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Abstract A polyclonal antiserum was raised against the
extracellular pollen proteins of Brassica rapa and used for
screening the expression cDNA libraries made from immature
anthers. We obtained five groups of cDNA clones, including
cDNAs similar to PCP1, thioredoxin, and lipid transfer protein
(LTP). Recombinant protein of the cDNA clone showing
sequence similarity to LTP was demonstrated to bind IgE of a
patient allergic to Brassica pollen. The cDNA clone reported
here, therefore, represents a novel pollen allergen of Brassica
rapa.
z 1998 Federation of European Biochemical Societies.

Key words: Anther; Brassica rapa ; cDNA cloning;
Immunoglobulin E; Lipid transfer protein; Pollen allergen

1. Introduction

Pollen allergens bind to human IgE and lead to various
allergic manifestations in susceptible individuals. Pollen aller-
gens are readily released from pollen cytoplasm or the pollen
coat into human mucus [1]. EM localization of pollen allergen
has revealed that Lol pIa and Lol pIb, major pollen allergens
of ryegrass (Lolium perenne), are located within the cytosol
and the starch granules, respectively [2]. In contrast, Cry j I, a
major pollen allergen of Japanese cedar (Cryptomeria japoni-
ca), is reportedly located in exine layers and orbicles derived
from tapetal tissue as well as Golgi bodies in the protoplasm
[3].

Most of the pollen coat proteins on the exine are assumed
to be derived from the tapetum, which plays an essential role
in pollen development. Tapetum is known to supply nutrients
to the developing microspores and precursors for the synthesis
of pollen exine. Tapetum degrades at a later stage of pollen
development and the remnants of the tapetum are also depos-
ited on the pollen exine [4,5]. Pollen coat proteins have been
extensively studied in Brassica species [6^8], because they are
considered to play an important role in all aspects of pollina-
tion, dispersal, adhesion, and pollen-stigma interactions. Sev-
eral cDNAs encoding pollen coat proteins have been isolated
and characterized, including cDNAs encoding oleosin-like
proteins [9], PCP1 [10], and transmembrane channel proteins
[11].

Pollen coat proteins are a potential source of pollen aller-
gens for humans. Allergy to Brassica pollen has been reported
in some countries [12^14]. There has been only one report of
the isolation of cDNA for a Brassica pollen allergen. We have
previously isolated cDNA clones, Bra r I and Bra r II from

B. rapa and Bra n I and Bra n II from B. napus, as cDNAs for
pollen allergens [15].

In this study, a mouse polyclonal antiserum was raised
against the extracellular pollen proteins of B. rapa and used
for screening expression cDNA libraries made from immature
anthers at the stage before the tapetum was degraded. Protein
plaque lifts from the cDNA clones thus obtained were tested
for IgE binding. RNA gel blot analysis of anthers at di¡erent
developmental stages was also conducted.

2. Materials and methods

2.1. Plant materials
Mature anthers were collected from B. rapa, homozygous for the S9

haplotype, and stored dry with silica gel at 330³C [16]. Pollen grains
were removed from the anthers (1 g DW) with a paint brush and a
sieve (100 Wm mesh). Lipid was removed from the pollen with cold,
anhydrous acetone, and then extracellular proteins were extracted by
vigorous shaking for 5 min in 3 ml of a solution containing 0.1 M Tris
(pH 8.0), 15 mM 2-mercaptoethanol, and 0.1 mM phenylmethylsul-
fonyl metabisulfate according to Evans et al. [17].

2.2. Production of antiserum
The extracted proteins (100 Wg) were injected intraperitoneally into

a female mouse (BALB/c). Freund's complete adjuvant (Difco) was
included in the ¢rst and the second injections, and the serum was
collected 3 days after the third injection, as described for other pro-
teins [16].

2.3. Protein gel blot
Protein (40 Wg) was subjected to 15% SDS-polyacrylamide gel elec-

trophoresis or thin-layer polyacrylamide gel isoelectric focusing (IEF).
The ampholine PAGplate (pI 3.5^9.5) and Multiphor II system (Phar-
macia) were used for IEF. After electrophoresis, the proteins were
transferred to nylon membrane (Immobilon), as previously described
[15].

The blots were blocked with 1% blocking reagent (Boehringer
Mannheim) in TBS (150 mM NaCl, 10 mM Tris-HCl pH 8.0) for
3 h, and reacted with the mouse serum at a dilution of 1:1000 in
TBS, followed by reaction with alkaline phosphatase-labelled antibod-
ies to mouse IgG at a dilution of 1:5000 (Promega). The signal was
visualized using 5-bromo-4-chloro-3-indolyl-phosphate p-toluidine
salts and nitroblue tetrazolium chloride.

2.4. cDNA libraries and immunoscreening
cDNA libraries were constructed using vector Vgt11 from anthers

containing uninucleate microspores and bicellular pollen of B. rapa,
and from anthers containing uninucleate microspores of B. napus cv.
Westar. These cDNA libraries were successfully used for screening of
cDNAs for Brassica pollen allergens, Bra r I, Bra r II, Bra n I, and
Bra n II, as previously described [15].

Plaques were lifted onto nitrocellulose ¢lters (BA85; Schleicher and
Schuell) by the method of Sambrook et al. [18]. After blocking the
¢lters with 1% blocking reagent (Boehringer Mannheim), the ¢lters
were incubated for 16 h at room temperature with 1000-fold diluted
serum, which had been pre-absorbed with Escherichia coli extracts, as
described by Toriyama et al. [15]. The ¢lters were then reacted with
peroxidase-labelled anti-mouse IgG antibody at a dilution of 1:5000
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(Kirkegaard and Perry Laboratories). Positive signals were visualized
using 4-chloro-1-naphthol and H2O2 [18].

2.5. Nucleotide sequencing
cDNA was isolated from plaque-puri¢ed phages by PCR ampli¢-

cation using Vgt11 primers (Promega) and subcloned into a pCRII
vector (Invitrogen). DNA sequences were determined and analyzed
as previously described [19]. Hydropathy pro¢les were calculated
using the values and algorithm of Kyte and Doolittle [20] and
a signal peptide was predicted using the PSORT program (http://
psort.nibb.ac.jp/)

2.6. RNA gel blot
Total RNA was isolated using ISOGEN (Nippon Gene) from

anthers at the uninucleate microspore stage, the bicellular and tricel-
lular pollen stages, mature pollen, stigmas, and leaves. A 20 Wg por-
tion of total RNA was resolved on a 1.5% agarose gel after denatu-
ration with glyoxal. The gel was stained with ethidium bromide before
blotting. RNA gel blot analysis was performed as described [15].

2.7. IgE binding assays
Protein plaque lifts from cDNA clones were prepared using stand-

ard methods [18]. Brie£y, Vgt11 phages containing a cDNA clone were
plated on LB plates with E. coli Y1090 and protein plaque lifts were
taken on nitrocellulose ¢lters (BA85, Schleicher and Schuell) pre-
soaked in 10 mM IPTG. Filters containing a recombinant protein
were divided into sections and incubated with allergic patients' sera
diluted 1:5 in TBS containing 0.5% BSA. The bound IgE antibodies
were detected using peroxidase-labelled anti-human IgE as described
above.

3. Results

3.1. Characterization of antiserum
Extracellular protein of Brassica pollen was extracted in 0.1

M Tris bu¡er from the lipid-free mature pollen using the
methods of Evans et al. [17]. Microscopic observation re-
vealed that the pollen grains hydrated but did not burst using
this treatment. Therefore, we assume the extracellular protein

mainly consists of pollen coat protein, although we cannot
exclude the possibility that the extract included some proteins
released from inside the pollen protoplasm.

A polyclonal antiserum was raised against total extracellu-
lar proteins. The resulting antiserum detected major bands at
7.5 kDa and 20 kDa on SDS gel blots of the total extracel-
lular pollen proteins (Fig. 1a). The antiserum did not react
evenly with all the protein identi¢ed by Coomassie brilliant
blue (CBB) staining. On the IEF gel blot, highly antigenic
proteins were detected at pI 8.7 and pI 9.0, although a large
amount of protein was detected by CBB in the acidic region
(Fig. 1b). Thus, the antiserum obtained in this study reacted
only with a subset of the protein mixture used for immuniza-
tion. It probably represents proteins with strong antigenic
structures.

3.2. Isolation of cDNA clones
The antiserum against the extracellular proteins of mature

pollen was used for immunoscreening of the expression cDNA
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Fig. 1. Coomassie brilliant blue staining (lanes 1 and 3) and immu-
noblots (lanes 2 and 4) of extracellular pollen proteins of Brassica
rapa separated by SDS-PAGE (a) or IEF (b). The immunoblots
were reacted with a mouse antiserum raised against total extracellu-
lar pollen proteins.

Fig. 2. Comparison of amino acid sequences of PEC-1 (a), PEC-2
(b) and PEC-3 (c) with similar proteins in the EMBL database.
HVLTPMR: phospholipid transfer protein from immature barley
aleurone cells (Kalla et al., unpublished; accession number
X57270); THL-1: thioredoxin that interacts with the kinase domain
of a Brassica S-locus receptor kinase (accession number U59379
[24]); PCP1, a member of a family of pollen coat protein (PCP)
genes from B. oleracea encoding novel cysteine-rich proteins (acces-
sion number X97056 [10]). Colons and dots indicate identical and
similar residues, respectively. Conserved cysteine residues in (a) and
(c) are indicated by #. The nucleotide sequences of clone 24 for
PEC-1, clone 20 for PEC-2 and clone S8-10 for PEC-3 have been
submitted to the EMBL, Genbank and DDBJ databases under the
accession numbers AB010433, AB010434 and AB010435, respec-
tively.
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libraries in Vgt11. Screening was initially carried out on the
cDNA library made from anthers containing uninucleate mi-
crospores and bicellular pollen of B. rapa. Fourteen positive
plaques (clones 1, 2, 4, 10, 12, 13, 20^22, 24^28) were identi-
¢ed out of 25 000 plaques. Further screening was carried out
using the cDNA library made from anthers at the uninucleate
microspore stage of B. napus. Four positive plaques (clones 6,
15^17) were isolated out of 40 000 plaques.

Cross-hybridization experiments and partial sequencing in-
dicated that the cDNA clones could be classi¢ed ¢ve groups
(pollen extracellular; PEC-1^5). Group PEC-1, exempli¢ed by
clone 24, comprised clones 1, 4, 10, 13, 21, 22, 24^28 of B.
rapa. Group PEC-2 contained clones 12 and 20 of B. rapa.
Group PEC-3, exempli¢ed by clone 17, comprised clones 15^
17 of B. napus. Clone 2 of B. rapa and clone 6 of B. napus
comprised PEC-4 and PEC-5, respectively. PEC-1, PEC-2 and
PEC-3 were further characterized.

3.3. Nucleotide sequences and deduced amino acid sequences
The longest cDNA clone of group PEC-1 was clone 24,

which was 450 bp long with a 55 bp poly(A) tail. This clone
does not contain the ¢rst ATG; however, the 5P region of the
cDNA was complemented with an EST clone of B. pekinensis
(accession number L38539 in the EMBL database [21]), whose
sequence was found to be completely identical to that of clone
24 within a 208 bp overlap region. Supplementing clone 24
with the ¢rst 12 amino acids from the EST clone resulted in a
predicted ORF of 98 amino acids for PEC-1 (Fig. 2a). Hydro-
pathy pro¢les of PEC-1 show that the predicted protein con-
tains 24 amino acids of the hydrophobic N-terminus, charac-
teristics of a signal peptide.

Computer-aided homology searches indicated that the pre-
dicted amino acid sequences of PEC-1 showed similarities
with various kinds of lipid transfer proteins (LTPs). PEC-1
contains eight cysteines which are well conserved in other
LTPs [22]. The highest similarity (44%) was found in a phos-
pholipid transfer protein from immature barley aleurone cells
(Kolla et al., unpublished; accession number X57270 in the
EMBL database), as shown in Fig. 2a. However, PEC-1 was

rather di¡erent from clone E2, which has been reported to
encode a phospholipid transfer protein and be expressed in
the tapetum and microspores of B. napus [23].

Clone 20 in group PEC-2 was 535 bp long with a predicted
ORF of 123 amino acids, starting from the ¢rst ATG (Fig.
2b). Hydropathy pro¢les indicated that the predicted protein
contains 15 amino acids of a signal peptide.

A search of databases showed that the predicted amino acid
sequence of PEC-2 is the same as that of the thioredoxin-h
gene of B. napus (THL-1) [24] except for two amino acids, as
shown in Fig. 2b.

The longest clone of group PEC-3 was clone 17, consisting
of 246 bp nucleotides, but lacking the ¢rst ATG. The cDNA
library of B. rapa was therefore rescreened. Twelve plaques
were identi¢ed out of 15 000 plaques. The longest clone, S8-
10, was 358 bp long with a 8 bp poly(A) tail and a predicted
ORF of 83 amino acids, which is the same as that of clone 17
within an overlapping region. Hydropathy pro¢les indicate
that the predicted protein contains 24 amino acids of a signal
peptide.

When compared with sequences in the major databases, the
predicted amino acid sequence of PEC-3 showed 37% identity
with those of PCP1 (Fig. 2c) and 35% with PCP2. PCP1 and
PCP2 genes were reported to encode cysteine-rich pollen coat
proteins involved in pollen-stigma interactions in B. oleracea
[10]. Cysteine residues were strongly conserved among these
proteins (Fig. 2c).

3.4. RNA gel blot analysis
RNA gel blot analysis showed that transcripts of PEC-1

were present at a high level exclusively in anthers at the un-
inucleate microspore stage. A low level of expression was
detected in the anthers at the bicellular pollen stage. No signal
was detected in anthers at the tricellular pollen stage, mature
pollen, leaves or stigmas. The size of transcripts was 480 bases
(Fig. 3).

When the blot was probed with clone 20 to detected PEC-2,
a hybridization signal was observed in the anthers at the un-
inucleate microspore and bicellular pollen stages and in stig-
mas and leaves. A weak signal was also detected in the
anthers at the tricellular pollen stage. No signal was detected
in mature pollen. The size of the transcripts was 660 bases
(Fig. 3).

A hybridization signal for PEC-3 was detected in the
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Fig. 4. Protein plaque lifts of cDNA clone 26 of PEC-1, clone 20 of
PEC-2, and clone 17 of PEC-3 reacted with serum IgE from indi-
viduals (A^C) allergic to Brassica pollen. Non-recombinant Vgt11
control and Bra r I, a cDNA for a Brassica pollen allergen, were
also tested.

Fig. 3. RNA gel blot of total RNA isolated from di¡erent tissues of
B. rapa probed with clone 26 of PEC-1, clone 20 of PEC-2 and
clone 17 of PEC-3. Lane 1, anthers at the uninucleate microspore
stage; lane 2, anthers at the bicellular pollen stage; lane 3, anthers
at the tricellular pollen stage; lane P, mature pollen; lane S, stig-
mas; lane L, leaves. A gel stained with ethidium bromide before
blotting is also shown in the lower panel.
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anthers at all the stages. The highest level of expression was
observed in anthers at the bicellular pollen stage. A weak
signal was also observed in mature pollen. No signal was
detected in stigmas or leaves. The size of transcripts was
450 bases (Fig. 3).

Ethidium bromide stained rRNA indicates the integrity of
RNA and that equal amounts of RNA were loaded in each
lane (Fig. 3).

3.5. IgE binding assays
Protein plaque lifts from cDNA clones were reacted with

IgE of three individuals who were allergic to Brassica pollen
[12]. A cDNA clone of Bra r I, which has been shown to be a
Brassica pollen allergen [15], was also tested as a positive
control. Bra r I bound to IgE of individual C (Fig. 4). In
contrast, PEC-1 was shown to bind IgE of individual B.
PEC-2 and PEC-3 did not bind to the IgE of any of the three
individuals, nor did Vgt11 (Fig. 4).

4. Discussion

Mouse antiserum to extracellular pollen protein was used to
characterize proteins of B. rapa in a manner similar to that
recently used with B. oleracea [8]. Screening of an anther
cDNA expression library with antibodies raised against pollen
coat proteins has been used to isolate cDNAs that encode
sequences showing homology to transmembrane channel pro-
teins [11].

We carried out screening of cDNA libraries made from
immature anthers when the tapetum was very active because
we are interested in genes expressed during pollen exine for-
mation. Three groups of cDNA clones were characterized in
the current study.

PEC-3 is considered to be a member of PCP1, which has
been reported to represent a gene family encoding cysteine-
rich proteins involved in pollen-stigma interactions [10]. PCP1
is reportedly expressed in the cytoplasm of trinucleate pollen
grains and is believed to be released from the pollen proto-
plasts into the pollen coating. A similar export of protein is
likely carried out for PEP-3.

PEC-2 is considered to be an allele of thioredoxin-h-like
clones, THL-1 and THL-2, of B. napus. Recombinant proteins
of these clones have been reported to interact with the protein
kinase domain of the S-locus receptor kinase based on a yeast
two-hybrid assay [24]. THL-1 is reportedly expressed in a
variety of tissues including anthers, pistils, petals, leaves,
stems and roots. An identical sequence to THL-1 was also
found using DNA databases; this cDNA encodes a thioredox-
in-h-like protein in the pollen coat of B. oleracea (Ruiter et
al., unpublished; accession number X89759 in the EMBL da-
tabase). It is unclear how these thioredoxins are incorporated
in the pollen coat.

PEC-1 showed some similarity to lipid transfer protein.
LTP genes identi¢ed in the anthers of B. napus (clone E2)
[23] and Lilium henryi (clone LHM7) [25] have been shown
to be expressed in the tapetum. Tapetum-speci¢c expression
has been also reported for two LTP-like genes, TA32 and
TA36, of tobacco [26]. Expression of PEC-1 exclusively in
the anthers of the uninucleate microspore stage (Fig. 3)
strongly suggests that the gene for PEC-1 is also expressed
in the tapetum. The PEC-1 protein is probably deposited in
the pollen coat from the tapetum.

During microgametogenesis, lipids participate in sporopol-
lenin and membrane biogenesis, but also accumulate to sig-
ni¢cant levels within the pollen wall and in oil bodies within
the pollen cytoplasm [27]. Thus, signi¢cant movement of lip-
ids or lipid derivatives must occur within both the tapetum
and the microspores. The protein encoded by PEC-1 may take
part in the transfer of lipids from the tapetum to the pollen
wall. It is also possible that PEC-1 acts as a plant defense
protein against several pathogens, as recently reported for
other LTPs [22].

The function of pollen allergens has been established in
only a few allergens. For example, the major birch pollen
allergen Bet v I was shown to be highly homologous to patho-
genesis-related plant proteins and was considered to be in-
volved in pathogen resistance of pollen [28]. Bet v II has
strong homology to pro¢lins and is considered to play a
role in actin organization [29]. Bet v III, which has homology
with Ca2�-binding proteins, is speculated to control Ca2� me-
tabolism [30]. A Bermuda grass pollen allergen, Cyn d 7, has
also been shown to be a Ca2�-binding protein [31]. In con-
trast, the major pollen allergen of Japanese cedar, Cry j I, has
been shown to have pectate lyase activity, and thus may play
a role in facilitating pollen tube growth [32]. Recently we
demonstrated that Bra r I, one of the Brassica pollen aller-
gens, was a Ca2�-binding protein and is localized in pollen
tubes upon pollination (Okada et al., in preparation). Bra r I
is strongly implicated in the control of the Ca2� gradient of
the pollen tube during elongation.

This study demonstrates that PEC-1 binds strongly to the
IgE of a patient allergic to Brassica pollen and indicates that
the cDNA clone reported here represents a novel pollen aller-
gen of B. rapa. The function of this pollen allergen in plant
reproduction is suggested to involve lipid transfer or anti-
pathogen defense as discussed above. We employed only three
patients to test the IgE binding of the recombinant proteins.
More patients should be investigated to determine whether
PEC-1 protein is a general pollen allergen or not. IgE from
the other patients may bind to proteins encoded by PEC-2 or
PEC-3. The pollen coat protein is likely a potential source of
pollen allergens.
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