansins, contain-
ing 23 members as shown in Fig. 2A with pink shade. The
smallest subgroup is expansin-like expansins including
four members (Fig. 2A with yellow shade).

3.3. Characterization of putative homologs of
pollen-allergen genes in rice

The structural analysis of exons and introns based on
the prediction from RiceGAAS revealed that 33 of 45
OsOle genes consisted of two exons, six with 3–8 exons
and the other six members with no intron (Fig. 1B). On
the other hand, among 62 OsAllerg1 genes 20 possessed

Figure 2. Phylogenetic tree and structures of exons and introns of OsAllerg1 genes. A, phylogenetic tree was constructed based on the Allerg1
domain sequences using the bootstrap method with a heuristic search of the PAUP 4.0b8 program. Besides the rice amino acid sequences of
Allerg1 domains, 10 key sequences from other plants were also used and were listed by protein accession numbers. Yellow shade indicates
expansin-like expansins, pink shade b-expansins, and blue shade a-expansins. B, Exons and intron structure of rice OsAllerg1 genes. Red boxes
indicate exons and white boxes indicate introns.
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two exons, 19 had three exons and the 13 consisted of 4–6
exons and 10 had no introns (Fig. 2B). However, the
structures of seven Allerg2 genes were highly variable
with 1–10 exons (data not shown). Besides three
pollen-allergen domains, other domains were also present
in some pollen-allergen genes. Table 1 lists 18 other
domains detected in Ole and Allerg1 domain-containing
genes. For OsOle genes, 13 members were detected with
the DUF1210 domain, which presents in proline-rich
plant proteins. In OsAllerg1 genes, the domain DPBB 1
was found in 32 members of the predicted genes and
other 10 members with the GRP domain detected in
glycine-rich proteins.

3.4. Chromosomal distribution

In order to analyze the chromosomal distribution of
the predicted pollen-allergen sequences, we performed
database searches to localize the map position of
corresponding YAC or BAC clones using the data from
RGP (Rice Genome Research Program) website (http://
rgp.dna.affrc.go.jp/). Figure 3A shows the distribution
of the OsOle1–45 genes on different chromosomes in
the rice genome. All of predicted OsOle sequences were
distributed within 10 chromosomes namely chromosome
1–7, 9, 10 and 12, and no homologs were located on
chromosomes 8 and 11. Although 10 chromosomes had
homologs, each one differed in the number of OsOle
genes it contained; chromosomes 6 and 12 contained
one OsOle gene each; chromosomes 2, 3, 4 and 9

contained two each; chromosomes 5 and 7 had three
each; chromosome 1 had 5 and chromosome 10 had 14
OsOle genes. The OsOle1–11, 16–18 and 38–44 were
located on the short arms of the rice chromosomes and
the rest were located on the long arms. Moreover,
OsOle23 and OsOle36 were mapped near the centromere
and OsOle 26, 27 and 28 were mapped on the end of the
long arms (<4 cM to the end).
Figure 3B shows the chromosomal distributions of

Allerg1-containing genes. Similar to OsOle genes, all
the Allerg1-containing homologs were distributed within
10 chromosomes. They were mapped on chromosome 1–7,
and chromosome 8 instead of 9 in OsOle genes as well as
10 and 12, no homologs were located on chromosomes 9
and 11. Chromosomes 8 and 12 contained one homolog
each; chromosome 7 had two; chromosome 5 had three
and chromosomes 1, 3, 4, 6 and 10 had four or more
homologs each. Twenty-two genes were located on the
short arms of rice chromosomes, which were OsAllerg1-
1–3, 10–21, 26–30, 39 and 49, and the rest were located on
the long arms. Three genes OsAllerg1–46, 47 and 52 were
mapped on the long end of the long arms and seven other
sequences OsAllerg1–23, 36, 37, 39 and 41–43 were
mapped near the centromere.
On the other hand, although only seven members

of OsAllerg2 genes were detected in rice genome, they
were distributed on six different chromosomes namely
chromosome 1–4, 7 and 10 as shown in Supplemental
Table 1c (www.dnaresearch.oxfordjournals.org). Only
chromosome 4 contained two members.

Table 1. Presence of other domains in predicted Ole- and Allerg1-containing genes.

Domain InterPro ID Hypothetical function No. of
OsOle genes

No. of
OsAllerg1 genes

Auxin inducible IPR003676 Auxin responsive protein 1 0

Barwin IPR001153 Protein for defense system 0 1

cytadhesin P20 IPR009896 Membrane associated protein, important in cytadherence and virulence 1 0

cytadhesin P30 IPR009896 Membrane associated protein, important in cytadherence and virulence 1 0

DPBB 1 IPR005132 Rare lipoprotein A (RlpA)-like double-psi beta-barrel 0 41

DUF1210 IPR010616 Proline-rich plant protein of unknown function 13 0

Extensin 2 IPR006706 Structural constituent of cell wall 4 0

FYVE IPR000306 Zinc ion binding 1 0

Glyco Hydro 45 IPR000334 Cellulase activity 0 4

GRP IPR010800 Glycine rich protein 0 13

Hydrophobin IPR001338 Fungal hydrophobin, structural constituent of cell wall 0 1

Lamprin IPR009437 The major connective tissue component of the fibrillar extracellular matrix 0 1

NapB IPR005591 The small subunit of a heterodimeric periplasmic nitrate reductase 1 0

Penaeidin IPR009226 Chitin binding 2 0

PKD IPR000601 Involving in adhesive protein-protein and protein-carbohydrate interactions 0 1

Ribosomal S5 C IPR005324 Structural constituent of ribosome 1 0

rnaseA IPR001427 Pancreatic ribonuclease activity 0 1

zf CCCH IPR000571 Nucleic acid binding 1 0
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Figure 3. Chromosomal mapping of pollen-allergen genes predicted from the completed rice genome sequence. A, Map of OsOle genes. B, Map of
OsAllerg1 genes. Gene names were marked on the left side of chromosomes and genetic positions were on the right of chromosomes.

No. 3] S.-Y. Jiang et al. 173



3.5. Comparison of predicted genes and isolated
full-length cDNAs

In order to validate the gene prediction in the organ-
ization of exons and introns, we obtained predicted
cDNAs sequences from public databases that are men-
tioned in Materials and Methods and their corresponding
RIKEN full-length cDNA sequences, from KOME data-
base.24 These two sequences were used for BLAST search
using ‘BLAST 2 SEQUENCES’ to detect the differences
between two cDNA coding regions. The results showed
that most of predicted cDNAs exhibited the same exon
and intron structure as shown in RIKEN cDNAs.
However, we still found 11 pollen-allergen genes with
different splicing of exon and intron between predicted
and RIKEN cDNAs (Fig. 4). Among them, three from
Ole-containing genes (OsOle20, OsOle28 and OsOle29),
six from Allerg1-containing genes (OsAllerg1–16, 28, 33,
37, 46 and 47) and two from Allerg2 genes (OsAllerg2–3
and OsAllerg2–5). Five genes exhibited the differences
only in the length of exons or introns, which were
OsOle20, 28, OsAllerg1–16, 28 and 46. The other six
genes showed differences not only in the length of exon
and intron but also in the numbers of exon and intron. In
some cases, predicted genes contained one or more exons
(OsOle38,OsAllerg1–33, 37 andOsAllerg2–3); and some-
times showed lesser number of exons (OsAllerg1–47 and
OsAlerg2–5) (Fig. 4).

3.6. Expression pattern of pollen-allergen genes

In order to examine whether these predicted pollen-
allergen genes are expressed in rice and to study their
expression patterns, the total RNAs isolated from various
tissues were subjected to reverse transcription PCR
(RT–PCR) analysis (Materials and Methods). To avoid

contamination from genomic DNA, total RNAs were trea-
ted with RNase-free DNase prior to RT–PCR. Primers
were designed based on coding regions of pollen-allergen
genes and are shown in Supplemental Table 2 (www.
dnaresearch.oxfordjournals.org). The RT–PCR results
showed that not all predicted genes were expressed in
tissues tested under normal growth conditions. Thirteen
(OsOle1, 2, 6, 11, 19, 22, 26, 30, 35, 36, 42, 44 and 45) of
45 OsOle genes could not be detected even if we modified
the RT–PCR conditions. Among the other 32 OsOle
genes, 12 members showed expression in all six tissues
tested: young and mature leaves, roots and panicles with
similar expression intensity (Fig. 5A). These genes were
as follows: OsOle3–5, 9, 10, 14, 15, 20, 25, 28, 31 and 37.
The other 20 genes exhibited leaf, root or panicle-specific
expression pattern, among which OsOle29, 31, 33 and 34
showed high expression in the panicles but were weakly
expressed in leaves and roots, and only six genes
(OsOle16, 18, 32, 39, 40 and 41) were panicle-specific,
might be putative pollen-specific allergen genes.
Among 62 OsAllerg1 genes, only 49 pairs of primers

were designed for detecting the expression pattern of cor-
responding genes because the other 13 genes shared high
homologous sequences with similar primer binding sites.
The RT–PCR results showed that 39 OsAllerg1 genes
could be detected among 49 RT–PCR reactions
(Fig. 5B). We could not detect any signal in the other
10 genes despite modifying RT–PCR conditions. The
analysis showed that 16 among 39 OsAllerg1 genes
were expressed in all tested tissues. These genes were
OsAllerg1–3, 4, 6, 7, 16, 25, 26, 29, 36, 38, 42, 49, 52,
54, 58 and 61, including six members of b-expansin genes,
eight a-expansins and two expansin-like genes. Only two
members showed panicle-specific expression, which were

Figure 4. Comparison between both 11 predicted cDNAs and their RIKEN full-length cDNAs. Top row, predicted cDNA; bottom row, cDNA from
RIKEN full-length cDNA database for each gene.
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a-expansin genes OsAllerg1–45 and 62. Other two a-
expansin genes exhibited root-specific expression includ-
ing OsAllerg1–2 and 59. The remaining 19 genes either
showed difference in expression intensity or differentially
expressed in one or two among six tested tissues. For
example, OsAllerg1–26 showed the highest expression

in mature panicles and OsAllerg1–52 showed the lowest
expression in mature leaves; four genes (OsAllerg1–9, 28,
41 and 44) showed no expression only in the leaves.
As for seven predicted OsAllerg2 genes, six genes

showed expression. Among them, three genes
(OsAllerg2-2, 3 and 5) showed expression in all tested

Figure 5. RT–PCR analysis of pollen-allergen genes. Total RNAs from young and mature leaves, young and mature roots and young and mature
panicles were used for templates. A,OsOle genes; B,OsAllerg1 andOsAllerg2 genes. For each predicted gene, bands from left to right represented
products from mature leaves, young leaves, mature roots, young roots, mature panicles and young panicles, respectively. C, the expression
analysis of panicle-specific genes in mature anthers. M, 1 Kb DNA molecular maker; 1–8, products from OsOle16, OsOle18, OsOle32, OsOle39,
OsOle40, OsOle41, OsAllerg1–34, OsAllerg1–49, respectively.
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tissues except in young roots. The OsAllerg2-1 gene
exhibited no expression only in mature leaves. No expres-
sion was detected in both mature leaves and young roots,
and weak expression in mature panicles for OsAllerg2–4.
On the other hand, OsAllerg2–6 showed difference in
expression intensity with the strongest expression in
young panicles.
Since eight genes showed panicle-specific expression,

the total RNA samples from mature anthers were isolated
and then used for RT–PCR analysis. The results showed
that all panicle-specific genes were expressed in mature
anthers with the highest expression for the gene OsOle18,
the best candidate of pollen-specific genes (Fig. 5C).

4. Discussion

Studies on pollen-specific genes would contribute to
understanding the mechanism of male gametophyte
development. Since both pollen-specific genes PS1 in
rice and LAT52 in tomato encoded Ole domain-
containing proteins,22,28 we were interested to know
whether all Ole domain-containing genes were pollen spe-
cific. In order to find out, primarily, we predicted all
OsOle genes by searching public databases based on
whole rice genome sequences. Because the Ole domain-
containing genes encoded proteins responsible for pollen
allergen, we also predicted other two gene families with
other two pollen-allergen domains: Allerg1 and Allerg2
in order to know whether these proteins are also pollen
specific. Our data showed at least 114 genes encoding

proteins belonging to three groups of pollen-allergen fam-
ilies in rice genome.
To our knowledge, only one OsOle gene (PS1) was

identified in rice genome,22 other 44 were first identified
and partially characterized. In Arabidopsis genome,
only 17 Ole domain-containing genes were predicted
when we performed homology searches (Table 2). Ole
domain-containing genes were originally characterized
from tomato and maize as pollen-specific genes.20,21 Sub-
sequently, the domain-containing proteins from olive
were identified as the major allergen.3 Now 77 members
have been identified from various plants (the Pfam data-
base). However, only few genes were functionally charac-
terized including pollen-specific genes Zmc13 20 and
LAT52 21 as well as pistil-specific genes.6 On the other
hand, seven OsAllerg2 genes were also first predicted,
all of which were from the RiceGAAS annotation data-
base andnot fromother databases.Despite the availability
of 45 Allerg2 domain-containing sequences in the Pfam
database, none of them were from rice. No homologs
were foundinricegenomewhensubjectedtoBLASTsearch
using the 45 sequences, suggesting that rice Allerg2-
containing genes might be different from other plants.
Despite the identification of 45 Allerg2 domain-
containing genes from 7 species (Pfamdatabase), the func-
tional and biological roles of this family is still unknown.
A total of 55 Allerg1 domain-containing genes have

been predicted in rice genome (http://www.bio.psu.
edu/expansins/other species.htm), of which one member
did not contain the Allerg1 domain. Among the remaining

Table 2. Pollen-allergen genes in Oryza sativa and Arabidopsis.

Chromosome OsOle genes OsAllerg1 genes OsAllerg2 genes

O. sativa Arabidopsisa O. sativa Arabidopsisb O. sativa Arabidopsis

1 14 4 4 6 1 Not yet identified

2 2 4 11 7 1

3 2 1 17 8 1

4 2 3 8 5 2

5 3 5 3 9 0

6 1 - 6 - 0

7 3 - 2 - 1

8 0 - 1 - 0

9 3 - 0 - 0

10 14 - 9 - 1

11 0 - 0 - 0

12 1 - 1 - 0

Total 45 17 62 35 7

a Accession numbers listed as follows: At1g28290, At1g29140, At1g54970, At1g78040, At2g16630, At2g33790, At2g34700,
At2g47540, At3g09925, At4g02270, At4g08685, At4g18596, At5g05500, At5g10130, At5g15780, At5g45880, At5g54855;
b At1g12560, At1g20190, At1g26770, At1g62980, At1g65680, At1g69530, At2g03090, At2g20750, At2g28950, At2g37640,
At2g39700, At2g40610, At2g45110, At3g03220, At3g15370, At3g29030, At3g29365, At3g45960, At3g45970, At3g55500,
At3g60570, At4g01630, At4g17030, At4g28250, At4g38210, At4g38400, At5g02260, At5g05290, At5g39260, At5g39270,
At5g39280, At5g39290, At5g39300, At5g39310, At5g56320.
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54 genes, 40 have been characterized as the members of
expansin family (26 a- and 14 b-expansin genes).13,29 We
predicted 62 genes including the 54 genes previously iden-
tified. The additional eight predicted genes included four
a-expansin genes (OsAllerg1–4, 8, 15 and 45) and four
b-expansin genes (OsAllerg1–33, 36, 37 and 44). On the
other hand, 38 expansin genes were reported in
Arabidopsis genome.30 However, detailed analysis showed
that two of them were pseudogenes and another one
showed incomplete gene structure. Thus, only 35 mem-
bers were identified in the genome (Table 2). Besides
these, 420 members of Allerg1-containing genes have
been identified based on the Pfam database. The compar-
ative analysis suggested that the Allerg1-containing genes
should be the major pollen-allergen genes in rice and
Arabidopsis.
Besides the three pollen-allergen domains, most of

pollen-allergen genes contained other domains
(Table 1), suggesting the multiple functions of pollen-
allergen genes in rice. In OsOle genes, 13 contain the
domain DUF1210 that presents in proline-rich plant pro-
teins. The function of this domain is yet to be uncovered.
In OsAllerg1 genes, 41 members possessed a domain
named DPBB 1, whose functions were also not well
understood. Another domain that was detected in 13
OsAllerg1 genes is GRP, which was found in several
glycine-rich and stress-induced proteins.
The analysis of phylogenetic tree indicated that rice

genome had at least 16 groups of OsOle genes, half of
which consisted of only one member (Fig. 1A), indicat-
ing the high diversity in rice Ole-containing genes.
Phylogenetic analysis also revealed that most of
OsOle genes might be new members of the gene family
as they were clustered into groups different from the
genes from other plants. The presence of new members
suggested the diversity of biological functions of rice
OsOle allergen genes. On the other hand, low diversity
was observed in Allerg1 domain-containing gene family
as they were classified into three subgroups like other
plant expansin families.12 However, phylogenetic ana-
lysis revealed that the a-expansin-like subgroup was
in the same group as b-expansin subgroup. Therefore,
these four members might be regarded as members of b-
expansin sub-family although they were identified as
expansin-like genes in other studies (http://www.bio.
psu.edu/expansins/other species.htm). Additionally,
the member OsAllerg1–50, which was identified as a
b-expansin-like gene (http://www.bio.psu.edu/
expansins/other species.htm), was grouped together
with b-expansin family. Therefore, the gene might be
regarded as a member of b-expansin family. The results
suggested that there might exist only two sub-families a

and b-expansin instead of three sub-families in rice
genome.
Rice pollen-allergen genes were distributed into 11 of 12

chromosomes excluding chromosome 11. They were

located on different positions of chromosomes. Some of
them were mapped on long-arm, others on short-arm;
some of them on centremere regions and others on the
ends of chromosomes. However, they were not distributed
randomlyonchromosomes.Someof themwereclusteredon
chromosomes. For example, 11 OsOle genes (OsOle1–11)
werepredicted froma29788bp long fragmentofBACclone
B1189A09 locatedonchromosome1 (Fig. 3A).These genes
shared high homology in their DNA and amino acid
sequences, and were grouped together as an independent
cluster in phylogenetic tree (Fig. 1A). Interestingly, some
ofpollen-allergengenes inacluster exhibited samegenomic
DNA sequences but located on different positions. For
example, both OsAllerg1–26 and 29 had same sequences
but they were located on different position of BAC clone
OSJNBa0009C08 as shown in Supplemental Table 1b
(www.dnaresearch.oxfordjournals.org). This specific dis-
tribution and high similarity in sequences of these genes
suggested that the recent evolutionary event have hap-
pened within a short DNA fragment in pollen-allergen
genes. Similarly, OsOle39, 40 and 41 clustered together
on the clone OSJNBa0031A07 located on chromosome
10 as shown in Supplemental Table 1a (www.dnaresearch.
oxfordjournals.org).Similardistributionwasalsoobserved
in OsAllerg1 genes on chromosome 3 and 10 as shown in
Supplemental Table 1b (www.dnaresearch.oxfordjournals.
org), indicating the unique distribution of pollen-allergen
genes on rice chromosomes.
Expression analysis was performed by RT–PCR. The

analysis showed no expression of some pollen-allergen
genes under normal growth conditions and these could
be pseudogenes or stress-induced genes. In addition to
this, most of pollen-allergen genes were expressed not
only in panicles but also in other tissues, and thereby
were not pollen-specific genes. However, our data showed
six panicle-specific OsOle and two OsAllerg1 genes that
were best candidates of pollen-specific genes. Further ana-
lysis showed that the eight genes were anther-specific
(Fig. 5C). Since only two pollen-specific genes were isol-
ated and characterized in rice, more genes should be iden-
tified for further understanding of the mechanism of male
gametophyte development. Our data might contribute to
the identification of new pollen-specific genes. As for
OsAllerg1 genes, most of efforts focused on the expression
analysis of non-panicle organs under various stresses and
treatments such as submergence and auxin,13,31 and no
data focused on the expression analysis in rice panicles.
Since the expression of OsAllerg1 genes in rice reproduct-
ive organs as shown in our data, those genes might play
important roles in not only vegetative but also reproduct-
ive development.
It will become possible and important to identify and

characterize a gene family in the whole genome by bioin-
formatics based on public database after the completion
of whole rice genome sequences, and the release of reliable
and powerful annotation system. To validate the
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reliability and applicability of predicted pollen-allergen
genes, we collected all full-length cDNA of pollen-allergen
genes fromRIKEN full-length cDNA database24 and com-
pared with all predicted coding regions. A total of 56
full-length cDNA were found to encode 56 correspon-
ding pollen-allergen genes as shown in Supplemental
Table 1a–c (www.dnaresearch.oxfordjournals.org).
Among them, 23 match OsOle genes, 29 for OsAllerg1
genes and the remaining 4 for OsAllerg2 genes.
Comparison analysis revealed that most of pollen-
allergen genes were correctly predicted with the same
exon and intron organization in encoding regions as
shown in full-length cDNAs, suggesting the applicability
of the prediction program to identify pollen-allergen
genes. Although some of predicted genes were not correct
in exon and intron organization as shown in Fig. 4, in
most of cases, a researcher could obtain full-length coding
region of a pollen-allergen gene by RT–PCR using
primers designed from predicted sequences for further
functional analysis.
In conclusion, we have identified 114 pollen-allergen

genes in the rice genome and classified them. Also, we
have partially characterized them for their expression in
major tissues, intron/exons structure and other features.
This is a preliminary analysis performed with the avail-
able sequence information and the gene prediction tools to
predict the rice genes. In future, more pollen allergens
may be uncovered in the rice genome when better gene
analysis tools are available.

Supplementary Material: Supplementary material
is available online at www.dnaresearch.oxfordjournals.org
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