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Abstract Four classes of apple allergens (Mal d 1, —2,
—3 and —4) have been reported. By using PCR cloning
and sequencing approaches, we obtained genomic se-
quences of Mal d 2 (thaumatin-like protein) and Mal d 4
(profilin) from the cvs Prima and Fiesta, the two parents
of a European reference mapping population. Two
copies of the Mal d 2 gene (Mal d 2.01A and Mal d
2.01B) were identified, which primarily differed in the
length of a single intron (378 or 380 nt) and in one
amino acid in the signal peptide. Both Mal d 2.0/ A and
Mal d 2.01B were mapped at identical position on
linkage group 9. Genomic characterization of four Mal d
4 genes (Mal d 4.014 and B, Mal d 4.024 and Mal d
4.03A4) revealed their complete gDNA sequences which
varied among genes in length from 862 to 2017 nt. They
all contained three exons of conserved length: 123, 138,
and 135 nt. Mal d 4.01 appeared to be duplicated in two
copies and located on linkage group 9. Mal d 4.024 and
Mal d 4.03A4 were single copy genes located on linkage
group 2 and 8, respectively.
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Introduction

In apple, four classes of allergens (Mal d 1, —2, —3 and
—4) have been reported with different clinical relevance.
Mal d I-based allergy is predominant in Central and
Northern Europe. In contrast, allergies caused by Mal d
3 and Mal d 4 are more relevant in the Mediterranean
area of Southern Europe (Van Ree et al. 1995; Hoff-
mann-Sommergruber and Radauer 2004). For Mal d 2,
the geographical relevance is still unclear. Of the four
classes of apple allergen genes, Mal d 1 and Mal d 3 have
been characterized for their genomic DNA sequences
and positions on apple molecular marker linkage maps
(Gao et al. 2005a, b). This paper focuses on the
remaining two allergen genes Mal d 2 and Mal d 4
encoding thaumatin-like protein (TLP) and profilin,
respectively.

Thaumatin-like protein is one of the major protein
constituents of mature apple fruit (Oh et al. 2000). It is
homologous to an intensely sweet tasting protein, iso-
lated from the fruit of Thaumatococcus daniellii. TLPs
can be categorized into three subclasses based on their
isoelectric point (pl): acidic, neutral and basic (Koiwa
et al. 1994). Most TLPs have 16 conserved cysteines that
form eight disulfide bonds contributing to the protein’s
resistance to proteolysis and heat (Breiteneder 2004).
TLPs belong to the PR-5 family of pathogenesis-related
proteins (Van Loon and Van Strien 1999). Several
researchers provided evidence that TLPs play a role in
plant defence against pathogens (Ibeas et al. 2000;
Venisse et al. 2002; Velazhahan and Muthurishnan
2003; Han et al. 2004). However, TLPs are now recog-
nized as a new class of panallergens in food as well as in
pollen (Breiteneder 2004). Hsieh et al. (1995) were the
first to identify a 31-kDa apple TLP as a major allergen.
Its cDNA (AF090143) has been isolated and character-
ized from apple fruit (Oh et al. 2000). More recently, a
23.2-kDa TLP, deduced from a full-length cDNA clone
(AJ243427) isolated from ripe apple fruits, was classified
as Mal d 2 allergen and characterized as an antifungal
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protein (Krebitz et al. 2003). The purified recombinant
Mal d 2 appeared to have a double band at 31-32 kDa
on SDS-PAGE, while MALDI-TOF mass spectrometry
revealed a dominant peak close to the calculated 23 kDa
(Krebitz et al. 2003).

Profilins are small (12-15 kDa) cytosolic proteins
that are found in all eukaryotic cells. In pollen, their
abundance increases 10-fold to 100-fold during matu-
ration (Radauer and Hoffmann-Sommergruber 2004).
In 1991, birch pollen profilin was identified as a relevant
allergen (Valenta et al. 1991). In the meantime, profilin
cDNAs from numerous plant species have been cloned
and their deduced amino acid sequences are typically
70% to 80% similar. Their protein features are strik-
ingly conserved in respect to their length (most are 131
to 134 AA), domains and structure (Radauer and
Hoffmann-Sommergruber 2004). Large profilin multi-
gene families can be grouped into two classes: those
constitutively expressed in vegetative tissues and those
expressed mainly in reproductive tissue. Multiple profi-
lin isoforms can be simultaneously expressed in indi-
vidual tissues and cells (Huang et al. 1996). The basic
biological functions of profilins have been attributed to
cell elongation, cell shape maintenance, and flowering
(Ramachandran et al. 2000), seedling development
(McKinney etal. 2001) and pollen tube growth
(McKenna et al. 2004). Apart from pollen, many fruits
contain profilins and their allergenic potency has been
frequently reported (Scheurer et al. 2000, 2001; Wensing
et al. 2002; Asero et al. 2003; Rodriguez-Perez et al.
2003; Westphal et al. 2004). When we started this re-
search, three distinct mRNA sequences (AF129426,
AF129427 and AF129428) encoding three isoallergens
of apple profilin were available in the GenBank/EMBL
nucleotide database. They all have an open reading
frame (ORF) of 396 nt.

By applying similar PCR cloning and sequencing
approaches as used for mapping of Mal d I and Mal d 3
genes (Gao et al. 2005a, b), we obtained the genomic
sequences of Mal d 2 and Mal d 4 from cvs Prima and
Fiesta, the two parents of a European reference mapping
population (Maliepaard et al. 1998). Sequence-specific
markers were created to map these genes on the apple
linkage map. This resulted in the identification and
mapping of two Mal d 2 and four Mal d 4 loci.

Materials and methods
Gene annotation

Mal d 2 was used as the basic symbol for apple TLP
genes and Mal d 4 for apple profilins. For further
dividing each class into distinct genes and alleles, we
adopted the same nomenclature as described previously
for Mal d 1 and Mal d 3 (Gao et al. 2005a, b) while
taking into account of published sequences of similar
genes in the DNA databases.

PCR genomic cloning and sequencing

Prima and Fiesta, two diploid parental apple cultivars of
a reference mapping population, were chosen for geno-
mic PCR cloning and sequencing. They are the same
cultivars that had been chosen for mapping Mal d 1
(Gao et al. 2005a) and Mal d 3 (Gao et al. 2005b). Two
primer pairs located in the untranslated region (UTR)
were used to amplify the targeted Mal d 2 genomic se-
quences (Table 1). We designed one common forward
primer and three different reverse primers to clone the
three profilin genes, because these reference sequences
(AF129426-AF129428) were conserved at their 5" ends
but divergent at the 3’ end. The PCR cloning and
sequencing procedures were the same as described pre-
viously (Gao et al. 2005b).

Sequence analysis

DNA sequences and single nucleotide polymorphisms
(SNPs) were analyzed using the Seqman program
(DNAstar, Madison, WI, USA). Intron sizes were de-
duced by comparing the genome sequences with known
cDNA sequences. Sequence identity percentages were
calculated using the Clustal W of the Megalign program
(DNAstar). Multiple DNA and amino acid sequence
alignments were performed with the GeneDoc program
(http://www.psc.edu/biomed/genedoc).

Designing and testing of sequence-specific markers

According to the DNA polymorphisms among the
genomic sequences, three types of molecular markers
were designed to distinguish a specific sequence or allele.
These are (1) single nucleotide amplification polymor-
phism (SNAP) (Drenkard et al. 2000; Gao et al. 2005b),
(2) cleaved amplification polymorphisms (CAPs) and (3)
simple sequence repeat (SSR) markers. The methods for
designing and testing of SNAP and SSR markers were
according to Gao et al. (2005b).

Mapping genes on molecular linkage groups

Three molecular marker linkage maps derived from
Prima x Fiesta (PM x FS, n=141), Fiesta x Dis-
covery (FS x DS, n=70) and Jonathan x Prima (JO
x PM, n=175) were used to map Mal d 2 and Mal d
4 genes. Grouping and mapping of sequence-specific
markers were performed with JoinMap 3.0 (Van
Ooijen and Voorrips 2001), using the Kosambi
mapping function. The LOD and recombination
threshold was 4 and 0.45, respectively. Final drawings
of the marker maps were generated with MapChart
(Voorrips 2001).



Table 1 Primer pairs used for the genomic cloning of Mal d 2 and Mal d 4 genes
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d2-Revl: TGTTCCTTTATTTGATCGTGT
ald2-For2: TCAATGTCGATGATGAAGAGCCA

Ma
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Ma
Mald4.01-Rev: TTATAGGCCTTGATCAATCAGGTAGTCT

d2-Rev2: CATCATCTGCATATATAATCCCAT
d4-For: TGTCGTGGCAGGCGTACGTC

AJ243427
AF129426

Mal d 2
Mal d 4.01

AY792609
AY792611

AY792610
AY792612
AY792614
AY792615

861, 862

64/2

60/30

2-21

Mald4-For: see above

AF129427

Mal d 4.02

AY792613
AY792616
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1,029-1,032

62/2

60/30

AF129428

Mal d 4.03
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Mald4.03-Rev: TTAGAGACCCTGCTCGATAAG

“Refer to reference sequence
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Results
Genomic cloning and mapping of Mal d 2 genes

Two primer pairs at different positions in the reference
sequence (AJ243427) were used to clone Mal d 2 genes
from gDNA of Prima (PM) and Fiesta (FS) (Table 1).
The sequencing of 29 true clones resulted in four dif-
ferent sequences from PM (GenBank accession nos:
AY792598, AY792600, AY792602, AY792604) and
three from FS (AY792599, AY792601, AY792603).
These seven sequences had a nucleotide identity of 98.5—
100%; two sequences from PM were identical to two
sequences from FS (but were given different accession
numbers). When compared with the original reference
cDNA sequence, our Mal d 2 genomic sequences
apparently had one intron of either 378 or 380 nt (Ta-
ble 2). The presence of four sequences from PM requires
the presence of two Mal d 2 loci, which we named Mal d
2.014 and Mal d 2.01B. The four sequences could be
divided into two sets according to their intron length:
the first set of two sequences (AY792598 and
AY792600) with an intron of 378 nt, and the second set
(AY792602 and AY792604) with an intron of 380 nt. We
assumed that the intron size is locus specific, and as-
signed the first set of sequences to Mal d 2.01A and the
second to Mal d 2.01B.

For mapping, three sequence-specific SNAP markers
were created for Mal d 2.014 and two for Mal d 2.01B
and tested on the PM x FS population (Table 3). The
three markers for Mal d 2.014 showed a segregation
pattern typical to a so-called ef x eg cross (Van Ooijen
and Voorrips 2001), where e represents the common
allele of two parents (Mal d 2.01A01.01), and f (Mal d
2.01A02.01) and g (Mal d 2.01A02.02) represent a un-
ique allele of each parent. Mal d 2.01B01.02, one of the
two markers for Mal d 2.01B, was present only in PM
and had exactly the same segregation pattern as the
marker Mal d 2.01A02.02. Both markers were always
simultaneously present or absent, indicating that they
are in coupling phase and located at identical map po-
sition. The other marker, Mal d 2.01B01.01, was
amplified in both parental cultivars and did not segre-
gate in their progeny. The absence of segregation indi-
cates that this marker is present in a homozygous
condition in (at least) one of the parents. We assume
that FS is homozygous for this marker and PM het-
erozygous. In this way, markers Mal d 2.01B01.01 and -
.02 are allelic for locus Mal d 2.01B.

During the cloning process, we also observed that a
few clones did not have correct sequences due to PCR
errors (reading mistakes, strand switching). One artifact
sequence recombining Mal d 2.01B and Mal d 2.01401
sequences was obtained from FS. Sequence-specific
primers for this artifact failed to amplify the expected
band in FS, but surprisingly amplified a band of the
expected size from gDNA of cv Discovery (DS).
Moreover, this marker (Mal d 2.01B-DS) was mapped
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Table 2 Exon and intron sizes

(nt) of two Mal d 2 and four Gene Total length Coding Exon 1 Intron I Exon 2 Intron2 Exon 3
Mal d 4 genes
Mal d2.014 1,119 741 61 378 630
Mal d 2.01B 1,121 741 61 380 680
Mal d4.014 2,017 396 123 343 138 1,278 135
Mal d 4.01B 2,017 396 123 343 138 1,278 135
Mal d 4.024  862/863 396 123 248 138 218/219 135
Mal d 4.034  1,030/1,032/1,033 396 123 386/388/389 138 248 135

on LG 9-DS at a similar position as Mal d 2.014 and
Mal d 2.01B on PM and FS (Fig. 1). Sequencing of this
fragment may reveal whether it is allelic to the two just-
identified genes, or a new paralogue.

Genomic cloning and mapping of Mal d 4 genes

At the onset of our research, the DNA database con-
tained three different profilin sequences (AF129426,
AF129427 and AF129428) with 75-80% identity, which
have been named as Mal d 4.01, Mal d 4.02 and Mal d
4.03 isoallergens (http://www.allergen.org), respectively.
On the basis of these three sequences, three different
primer pairs (Table 1) were designed for PCR cloning in
cvs PM and FS. From each primer pair, two genomic
sequences from each cultivar were obtained, except for
three sequences of Mal d 4.01 from FS. These thirteen
new sequences were deposited in GenBank with acces-
sion numbers AY 792605 to AY792617 (Table 1). They
all had the same deduced ORF length of 396 nt and two
introns of very different length (Table 2). The deduced
coding sequences were over 98.7% identical to the cor-
responding reference sequences.

The first primer pair (Mal d 4.01) amplified two
sequences from PM and three from FS
(AY792605-AY 792609, Table 1). Comparison of these
five sequences resulted in three different sequences with
99.6-99.8% identity. PM and FS shared two common
sequences, while FS had a unique one (AY792605).
Three SNAP markers were generated and tested
(Table 3). Mal d 4.01A01 segregated in PM x FS and
could be mapped on LG 9 of FS (Fig. 1), 15.5 cM from
Mal d 2 and 15.9 cM below the SSR marker CH05¢c07.
We denoted the corresponding gene as Mal d 4.01A4. The
second marker (Mal d 4.01B) was present in all four
parents, segregated only in JO X PM at a ratio of 3:1
(126:39), and mapped on LG 9-PM at similar position as
Mal d 4.014 (15.4 cM below CHO05c07). Because the
marker Mal d 4.01B was heterozygous in PM and did
not segregate in PMxFS, it must be homozygous in FS.
Therefore Mal d 4.01B represents another locus. Con-
sidering the high sequence identity to Mal d 4.01A4, we
denoted this locus as Mal d 4.01B. These two loci are
located near to each other, considering their distance to
a linked reference marker (CHO05c07, Fig. 1). The third
marker (Mal d 4.01A02) was present in all parental
cultivars and did not segregate in any population. It is
most likely a Mal d 4.01 A allele, which is homozygous
in PM and heterozygous in FS.

For Mal d 4.02, two different sequences were ob-
tained from each of PM and FS (AY792610-AY 792613,
Table 1). AY792612 from PM and AY792613 from FS
were identical. Markers for each of the three unique
sequences were developed and tested on PM x FS (Ta-
ble 3). These markers showed to be allelic, matching
perfectly the segregation pattern of the model cross ef x
eg (Van Ooijen and Voorrips 2001). These markers were
mapped on LG 2 of PM and FS at similar distance from
the common RFLP marker MCO003 (Fig. 1).

With regard to Mal d 4.03, PM and FS each had two
different sequences of variable lengths (1,030-1,033 nt) due
to a CT-dinucleotide that repeated seven—nine times, and a
deletion of a single nucleotide (AY792614-AY792617).
Three kinds of markers were created to identify three of the
four sequences (Table 3). A cleaved amplified polymor-
phism (CAP) marker was developed for sequence
AY792614 (allele Mal d 4.03A01.01): the amplified prod-
uct of 1,029 nt could be cleaved with Eco RI into two
fragments of 713 and 316 nt. A SNAP marker was created
for the sequence (AY792616) from FS. In addition, an SSR
marker was developed (Mal d 4.03A-SSR), which revealed
two bands in PM (160, 162 nt) and FS (162,164 nt)
(Table 3). All these markers confirmed one another in their
segregation. The mapping process resulted in locating the
Mal d 4.03A4 locus on LG 8 (Fig. 1).

Genomic structure of Mal d 2 and Mal d 4

By comparing the genomic sequences with the published
reference mRNA sequences, the exons and introns could
be identified (Table 2). The Mal d 2 genes have two
exons, one consisting of 61 nt and the other of 680 nt.
These two exons are separated by an intron of 378 or
380 nt depending on the number of AT repeats within a
mini SSR region. The four nucleotides at the 3" and 5
splicing sites of each exon and intron junction were
AG:GT, the most common pattern in plants (Fig. 2).
All four profilin genes (Mal d 4.01A/B, Mal d 4.02A4,
Mal d 4.03A4) have an ORF of identical length (396 nt)
which is comprised of three exons of 123, 138 and 135 nt.
The four exon—intron junction patterns were also identi-
cal for all genes except for the first site of Mal d 4.03A4
(Fig. 2). The two introns varied in size per gene (Table 2):
343 and 1,278 nt respectively for Mal d 4.01; 248 and 218/
219 nt for Mal d 4.024; and a variable intron of 386/388/
389 nt and 248 nt for Mal d 4.03A. The four nucleotides
at the 3" and 5’ splicing sites of exon—intron junction were
A/C,G:G/T,T/G (Fig. 2). The reported efficient branch-
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Fig. 1 Positions of two Mal d 2 and four Mal d 4 genes on
molecular marker linkage maps from three mapping populations.
Parental cultivars: PM Prima, FS Fiesta, JO Jonathan, DS
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MC117-D-6/5 60.4 41 I MC117-D-6/3.4
Mald2.01A_____ " 606 t CHO1h02-236/244 —
Mal d 2.01B 62.6 \ Mal d 2.01A
MC115b-X-16 69.14 - NZ04h11-208/226
PMxFS FS2 - PMXFS
—— _
OPAC.01.1470 0.0 —f- E34M48-171
E34M59-265 5.7~ ME-1
Mal d 4.02A 7.2 Mal d 4.02A
E36M57-243
OPD-08-1000
MC003-E5-8.5/4 Al )
UBC2204800 b 17-1-][ UBC225-1500
20.9 —{- MC003-E5-8.5/10.5
E34M59-390 27.2—11 E35M51-98
CH05€03-182/176
MC116b-Hi-2.7/3.7
E34M59-192
pAP79-H-3.0/3.5 46.01 ) E31M52-280
MC096a-Hi-15/5.5 48.1\[}y MDMADS2
OPAG-05-1600 52.4[|y CH0206-236/240
MC029a-H-1.3/1.2 59.01H MC116b-Hi-2.7/3.7
CH03d01-113/111 59.4\| | PAP79-H-3.0/2.6
60.0~ Jy MC096a-Hi-15/8.4
65.81H OPAL-07-0780
67.2 | CH03d01-113/111
67.5\y E33M52-71
68.1 —f1- MC029a-H-1.3/1.15
69.7 ~H~ OPT-02-0900

Discovery

FS9

0.0

17.2\J

- PMXFS

D

- E36M51-198

- OPAC-06-0590

18.3 1T~ MC109b-Hi-2.7/1.9

20.0-

[ OPAB-14-0800

711

MCO064b-E5-9.4/15

PM9 - JOxPM DS9 -FSxDS
0.0 -~ E35M61-92
2.2 =TT E34M57-102
7.6 ~H~ E34M51-123
9.3 1 E34M47-267
0.0 A~ E34M47-260
3.4 1 E32M59-220
20 9 —H-E34M57-112
24.7 ~L}- E33M60-360
253~ E36M51-167 12.8 1 NZ04F3c-113
28.7 ; E35M49-155
30.6 7] |" 35M47-490 20.5~}- E34M57-111
23.2~{ - E31M49-273
38.5 —1 CH05c07-141/149 25.2 ~H~ E33M60-357
49.2+ | |r E34M53-150 \ 278 K eooaoa-2%0
28.8 CH05c07-113/139
50.3| jr ES2M52-239 31.7 /[ E32M50-480
53.9 Mal d 4.01B
56.5 E32M52-242
56.7 E32M48-132
57.9 E35M50-380
58.1 E35M47-480
58.2 E31M48-132
59.6 E31M49-303
60.7 E32M47-169 54.0~}- CH01h02-246/248
61.8 E32M48-119 / 55.6 T E33M48-381
65.4 CHO01h02b-236/246 5747~ Mal d 2.01B
63.2 -1 E34M54-176
66.4 —o— E32M58-69
PMS8 - PMXFS FS8-PMxXFS
0.0 LY21-E1-9.4/17
0.0 OPAB-14-0600
2.0 LY21-E1-9.4/13.5
10.8 E33M51-68
13.9 AAT-2
16.4 OPT-06-0800
17.8 CHO01e12-250/246 19.6 E26M49-M4
19.1 E34M48-323 22.1 OPA-11-1600
21.5 E31M52-230 23.2 MC022-H-5.9/8.0
235 LAP-2_C 235 E31M52-465
: MC022-H-5.9/6.5 247 LY16-X-3.5/3.0
238 CH01f09-135/159 25.9 CH01f09-125/141
: E33M51-280 27.1 MC206-Hi-xx/xx
24.0 Mal d 4.03A 28.0 Mal d 4.03A
242 OPAF-12-1600 34.8 CH05a02y-135/111
24.3 OPD-15-1300 412 OPAF-13-0800
255 MC206-Hi-xx/xx 41.9 MC027-E1-7.3/6.0
26.7 E35M52-124 434 E35M48-330
26.8 E34M59-213 45.8 E31M52-198
28.4 E35M48-326 52.6 OPT-19-2200
28.9 MC027-R1-7.3/6. 54.2 MC104a-D-2.1
38.0 CHO1h10-101/94 55.3 E35M50-226
43.5 E36M57-142
46.0 OPAC-11-0780

point consensus sequence ‘CTRAY’ (Simpson et al. 2002)
was found in most introns of Mal d 2 and Mal d 4 genes
near to the 5’ splicing sites (Fig. 2).



Sequence comparison of DNA and deduced amino acids
of Mal d 2 and Mal d 4

Twenty-three SNPs were present among five different
sequences of two Mal d 2 genes, of which 13 occurred in
the exons and 10 in the introns. They resulted in three
different amino acid sequences (Fig. 3). Mal d 2.014
differed consistently from Mal d 2.01B sequences in two
and six SNPs in the first exon and intron, respectively,
only resulting in one amino acid difference (6A or 6V) in
the signal peptide (Fig. 3). The second exon showed 11
SNPs of which 10 consistently differentiated Mal d
2.01A401 from the other four sequences, resulting in five
amino acid changes (Fig. 3). The 11th SNP had a un-
ique, silent polymorphism for Mal d 2.01B01.02 and
which was the only polymorphism with Mal d
2.01B01.01. Mature Mal d 2.01A01 had a calculated
molecular weight of 23,210 Da and pl 4.57, and Mal d
2.01A02 of 23,190 Da and pl 4.26. The mature protein
of Mal d 2.01B01 is the same as that of Mal d 2.01A02
(Fig. 3).

The three types of Mal d 4 genes had 78% to 80%
identity for both their coding DNA and amino acid se-
quences. These genes differed also in the regions where
they showed allelic polymorphisms. For Mal d 4.01, nine
out of ten SNPs were located in the first and the third
exon, while the middle part was highly conserved despite
its relatively long length (1,759 nt). The variation in the
first exon gave rise to three variants for Mal d 4.01
(Fig. 4). Mal d 4.024 had only one SNP in the second
and the third exon, which resulted in two variants,
whereas the two introns had 17 SNPs. Mal d 4.03A4 was
even more conserved in the coding region with only one
silent nucleotide mutation. Its two introns had 13 SNPs
and a SSR.
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Discussion

In this study, we cloned and sequenced gDNA of two
classes of apple allergen genes, TLP (Mal d 2) and
profilin (Mal d 4). Subsequently, we identified and
mapped two Mal d 2.01 genes (A and B) and four Mal d
4.01 genes by applying sequence-specific molecular
markers on segregating populations. Mal d 2.01A/B and
Mal d 4.014/B mapped on linkage group 9; Mal d 4.024
on LG 2 and Mal d 4.034 on LG 8. With the new data
presented here and with those of previous studies on Mal
d 1 and Mal d 3 (Gao et al. 2005a, b), four classes of
apple allergen genes have been mapped. The implica-
tions of these data for genetic analysis and breeding of
low allergenic apple cultivars are discussed.

Mal d 2 and Mal d 4 gene duplications within
and across linkage groups of apple

Our data revealed two copies of Mal d 2.01 which are
slightly different in the signal peptide and intron size but
not in the 5" and 3 UTR region and both copies were
mapped at the same position on LG 9. Previous genomic
southern blot analysis using two DNA probes contain-
ing an ORF or the 3 UTR of a Mal d 2 gene, which we
now denoted as Mal d 2.01A, indicated the presence of a
single copy of Mal d 2.01 and also the presence of
multiple similar TLP genes in the genome (Oh et al.
2000). Probably, these two Mal d 2 genes are located so
close to each other that no polymorphic fragment could
be generated between these genes by the restriction en-
zymes used (Oh et al. 2000). Venisse et al. (2002) iden-
tified two different PR-5 EST sequences (AF494393 and

Fig. 2 Schematic illustration of 500 nt 1000 nt 1500 nt 2000 nt
the gene structure of Mal d 2 A I R S S T N T N S - N R (.
and Mal d 4 genes r T T T T | T T T T | T T T T | 13 T T T I 1
aggt aggt
Mald 20148 |
aggt agtt  aggt Ag8E
Mal d 4.01A/B - -
Tl Cla Zl
aggt agtt  aggt aggg
Mal d4.02A [ | ]
clgat clact
cggt agtt  aggt aggg
Mal d4.03A [ || |
_C'['R;\‘r'
B Exon [ Intron * Putative branchpoint

CONsensus sequences
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AF494394) in a study on defence responses of apple
during compatible and incompatible interactions with
Erwinia amylovora (the causal agent of fire blight).
AF494393 is 99.2% identical to the allele Mal d 2.01A401,
while AF494394 is much more similar to the second
allele of Mal d 2.01402 and both alleles of Mal d 2.01B.
Because these two sequences lack a part of the 5’ end of
the coding sequences, we could not match them with
certainty to Mal d 2.01A4 or B or both.

The profilin gene Mal d 4.01 appeared to be dupli-
cated and also located on LG 9. We did not find
duplications for the other two profilin genes (Mal d
4.024 and Mal d 4.03A4) which were mapped on LG 2
and LG 8, respectively.

The cultivated apple is an amphidiploid (x=17)
which evolved from a hybrid between two different
ancestral species (Chevreau and Laurens 1987). The
duplicated nature of the apple genome became apparent
mainly through molecular markers on the reference
map: PM x FS (Maliepaard et al. 1998) and its updated
map (Van de Weg, unpublished). Information about the
genomic sequences and mapping positions of Mal d 1
and Mal d 3 (Gao et al. 2005a, 2005b) supported the
hybrid origin hypothesis. Most Mal d 1 genes were
mapped on the two homoeologous linkage groups (LG)
13 and 16, and two Mal d 3 genes on the two homo-
eologous segments of LG 4 and 12. With regard to the
three LG where Mal d 2 and Mal d 4 are located (Fig. 1),
LG 9 is homoeologous to LG 17; LG 2 to LG 7; and LG
8 to a part of LG15 (Van de Weg, unpublished). We
therefore expect that additional Mal/ d 2 and Mal d 4 loci
are present on LG 17, LG 7, and LG 15 at positions
corresponding to the current Mal d 2 and Mal d 4
locations. This expectation on the presence of additional
genes was rewarded by the following database search.
Sequence alignment of recently published TLP and
profilin, which expressed sequence tags from apple in

GenBank (some of which are listed in Table 4), defi-
nitely indicated the presence of two additional Mal d 2
genes and two Mal d 4 genes. One Mal d 2-like con-
sensus encodes nearly the entire mature peptide and
showed 12 amino acid differences (equivalent to 95%
sequence identity) to the two genes mapped by us. An-
other sequence has a coding region of 738 nt and shows
67.5% amino acid identity to Mal d 2.01A. Similarly, at
least two new apple profilin genes (Mal d 4.02B and Mal
d 4.03B), which are present in the nucleotide databases,
have the same length of 396 nt for the coding sequence
(Table 4). Mal d 4.02B is closely related to Mal d 4.024
with 95.7% identity for the coding sequences, while the
amino acid identity is 98.5% (only with a two amino
acids difference). Mal d 4.03B has a coding sequence of
396 nt with 95% DNA sequence identity and 96.2%
identity in amino acids compared to Mal d 4.03A4
(Fig. 4). Both the upstream and downstream of the
coding sequences for these two new Mal d 4 genes differ
from their closely related genes. All these apple profilins
have the same conserved G-actin-binding region (119-
126 amino acids VERLGDYL) as pollen profilins from
birch, celery, maize and rice (Ye et al. 2001; Radauer
and Hoffmann-Sommergruber 2004). Still, the actual
locations for these new Mal d 2 and Mal d 4 genes have
to be determined.

Genomic structure of the TLP gene family in plants

In plants, TLPs are a big gene family with proteins of
diverse pl values of either low or high molecular weight.
Their exon number and length is also variable. While
searching the Arabidopsis DNA database, 19 putative
TLP genes have been identified, which are scattered on
the chromosomes 1, 2, 4 and 5. Their ORF varied from
574 nt to 1998 nt, and mostly contained two or three

Fig. 3 Alignment of protein * 20 * 40 * 60
sequences of three variants of Mal d 2.01A01 : MMKSQVASLLGLTLAILFFSGAHAAKITFTNNCPNTVWPGTLTGDQKPQLSLTGFELASK : 60
Mal d 2.01 = R D 9N 0 60
Accession numbers for the Mal 4 2.01B01 : ..... 2 60
deduced variants: Mal d
2.01A01: AY792598, * 80 * 100 * 120
AY792599 Mal d 2.01A02: Mal d 2.01A01 : ASRSVDAPSPWSGRFWGRTRCSTDAAGKFTCETADCGSGQVACNGAGAVPPATLVEITIA : 120
AY79260(), AY792601 Mal d Mal d 2.01A02 & & .Qu it teteneeeensoeseesnsoesasenssseaseassnsnssnssssessnsas 120
2.01BO1: AY792602—-AY 792604 Mal d 2.01B0L & & Qe ittt iteneeeeeeoeeeesnsoosasonssssassnssssnsenssssessases 120
* 140 * 160 * 180
Mal d 2.01A01 : ANGGQDYYDVSLVDGFNLPMSVAPQGGTGECKPSSCPANVNKVCPAPLQVKAADGSVISC : 180
Mal d 2.01A02 & ttiiiietneeneeeeesoeneasasoosesenssnceses MA...Qu'eereennnnnn : 180
Mal d 2.01B0L & tiiiti ittt ittt MA...Queiureeennennn : 180
* 200 * 220 * 240
Mal d 2.01A01 : KSACLAFGDSKYCCTPPNNTPETCPPTEYSEIFEKQCPQAYSYAYDDKNSTFTCSGGPDY : 240
Mal d 2.01A02 : ...iiiernennnnnnnn Dttt ettt eeeseesooeesensosenssasessasenna 240
Mal d 2.01BO01l : ...iuiiiernnnnennnnn Diut ittt ettt et eaeetaeeeseneeatescanennn 240
Mal 4 2.01A01 : VITFCP : 246
Mal d 2.01A02 : ...... : 246
Mal 4 2.01B01 : ...... : 246
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* 20 * 40 * 60 *
Mal d 4.01A01 : MSWQAYVDDHLMCDIDGHHLTAAAILGHDGSVWAHSSTFPKFKPEEITAIMKDFDEPGSLAPTGLHLGGT : 70
Mal d 4.00A02 & ettt et e e e e 70
Mal d 4.01B01 & ...ttt i e e L 70
Mal d 4.0101  : ......... Rttt iiiitiiiiitnteeeresesessoscossscassscsssoscsssosossnsossons 70
Mal d 4.02A01 : .....ieniinnnn E.E.N..S....I........ Q.A...QL....V.G..N..N.......... Y. 70
Mal d 4.02A02 : ... E.E.N..S....IT........ Q.A...QL....V.GV.N..N.......... Y. 70
Mal d 4.0201 @ ... E.E.N..S....I..N..... Q.A...QL....V.G..N..N.......... Y. 70
Mal d 4.02B oo E.E.N..S....I........ Q.A...QL....V.G..N..N.......... Y. 70
Mal d 4.03A01 : .....iiiiiiiiiann. NR........ Q..... SQ.AS..A...... A..L....Q..T...... F. 70
Mal d 4.0301 : ........ .. 0. NR........ Q..... SQ.AS..A...... A..L....Q..T...... F. 70
Mal d 4.03B e Qe NS........ Q.v.. Q.A...A...... A..L....Q..T...... F. 70
80 * 100 * 120 *
Mal d 4.01A01 KYMVIQGEGGAVIRGKKGSGGVTVKKTGQALVFGIYEEPLTPGQCNMIVERLGDYLIDQGL : 131
Mal d 4.01A02 & ...ttt i it ettt Teeevseenesoenonnansesns : 131
Mal d 4.01BOL & ittt ittt Deceorveessneasonsossssosonsoonse ¢ 131
Mal d 4.000L ot i i et ittt e e e e e : 131
Mal d 4.02A01 : ........ P.V.o...... P.o.o.o... STM..LI...D..M....... Veeeeoeann E... : 131
Mal d 4.02A02 : ........ P.V.o...... P.o...... STM..LI...D..M....... Veeeeoonnn E. : 131
Mal d 4.0201 : ........ P.V....... Poeoenno STM..LI...D..M....... Veeeenooss E. ¢ 131
Mal d 4.02B : ........ P.V....... Poeeonnn STM..LI...D..M....... Veeeaoons VE... : 131
Mal d 4.03A01 : ........ Poooooooa, I.I...S...LI...D..V...... IVe..ooo... E... : 131
Mal d 4.0301 : ........ Poeievvenrens I.I...S...LI...D..V...... IVe. ..o, E. ¢ 131
Mal d 4.03B  : ........ Poooiaia.. I.I...S...LTI...D......... IV ..., E... : 131

Fig. 4 Alignment of protein sequences of apple profilins

Mal d 4.01A01:AY 792605 Mal d 4.01A02: AY 792606, AY 792607
Mal d 4.01B01: AY792608, AY792609 Mal d 4.0101: reference
AF129426 Mal d 4.02A01: AY792610, AY792611 Mal d 4.02A02:
AY792612, AY792613 Mal d 4.0201: reference AF129427 Mal d
4.03A01: AY792614-AY 792617 Mal d 4.0301: reference AF129428
Mal d 4.02B, Mal d 4.03B in bold were deduced from EST se-
quences in the database listed in Table 4

exons, and one ORF had four exons. The length of these
exons is also variable. TLPs in Rosaceous fruit crops
showed a close relationship in amino acid identity and
gene structure. In apple, two kinds of TLPs encoded by
741 nt or 738 nt were identified (for accession numbers,
see Table 4). We have shown that the 741nt ORF se-
quence contains two exons of 61 and 680 nt (Table 2).
The exon number and lengths of the 738 nt TLP are not
yet known. A peach TLP (AF362988) has the same 741
nt coding sequence as Mal d 2.01, while the ORF of a
TLP from sweet cherry (U32440) has 738 nt, like Mal d
2.03. TLP in Japanese pear (Pyrus serotina) has an ORF
of 735 nt containing two exons (46 nt and 689 nt) sep-
arated by one intron of 351nt (accession AB036069). All
these variations do not affect the presence of 16 cysteines
that form eight disulfide bonds and thus maintain the
high stability of these proteins.

Genomic structure of the profilin gene family in plants

All apple profilins have a coding sequence of 396 nt and
two introns at conserved positions. The three exons have
nearly equal sizes (123, 138, and 135 nt). These features
appeared in most plant profilin genes, such as in maize,
pear, cherry, peach and celery. In Arabidopsis thaliana,
five profilin genes have been found, each of which has

three exons. For two of these genes (profilin 1 and 2),
exon sizes and splicing patterns are identical to those in
apple, while for two other genes (profilin 3 and 4), a 9 nt
longer first exon was found.

According to the conservation of splicing sites, we
predict that the 402 nt birch pollen profilin encoding
sequence (Bet v 2, M65179) consists of three exons of
129 nt, 138 nt and 135 nt, which are identical to those in
apple except for a 6 nt longer first exon. From these
conserved physical structures, it can be deduced that
profilins have basic biological functions and may have
been evolved from one ancestral gene similar to the Bet v
2 homologous genes. The similarity of plant, fungal,
protist, insect and nematode profilins and their extreme
divergence from the vertebrate profilins has striking
implications for the evolution of fungal-spore- and
plant-pollen-profilins as allergens (Huang et al. 1996).

Genetic analysis of apple allergenicity and breeding
perspectives

Apple cultivars differ in the degree in which they elicit
mild or severe allergic reactions in atopic patients (Vi-
eths et al. 1994). To date, genes from all four classes of
apple allergens (Mal d 1, Mal d 2, Mal d 3 and Mal d 4)
have been mapped (Gao et al. 2005a, b and this paper).
Elucidation of the genetic basis for the differences in
allergenicity among cultivars will be complicated be-
cause of two aspects. Firstly, patients differ in their
reactions to these four classes of allergens, and clinical
assessment of allergenicity is not easy to perform on
large numbers of patients. Secondly, the existence of
gene families for at least two of these allergens (Mal d 1
and Mal d 4) may hamper clarification of the role of
individual genes, especially when these genes are closely
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Table 4 Mal d 2 and Mal d 4 gene sequences in GenBank/EMBL

Genomic sequence
AY792599-AY 792601
AY792602-AY 792604
Not yet
AY792606-AY 792609

Not yet

Tissue

Fruit, bud, leaf
Not known
Fruit, bud

Fruit, flower, bud
Fruit, bud, flower

CO754260, CN996077, CN490732, CO052447,

AF494393, AF494394, CV150401, AY 548366,

CN994747

Not yet
C0O866703, CO901275, CN495042, CV084040,

C0904477, CV082311, CO723595, CN445021
CO866711, CN444138, CO866347, CN491711
CN488488, CO068373, CN993251, CO755896

Partial EST®

AF129426, AJ507457, CN497211, CO868479,
CV129232, CV130122, CN495799, CN996348,

AT000359,AF090143, AJ243427 (741nt)
C0O865926 (396 nt)

Complete mRNA (Length of ORF?)

(741 nt)
(738 nt)

Gene name proposed

Mal d 2.014
Mal d 2.01B
Mal d 2.02
Mal d 2.03
Mal d 4.01

AY792614-AY 792617

AY792610-AY 792613
Not yet

Not yet

Fruit, bud

Bud, flower
Fruit, flower
Fruit, flower

- o 5
< =
Ne) v —
=) < <t
%) D o)
=~ X <
o Z Z
o © O
PO -
S ow Ig
[o%e) N — N
Ne3 @ [ i’a)
© D O —
=3 = 0 <t
o Z OO
O O VO
— NS OC %
0 — N O N —
~O — X enen
AN — O
1 0 O O B
<+~ 0SS
ZO0ZQOO >
LVOLOLOLO
S57Z88
S¥TFaal
< O WV — W\ —
o0 WV — QNN
S IO
>00Z0OO
LQLOLOLOO

AF129427, AJ507458, CV086259, CV085867,

CV084673 (396 nt)
AF129428, AJ507459, CN993521 (396 nt)

CN578860, CN992900, CV082623 (396 nt)

Mal d 4.024
Mal d 4.02B
Mal d 4.034
Mal d 4.03B

CO067937

CO722645, CO052497, CO418275 (396 nt)

pen reading frame. Original ORF length ofAF090143 was reported as 738 nt, but we assign it to the 741 group based on the overall sequence identity

EST expressed sequence tag, only some of the longer EST sequences were included

*ORF o

b

linked. Proteomic analyses will be helpful to identify
those genes expressed in apple fruit.

For conventional breeding, it is essential to investi-
gate the allelic diversity of the apple allergen genes
among the current apple cultivars and to pinpoint
individual isoforms relevant for low and high allergen-
icity. Once this has been accomplished, breeding for low
allergenic cultivars becomes feasible with the aid of
molecular markers. Another alternative to obtain hypo-
allergenic cultivars is the use of genetic modification.
Currently, the silencing of the Mal d I genes by RNA
interference is under investigation, with promising result
in leaves of in vitro growing apple shoots (Gilissen et al.
2005).
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