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Fine-mapping of the bitterness locus in almond

F. Ricciardi'2, J. Del Cueto?3, C. Lotti!, S. Pavan*’, L. Ricciardi4, A. Dhingra®,
F. Dicenta®, B.L. Mgller? and R. Sanchez-Pérez23"

'Department of the Sciences of Agriculture, Food and Environment, University of Foggia,
Via Napoli 25, I-71100 Foggia (ltaly)
2Plant Biochemistry Lab, Department of Plant and Environmental Sciences, University of Copenhagen,
Thorvaldsensvej 40, 1871 Frederiksberg C (Denmark)
*e-mail: rasa@plen.ku.dk
3Plant Breeding Department, CEBAS-CSIC, P.O. Box 164, 30100 Campus
Universitario de Espinardo, Murcia (Spain)
4Department of Soil, Pant and Food Sciences, Section of Genetics and Plant Breeding,
Faculty of Agriculture, University of Bari, Via Amendola 165/A, 70126 Bari (ltaly)
*e-mail: stefano.pavan@uniba.it
5Department of Horticulture, Washington State University, Pullman, WA (USA)

Abstract. During domestication, almond kernels have been selected for low content of amygdalin, a cyanogenic
glucoside responsible for bitterness. The taste of the almond kernel is under monogenic control, with the domi-
nant sweet kernel (Sk) allele associated to sweetness and the recessive sk allele associated to bitterness. Since
most of the cultivated almonds are heterozygous, new bitter almond seedlings are usually obtained during
breeding programs and it is valuable to develop molecular markers enabling assisted selection. Although its bio-
chemical function remains unidentified, the SK gene has been localised on linkage group five (G5) in the almond
genetic linkage map obtained from the cross between the two heterozygous genotypes ‘R1000’ and ‘Desmayo
Largueta’ (RxD). We report here the identification of several SNPs over a 3.7 Mb peach (Prunus persica L.)
physical region, which is synthenic to the one containing the Sk locus in almond. Some of them were converted
into cleaved amplified polymorphic DNA (CAPS) markers suitable for assisted selection. Further studies are in
progress aiming to the functional characterization of candidate genes for controlling the phenotype.

Keywords. Aimond — Fine mapping — Bitterness — Amygdalin — SNPs — HCN.

Cartographie fine du locus de I'amertume dans I'amande

Résumeé. Au cours de la domestication, les amandes ont été sélectionnées pour une faible teneur en amyg-
daline, un glucoside cyanogene responsable de I'amertume. Le godt de I'amande est sous un contréle mo-
nogénique, avec l'alléle dominant (Sk) associé a la douceur du noyau et I'alléle récessif de (sk) associée a
I'amertume. Comme la plupart des amandes cultivées sont hétérozygotes, de nouveaux plants d’amandes
ameres sont habituellement obtenus au cours des programmes de sélection et il est utile de développer des
marqueurs moléculaires permettant la sélection assistée. Bien que sa fonction biochimique reste non identi-
fié, le gene SK a été localisé sur le groupe de liaison cinq (G5) dans la carte d’amande obtenue a partir d’'un
croisement entre les deux génotypes hétérozygotes ‘R1000’ et ‘Desmayo Largueta’ (RxD). Nous rapportons
ici l'identification de plusieurs SNP plus de 3,7 Mb de péche (Prunus persica L.) de région physique, qui est
synthenic a celui contenant le locus Sk en amande. Certains d’entre eux ont été convertis en (CAPS) (clea-
ved amplified polymorphic DNA) marqueurs appropriés pour la sélection assistée. Des études supplémentaires
sont en cours visant a la caractérisation fonctionnelle des génes candidats pour commander le phénotype.

Mots-clés. Amandier — Cartographie génetique — Amertume — Amygdaline — SNPs — HCN.
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| — Introduction

Bitterness is one of the most studied traits in almond (Prunus dulcis Miller D.A. Webb syn. Prunus
amygdalus Batsch). This is due to the degradation of amygdalin, a cyanogenic diglucoside, which
also releases cyanide, toxic for animals and humans (McCarty et al., 1952; Conn, 1980; Poulton,
1990; Swain et al., 1992 and Sanchez-Pérez et al., 2008).

The bitter or sweet taste has a monogenic control in almond, the sweet kernel (Sk) allele being do-
minant over the bitter kernel (sk) allele (Heppner, 1923; Dicenta and Garcia, 1993 and Sanchez-
Pérez et al., 2010). Bitter is the original taste of kernels of wild almond species. Due to an unknown
mutation and human domestication, most of the cultivated almonds are sweet and heterozygous
at the Sklocus. The inheritance of bitterness in almond is controlled by the seed mother genotype
(Heppner, 1923; Kester and Assay, 1975; Kester and Gradziel, 1996; Dicenta and Garcia, 1993; Di-
centa et al., 2000 and 2007; and Sanchez-Pérez et al., 2010). Therefore, in practical breeding pro-
grams, in which two heterozygous varieties are crossed, 25% of the seedlings will be bitter and
therefore need to be removed (Grasselly and Crossa-Raynaud, 1980; Dicenta and Garcia, 1993).

The selection process is complicated by the almond long juvenile period, as breeders have to wait
three to four years to analyze traits related to reproductive organs. For this reason, it would very
useful to develop molecular markers to distinguish between sweet and bitter kernelled seedlings
in the nursery during the first year, just after the germination of seedlings (Sanchez-Pérez et al.,
2010). Previous studies have shown that the Sk locus is localised in almond linkage group five (G5)
(Joobeur et al., 1998, Sanchez-Pérez et al., 2008). Almond G5 was saturated with SSRs and six
of them (UDA-045, EPDCU2584, CPDCT028, BPPCT037, Pce GA025 and CPDCT016) were found
very close to the Sk locus.

In this work we try to shorten this region with new CAPS molecular markers in order to fine map-
ping the G5.

Il — Materials and methods

Aiming to find a Sk-ortholog region in the peach genome, a BLAST analysis against the Genomic
Database of Rosaceae (www.rosaceae.org) (Jung et al., 2008) was carried out, using sequences
of Sk-linked SSR markers as query. Peach genes included in this region were sequenced on the
two genotypes ‘R1000’ (R) and ‘Desmayo Largueta’ (D), aiming to identify single nucleotide poly-
morphisms (SNPs).

Afterwards, five new cleaved amplified polymorphic sequence (CAPS) markers linked to the Sk lo-
cus were designed by means of the CAPS designer tool available at the SolGenomics website
(http://solgenomics.net/).

DNA of a large F, population (550 individuals), originating from the RxD cross, was isolated according
to a CTAB method (Doyle and Doyle, 1990), and used as template for marker analysis with the CAPS
above mentioned and the Sk-linked SSRs UDA-045, EPDCU2584, BPPCT037 and CPDCT028
(Sanchez-Pérez et al., 2010). Marker scoring was performed for CAPS using Metaphor® agarose
gel electrophoresis (Lonza), and for SSR with the ABI Prism 3500 Genetic Analyzer (AB HITACHI).

Mapping was performed through the JoinMap 4.1 software (Van Ooijen, 2001), using the ML al-
gorithm and a LOD score threshold value of 3.0.
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Il — Results and discussion

BLAST search, using sequences of Sk-linked almond markers, resulted in hits all localizing on the
peach LG5 chromosomal region, suggesting the identification of a synthenic region containing the
Sk ortholog.

Two SSR markers previously shown to flank the Sk locus (EPDCU2584 and CPDCT028) were found
to delimit a peach genomic region of about 800 Kb. We used five genes included in this region to
identify SNP polymorphisms between the R and D genotypes and develop CAPS markers saturating
the Sk region. An example of CAPS, requiring simple gel electrophoresis is shown in Fig. 1.

Notably, mapping of newly developed CAPS markers and four previously reported SSR markers
revealed full overlap with the peach physical map (Fig. 2), thus substantiating the notion that Prunus
genomes are colinear (Dirlewanger et al., 2004).

Fig. 1. Segregation analysis of R1000 (R), Desmayo Largueta (D) and 8 segregant
F, individuals by means of one of the newly developed CAPS markers.
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Fig. 2. Co-linearity between the physical map of peach GL5 (left)
and the genetic map of almond (right). Markers distances are
indicated in Kb and cM, respectively.
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At the moment, we are assaying the phenotyping of the F, RxD population, aiming to fine-map the
Sk locus. We expect that our work will be of significant value for marker-assisted selection of bit-
terness in almond, thus by-passing limitations due to phenotypic screenings. Moreover, this is ex-
pected to provide useful information for the positional isolation of the Sk gene and reveal molecu-
lar mechanisms underlying bitterness in almond.

IV — Perspectives

Currently, we are characterizing the F1 population with respect to the kernel taste. In the mean-
time, we are carrying out a de novo sequencing of the almond Sk genomic region and transcrip-
tome analysis of the tegument in sweet and bitter almonds.

Our results, based on syntheny between peach and almond, pave the way to the positional
cloning of the sk gene. Moreover, they could be useful to assist the selection of sweet or bitter al-
monds in practical breeding programs.
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