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Abstract

Background

A considerable number of individuals suffer from oral allergy synérd®AS) to appleg,
resulting in the avoidance of apple consumption. Apple cultivars diffeatly in theit
allergenic properties, but knowledge of the causes for such difesas incomplete. Mal d|1
is considered the major apple allergen. For Mal d 1, a widgerahisoallergens and variants
exist, and they are encoded by a large gene family. To igehsf specific proteins/gengs
that are potentially involved in the allergy, we developed a P8&$ayato monitor the
expression of each individudal d 1 gene. Gene-specific primer pairs were designed fgr the
exploitation of sequence differences amdng d 1 genes. The specificity of these primers

was validated using bot silico andin vitro techniques. Subsequently, this assay (was
applied to the peel and flesh of fruits from the two cultivars ‘Florina’ anda’Gal

Results

We successfully developed gene-specific primer pairs for efttie 31Mal d 1 genes and
incorporated them into a gRT-PCR assay. The results from thecal of the assay
showed that 11 genes were not expressed in fruit. In addition, difedérerpression was
observed among thdal d 1 genes that were expressed in the fruit. Moreover, the expression
levels were tissue and cultivar dependent.

Conclusion

The assay developed in this study facilitated the first ctersation of the expression levels
of all knownMal d 1 genes in a gene-specific manner. Using this assay on diffienérnt
tissues and cultivars, we obtained knowledge concerning genanmetein allergenicity. This
study provides new perspectives for research on both plant breeding and immugotherap
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Background

Apple allergy is an issue for a growing number of Europearecisi. As one of the most
prevalent food allergies, apples rank fourth out of 24 foods examinaad @xtensive Pan-
European survey and first amoRgsaceae fruits [1]. Thus, although the apple is generally a
healthy component in the human diet, an increasing number of indivicarai®tceat this
fruit. The allergenic properties of apple cultivars differ gyef2,3], but knowledge of the
genetic basis for low and high allergenicity remains incomplete.

Of the 4 classes of allergens currently identified in apple,dMilis thought to be the major
allergen in Central and Northern Europe [4,5]. At the genetic |&all,d 1 is a complex
gene family composed of 31 different loci, each of which codes for a difiecaitergen [6].
Moreover, for each isoallergen gene, there are a series lof\skitifferent alleles that might
encode for isoallergen variants, which increases the vatyabiliMal d 1 proteins [6-8].



Accumulating evidence has shown that isoallergens might difesatlgrin their allergenic

properties, but it is still unclear which of these proteins aveermvolved in allergy. Several
approaches have been used to quantify Mal d 1 content or genesexpraswever, none of
these studies covered the full set of Mal d 1 isoallergeiabd 1 genes. Mal d 1, similarly

to Bet v 1, is unstable to pepsin digestion, and IgE reactivity todvialproteins is absent
following the heat treatment of fruits [9]. The sensibilityMél d 1 to high temperature and
proteases hinders its proteomic analysis. Moreover, the food raatticontaminants might
affect the protein extraction. Until now, proteomics have been ghymeed to quantify the

total amounts of Mal d 1 content in apple fruit, without distinguishiogliergens or variants
or making distinctions within an incomplete pool of isoallergens [10-14fe@tly, there are

only a few recombinant allergens derived from fruits and veget#iidesare commercially

available for immunological detection [15], with variable antibody sped#gC(tL6].

PCR-based expression studies are not subject to these limitaéindsjn particular,
guantitative Real-Time PCR (gRT-PCR) is a fast, highly seasiind reproducible technique
to study gene expression. Previous studies of ddaled 1 genes revealed the tissue- and
cultivar-specific expression oMal d 1 genes [17-19], and differential effects of
environmental conditions [20,21] on the transcription of these genes haverdpmted.
However, these studies have not covered the entire gene family, vethey sufficiently
demonstrated the gene specificity of the PCR primer pairs used.

Thus, there is a need to characterise the role of each indivsdadlergen to understand the
apple allergy mechanism. Therefore, the aim of this studytevagamine the expression of
these genes by implementing the gRT-PCR approach. A comprehenbust, sensitive and

affordable assay for studying the expression of all 31 kndaind 1 genes individually was

developed. We successfully used this assay to generate the teoaxpeession profile of all

Mal d 1 isoallergen genes in the fruits of two cultivars.

Results

Alignment of Mal d 1 genes

A total of 380Mal d 1 DNA and EST sequences were retrieved from the literature and
databases (Additional file 1) covering all 31 knoal d 1 genes described in [6]. Many
sequences obtained from different apple cultivars were alreadyateuhatdMal d 1 alleles.

For the others, according to the level of similarity, it Wwassible to identify new alleles of
known genes. Subsequent to alignment, the level of similarity amongptiweg sequences
(cds) of different genes ranged from 53.1% to 97.7% and from 95% to 99.8% for the different
alleles within a gene. At the protein level, the sequence igddtiveen isoallergens ranged
from 37% (Mal d 1.08 and Mal d 1.11A, 102 AA substitutions) to 96% (Mal d 1.06A and
Mal d 1.06D, 7 AA substitutions). The alignment of the 31 coding sequesiteyved from

the ‘Golden Delicious’ whole genome sequence (Additional file 2) wezsl to generate a
phenetic tree (Figure 1). This tree showed 5 clades, 4 of which lhese previously
described and characterised as subfamilies I-1V [7] and one,dabfamily V, that has been
classified for the first time in the present study. The tgexees in subfamily Mal d 1.11A,

Mal d 1.11B andMal d 1.12) are the most distant within tiéal d 1 family.



Figure 1 Mal d 1 phenetic tree.Neighbour-joining tree based on the coding sequence of the
31Mal d 1isoallergen genes retrieved from the ‘Golden Delicious’ genome sequence
(Additional file 2). The sequences are presented using the names of the retetedugd the
accession numbers obtained from Apple GBrowse - Malus x domestica v1.0 [22]. The
Roman numerals (I-V) and colored lines identify the subfamilies.

Primer design

The development of this assay began with the design of specifierppaurs. The alignment
of the 31Mal d 1 sequences from ‘Golden Delicious’ (Figure 2a) highlights SNPs spémifi
only one gene. The robustness of these SNPs across allelessafrtbggene was examined
among the other allelic sequences in the alignment, using the iGDlelecious’ sequences
as a framework. An average of four gene-differentiating SNPsgmpience were detected
and only these SNPs were exploited for primer design. For egathgl reverse primer for
Mal d 1.02 is located in a region in which a SNP differentiatesMiaé d 1.02 gene from all
other genes (Figure 2a). The alignment of all allelic seqgefureMal d 1.02 (Figure 2b)
shows that no additional allele-differentiating SNPs wereeptes this region; thus, this
region was an excellent candidate for primer development. FRiushows an example of
the reverse primer faval d 1.01. In addition to the gene-differentiating SNP (SNP nr. 2)
targeted for primer design, this primer contained one allele-€iffeting SNP (SNP nr. 6) at
the 5’ end. In general, regions containing only gene-differentiathiigsSvere preferred for
primer design; however, these regions were not always availdls, 12 of the 31 primer
pairs contained allele-differentiating SNPs (Table 1). Taenthat these SNPs would not
affect the PCR amplification, the allele-differentiating SNiere accepted only if positioned
at the 5’ end of only one of the two primers. The procedure for tiheepiselection was
performed for each of the 3dal d 1 genes (Table 1).

Figure 2 Primers design strategy. A Part of the coding sequence alignment of th&alld

1 isoallergen genes was retrieved from the ‘Golden Delicious’ genome sedéelttitional
file 2). The sequences were named according to their réN&led 1 genes and the accession
numbers retrieved from the Apple GBrowse - Malus x domestica v1.0 [22]. The white
marked nucleotides highlight the mismatched residues in the consensus sequens#®sThe S
specific for the locMal d 1.01 and 4.02 are indicated with red circleB) Part of the
alignment on all allelic gDNA sequences fdal d 1.01 and 4.02 was obtained from the
literature [8]. The sequences of the two reverse primefddbd 1 .01 and 4.02 are also
included in the alignment. The sequences were hamed according to theirvilatet

genes, ID numbers from the database and genotypic origins: FS: FiesRe® Delicious;
DS: Discovery; PM: Prima; GD: Golden Delicious; JO: Jonagold; FJ: IMjitngrid Marie;
SC: Suncrisp; RG: Royal Gala. The SNP positions are indicated with swecessibers

from 1 to 11. The red boxes indicate the two locus-differentiating SNPs exploitethier pr
design; the green box highlights an allele-differentiating SNP.




Table 1 Mal d 1specific primer pairs for gRT-PCR analysis

Gene  Primer name Sequence 53’ SNP SNP  SNP Start Length Primer TaTm Slope
con§ gené allel€® position (bp) conc.

Mald gMd1l.01/02FGATTGAAGGAGATGCTTTGACA 5 - - 258 103 100 680.5-0.079
1.01 gMd1.01R _GTAATGACTGATGCTCTTGATGG - 1 1

Mald gMd1l.01/02FGATTGAAGGAGATGCTTTGACA 4 - - 258 111 100 681.0-0.206
1.02 gMd1.02R TTGGTGTGGTAGTGGCTATA 1 1 -

Mald gMd1.03AF ATCTGAGTTCACCTCCGTCAT 1 2 - 21 96 70 681.0-0.057
1.03A gMd1.03AR ACTGCTTGTGGTGGAATCTT - 1 1

Mald gMdl1l.03BF TGTTTTCACATACGAA CCGAA 1 1 - 6 167 100 683.5-0.570
1.03B gMd1.03BR TGATCTTCTRATGGTTCCTAGCGC 1 1 1

Mald gMd1.03CF CTCCGAACAATTGAGAAAATCTG 3 - 1 276 79 100 680.5-0.120
1.03C gMd1.03CR GCTGGTGCTCTTGATGARGC 1 1 -

Mald gMd1.03D/EFATACGAATCCGAGTTCACCTCT 1 - - 15 156 70 683.00.005
1.03D gMd1.03DR ATCTTCTAATGGTTCCAACTCCT 1 1 -

Mald gMd1.03D/EFATACGAATCCGAGTTCACCTCT 1 - 2 15 169 70 683.0-0.116
1.03E gMd1.03ER TTCACCGAAGTTGATCTTCTAATA 1 1 -

Mald gMd1l.03FF CACARATTGACGGGGTG 2 2 - 208 119 70 681.0-0.122
1.03F gMd1l.03FR CCGGAAGGACCAACTTA 2 1 1

Mald gMd1.03GF ATATCAAGAGCACCAGTCACTACT 2 2 - 337 122 70 681.0-0.254
1.03G  gMd1.03GR TCCAAGAGGTAGTTCTCAATCA 1 - -

Mald gMd1l.03HF AAAATCTGCTACGAGACTAAGTTGA 3 2 - 277 173 100 683.5-0.431
1.03H gMd1.03HR TGGTGCTCCAAGAGGTAGTTT 1 1 -

Mald gMd1l.03IF CCCCAAGATTGCACCACA - 1 - 93 228 100 681.5-0.230
1.03I gMd1.03IR GCCACCAACTTAGTCTGTAACAA 2 1 -

Mald gMdl1l.03JF GCACACCCACTACCACACA 2 1 - 347 134 70 682.0-0.105
1.03J gMd1.03JR CGAGCTGTAGBGTCTTGGTT 3 3 -

Mald gMd1.03KF CATCAGCCACTACCACACAAA 2 1 - 348 128 100 681.5-0.431
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GGGTATGTTAAGCAAAGGGTCA
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ATCAAACCACTAGTCACTGCCAT
GGTGGCCACAAGGTAGGTT
CTA'AGCTATAGCTTGATTGAAGGG
TTCCAACCTTAACATGTTCTTCT
AAACCGAATACGCATCCATT
ACAGTTTTGACTGCTTGTGEAG

CCOCCTGCTAGGTTGRTT

CAACTTTGTGTACCAGTACAGTGTC
TAGTGGCTATGCTCTTGATAAC
TCTTCGGTGAAGGTAGCACAA
ACCCTAGTGTGGTAGTGG@AT
TTTTCACATACGAATCCGAGT -
GGATTCAACGCTCTTCAGA 2
CAAGGCTTTCATCCACGAC 5
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gMald1.10R GATTCTGTGCTTITACAAACCCT
gMald1.11AFGGAGGATGCATCTGTCATTTG 11
gMald1.11ARCCATGAGATAGGCTTCCAAAACT 8

qMd1.11BF
gqMd1.11BR
qMd1.12F
gqMd1.12R
qMd1.13AF
gqMd1.13AR

CAGACATACAAAGCCAAAGAC 8
TTATGCGCGAGGGTGIG 6
GCTTACACTTTGGTTGAAGGAGAAC 4
CCTGCCAGCITTTATTTCTTCC 5
GTGTTGGAACCATCAAGAAGATTAG 2
ACATCTCCTTCAATCAAACTGTAAT 1
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680.5-0.103

682.5-0.141

680.5-0.203

681.5-0.012

680.5-0.250

680.5-0.005

681.5-0.201

681.5-0.390

684.0-0.265

683.0-0.158

629.5-0.018

631.0-0.106

626.0-0.227

618.0-0.216



Mald gMd1.13BF CGAAGATAACTTTGTCTACACCAT 2 1 - 258 137 70 681.50.003
113B gMd1.13BR GCTCTTCCTTGATCTCAACATCTT 1 1 -

Mald gMd1.13CF GATTCGCCTCAGTCTCCA 5 1 - 25 186 70 682.00.087
113C gMd1.13CR GTGCTTCACATAGCTGTATCACTT 3 1 -

Mald gMd1.13DF TGTTGGAACCATCAAGAAGATRAGT 2 1 - 150 124 100 618.5-0.163
113D gMd1.13DR GACATCTCCTTCAATCAAACTGTAG 2 1 -

Mald gMd1l.14F GGTGAAGGAGTGAATACAACTATAG 1 - 178 185 100 619.0-0.470

114 gMd1.14R  TGGTAATGGCTATGTTCTTGATAC 2 2 2

2 SNPs to the consensus sequence showed in 'bgkhe-differentiating SNPs showed in italics drallele-differentiating SNPs showed by
underlining. The last column contains the slopes of the curves obtair@dttiyg log input vsACt (CtMal d 1 gene - Cfactin). The values
between -0.1 and 0.1.




Primer validation and gRT-PCR optimisation

The gene-specificity of the designed primer pairs was vatidatéour ways. Firstly, amn
silico validation through blasting the primer sequences to known referencexsesjeasured
that these primers perfectly matched only with sequences ponaiag to the target genes
(data not shown). Only the primers that generated perfect matatres assessed in the
second validation step performed through end-point PCR on genomic DNAthenprimer
pairs that produced a single clear band were maintained. Thhidlgirect sequencing of the
Mal d 1 amplicons obtained from 10 apple cultivars was performed to ermtrertly the
specific target sequences were amplified (Additional file Ahplicons generated from
gDNA were sequenced because of the higher level of complexigpbfA compared to
cDNA and this allowed to guarantee the primers specificityafbthe Mal d 1 members,
independently from their expression. Only the primers that had a unegeerses
corresponding to the target genes were assessed in theepast salidation. In some cases,
this specificity was obtained after increasing the anneatimpérature (Ta) within the range
of 61-63°C and/or decreasing the final primer concentration from 100 Al nd1. Some of
the amplicon sequences revealed mal d 1 alleles for the known genes (Additional file 3).
Fourthly, the amplification specificity was validated through melturves obtained with a
single high peak (Figure 3), indicating the absence of nonspeaifpdifications or primer
dimers. The primer pairs that met this last criterion wetected for the gRT-PCR assay.
The melting temperatures (Tm) for these primers are reported in Table 1.

Figure 3 Melting curve analyses of two different gRT-PCR reactionsThe negative first
derivative of the change in fluorescence is plotted as a function of tempeTdtergngle
peak for each primer pair indicates the presence of only one PCR prdjviting curves
for Mal d 1.01 (red),Mal d 1.02 (blue) andMal d 1.03B (green) amplicond3) Melting
curves forMal d 1.11A (red),Mal d 1.07 (blue) andVal d 1.06A (green) amplicons.

Expectedly, significant variations in PCR efficiency were clte® among theMal d 1
amplicons (Table 1, slopes in the last column) due to the forcedopssdf the primers to
the targeted SNPs and variations in the PCR conditions to emmaiéicsty. However, the
“Standard curve method” was chosen to neutralise these differeimceefficiency.
Particularly, this method has to be used when the slope valuég curves obtained by
plotting log input vs dCt (Ct Mal d 1 gene — Ct actin) are outfide-0.1 to 0.1 range [23],
as in the case of this study (Table 1). The standard curvesoivaigh quality, as a linear
relationship between the input DNA and the Ct values across dhdastl samples (serial
dilution) was observed, with a squared regression coefficient ¢tose for all genes.
Moreover, the use of standard samples in all the gRT-PCRaegadé#cilitated the evaluation
of the reproducibility among experiments and the integration of the data.

Finally, the comparison of the gene expression in ‘Florina’ and ‘Galaictin, UBC and

GAPDH was performed in order to choose the most suitable refereneefgethis study.
Actin showed a highly stable expression among tissues and cultivarse(Bigand thus, it
was an optimal reference gene for this study.

Figure 4 Ct values of three putative reference genes in ‘Florina’ and ‘Gala’ péand

flesh. The Ct values obtained after gRT-PCR amplification with the primeectior, UBC
andGAPDH in ‘Florina’ and ‘Gala’ samples are plotted in the chart. Each data point is the
average of two biological replicates and the bars indicate the standardageviati




Application: Mal d 1 expression profiles in different apple tissues

In this study, we applied this new gRT-PCR assay to the pedlemtdof apple fruits from
the cultivars ‘Florina’ and ‘Gala’. These two cultivars weedested because they differ in
their allergenic characteristics in skin prick tests [24]. &boer, both cultivars have been
extensively used in the breeding of new apple cultivars and arecsubjécM studies
concerning the enhancement of ‘Gala’ resistance to the maasdisn apple production, the
fungusVenturia inaequalis, through gene transfer without raisikigl d 1 levels [25].

Among the 3IMal d 1 genes, 11 were not expressed in any fruit tissue. These genekedcl
all of the genes of subfamily Il and several genes of subfsnili and IV (respectivelival

d 1.06D, -1.13C and 4.14, andMal d 1.03B, -1.03H, -1.03I, -1.03J, and -1.09) (Figure 5).
The 20 genes expressed in these fruits included all of the gesabfamilies | and V and
some of the genes of subfamilies Il and IV (respectiwdgt d 1.06A, -1.06B, -1.06C, -
1.13A, -1.13B, -1.13D and 4.03A, -1.03C, -1.03D, -1.03E, -1.03K, -1.03F, -1.03G, -1.07, -
1.08). A significant variation in the transcript level among gertissues and cultivars was
observed (P<0.0001).

Figure 5 Expression profiles of theMal d 1 genes in the peel and flesh of apple fruits.

The genes were grouped into subfamilies and reported according to the order obt&ieed in t
phenetic tree. The branches of the phenetic trees for each subfamilsgrr@-k€ported on the
left. The underlined genes were not expressed (charts not reported: subfaragynbt

reported because none of its genes were expressed). The green bars indiesidtsHer
‘Florina’, and the orange bars indicate the results for ‘Gala’. The esiprelevels were
normalised in respect &tin and reported in Arbitrary Units (A.U.). Each data point is the
average of replicates.

Concerning the variations in expression among the genes, the es gesubfamily | ¥al

d 1.01 and 4.02) showed the highest expression level, which were 10 to 10,000 times higher
than any otheMal d 1 gene, and the combined total amount of RNA for these genes
exceeded the amount of all other genes combidetid 1.01 was the most expressed gene,
with a normalised expression of approximately 60 A.U. in the friet pé‘Florina’. Mal d

1.03C was least expressed gene, with a transcript level close to the limit ciaiete

The variations in gene expression between fruit tissues were ewddnthe expression in
the apple peel being significantly higher than in the flesh for boltivars. The genes of
subfamily V were the only exception, Bal d 1.11A and 41.11B showed similar levels of
expression in the peel and flesh, aid d 1.12 was more expressed in the flesh than in the
peel in ‘Gala’ fruits

A comparison of the two cultivars revealed that ‘Florina’ geheshows a higher level of
expression than ‘Gala’, which was consistent with a previous studiieoaxpression of a
limited number ofMal d genes [19]. Specifically, for 15 out of 20 genes, the expression was
higher in ‘Florina’, with an average increase of 60%. The remgifigenesMal d 1.03A, -
1.03K, -1.06A, -1.06C and 4.07, belonging to subfamilies Il and IV, were more expressed in
‘Gala’ than in ‘Florina’.



Discussion

The results obtained from the assay described in this paper prangigilk into the role of
individual isoallergens in Mal d 1-related apple allergy. Theyagss based on a complete
set of primers that were suitable for expression studies fdr Mal d 1 isoallergen gene
using gRT-PCR. All primers passed several assessments oftiealidad optimisation and
can now be used in a broad range of experiments. This approach cdatielyequickly
adopted to other crops whose allergen genes have been mappedreaceefgenome
sequence is available and some knowledge of the genes anddilletisities is available,
such as for the peaéhu p 1 genes [6,22,26].

The qRT-PCR assay

The study of gene expression is an informative approach, and thappication of this
assay confirmed/al d 1 as a heterogeneous family of genes that show distinct express
patterns despite having highly similar sequences. For single copy,giree qRT-PCR
technique is a highly sensitive and reproducible technique, withga kdynamic range
compared with microarray approaches [23], without requiring a stkorayviedge of
bioinformatics, expensive equipment or particular expertise. qRT-BC&so relatively
cheap, particularly when SYBR green chemistry is used, as dnstudy, initial accurate
primers are selected and an appropriate methodology is employedwelelemonstrated the
suitability of gRT-PCR for the assessment of a large gendyfawhereby we obtained gene
specificity through the use of sequence polymorphisms at'¢he 8f at least one of the two
primers and stringent PCR conditions.

The calibration method can seriously affect the results of qBR-Based assays. The
“Standard curve method” accounts for variations in PCR efficienayng primer pairs [23],
thus facilitating the comparison and integration of data from réife primer pairs and
experiments. The only disadvantage is the need to include a ses&éndard samples in
each gRT-PCR experiment for all the tested genes, includiegerefe gene, thereby slightly
increasing cost and time compared with other methods.

Clarifying the role of individual genes

Small changes in protein sequences might result in large difiesein allergenic
characteristics. A single amino acid change at a criticatiposn the epitope formation
might completely alter the allergenicity of Mal d 1 protdidg-29]. For Bet v 1, a difference
of 7 amino acids between two isoallergens resulted in largeddiffes in their allergenic and
immunogenic properties: Bet v 1.0101 acted as a strong sensitiseeaw/IBst v 1.0401 was
clearly associated with weaker IgE responses [30]. A simsitaation likely exists in the
apple, implying the existence of naturally hypoallergenic Malisoallergens that induce no
or mild IgE responses in allergic individuals. Currently, the gdleicity of single Mal d 1
isoallergens and their variants remains undetermined. Previous sianligsyene expression
approaches to obtain information on the differential expression wiilgrgene family have
characterisedlal d 1.02 as the most expressed isoallergen gene [17-20]. However, our assay
is a crucial step towards the identification of specific caamtdidienes for allergenicity within
the Mal d 1 family through an assessment of the presence and unequal idisgdrall the
Mal d 1 gene transcripts in apple fruits, thereby correlating diffegemn allergenicity among
cultivars with differences in the expression of individual genes.



Indeed, the results obtained from the first application of thisyadsawed that 11 of the 31
Mal d 1 genes were not expressed in ‘Florina’ and ‘Gala’ fruit. Theeefine genes encoding
these isoallergens are not involved in the allergenicity ofrifdd and ‘Gala’ fruits and
reasonably in the allergenicity of other cultivars, reducing the nurmbeandidates for
further assessments. This result is consistent with studies ceddndiirch, where thBet v

1 genes from only two of 5 subfamilies were expressed in pollen [31].

Among the 20 isoallergens that were expressed, we observed a/daig@tion in expression
between the tissues, genes and cultivars. We detected a highessexpoMal d 1 genes in
the peel than in the flesh. Therefore, it is reasonable to assampeeling of apple fruits
would remove most of the Mal d 1 proteins. Nevertheless, peelasghslpful to a small
portion of the apple allergic population [32], indicating that we camnptiori exclude
isoallergen genes based solely on their levels of expressioredindesmall amount of a
highly allergenic isoform might provoke allergy due to high immune reagtivliereas large
amounts of low-immune-reactive or non-immune-reactive isoallergaght provoke no
allergic responses [14]. Thus, isoallergens, sudfasl 1.11B, which are equally expressed
in the peel and flesh, should receive full attention, despite beingssqa approximately 300
times less thaMal d 1.01. However, for individuals for which peeling fruit is helpful, we can
further limit the number of potentially involved genes to those thabriseexpressed in the
peel.

Apple cultivars differ in allergenicity according to oral provocati@msl skin prick tests
[2,3]. The current assay improved our understanding of these differeacésating the
correlation of expression profiles acrddal d 1 genes to allergy responses across cultivars.
‘Florina’ exhibited lower skin prick test responses than ‘Gafaprick-to-prick tests on
whole fruits [24]. Most of theMal d 1 isoallergen genes were more expressed in the less
allergenic cultivar ‘Florina’, suggesting that these genag palminor role in allergy, whereas
genes that are more expressed in ‘Gala’ could receive prorifyrther analysis (i.eMal d
1.06A, - 1.06C, -1.03A, -1.03K and- 1.07). The indication foMal 1.06A is of special interest,

as a possible role for this isoallergen has been previously sugfffidbeded on a correlation
between the allelic composition bfal d 1.06A and the level of allergenicity of a small set of
apple cultivars. Extending the application of our gRT-PCR assaytoaaer set of cultivars
with known allergenicities will provide further insight into this pbenenon. We are
currently applying this approach to apple fruits in which the exjmress a range oMal d 1
genes is supposedly silent [33,34] and for which the data from onagations are available
(unpublished observations). Even if there is a general good camelstween proteins and
transcripts abundance [35], quantitative information about protein contand Wwe highly
desirable. It is always difficult to analyse specific pnotesoforms in the case of protein
families, in particular for Mal d 1 because of their sensitivesBiDcture [9]. Despite that,
thanks to this work it will be possible to focus the protein studies omlyhe interesting
proteins, trying to develop Mal d 1 isoallergens-specific IgE.

Immunotherapy can be effective for respiratory-based allergigsstudies have presented
contradictory results for food allergies. The apple allergysereactivity between pollen and
foods has been exploited, but the effectiveness of pollen allergen imrataqmt on allergies
to cross-reactive foods has not been confirmed [36]. Oral desermtit@atment has also
been examined for the first time, with promising results, usingxéure of fresh fruits from
different cultivars [37]. Our assay might facilitate the Hert development of
immunotherapies, as the allergy causing isoallergens couldengified at the individual
level, thus leading to personalised proteins for use in immunotherBeyond



immunotherapy, our assay might also provide information for peisedatliagnostics and
recommendations on the safe consumption of specific cultivars.

Regulation of gene expression and the biological les of Mal d 1

The Mal d 1 genes are grouped into subfamilies based on similaritidsein genomic and

amino acid sequences [6]. This grouping is consistent with siti@fain the expression
profiles of these genes. Similar expression profiles were \odxgen) all the genes of
subfamily Il were not expressed in fruit; ii) the two genesudsfamily | were both highly

expressed and iii) the genes of subfamily V were equally sgpdein the peel and flesh,
suggesting sequence similarities in the promoter regions of these genes.

The biological role of Mal d 1 proteins in plants remains uncleagsélproteins are activated
in response to many different abiotic and biotic stresses [38,39] apdautative role in
plant defence responses to pathogens [17,40,41]. Indeed, Mal d 1 proteins &r®wais as
pathogenesis-related proteins of class 10 (PR-10s) [41]. HowevepettiicsMal d 1 genes
involved in stress responses have not been identified and whether thesamgetiee same
genes involved in allergy remains unknown. Thus, it is critical teraene whether breeding
for low allergenicity would have consequences in terms of planteptibility against
pathogens or abiotic stresses and whether high resistance $ssestr&vould have
consequences in terms of allergenicity. In addition, other strassesiated with growth and
storage conditions affect the Mal d 1 content in apples [2,3,42]. Therekplejting our set
of primers to study the variation of gene expression at diffgnentpost-harvest conditions
or after exposure to biotic/abiotic stresses might contribute fiairte a “hypoallergenic
protocol” for apple production to favour the reduction of symptoms in patweittisapple
allergies.

Conclusions

To date, patients with apple allergies deal with these conditicough avoidance. To
facilitate the normal consumption of essential components of a healtlopdtatning apples,
it will be useful to produce ‘allergy-friendly’ fruit. To obtain shgoal, knowledge of the
identification of Mal d 1 isoallergens that cause allergy isdede The qRT-PCR assay
described in this work facilitates the examination of individual gembe first application of
this gRT-PCR assay showed that only a portion ofMlaed 1 genes is expressed in fruit.
Moreover, the expressed genes showed great variation in exprassiog different tissues
and cultivars. The data indicate that the presence and amouyngcifficsMal d 1 isoallergens
determines allergenicity rather than total Mal d 1 content.gEaes of specific interest, this
assay might be further developed for allele (variant)-spqmiffaer pairs, which, in turn, will
promote the breeding of hypo-allergenic apple genotypes and supportficspeci
recommendations for fruit consumption, thereby reducing the impdtctibfallergies in a
patient’s life.

Methods

Retrieval of Mal d 1 sequences and their alignment

For the development of gene-specific primer pairs, all available segu&ormation foMal
d 1 was used at both the gene and allele levels. Coding DNA segu@dsg were retrieved



from the literature [6-8,17,19], the ‘Golden Delicious’ genome sequence [28#8]a
BLASTN search in the NCBI database [44] using keywordshadd 1 sequences as inputs.
The coding sequences of Bl d 1 genes from the genome sequence of ‘Golden Delicious’
[6] were aligned using the Lasergene v8.0, MegAlign package (OMMRS Madison, WI,
USA) and manually adjusted where necessary. A phenetic tepraduced using the same
software, with default parameters and a neighbour-joining clagorithm (NJ). Single
Nucleotide Polymorphisms (SNPs) among the diffeidat d 1 sequences were identified.
Subsequently, a complete alignment of all availdbé d 1 sequences was generated, and
gene- and allele-differentiating SNPs were identified.

Gene-specific primer design and validation

Gene-specific primer pairs were designed using the softwanel3 [45]; the targeted gene-
differentiating SNPs were located at tHeBd of at least one of the two primers (see Table 1)
to ensure the primer’s ability to specifically amplify ttegget gene and, particularly, all
known alleles of that target locus. Other criteria in the pridesign included a primer length
of 18-24 nucleotides, a guanine-cytosine content of 20-80% and a RT-R@liRoanfength

of 80-200 base pairs. Each primer pair was tested for the formatidrorob- and
heterodimers using the software PrimerSelect of Lasergene v8.0 {deftinlgs).

The gene specificity of each primer pair was validated in Weays. Firstly, for then silico
analysis, the primer sequences were blasted against thencefeéGolden Delicious’ apple
genome and the NCBI database. Secondly, to validate the ppewficty, the presence of
a single PCR product after end-point PCR on genomic DNA was adseBse PCR
reactions were performed in a 1{1bvolume containing 10 ng of DNA, 100 nM of gene-
specific primers, 1X reaction buffer, 1.5 mM MgCl00uM dNTPs and 0.5 Unit AmpliTaq
Gold® DNA Polymerase (Applied Biosystems, Foster City, CA,AlUSThe reaction
included an initial 10 min denaturation step at 95°C, followed by 33 BCRsxc(45 sec at
60°C, 2 min at 72°C, and 30 sec at 95°C), with a final extension of 7 nM@°&. The
amplicons were visualised on an Image Station 440 CF (Kodak, RoghidaerUSA) after
electrophoresis on 1.5% (w/v) agarose gels and ethidium bromide staWimgn non-
specific bands were detected, the PCR conditions (primers camtcamtand annealing
temperature) were optimised to obtain a single band. Thirdly, timeeprspecificity was
validated through direct sequencing of all the amplicons from theAgbNa set of 10
cultivars: ‘Florina’, ‘Gala’, ‘Santana’, ‘Elstar’, °‘Elise’, ‘@lden Delicious’, ‘Prima’,
‘Jonathan’, ‘Cox’ and ‘Ingrid Marie’. The sequencing reactions wedormed at Bio-Fab
Research, Pomezia, Italy and Greenomics, Wageningen, The NedserlBhe samples
included tissues from low (‘Elise’ and ‘Santana’) and high (‘GolBeticious’) allergenic
apple cultivars [2,3,46], that have been used in other studies of ajglgemicity and in
studies on the effects of genetic modification on the expressialtleofien genes (‘Florina’
and ‘Gala’) [23,24]. Cultivars currently used in apple breeding (‘C&fstar’, ‘Golden
Delicious’, ‘Jonathan’ and ‘Prima’) were also included in thesessssents. Subsequently,
these sequences were analysed using Chromas Lite v.2.01, BLASTegddidvi. Fourthly,
the primer specificity was validated through qRT-PCR, using thgesbithe melting curve
as a criterion. Due to variations in length and nucleotide compositioh, usaque product
was expected to have a unique melting temperature (Tm) and, com$gcuenique melting
(or dissociation) curve. If the primer pair produced a single aomlithe plot of the first
derivative of the melting curve would contain a single sharp peak.



Plant material, RNA extraction and cDNA synthesis

The developed gRT-PCR assay was applied to the fruits of two appless (‘Florina” and
‘Gala’). The fruits were collected at the Cadriano Experiale@tchard of the University of
Bologna (ltaly) at the physiological ripening stage. For egaiotype peel and flesh from 5
apples were separately pooled, frozen in liquid nitrogen and store80&4C until RNA
extraction. In particular, the peel was carefully separated thenflesh, leaving only a thin
layer of flesh attached to the peel. Two different RNA exitvas (biological replicates) were
performed from each pool. The cDNA was synthesised accordingetoopsly published
methods [19].

Absolute quantification of the expression levels dhe Mal d 1 genes

Expression oMal d 1 genes was characterised through gRT-PCR using a StepOne Blus Re
Time PCR instrument (Applied Biosystems) with a SYBR greesetbaassay. Similar to all
other intercalating dyes, SYBR green binds to any double-stranti® therefore, the
specificity of the primers was carefully assessed. Eaabttiom was performed in a total
volume of 10ul, containing 5ul of Power SYBR® Green Master Mix 2X, 70-100 nM of
each primer, 3 of a 1:9 dilution of the cDNA and PCR-grade water. The reastwere
incubated at 50°C for 2 min and at 95°C for 5 min, followed by 40 cyclé5@ for 15 sec
and 60/63°C for 1 min, with data collection at each annealing stepreHutions were
performed in triplicate (technical replicates). To ensure pleeiicity of the amplifications,
each amplification reaction was followed by a melting phaserditg to the default settings
of the Step One Plus instrument (from 60°C to 95°C) and each melting was assessed
for the presence of a single peak. The gRT-PCR assay inclusihd@ard curve for each
target gene in the plate. Each standard curve comprised 6 sg@iaillitions (in duplicate)
of the amplicons obtained from a fixed amount of gDNA using gene-specificrprigtarting
from 100 ng. The curve correlated fluorescence signal (expressét \adues) to known
amounts of amplicons in the 6 serial dilution samples and a regrds® was plotted. Each
assay also included a negative control performed in duplicate. The shape melting
curves obtained from the standard curve dilutions (gDNA) and the saople#\) indicates
whether the amplified products are homogeneous and the melting &unpeprovides
confirmation that the correct product has been specifically amplified.

The amplification efficiency (E) of each primer pair wasneated using the slope of the
regression line, according to the equation: E2£6P)- 1 [47]. The relative PCR efficiencies
were evaluated for each target gene in relation to theerefe gene to select an appropriate
method for the analysis of the raw gRT-PCR data. To obtain theeg@nession results, the
raw data was transformed using the “Standard curve method” [22]eppded as relative
expression levels; the transcript levels of M d 1 genes were normalised to the transcript
levels ofactin (primer sequences from [48]) and expressed as Arbitrary its). Actin
was chosen after the comparison of its gene expression to othputative reference genes:
(1) UBC (UBiquitin-Conjugating enzyme, MDP0000223660), forward primer 5
CGAATTTGTCCGAAGGCGT-3 reverse primer:'8CAATGATTGTCACAGCAGCCA-3,

and (2) GAPDH (Glyceraldehyde 3-phosphate dehydrogenase, MDP0000835914), forward
primer 3-ATTGGCAGTGTGCGACGTT-3 and reverse primer '5
GGAGGAGTCAATGGTGGAGGA-3. The comparison of the three putative reference
genes was done in two biological replicates of peel and flesklafina’ and ‘Gala’. The
mean normalised expression levels and the standard error of th€3adAnwere calculated



using the two biological replicates. Univariate analyses oflifierences between the mean
values were performed using analysis of variance (ANOVA) with a 0.05 sigmde level.
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‘Golden Delicious’ genome sequence. The alignment was performed using FregAli
(DNASTAR Lasergene v8.0). Each sequence was reported using the nameetatdtegene
and the accession number from the Apple GBrowse - Malus x domestica v1.0 [22]. The
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indicated.
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