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Abstract Genetic analysis of a diverse set of 42

traits for flower (5), phenology (9), fruit quality (19),

leaf (8) and disease resistance (1) was carried out in

two interspecific almond 9 peach populations, an F2
(T 9 E) and a BC1 (T1E), from the cross between

‘Texas’ almond and ‘Earlygold’ peach. Traits related

to flower, phenology, fruit quality, leaf morphology

and resistance to powdery mildew were phenotyped

over 3 years in two locations and studied for co-

segregation with a large set of SNP and SSR markers.

Three maps were used, one for the T 9 E and two for

the T1E (T1E and E) population. Nine major genes

were identified and mapped: anther color (Ag/ag and

Ag2/ag2), flower color (Fc2/fc2), maturity date (MD/

md), almond fruit type (almond vs. peach; Alf/alf),

juiciness (Jui/jui), blood flesh (DBF2/dbf2), powdery

mildew resistance (Vr3) and flower type (showy/non-

showy; Sh/sh). These genes were often located in

genome positions different from those for major genes

for similar traits mapped before. Two of them explain

fundamental aspects that define the fruit of peach with

respect to that of almond: Alf and Jui, for its thick and

juicy mesocarp, respectively. The genetics of quanti-

tative traits was studied, and 32 QTLs were detected,

with consistent behavior over the years. New alleles

identified from almond for important traits such as red

skin color, blood flesh, fruit weight and powdery

mildew resistance may prove useful for the introduc-

tion of new variability into the peach gene pool used in

commercial breeding programs.

Keywords Fruit quality � Introgression � Leaf
morphology � Phenology � Powdery mildew

resistance � Prunus persica � Prunus dulcis

Introduction

Peach, Prunus persica L. (Batsch), is an economically

important temperate tree fruit and one of the model

species for the Rosaceae family (Shulaev et al. 2008).
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Its genome has been recently sequenced (Verde et al.

2013), and important information on the genetics of

major genes and QTLs obtained in the last two decades

(Arús et al. 2012). Very early on, geneticists realized

that the genetic basis of North American and European

commercial cultivars was very narrow (Scorza et al.

1985), later confirmedwithmolecularmarkers not only

for these materials but also for modern Asian cultivars

(Li et al. 2013; Micheletti et al. 2015). The more

variable ancient oriental cultivars and landraces could

be a source of new alleles for peach breeding programs

(Li et al. 2013; Cao et al. 2014). An additional major

source of new genetic variability is the close, cross-

compatible relatives of peach, such as almond [P.

dulcis (Miller) D.A. Webb] and several wild species

(P. davidiana Carr., P. cerasifera Ehrh., P. mira

Koehne and P. kansuensis Rehder). Interspecific

hybrids between peach and these species have been

used for rootstock development (Byrne et al. 2012),

and for genetic analysis, looking for resistance to pests

and diseases such as green peach aphid, plum pox

virus, powderymildew and nematodes (Gradziel 2003;

Foulongne et al. 2003; Claverie et al. 2004; Rubio et al.

2010; Sauge et al. 2012). They have also been used to

analyze fruit quality (Gradziel 2003; Quilot et al. 2004)

and tree architecture (Carrillo-Mendoza et al. 2013).

However, we have not been able to find a single

example of a peach cultivar currently under commer-

cial cultivation which contains beneficial genes from

other species. Linkage drag, enhanced by suppression

of recombination, low fertility, and the length of time

usually required for recovering an elite genotype from

an interspecific or wide cross have limited the adoption

of this strategy in peach breeding programs.

An almond 9 peach progeny was developed at

IRTA to obtain a high-density linkage map (Dir-

lewanger et al. 2004), taking advantage of its high

polymorphism in contrast to the low segregation in the

peach 9 peach crosses, facilitating map construction.

This provided the scientific community with a com-

mon terminology and orientation for linkage groups

and a large set of transferable markers, used as anchors

for constructing other maps (Arús et al. 2012) and to

align the physical map assembled for construction of

the whole genome sequence (Verde et al. 2013). This

map has been recently enhanced with information

from a peach SNP chip, and nearly 2000 additional

markers have been mapped to this and to an additional

backcross (BC1) population from the same cross

(Donoso et al. 2015). In this work, we analyzed these

two interspecific populations to understand the genetic

variability of 42 traits, exploring possible alleles from

almond that could be introgressed into peach com-

mercial cultivars. This information will be essential

for the development of fast approaches for introgress-

ing genes of interest from almond into the commercial

peach gene pool.

Materials and methods

Plant material

Two interspecific populations (Donoso et al. 2015)were

used. The first one was an F2 of N = 111 (T 9 E)

obtained by selfing a hybrid individual (‘MB 1.37’)

from a cross between almond ‘Texas’ and peach

‘Earlygold.’ The trees of T 9 E used for this research

are at the IRTA Experimental Station of Lleida in

Gimenells (Spain) grafted on ‘Garnem’ (Felipe 2009)

rootstocks. The other was a BC1 (T1E) of 190 individ-

uals, created from the cross ‘MB 1.37’ 9 ‘Earlygold.’

Original trees of T1Ewere planted on their own roots in

Cabrils, and a replicate grafted on ‘Garnem’ was

planted in the fields of Gimenells. Spacing within and

between rows was 1.0 9 4.0 m for T1E in Cabrils, and

1.5 9 3.5 m for both populations in Gimenells. Stan-

dard agricultural practices were applied in both loca-

tions, but trees were not thinned out. Cabrils and

Gimenells have contrasting climates: inCabrils, located

on the Mediterranean coast 25 km North of Barcelona,

it is mild, whereas Gimenells, in central Catalonia,

150 km west of Barcelona, has a continental climate.

While all plants from T 9 E and T1E were used for

mapping, some of them could not be phenotyped. This

was because some plants died after DNA extraction

for mapping (21 in T 9 E and 16 in T1E), not all

plants were kept in both locations, and some charac-

ters could only be measured in part of the progenies

(i.e., sterile plants did not produce fruit, precluding the

analysis of fruit-related characters with them). The

number of plants studied for each character, year and

location is given in Supplementary Tables 1 and 2.

Phenotyping

Both populations were evaluated for 40 traits over

2 years (2012 and 2013), T 9 E in only one location
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(Gimenells) and T1E in both (Cabrils and Gimenells).

In 2011, data were not available for blooming density

and all leaf parameters in the T1E population of

Cabrils (a total of 32 traits were measured), and only

available for pistil length, fruit production, maturity

date, and all fruit characters (21 traits in total) in both

populations at Gimenells. The T1E population in

Cabrils was evaluated for two additional characters:

the juvenility period (2008–2013) and leaf fall date

(2011–2013). The final set of 42 traits was divided into

five categories as described below.

Flower traits

Flower type, the showy versus non-showy flower

character, was described originally by Connors (1920)

as a major gene (Sh/sh) in peach. Showy flowers are

determined by the recessive allele (sh) and have large

petals. Non-showy flowers have small petals, with

anthers emerging from the corolla before full anthesis.

Anther color, scored as anthocyanic anther or yellow

anther in T 9 E, was described as a Mendelian trait

(Ag/ag) in this population and mapped to linkage

group 3 (G3) by Arús et al. (1994). Given that certain

individuals initially scored as yellow had anthocyanic

spots when observed with the binocular lens, all

yellow phenotypes were reexamined with the binoc-

ular lens and re-scored as anthocyanic if these spots

were visible. The yellow anther was determined by the

recessive homozygote agag, whereas the presence of

the Ag allele produced anthocyanic anthers. T1E

individuals also segregated for anther color, although

the phenotype had either a light anthocyanic col-

oration perceived as orange anthers, or a deep

anthocyanic color perceived as red anthers. No plants

had yellow anthers. We called this character AG2.

Flower color (FC2) was classified as pink or pale pink.

Pistil length (PIL) was scored as short (1), medium (2)

or normal size (3). The blooming density (BD)

character was scored visually using a scale from 1 to

5 (1 low; 2 low–medium; 3 medium; 4 medium–high;

and 5 high).

Phenology traits

Beginning of shooting (BS) was scored as the number

of Julian days at the moment when 5 % of shoots were

in expansion. The beginning (BFT) and end (EFT) of

flowering time were scored as the number of Julian

days when 5 and 95 % of flowers were open,

respectively. Flowering duration (FD) was calculated

as EFT-BFT. Fruit production (FP) was scored on a

scale from 1 to 4 (1 no fruits; 2 less than 10 fruits; 3

from 10 to 50 fruits; and 4 more than 50 fruits).

Maturity date (MD) was scored as the number of

Julian days when 50 % of the fruits were considered

mature, based on visual color change and manual

evaluation of firmness. The fruit development period

(FDP) was the difference between scores of EFT and

MD. Leaf fall (LF) was scored as the number of Julian

days when 95 % of the leaves had dropped. The

juvenility period (JUV) was scored as the number of

years to produce the first fruits after germination.

Fruit traits

Fruit traits were evaluated in five mature fruits of each

individual. Fruit type (ALF for almond fruit) was

scored in the T 9 E population as peach or almond

type, depending on the development of a fleshy

mesocarp and a change in external and internal fruit

color. In T1E, all individuals were peach type.

Juiciness (JUI) was scored as the capacity of produc-

ing juice (1) or not (2). Blood flesh (BF2) was scored

as presence (2) or absence (1) of red flesh color. The

intensity of the red skin color (ISC) was scored from 1

to 4 (1 light red; 2 dark red; 3 dark violet red; and 4

violet). Fruit skin color was a qualitative estimation of

the percentage of surface covered by anthocyanin

coloration (PSC) according to the following scale:

1 = 0–25 %, 2 = 25–50 %, 3 = 50–75 % and

4 = 75–100 %. Soluble solid content (SSC) was

scored as Brix degrees by applying a drop of fruit

juice in a digital refractometer PAL-1 (Atago, Tokyo,

Japan). For titratable acidity (TA) evaluation, two

slices from each fruit were cut and stored at -20 �C
prior to evaluation. TA was determined as g/l of malic

acid by titrating 10 ml of distilled water and 10 ml of

the unfrozen fruit juice or fruit paste with 0.1 N NaOH

to pH 8.2. Fruit weight (FW) and stone weight (SW)

were determined as the average of the five fruits

scored, and flesh weight (FLW) as the difference FW-

SW, all expressed in g. The following characteristics

were measured to evaluate fruit and stone shape (see

Fig. 1): fruit polar diameter (FPD), fruit cheek diam-

eter (FCD), fruit suture diameter (FSD), stone polar

diameter (SPD), stone cheek diameter (SCD) and

stone suture diameter (SSD). Flesh diameters, flesh
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polar diameter (FLPD), flesh cheek diameter (FLCD)

and flesh suture diameter (FLSD) were the difference

between FPD and SPD, FCD and SCD, and FSD and

SSD, respectively.

Leaf traits

Eight leaves per tree were collected in July. To

minimize leaf variation from each tree, leaves were

collected from the middle of sun-exposed branches,

with medium vigor and at 1.5–1.8 m high. Leaves

were scanned and images saved as jpeg files and

imported into Tomato Analyzer 3.0 for automated

phenotypic measurements (http://www.oardc.ohio-

state.edu/vanderknaap). The parameters analyzed

were as follows: leaf perimeter (LP), leaf surface (LS),

leaf blade width (LBW), leaf length (LL), leaf blade

length (LBL) and, as the difference LL-LBL, petiole

length (PL). All parameters were expressed in cm

except for LS, expressed in cm2. Subsequently, the

leaves were dried for 3 days at 60 �C and weighed to

obtain the average leaf dry weight (LW). Figure 1

shows a sketch of the leaf dimensions measured.

Chlorophyll content (CC) was measured with a SPAD-

502 device (Konica Minolta, Osaka, Japan) that emits

two wavelengths (650 and 940 nm), with the final

measurement of chlorophyll content being the ratio

between the two intensities of light after passing

through each leaf.

Disease resistance

Powdery mildew resistance (VR3) was scored as the

presence or absence of the disease in both populations

by natural exposure. The trees were not treated during

the years that this trait was evaluated (2011–2013).

Trees with clear disease symptoms in at least 1 year

were considered as susceptible.

FSD

SCD FCD

SPD FPD

TOP VIEW

SIDE VIEW

SSD

A

LL

LBW

LBL

PL

B

Fig. 1 Scheme of the measurements taken for a, fruit and stone
(FPD fruit polar diameter, FCD fruit cheek diameter, FSD fruit

suture diameter, SPD stone polar diameter, SCD stone cheek

diameter, SSD stone suture diameter), and b leaf dimensions (LL

leaf length, LBL leaf blade length, LBW leaf blade width, PL

petiole length)
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Phenotypic data analysis

Statistical analyses were performed using JMP 8.0

software (SAS Institute, Cary, NC, USA). The distri-

bution for each trait was represented in frequency

histograms. Correlations between different traits and

years were calculated using the Pearson correlation

coefficient. The adjustment of the data to a normal

distribution for each trait was tested with the Shapiro–

Wilk test (Shapiro and Wilk 1965). The histograms

were drawn using R 3.1.0 software (http://cran.r-

project.org/bin/windows/base/).

Genetic linkage maps and QTL analysis

For linkage analysis, we used the data from the 9k

International Peach SNP Consortium (IPSC) SNP

Illumina Infinium chip (Verde et al. 2012) in 50 plants

of the T 9 E population and 123 plants of the T1E

population. In addition, we mapped 135 SSRs cover-

ing the whole genome in 111 T 9 E and 190 T1E

plants (94 SSRs in common). Maps were constructed

with these markers by Donoso et al. (2015). In

summary, the T 9 E map contains 1948 markers

and covers a total distance of 472.1 cM. The T1E

population was used to construct two maps, one (the

T1Emap) with the markers heterozygous in the female

parent, the MB1.37 hybrid plant, that contains 2031

markers and spans 370.1 cM, and the other (the E

map) obtained with the markers heterozygous in the

male ‘Earlygold’ parent with 1091 markers covering

520.4 cM.

Eight traits generated information on nine simple

Mendelian factors that were added to the rest of the

marker data files and mapped as individual genes

using MapMaker v3.0 (Lander et al. 1987). These

were flower color (Fc2), anther color (Ag and Ag2),

juiciness (Jui), blood flesh (DBF2 for dominant blood

flesh), flower shape (Sh), almond fruit type (Alf),

maturity date (MD) and powdery mildew resistance

(Vr3).

The remaining traits were subjected to QTL

analysis using the interval mapping method with the

MapQTL 4.0 software package (Van Ooijen et al.

2002). QTLs with a LOD C 3.0 were declared signif-

icant. When a QTL with a LOD C 2.5 was identified,

all other years with LOD C 3.0 were considered

significant too. Maps and QTL positions were drawn

using the MapChart 2.1 software (Voorrips 2002). We

considered a QTL as consistent if it was detected every

year in at least one of the locations, having overlap-

ping confidence intervals (those established 1 LOD

score unit below the maximum for each specific QTL).

Given that certain traits were highly correlated, it was

possible to group the traits studied in categories.

Consistent QTLs detected in traits of a given category

that mapped at overlapping positions and produced

similar effects could be reasonably assumed to be the

same, so we named them as major QTLs, allowing for

a considerable reduction in the number of QTLs found.

Gene action was estimated in T 9 E following the

guidelines of Tanksley (1993) with the ratio, d/a,

between the additive, a = (A - B)/2, and dominance

d = H - [(A ? B)/2] effects, where H, A and B are

the average phenotypic values of the heterozygous,

almond homozygous and peach homozygous geno-

types, respectively. Based on the d/a ratio, QTLs were

classified as underdominant (d/a\-1.25; U), dom-

inant for the peach allele (-1.25 B d/a B -0.75;

DP), partially dominant for the peach allele

(-0.75 B d/a B -0.25; PD), additive (-0.25 B d/

a B 0.25; A), partially dominant for the almond allele

(0.25 B d/a B 0.75; AD), dominant for the almond

allele (0.75 B d/a B 1.25; DA) and overdominant (d/

a[ 1.25; O).

Results

Trait distributions and correlations

The T 9 E and T1E populations segregated for the 42

studied traits that were classified in five groups: five

for flower, nine for phenology, 19 for fruit, eight for

leaf and one for disease resistance. Five of these traits

could be analyzed as qualitative, three as qualitative in

one population and quantitative in the other (maturity

date, juiciness and blood flesh), and the remaining 34

were considered only as quantitative. For four quan-

titative traits (pistil length, fruit production, blood

flesh and juiciness) measured with a numeric score, the

data for each year were identical and a single score per

plant was used for the period analyzed. By its nature,

the juvenility period for 2008–2013 consisted of a

single score per plant. Distributions of these characters

of parents and progenies for T 9 E and T1E are shown

in Supplementary Tables 1 and 2 and Supplementary

Figure 1.
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Variability for most traits was very high (see Fig. 2

for a sample of fruit traits), particularly in the T 9 E

population. The hybrid individual MB1.37 had inter-

mediate values between T and E in most cases.

Transgressive segregation was observed in both

populations for most traits, except for maturity date,

fruit development period and fruit weight. Most fruit

characters, except those related to juiciness, titrat-

able acidity and skin color, had a normal distribution

in both populations. All leaf characters were dis-

tributed normally in T 9 E, and only about half in

T1E (18 of 34). On the other hand, pistil size,

blooming density, most phenology traits, titrat-

able acidity, intensity and percentage of skin color,

and stone weight did not fit a normal distribution.

Correlations between years and locations for a

given trait were usually positive and significant

(P\ 0.01). Exceptions were flowering duration in

all years and locations in both populations, titrat-

able acidity in 2011 in T 9 E, and chlorophyll content

in 2012 in T1E (Supplementary Tables 3 and 4).

Several groups of quantitative characters were

highly correlated, allowing us to divide the 37

characters studied into 18 categories. Six of these

categories included several traits: shooting and flow-

ering time (including BS, BFT and EFT); maturity

time (MD and FDP); skin color (ISC and PSC); fruit

dimensions (FW, FPD, FCD, FSD, FLW, FLPD,

FLCD and FLSD); stone dimensions (SW, SPD, SCD

and SSD) and leaf dimensions (LP, LL, LBW, LBL,

LS and LW). The remaining twelve categories each

had a single trait (PIL, BD, FP, LF, JUV, BF, JUI, FD,

SSC, TA, PL and CC). Negative correlations were

found in T 9 E between traits in the categories of

maturity time and those of skin color and fruit

dimensions. In T1E, skin color characters were

negatively correlated with most other characters.

Mapping Mendelian traits

Eight of the traits studied were scored as qualitative,

and nine Mendelian genes were mapped (Table 1):

four (Fc2, Ag2, Jui and DBF2) in the T1E map, one

(Sh) in the E map, three (Ag, Alf andMD) in the T 9 E

map and one (Vr3) in both T1E and T 9 E. For one

trait, anther color, we were able to extract information

on two genes, one already described by Arús et al.

(1994) mapped in T 9 E (Ag) and the other in T1E

(Ag2). All traits had segregation ratios as expected

under the single-gene hypothesis, except for Fc2,

which had an excess of individuals with pink petals,

and Vr3 (only in T 9 E) with an excess of resistant

individuals. Six of these genes (Fc2, Ag2, DBF2, Jui,

Alf and Vr3) were described and mapped for the first

time. Details on their inheritance and position are

given in Table 1.

Three of the six genes mapped for the first time

determined color-related traits. Fc2 encodes for flower

color, from white (Fc2Fc2), as in ‘Texas,’ to pale pink

(Fc2fc2) and pink (fc2fc2), as in ‘Earlygold,’ and was

located at the beginning of G4 in T1E. Flower color

variability was also observed in the T 9 E population,

but we were not able to identify a clear color pattern

that allowed qualitative classification. A second anther

color gene, Ag2, segregating only in T1E with orange

(Ag2ag2) versus red (ag2ag2) phenotypes, was

mapped on G1. The third gene, DBF2, determined

the fruit blood flesh, with the dominant DBF2 allele

from almond being responsible for red flesh color,

mapped to the end of G1. Two more genes encoded

fruit quality characters. One, the Jui gene, determines

juiciness, with juicy fruit being homozygous for the

recessive jui allele, from peach, and the Jui- genotype,

non-juicy. It mapped to the distal position of G1. The

other gene, Alf, determines the capability of develop-

ing a thick fruit mesocarp, as in peach, conferred by

the dominant Alf allele from peach, whereas recessive

homozygotes, alfalf, have an almond-like fruit. This

gene segregated only in T 9 E, mapping on G4 at the

same position as MD. Finally, the gene for resistance

to powdery mildew (Vr3) was mapped in both

populations at a similar position on G2. Although this

trait was evaluated using the natural inoculum in the

field, data were always consistent between the differ-

ent years evaluated.

Genetic analysis of quantitative characters

Taking into consideration all the years, locations and

the three maps analyzed, a total of 155 QTLs were

detected: 100 in T1E, six in E and 49 in T 9 E for the

37 quantitative traits studied (Supplementary Table 5

and supplementary Figure 2). QTLs were identified

for all traits, varying between one and four QTLs per

trait. We found 61 consistent QTLs (39.4 % of the

total): 42 in the T1E map, two in the E map and 17 in

the T 9 E map (Supplementary Table 6). For some

traits, such as maturity date and petiole length, most of
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the QTLs detected were consistent, while in others,

such as SSC, TA and flowering duration, none of the

QTLs detected was consistent. Considering that the

consistent QTLs with similar positions and effects for

the trait categories mentioned previously were the

same, we could reduce their number to 32 major QTLs

Fig. 2 Fruit from ‘Texas’ almond, ‘Earlygold’ peach, their hybrid (MB1.37) (b), and six individuals from T 9 E (a) and T1E

(c) progenies
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(Table 2; Fig. 3). A description of these is given in the

following paragraphs.

For pistil length, a major QTL explaining a large

percentage (R2 = 74.4 %) of the phenotypic variance

was detected at the end of G6 in T 9 E. In T1E, two

QTLs were detected on G1 and G4. For blooming

density, a single major QTL was detected in T1E, at

the end of G1, and only in Gimenells, with

R2 = 23.8–25.7 %.

For shooting and blooming time, six major QTLs

were identified, one on each of G1, G6, G7 and G8,

and two on G2. The one on G1 was in common

between T 9 E and T1E, and the rest were specific of

T 9 E (G6), E (G7) and T1E (G8 and both QTLs on

G2). A large QTL for fruit production was detected in

the central region of G6 in T 9 E and T1E (R2 = 45.7

and 33.3 %, respectively). This QTL colocalized with

a QTL for juvenility in T1E (R2 = 13.3 %). A QTL

for leaf fall date was detected at the beginning of G8 in

T1E. A single major QTL on G4 (R2 = 23.8–57.9 %)

was identified for maturity date characters. This QTL

peaked at the same region where the MD gene was

located in T 9 E. The presence of the almond allele at

this locus increases the MD an average of 32 days in

T1E and 42 days in T 9 E.

A large QTL for juiciness (R2 = 31.8 %) was found

in T 9 E at the end ofG1, colocatingwith the position of

the Jui genemapped in T1E. For the blood flesh trait, one

QTL was detected in the central region of G3 in T 9 E

(qBF3), colocating with the position of the anther color

gene (Ag), explaining 50.7 %of the phenotypic variance.

Skin color traits detected twomajor QTLs on G1 and G4

in T1E and one on G3 in T 9 E.

Fruit dimensions were explained in T 9 E by a

major QTL found in the central region of G4, at the

same position as theMD and Alf genes, accounting for

much of their phenotypic variability (35.8–77.5 %). In

this population, individuals heterozygous at this locus

had larger fruits than those homozygous for the peach

and the almond alleles. A different picture occurs in

T1E, where ALF did not segregate and two QTLs were

detected, one at the beginning of G6, and another in

the middle of G7, explaining around 20 % of their

phenotypic variance. For the traits of stone dimen-

sions, a major QTL was detected in T1E, in the central

part of G6, explaining between 28.1 and 46.0 % of the

phenotypic variance.

Four major QTLs were identified for leaf dimensions

(on G1, G6, G7 and G8). One of them was associated

with leaf width (G6) and another with leaf surface (G7).

Petiole length appeared to have a different genetic

determinism, with four QTLs on G5, where no QTLs

were found for leaf characters, and three more (on G6,

G7 and G8) at different positions to those found for

leaves. For chlorophyll content, a major QTL was

identified in TIE, on G6, (qCC6).

Discussion

Wemapped nine major genes and 32 major QTLs using

two almond 9 peach interspecific populations. From

the QTLs identified, 26 were in the BC1 population T1E

(25 mapped in the map of the almond 9 peach

interspecific hybrid used as female parent and one in

the peach ‘Earlygold’ male parent), and ten in the F2
progenyT 9 E, four in commonwithT1E.We expected

more segregating traits in T 9 E than in T1E, because

those with a dominant gene action in the peach parent

would not be detected in the BC1 population, and more

QTLs in common between T 9 E and T1E. The

common QTLs were for fruit production (qFP6),

flowering time (qSF1), and two for petiole length

(qPL5 and qPL8). We could add two more that were

mapped as quantitative in one population and as

qualitative in the other: maturity date (qMD4, MD)

and juiciness (qJUI1, Jui). These results can be explained

by the larger size of T1E, resulting in greater statistical

power to identify QTLs with low effects (Beavis 1998),

or by themore uniform background of the BC1, with less

interactions between genes of different parts of the

genome affecting the same character, allowing more

accurate phenotyping. One example of the latter is the

group of traits in the fruit dimensions category that, in the

case of T 9 E, were strongly affected by individuals

with almond-like fruit type that were not present in the

T1E progeny. In T 9 E, all these traits identified only

one QTL on G4 at the position of the Alf gene, whereas

no QTL was detected on G4 in the T1E progeny,

although two were identified on G6 and G7.

Only one major QTL was detected with the E map.

We attribute this to the lower level of genetic

variability within peach, with about half of the

‘Earlygold’ genome identical by descent (Donoso

et al. 2015), and by the fact that more subtle

phenotypic effects of alleles segregating in ‘Early-

gold’ could often be masked by greater effects from

the almond alleles.
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G1 G2 G3 G4

G5 G6 G7 G8

SNP_IGA_20060,0
CPPCT0160,1
SNP_IGA_26510,9
EPDCU3122
SNP_IGA_36211,7
SNP_IGA_78952,8
SNP_IGA_105203,7
SNP_IGA_111064,7
SNP_IGA_144385,8
SNP_IGA_174197,8
CPPCT010
SNP_IGA_189278,8
SNP_IGA_232519,4
SNP_IGA_24481
M16a9,9
SNP_IGA_2811212,6
SNP_IGA_2829414,3
SNP_IGA_2983616,1
EPPCU533117,0
PaCITA00517,8
SNP_IGA_31646
CPPCT02719,7
SNP_IGA_4759522,0
SNP_IGA_6363823,4
SNP_IGA_6713724,2
SNP_IGA_7691224,9
EPPCU109026,2

UDP96-00532,9
SNP_IGA_7895433,6
SNP_IGA_8432435,8
SNP_IGA_8980838,0

Ag239,0
CPDCT02443,7
SNP_IGA_9509544,8
SNP_IGA_9623245,7
EPDCU194546,3
SNP_IGA_9896046,7
SNP_IGA_10106547,5
SNP_IGA_10153848,3
CPPCT02648,5
SNP_IGA_10391750,3
EPDCU348951,0
BPPCT02052,3
SNP_IGA_10481952,7

Jui53,0
SNP_IGA_10600053,8
SNP_IGA_10829954,9
SNP_IGA_10922356,2
SNP_IGA_11022757,3
SNP_IGA_11041358,4
SNP_IGA_11125959,5
BPPCT01659,7
SNP_IGA_11175560,4
SNP_IGA_11204261,0
SNP_IGA_11227161,8
SNP_IGA_11269862,5
SNP_IGA_11292463,9
SNP_IGA_11344964,7
SNP_IGA_11409465,3
snp_1_3905918766,8
SNP_IGA_11844367,5
CPPCT04267,6
EPDCU286270,5
CPPCT02972,2
CPPCT05374,5
SNP_IGA_12136476,3
snp_1_4153528578,9

Bf279,0
SNP_IGA_12302380,1
SNP_IGA_12318081,5
SNP_IGA_13360682,8
BPPCT02883,0
SNP_IGA_13285584,0
SNP_IGA_13158985,1
SNP_IGA_12942286,1
SNP_IGA_12446687,1
SNP_IGA_12371989,2

qP
IL1

qB
D
1

qS
F1

qJU
I1

qS
C
1

qLD
1

SNP_IGA_2352840,0
SNP_IGA_2302701,0
CPPCT0442,0
SNP_IGA_1366252,2
SNP_IGA_1405733,5
SNP_IGA_1567424,9
SNP_IGA_1989376,3
UDP98-0257,3
SNP_IGA_2421187,4
SNP_IGA_2468388,0
SNP_IGA_2492739,7
SNP_IGA_25228710,9
CPDCT04411,5

Vr3
SNP_IGA_258078

13,3

SNP_IGA_26036116,2
BPPCT004
SNP_IGA_76768017,6
SNP_IGA_263828
EPDCU4017
BPPCT001

18,1

SNP_IGA_269074
CPSCT04419,9
SNP_IGA_27505721,0
SNP_IGA_27534123,2
UDP96-01324,3
SNP_IGA_27684024,4
SNP_IGA_27733625,3
SNP_IGA_277934
CPDCT00426,3
UDP98-41127,3
SNP_IGA_27884928,3
SNP_IGA_27943929,3
SNP_IGA_28075531,3
pchgms133,4
RosCOS1328-36634,8
BPPCT030
CPPCT04336,1
SNP_IGA_28460237,3
CPSCT02138,4
SNP_IGA_28587838,5
SNP_IGA_28752243,2
PceGA3444,1
SNP_IGA_28787545,0
SNP_IGA_28809845,8
SNP_IGA_28928247,4
CPSCT03448,3
UDA-02349,6
SNP_IGA_29024349,9

qB
S
2

qB
FT2

SNP_IGA_2910550,0
EPPCU59900,1
SNP_IGA_2939250,7
EPDCU46101,0
SNP_IGA_2945331,4
SNP_IGA_2954402,8
SNP_IGA_2959784,3
SNP_IGA_296203
UDP97-4035,0
SNP_IGA_297349
BPPCT0075,5
SNP_IGA_2997967,0
SNP_IGA_3043078,5
SNP_IGA_3092809,8
BPPCT03910,0
SNP_IGA_31005711,4
SNP_IGA_31119212,8
EPDCU308313,0
SNP_IGA_31450914,5
SNP_IGA_31583716,0
SNP_IGA_31661517,5
SNP_IGA_31700119,0
SNP_IGA_32156522,3
SNP_IGA_32406723,8

Ag24,0
SNP_IGA_88706125,3
SNP_IGA_34478927,1
CPPCT00227,5
SNP_IGA_34923329,1
SNP_IGA_35074929,8
SNP_IGA_35149430,6
SNP_IGA_352749
UDP96-00831,5
SNP_IGA_35739632,5
SNP_IGA_36070433,6
SNP_IGA_36195734,7
SNP_IGA_36308135,7
SNP_IGA_36535738,1
SNP_IGA_36585439,3
SNP_IGA_36593340,3
SNP_IGA_36635441,4
EPDCU053245,0

qP
S
C
3

qB
F3

BPPCT0100,0
SNP_IGA_3689260,1
SNP_IGA_3705130,9
SNP_IGA_3707031,9
SNP_IGA_3744342,8
SNP_IGA_3754423,7
SNP_IGA_3803234,7
pchgms25,7

Fc26,0
CPPCT0056,9
SNP_IGA_3828687,7
SNP_IGA_3847919,6
SNP_IGA_39043010,5
SNP_IGA_39094111,5
CPPCT01112,5
CPDCT04512,6
SNP_IGA_39562115,5
SNP_IGA_39590116,9
SNP_IGA_39695819,7
SNP_IGA_40035921,0
SNP_IGA_40061322,3
SNP_IGA_40230223,7
UDP96-00323,9
SNP_IGA_40315225,9
SNP_IGA_40372727,3
SNP_IGA_403891
EPPCU11027,9
M12a28,4
SNP_IGA_40577328,5
SNP_IGA_40634529,5
SNP_IGA_40791930,4
SNP_IGA_40916731,4
EPDCU383231,5
SNP_IGA_41026532,2
SNP_IGA_41095532,8

Alf
MD

33,0

SNP_IGA_41238034,1
SNP_IGA_41311534,8
EPPCU200036,9
SNP_IGA_41530137,5
BPPCT01538,0
SNP_IGA_41709438,6
SNP_IGA_41731039,2
SNP_IGA_41858239,9
SNP_IGA_41976241,1
SNP_IGA_420819
UDA-02141,7
CPPCT04642,6
SNP_IGA_421418
BPPCT02343,5
SNP_IGA_425622
UDA-02744,1
EPPCU177545,2
RosCOS0544-09047,5
CPPCT05148,9
SNP_IGA_47592249,2
SNP_IGA_49384850,2
SNP_IGA_50474951,3

qP
IL4

qM
D
4

qP
S
C
4

qFD
4

SNP_IGA_5433680,0
SNP_IGA_5454481,0
CPPCT0401,1
SNP_IGA_5505042,0
SNP_IGA_5522543,7
AMPA1124,5
SNP_IGA_5562884,6
SNP_IGA_5628675,5
SNP_IGA_5658636,3
SNP_IGA_5696717,1
SNP_IGA_5715488,0
SNP_IGA_5725829,8
SNP_IGA_57284110,7
UDP97-40110,8
SNP_IGA_58260013,5
SNP_IGA_58431514,8
SNP_IGA_58620216,1
SNP_IGA_58695517,3
PaCITA02119,8
SNP_IGA_588670
BPPCT01720,8
CPSCT00622,2
SNP_IGA_59376323,9
SNP_IGA_59417625,8
BPPCT03726,4
SNP_IGA_59460127,1
SNP_IGA_59474527,9
pchgms4
SNP_IGA_59512628,7
SNP_IGA_595212
CPPCT01329,7
SNP_IGA_59639330,8
SNP_IGA_59720231,8
EPDCU5183
EPDCU465832,8
SNP_IGA_60007233,2
SNP_IGA_60049336,2
SNP_IGA_60113537,8

RosCOS3786-39642,8
SNP_IGA_60251244,3
CPSCT02244,7
BPPCT01445,3
SNP_IGA_60260546,3
SNP_IGA_60304748,2

qP
L5

SNP_IGA_6072400,0
SNP_IGA_6070131,0
SNP_IGA_6138482,1
SNP_IGA_6127543,2
SNP_IGA_6115115,3
Ps7a26,3
SNP_IGA_6104876,4
SNP_IGA_6096307,7
SNP_IGA_6190819,2
SNP_IGA_62155612,2
SNP_IGA_62439118,2
SNP_IGA_62535420,4
UDP96-00120,6
EPPCU930021,2
SNP_IGA_62732823,2
SNP_IGA_62753524,3
SNP_IGA_62985525,5
SNP_IGA_63024326,7
SNP_IGA_63101427,9
SNP_IGA_63203330,2
SNP_IGA_63242331,4
snp_6_1004207432,5
BPPCT00832,6
SNP_IGA_63599933,6
SNP_IGA_63906234,7
SNP_IGA_64163735,9
SNP_IGA_64450236,9
SNP_IGA_65042238,0
SNP_IGA_65579439,2
SNP_IGA_66196540,4
CPSCT01240,5
SNP_IGA_66756344,9
SNP_IGA_66872546,0
SNP_IGA_66905047,1
pchcms549,1
SNP_IGA_67180649,4
SNP_IGA_67507751,3
SNP_IGA_67657153,1
SNP_IGA_67714754,6
SNP_IGA_67762556,4
BPPCT02556,8
SNP_IGA_67903857,8
CPPCT04758,8
SNP_IGA_68003259,5
SNP_IGA_68088960,2
SNP_IGA_68273561,7
SNP_IGA_68354662,5
SNP_IGA_68660964,1
SNP_IGA_68758364,9
SNP_IGA_68810366,5
SNP_IGA_68864367,2
SNP_IGA_688827
UDP98-41268,0
MA040a68,5
SNP_IGA_68995769,5
AMPA13070,5
SNP_IGA_69079270,7
SNP_IGA_69119672,0
SNP_IGA_69162473,3
MA14a74,7
SNP_IGA_69239675,1
SNP_IGA_69323976,9
EPPCU409277,2
SNP_IGA_69409877,8
SNP_IGA_69452178,4
SNP_IGA_69471479,0
CPPCT030
SNP_IGA_69730879,6
SNP_IGA_69761780,2
SNP_IGA_69943280,8
CPPCT02182,0

qP
IL6

qB
S
6

qFP
6

qJU
V
6

qFW
6

qS
D
6

qLD
6

qP
L6

qC
C
6

SNP_IGA_7180700,0
SNP_IGA_7040751,0
CPSCT0041,1
SNP_IGA_7498162,6
SNP_IGA_7511234,0
CPPCT0396,7
SNP_IGA_7531227,0
SNP_IGA_7545638,9
CPPCT0229,3
SNP_IGA_76123310,6
pchgms610,9
SNP_IGA_76166412,0
SNP_IGA_76224912,9
SNP_IGA_76289514,0
SNP_IGA_76391014,9
UDP98-40815,0
UDAp-43216,3
SNP_IGA_76908417,3
SNP_IGA_77097818,2
SNP_IGA_77202819,1
SNP_IGA_77489820,0
SNP_IGA_77606720,9
CPPCT057
UDAP97_40821,7
SNP_IGA_77682624,3
SNP_IGA_77735725,7
SNP_IGA_77800228,4
SNP_IGA_77858731,3
SNP_IGA_77930532,5
SNP_IGA_78100333,9
CPPCT03334,0
SNP_IGA_78135235,1

SNP_IGA_78242743,6

SNP_IGA_78291647,6
PMS0247,7
SNP_IGA_78437348,4
SNP_IGA_78461649,1
EPPCU51750,3
pchcms251,0
SNP_IGA_78586852,4
SNP_IGA_78771553,9
SNP_IGA_78935357,1
SNP_IGA_78970057,9
SNP_IGA_78994158,6
SNP_IGA_79012259,3
SNP_IGA_79016760,2
CPPCT017
SNP_IGA_79067860,9
SNP_IGA_791313
EPDCU339263,0
SNP_IGA_79258065,4
Ps5c368,3

qS
F7

qFD
7

qLS
7

qP
L7

CPSCT0180,0
SNP_IGA_7936060,8
SNP_IGA_7950204,1
SNP_IGA_7992915,7
SNP_IGA_8023397,3
SNP_IGA_8097718,8
BPPCT00610,5
SNP_IGA_80999710,6
SNP_IGA_81997811,5
CPDCT03413,5
SNP_IGA_83685714,1
CPPCT05814,7
SNP_IGA_83432115,5
SNP_IGA_85305316,3
SNP_IGA_85545917,1
CPPCT006

Sh19,5

SNP_IGA_85935420,4
SNP_IGA_86203421,2
SNP_IGA_86480522,2
SNP_IGA_86570923,9
SNP_IGA_86631224,7
SNP_IGA_86636625,7
SNP_IGA_86780027,4
SNP_IGA_87033728,3
SNP_IGA_87108229,0
SNP_IGA_87241131,6
SNP_IGA_87276532,5
SNP_IGA_87305533,3
SNP_IGA_87463934,2
SNP_IGA_87510835,1
SNP_IGA_87661036,0
SNP_IGA_87737037,8
SNP_IGA_87745438,7
UDP98-40938,8
SNP_IGA_87804441,2
SNP_IGA_87898142,4
SNP_IGA_87922443,5
EPDCU345443,6
SNP_IGA_88062044,3
SNP_IGA_88112045,1
SNP_IGA_88132745,8
snp_8_1908376947,3
SNP_IGA_88180447,9
SNP_IGA_88242748,6
SNP_IGA_883292
EPDCU311750,0
SNP_IGA_88533551,1

qS
F8

qLF8

qLD
8

qP
L8
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The analysis of T1E from two locations was an

opportunity to detect possible genotype 9 environ-

mental interactions. We identified six consistent QTLs

that were only found in one of the locations (see

Supplementary Table 6): two for beginning of flow-

ering (qBFT8) and leaf length (qLL1) were only

present in Cabrils; four, determining blooming density

(qBD1), fruit weight (qFW6), flesh weight (qFLW7)

and fruit cheek diameter (qFCD7), were detected only

in Gimenells. For qBFT8, qBD1 and qLL1, this may

respond to the important climatic differences between

the two locations. The traits related to fruit dimensions

may be associated with the culture practices, such that

fruits from plants growing in Gimenells under stan-

dard agronomic conditions were larger than those

from plants in Cabrils grown on their own roots and

with less spacing between trees.

Major genes

Interspecific crosses allow the analysis of traits with

contrasting phenotypes in the species involved. Some

of these traits have a simple inheritance and allow the

identification of major genes or major QTLs that

explain much of the observed variability. In our

almond 9 peach crosses, we have been able to map

eleven major genes, nine described here and two

previously published (Donoso et al. 2015), correspond-

ing to two male fertility restorer genes on G2 and G6

(Rf1 and Rf2). In addition, several traits resolved in

QTLs explaining more than 50 % of the phenotypic

variation, such as pistil length in G6 of T 9 E or blood

flesh in G3 of T1E, suggesting that a large proportion of

the variability detected was controlled by genes/QTLs

of major effects. Most of these major genes (nine of 11)

had not beenmapped before in other peach populations,

and for the other two, Sh (Ogundiwin et al. 2009) and

MD (Eduardo et al. 2011), our data corroborated their

positions on G8 and G4, respectively.

Twoof themajor genes discovered, fruit type (almond

vs. peach;Alf) and juiciness (juicy vs. non-juicy; Jui), are

key distinctive features between the fruit of peach and

almond. A third locus, the gametophytic self-incompat-

ibility, operative in almond but not in peach, is a major

determinant of another crucial difference between

almond and peach: their extremely diverse pattern of

genetic variability, very low in peach and enormously

high in almond (Mnejja et al. 2010). The fact that such a

simple genetic basis explains essential differences

between these two crops confirms their close genetic

origin, suggesting that they may have been domesticated

from close relatives or even from the same species.

Some of the major genes found in these almond 9 -

peach progenies for traits such as fruit flesh and flower

anthocyanic color, or powdery mildew resistance,

were located, interestingly, at chromosomal positions

different from genes described previously in other

populations, mostly peach 9 peach, for the same

characters. Two major genes for fruit flesh color have

been described, Bf on G4 by Gillen and Bliss (2005),

andDBF on G5 by Shen et al. (2013), whereas two loci

found in our materials for the same trait (DBF2 and

qBF3) mapped elsewhere (G1 and G3, respectively).

A gene for flower color (Fc) was mapped on G3 by

Yamamoto et al. (2001), while we found a gene for the

same trait on G4 (Fc2). For powdery mildew resis-

tance, the Vr3 gene that we mapped to G2 had a

different genome position to those described previ-

ously, one on G6 (Vr2; Pascal et al. 2010) and several

QTLs on G7 (Verde et al. 2002; Pacheco et al. 2009),

G6 and G8 (Foulongne et al. 2003). These results

indicate that the variability supplied by almond is

often in different genes than already described. This

enhances its interest as a source of novel variability

that can be combined to that already available to

produce cultivars with added value. One obvious

example is that of resistance to powdery mildew on G2

that can be pyramided with known others to obtain

cultivars with broader and more durable resistance.

QTLs

Flower traits

A QTL for pistil length was identified in T 9 E on G6.

Given that most plants with short pistils were unable to

bear fruit, this trait was highly correlated with fruit

bFig. 3 Map with the positions of the major genes and QTLs

mapped in this work. The map used was that of the T 9 E

population, and the positions of major genes or QTLs mapped on

the other twomaps (T1E and E) are inferred from that of common

markers. Only the 32 major QTLs were mapped, and its position

was that of the consistent QTL within the highest LOD, when

more that one consistent QTL was included in the major QTL.

Colors of the bars of QTLs or gene names were as follows: pink

flower, blue phenology, red fruit, green leaf-related traits and

brown the powdery mildew resistance gene. (Color figure online)
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production in T 9 E and a major QTL for this

character was detected in the same region. The same

locus on G6 contains one or more genes that affect

fruit shape (round vs. flat), aborting fruit, pistil length

and fruit production (Dirlewanger et al. 2006; Picañol

et al. 2013). In T1E, a QTL for fruit production was

also detected in the same region of G6, but QTLs for

pistil length mapped to G2 and G4, suggesting that the

gene(s) involved in pistil length and those determining

productivity at the G6 region are not the same.

For blooming density, we identified a major QTL

on G1, where the peach allele decreased flower

density. This is an important trait in Prunus, as it

determines the need for flower or fruit thinning during

the growing season, one of the most expensive

operations of peach cultivation.

Phenology traits

Six consistent QTLs were detected for traits related

with the time of shooting and blooming, which are

highly heritable traits and appear to be related, as

suggested by the high correlations that we observed

between them, and by the fact that some of the QTLs

(on G7 and G8) appeared to be in common. However,

some authors (Kester et al. 1973; Dicenta et al. 1993)

have reported low correlations between shooting and

blooming times, indicating that specific elements of

their inheritance are also important. Our data support a

complex genetics for these traits, with many genes

involved and different sets of them, partly overlapping

between traits, segregating in each mapping popula-

tion. The same pattern has been found in peach and

other Prunus crops (Wang et al. 2000; Quilot et al.

2004; Sánchez-Pérez et al. 2012; Romeu et al. 2014;

Socquet-Juglard et al. 2013; Dirlewanger et al. 2012).

MD was mapped as a single gene in T 9 E and as a

major QTL in T1E. This locus has already been

identified as the major factor determining this charac-

ter in peach, apricot and sweet cherry (Dirlewanger

et al. 2012), suggesting a common fruit maturation

control mechanism.

We scored the juvenility trait as the number of years

required by each T1E plant to produce fruit for the first

time, with values that ranged from three to six, and

identified a QTL (qJUV1) that explained 13.3 % of the

phenotypic variance, with the peach allele increasing

the juvenility period. No previous information exists

on the genetics of this character in Prunus, but in

citrus, Raga et al. (2012) detected four QTLs related to

juvenility that jointly explained 39.2 % of the pheno-

typic variance. Knowledge of the inheritance for this

trait may be helpful to breed lines with shorter

intergeneration periods that would speed up the

breeding process.

Fruit traits

The complex patterns of the anthocyanic pigment

coloration in plants appear to be determined by allelic

variation in the enzymes of the anthocyanin biosyn-

thetic pathway and their interaction with various

transcription factors. This results in a diverse set of

phenotypes in various organs and life cycle stages or

as a response to environmental change (Rahim et al.

2014; Zhou et al. 2014; Espley et al. 2009). The pattern

that we found in our research is compatible with this

scenario, where map positions of phenotypic variants

and these genes colocate. One of the colocations that

we identified was on G3, with three loci, Ag, qPSC3

and qBF3, determining color in anthers, fruit skin and

fruit flesh, respectively. QTLs have also been found in

this region for fruit red blush in peach (Frett et al.

2014) and for skin and flesh color in sweet cherry

(Sooriyapathirana et al. 2010). This region contains a

cluster with three genes of the MYB transcription

factor family (Rahim et al. 2014) that appear evident

candidates for the observed variability. A homolog of

one of these genes in apple (MdMYB10) is responsible

for its red fruit flesh color (Espley et al. 2009). Another

region with an accumulation of color genes is at the

end of G1, where DBF2 and qSC1 map and where a

major gene for flower color (B) has also been located

(Dirlewanger et al. 2004). This region encompasses a

gene coding for one of the key enzymes of the

anthocyanin pathway: a flavonol synthase, FLS1;

ppb018307 m.

For fruit and stone dimensions, only one major

QTL at the Alf position on G4 was identified in T 9 E.

The major effects of this QTL probably masked other

QTLs with smaller effects. For T1E, all plants are

peach type (Alf-), and two interesting QTLs were

identified. One was on G7, explaining a decrease in

flesh weight (21–25 g) produced by the almond allele.

The other affected stone parameters, where the almond

allele of a QTL on G6 (qSD6) determined an increase

in stone weight (3–4 g). A QTL at the beginning of G6

(qFW6) was found only for fruit weight, with
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heterozygous plants having heavier fruit (25–34 g)

than those homozygous for the peach allele. This QTL

was significant for flesh weight (increasing the almond

allele 27 g) only in two of the 3 years studied (see

Supplementary Table 5), so it was not considered

consistent. The existence of qFW6 indicates that it is

possible to find genes in the almond that can be used

for increasing fruit size, one of the classical objectives

of peach breeding. QTLs for FW on G6 have been

described in cherry (Zhang et al. 2010; Rosyara et al.

2013), peach (Dirlewanger et al. 1999; Yamamoto

et al. 2001; Eduardo et al. 2011) and peach 9 P.

davidiana (Quilot et al. 2004). In the latter work, a

QTL on G6 was also found for stone size. Overall, our

results suggest a different genetic basis for stone

versus flesh dimension traits, which would make it

possible to select for increased flesh weight and

decreased seed weight in peach, or the opposite in

almond.

Leaf traits

The QTLs identified for leaf parameters suggest that

each acts on a different aspect of this trait. A QTL on

G1 explains, in part, the variation in the overall leaf

size and is detected by all leaf measurements (perime-

ter, surface, width, length and weight). Another QTL,

located on G8, is specific to leaf length and is detected

in all leaf traits except in width and weight, with the

almond allele producing leaf elongation. A QTL

affecting only the leaf width trait was detected on G6,

the almond allele producing an increase in this

parameter. For leaf surface, we were able to identify

a consistent QTL on G7 that did not appear in any

other trait. Our interpretation is that leaf surface is a

trait that better integrates certain aspects of the leaf

shape, allowing the detection of an additional QTL.

The only reported result for leaf dimensions in peach is

a major gene, Nl, for leaf shape (narrow vs. wide)

identified by Yamamoto et al. (2001). This locus maps

to a genomic region coincident with the QTL for leaf

width located here on G6, suggesting that they could

correspond to the same locus. The inheritance of

petiole length, determined by four QTLs located on

G5, G6, G7 and G8, with the peach allele producing a

decrease in petiole length in all cases, appears to

identify a gene network completely different from that

of the other leaf dimensions.

Conclusions

In this paper, we provide a first survey on the almond

variability available for peach breeding. We described

nine major genes and many QTLs explaining large

fractions of the phenotypic variability. Most of these

genes are at different genomic positions to others

already described for similar traits in peach, meaning

that they supply new variability that can be combined

with that already existing. Recent work (Fresnedo-

Ramı́rez et al. 2015) on progenies between peach and

related species (almond and other peach close rela-

tives) found six consistent QTLs for some of the traits

studied here. They only had one QTL (that of MD on

G4) in common, suggesting the existence of an

immense gene pool in these species, of which the

results from this research have unveiled only a

minimal part. Some of these genes/QTLs have imme-

diate applications for plant breeding: Resistance to

powdery mildew (Vr3), the blood flesh (DBF2) locus,

the major QTLs for skin color in G1 and the QTL on

G6 that increases fruit weight are examples of almond

alleles that produce traits of interest in peach and could

be introgressed in its genome.

The presence of major genes for certain characters

made it difficult to study other genes or QTLs for similar

traits that had weaker effects. We have seen that our

ability to detect QTLs improved in T1E, where the

almond alleles were expressed in a more uniform peach

genetic background, but at the cost of not being able to

detect recessive almond alleles. One way for improve-

ment would be using more numerous progenies, requir-

ing a much larger expenditure in time and cost in fruit

trees than in herbaceous species, or by developing

specific populations such as introgression line collec-

tions (Eshed and Zamir 1994) that allow for a more

accurate analysis of the almond variability, minimizing

background effects. This is our next step from the

materials that we obtained in ‘Texas’ 9 ‘Earlygold’

crosses, which in addition to providing a high-quality

resource for genetic analysis, may prove an efficient first

step toward introgression of almond alleles into peach.

The development of marker-based methods to make

introgression faster is another way of fostering the use of

genes from other Prunus into peach, expanding its

impoverished gene pool and making it possible to reach

newgoals on fruit quality, shelf life and stress resistance,

of interest for both growers and consumers.
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