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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 x peach populations, an F,
(T x E) and a BC; (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 x E and two for
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the T1E (T1E and E) population. Nine major genes
were identified and mapped: anther color (Ag/ag and
Ag2lag2), flower color (Fc2/fc2), maturity date (MD/
md), almond fruit type (almond vs. peach; Alflalf),
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
(Arus 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 confirmed with molecular markers 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, powdery mildew 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 x 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 x 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 (Arus 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 (BC;) population from the same cross
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(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 F, of N = 111 (T x E)
obtained by selfing a hybrid individual (‘MB 1.37°)
from a cross between almond ‘Texas’ and peach
‘Earlygold.” The trees of T x 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 BC; (T1E) of 190 individ-
uals, created from the cross ‘MB 1.37° x ‘Earlygold.’
Original trees of T1E were 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 x 4.0 m for T1E in Cabrils, and
1.5 x 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: in Cabrils, 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 x 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 x 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 x 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 x E, was described as a Mendelian trait
(Ag/ag) in this population and mapped to linkage
group 3 (G3) by Arts 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. TI1E
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 x 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 TIE, 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=2550%, 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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SIDE VIEW

SPD

TOP VIEW

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

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
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diameter, SSD stone suture diameter), and b leaf dimensions (LL
leaf length, LBL leaf blade length, LBW leaf blade width, PL
petiole length)

except for LS, expressed in cm”. 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.
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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
[lumina Infinium chip (Verde et al. 2012) in 50 plants
of the T x E population and 123 plants of the T1E
population. In addition, we mapped 135 SSRs cover-
ing the whole genome in 111 T x E and 190 T1E
plants (94 SSRs in common). Maps were constructed
with these markers by Donoso et al. (2015). In
summary, the T x E map contains 1948 markers
and covers a total distance of 472.1 cM. The TIE
population was used to construct two maps, one (the
T1E map) 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 > 3.0 were declared signif-
icant. When a QTL with a LOD > 2.5 was identified,
all other years with LOD > 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 x 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 < d/a < —0.75;
DP), partially dominant for the peach allele
(—=0.75 < dla < —0.25; PD), additive (—0.25 < d/
a < 0.25; A), partially dominant for the almond allele
(0.25 < dla < 0.75; AD), dominant for the almond
allele (0.75 < d/a < 1.25; DA) and overdominant (d/
a > 1.25; O).

Results
Trait distributions and correlations

The T x 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 x 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 x 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 x E, and only about half in
TIE (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 x 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 x E between traits in the categories of
maturity time and those of skin color and fruit
dimensions. In TI1E, 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, Alfand MD) inthe T x E
map and one (Vr3) in both T1E and T x E. For one
trait, anther color, we were able to extract information
on two genes, one already described by Arts et al.
(1994) mapped in T x E (Ag) and the other in T1E
(Ag2). All traits had segregation ratios as expected
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under the single-gene hypothesis, except for Fc2,
which had an excess of individuals with pink petals,
and Vr3 (only in T x E) with an excess of resistant
individuals. Six of these genes (Fc2, Ag2, DBF?2, 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 x 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 DBF?2 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 x 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: 100in T1E, sixin Eand 49 in T x 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 x E map (Supplementary Table 6). For some
traits, such as maturity date and petiole length, most of
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TxEQ15

o0
0

TxE106

Earlygold

T1EQ72 T1E492

T1E420 T1E290 T1E427

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

the QTLs detected were consistent, while in others, consistent QTLs with similar positions and effects for
such as SSC, TA and flowering duration, none of the the trait categories mentioned previously were the
QTLs detected was consistent. Considering that the same, we could reduce their number to 32 major QTLs
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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 (R* = 74.4 %) of the phenotypic variance
was detected at the end of G6in T x E. In T1E, two
QTLs were detected on Gl and G4. For blooming
density, a single major QTL was detected in T1E, at
the end of GIl, and only in Gimenells, with
R* = 23.8-25.7 %.

For shooting and blooming time, six major QTLs
were identified, one on each of G1, G6, G7 and GS,
and two on G2. The one on Gl was in common
between T x E and T1E, and the rest were specific of
T x 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 G6in T x E and T1E (R* = 45.7
and 33.3 %, respectively). This QTL colocalized with
a QTL for juvenility in TIE (R* = 13.3 %). A QTL
for leaf fall date was detected at the beginning of G8 in
TIE. A single major QTL on G4 (R* = 23.8-57.9 %)
was identified for maturity date characters. This QTL
peaked at the same region where the MD gene was
locatedin T x E. The presence of the almond allele at
this locus increases the MD an average of 32 days in
T1E and 42 daysin T x E.

A large QTL for juiciness (R* = 31.8 %) was found
inT x Eatthe end of G1, colocating with the position of
the Jui gene mapped in T1E. For the blood flesh trait, one
QTL was detected in the central region of G3in T x E
(qBF3), colocating with the position of the anther color
gene (Ag), explaining 50.7 % of the phenotypic variance.
Skin color traits detected two major QTLs on G1 and G4
inTlIEandoneon G3in T x E.

Fruit dimensions were explained in T x E by a
major QTL found in the central region of G4, at the
same position as the MD 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 GB8). 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

We mapped nine major genes and 32 major QTLs using
two almond x peach interspecific populations. From
the QTLs identified, 26 were in the BC; population T1E
(25 mapped in the map of the almond x peach
interspecific hybrid used as female parent and one in
the peach ‘Earlygold’ male parent), and ten in the F,
progeny T x E, four in common with T1E. We expected
more segregating traits in T x E than in T1E, because
those with a dominant gene action in the peach parent
would not be detected in the BC; population, and more
QTLs in common between T x 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 (qQMD4, 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 the more uniform background of the BC, 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 x E, were strongly affected by individuals
with almond-like fruit type that were not present in the
T1E progeny. In T x 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.

@ Springer



Mol Breeding (2016) 36:16

16 Page 10 of 17

[C8E0I8LT  09Y-1'8CT 0LE=SPL  #YII-LLT  (9dSsb ‘oadsb ‘9msb) oasb DD/MAIL SUOISUAWIP JUO)S
JLUST— 0 €0'IC—  #'ET¢€l £86-6°¢1 99'¢-98'C (LmTdb ‘Laddb) Ladb D/ALL
(ras14b
‘PO TAb ‘PAdTAb ‘YA TID
n/da '€= 01 60— F6'€E08FC ,89°SI— OV €L 0I—  GLL-§SE 6'9¢-L'1¢ L9°8-06'C  ‘vASAD ‘vAdAb ‘vMAD) +agb g% L
98T 01 08V € 17681 00 0€6-1LT 9mAb O/AIL SUOISUSWIP JINL]
da/Y €60~ 01 €T0— €TT-S€°0 0S1— 0TI~ 9LSLE LYT-T81 9TH00'¢ £08db qx L
IT1— 01890~ 0€eSYI PEE91E £99-05C ¥OSdb DD/AIL
ST 01890  6650LI 9'€56'S €€'8-66°C (128db “1081b) TOSh DO/AIL 10[00 UG
av €50 120 0r'0 81 918 9L'T 1neb qx L ssoutomf
av 620 y1I0— 0$°0— L0S 0'81 S6'¢ edgb qx L ysopy poorg
&qonb ynif sTIO
19°0— 9Tl 1'+C v6'¢ 9AN(b DAL porad Aquoang
S6'T1 0896  9TI-LOI 1691 LTY€S°E 841b DAL T1ey Jeory
1007 O L9LT  6'LS—6'CE 90r-9TE  68TI-LY (+dadb “yanb) +awb DDMAIL arep Qe
o or'e 1T1 61T 019¢0  L'ShE¢e 99L-90¢  ¥6EI-6ETT 9ddb g x I ‘DOMIL uononpoxd jmig
vV $T0— 01600~ 95°0-01°0 ET— 0TI~ §ET861 108 LYv89'¢ qr1agb qx L
TS9— M TWT—  €97T¢TI T 79'8-56'¢ (1144b ‘e1149b) 145D DD/AIL
Y6T— M ¥6T—  SOI-T'6 LY=L PIE-LLT z1agb DD/MAIL
€OLOVOET  SET6'8 £'6h-89¢ €1'8—0SC (L1aab ‘Lsgb) Lasb D0/
N €rc— o1 68e— LS€-18T LYT— 0 €L0—  99I-F€¢l TILYYL €STHIe 9sgb 34X L
L6101 8ET  SEI-1Tl 061-8°¢ PSY-19°¢ zsgb O/ATL
0r9 0120 OLI98 LET-0'0 99°6-66'T (849 ‘814gb ‘gsgb) 81sb DD/AIL  Pwn Sumemoy pue Sunooys
{3ojouayd sT10O
STTOHPIT  L'ST-8€T T6rTTy ¥ L-0L9 ragb OMAIL Ayisuop Surwoorg
o 6¢ 1T1 8T°0 L TIL v¥'ST 9T1db 34X L
LY'0 7’81 L' €rL ¥'TIdb DD/MAIL
60— ¥'8 7'6¢ S0'¢ 1'TIdb DDMAIL 3uo [usid
H2MOY STLO
VD o/p P R A (JN2) uonisod ao1 goweu 10  uoneoof/deny K1039180 JIReI],

UOTOE QUSS PALIdJul pue p/p ‘(p) doueurwop “(v) AAIppe ‘() edouetrea sidkouayd
pauredxa jo a8ejuoorad jo sioyowered pue Yead wnwixew 2y jo uonisod ‘yead wnwirxew ay) Jo 2103s O ‘sewreu TLO (Sisoyyuared ur) JuSISUOD pue Iofew ‘payriupl
sem 1 a1oym uone[ndod ‘uoneso] ‘owreu A10393e0 11 Surpnjour ‘soruagold (sdewr g pue g1.1) 1L pue (dew gx1) g X L oy yum pagnuapt sTLO Jofew jo Arewuing g d[qe],

pringer

As



Page 11 of 17 16

Mol Breeding (2016) 36:16

(omg1b)

[Ipim ope[q Jea] pue (377Ib pue [7Tb) mSuay Jear ‘(9MSb) 1yStom duoss ‘(LM TAb) 1S1oM ysop “(M.4b) 1ySTom iy :K1080)ed J1ED) YoBS JO L IUAISISUOD QU0 10§ A[UO BIe( |

QOUBUIWOPISAO () ‘I[3[[E PUOWIE I0]
QOUBUTWIOP V(7 ‘d][[& puoui[e 1o} doueurwop [ented qy ‘Aianippe y ‘o[a[fe yoead 10y ooururwop [ented 4 [o[[e yoead 10J 90URUIWOP (7 ‘@IULUIWOPIIPUN /) “UONOE JUID)
Ul(g + ¥)] — H = p 9dueutwo(

1034701919y oY) SI fj 219YM ‘g — =D
‘AIL Ul "A[oA10adsar ‘safaqre yoead pue puowe oy Jo saj054zowoy Y1 10§ sanfea ordAjoudyd o3e1oAe o) dIe g puB ¥ AIoYM ‘T — V) = D ‘G X I, Ul :$109JJ0 9ANIPPY

TLO USISISUOD JUO UrY) dIow papnpoul LY Jofew & uaym ‘STLO JUSISISU0d 3y Jo saureu ‘sisatpuated uf TLO Jofewr syl Jo dweN

yoq

D) ‘s[leuawIn H ‘s[uqe)) ) :uoneoo] ‘uonendod | ssoroyoeq 1L, 2ys Jo syuared ( pjosAjred,) a[ew pue ofeway oy woly 7 pue 1L, ‘uonemndod 7y g x I oys woxy gx I, depy

607— 0 6v'E—  8SI-SPI 0Er0Tr 0r'S—LTS 9200b JMELL oo [jAydorojy)y
v/ivVA  LOT-8I0  [0°0TF6'S 60°€E OV FL'8T  0'6E-6PI vyl 19°€1-99°C 871db d % L ‘DOMIL
6L°61 01 €691 8€1-C6 6'LT11T 9I'89°C L1db DJ/MALL
€9°61 01 SL'HT SeI-¢'8 6'PEbve 0I't—+9°C 91db DD/EIL
avyy  8v0+¥c0  60v1-89°C TT6T 01 $ES1 18768 €861 €8799C ¢1db d % L ‘D0/MEIL W3] d[oned
LS9 01 €8°0€ L01-8'8 6'17-9°0¢ 0€'€-C8C LSTD DD/ALL
L67E 0 89€T  6'7I-901 1'¥C-L0T €9v—€8'C (omTb ‘9maTh) 9a'1h DDMAIL
(8M7Tb ‘gSTh
L6611 01 6€°L8  +'81-8°01 LY00 1T9-78C  ‘g1d71b ‘g71b ‘8d'1b) 81b DO/AIL
(amTb 1571b “11971D
1CES9T— 01 8T°6HT— ¥'97-0'6 6'L-00 S0'8-bLT  1METD TTIb ‘1dTb) 1aTh DD/AIL SsuoIsuauIIp Jed]
Ja) STLO
VD v/p o D A (JN2) uonisod ao1 qPWel 1O Luoneoo/uonendog K1039180 JIRe1],

panunuod g dqe],

pringer

As



16 Page 12 of 17 Mol Breeding (2016) 36:16

Gl G2

00 SNP_IGA_2006 00 SNP_IGA 235284 SNP_IGA 291055 00 BPPCTO10
01 CPPCTO16 1.0 SNP_IGA 230270 EPPCUS990 01 SNP_IGA 368926
09~Y SNP_IGA 2651 20 CPPCTO44 SNP_IGA_293925 09 SNP_IGA 370513
1.7 ~H(|EPDCU3T22 22|/ SNP_IGA_136625 EPDCU4610 19 SNPIGA 370703
7T IsNP_IGA 3621 o 35/ SNPIGA 140573 SNP_IGA_294533 258\ SNP_IGA_374434
2,874\~ SNP_IGA_7895 — 4.9+\F/r SNP_IGA_156742 SNP_IGA_295440 3,7 \[f/r SNP_IGA_375442
3,7//\- SNP_IGA_10520 o 63 \[-{/; SNP_IGA 198937 SNP_IGA_295978 27\ SNP_I1GA 380323
47/ \-SNP_IGA 11106 = 7.3\ |y UDP38-025 SNP_IGA 296203 57\ pchgms2
587| |\ SNPTIGA 14438 74 SNP_IGA 242118 UDP97-403 a
7.8 SNP_IGA_17419 8,0V, SNP_IGA 246838 SNP_IGA_297349 6.0 Fc2
F\|cPPCTO10 97\ SNP_IGA 249273 BPPCTO07 69—~ CPPCT00S
88 SNP_IGA_18927 10,9 SNP_IGA 252287 SNP_IGA_299796 77 SNP_IGA_362868
94 SNP_IGA 23251 11,5}/ CPDCT044 85 SNP_IGA_304307 96—~ SNP_IGA 384791
9/ )\|SNP_IGA 24481 H vr3 & 98 SNP_IGA 309280 10,5 —T]~ SNP_IGA 380430
07\ Imtea 133~ N E 10,0\ BPPCTO39 11,5 T SNP_IGA 390941
12,64/] [\-SNP_IGA 28112 swp_iea 2ssors WG, M T 11,441 )\ sNP_1GA 310057 125 CPPCTOTT
14,377\ SNP_IGA 28294 16,2 snpica 2e0s61 [l 05 WIS 12,8 SNP_IGA 311192 126 CPDCTO45
16,1 //F-\- SNP_IGA 20836 17.6~]|BPPCTO0A R 13,0\ EPDCU3083 15,5 —1— SNP_IGA 395621
17,0 EPPCUS331 S \LI/ISNP_IGA 767680 14,541\ SNP_IGA_314509 o 16,9 —|— SNP_IGA_395901
17,87 [\ PaCITA00S I\ |SNP_IGA 263828 16,0 snpoicA 315837 Mo M 19.7 SNPIGA 396958 .0
107/ | [\|SNP_IGA 31646 18,1/ | NEPDCU4017 175 sNPoiGA 316615 D M T 210~\|// SNP_IGA 400359 | T
- CPPCT027 1\ IspPcTO01 190\ snpTica 317001 Mo M oo 223 SNPTIGA 400613 N —
22,0//-\-SNP_IGA 47595 100 SNP_IGA_269074 223 SNPZIGA 321565 [l O) 237\ ]/ SNP_IGA 402302 [l >
23,4 //N\- SNP_IGA 63638 97/ H\lcpsCToaa 23,8/ [\ SNPIGA 324067 [l 0O 23,9~\[ ]/ UDP96-003 2
2427/ \-SNP_IGA 67137 21,07\ SNP_IGA_275057 240 A 259\ SNP_IGA 403152 p
249 SNPIGA 76912 23,2 /f\ SNP_IGA 275341 0 u\Ag 273 SNPIGA 403727 @
262 EPPCU1080 24370\ UDPS6-0T3 253 SNP_IGA_887061 /| SNPIGA 403891 Q
24,40\ SNP_IGA 276840 27,140\ SNP_IGA 344789 279\)/1EPPCU110 ®
329 UDP96-005 o o 253\ sNPTIGA 277336 2754\ cPPCTO02 28,4 5 M12a
336 SNP_IGA 78954 MO 17 263 SNP_IGA 277934 29,147\ SNP_IGA 349233 285 SNP_IGA 405773 Q
358 \\f/; SNP_IGA 84324 N = o -3 IHl crocToos 298\ SNP_IGA_350749 295 SNP_IGA 406345 jul
380 SNPTIGA 89808 [N =2 273 UDP98-411 306 SNP_IGA 351494 304 SNPTIGA 407919 o 9
so\H Ag2 2834\ SNP_IGA 278849 1.5 SNPIoA_sszrao 314 SnPiGa 409167 S =
! 29,3\ SNPIGA 279439 : UDP96-008 31,544\ EPDCU3832 -
437\LJ/r cPbCT024 31,3\ SNP_IGA 280755 32,59 |\ sNP_iGA 357396 20 SNP_IGA 410265 D
448\ - [ SNP_IGA_95095 33,4 -\ pehgms1 33,64\ SNPTIGA 360704 328 SNPIIGA 410055
457 SNP_IGA 96232 " 34,8 -\ RosCOS1328-366 34,74\ SNPIGA 361957
463 EPDCU1945 %) se | \jepeeron 35,741\ SNP"IGA 363081 H Alf
46,7 SNP_IGA_98960 n g CPPCTO043 38,1 SNP_IGA 365357 330
475 SNPTIGA 101065 - 373 SNP_IGA 284602 393 SNP_IGA 365854 LMD
4831/ SNP_IGA 101538 3844 (| cPscTo2i 4034 || \ SNPZIGA 365933 SNP_IGA_412380
48,5 CPPCT026 38,5)/\! SNP_IGA 285878 414 SNP_IGA 366354 SNP_IGA 413115
50,31/ SNP_IGA 103917 4320\ SNP_IGA 287522 450 EPDCU0532 EPPCU2000
510\ EPDCU3489 441 PceGA34 SNP_IGA_415301
523 BPPCT020 45071\ SNP_IGA 287675 BPPCTO15
52,7 \{) SNP_IGA_104819 458 SNP_IGA 288098 SNP_IGA 417094
n - 474 SNP_IGA 289282 SNP_IGA_417310
530\ Jui 483 CPSCT034 SNP_IGA_418582
53,8~ SNP_IGA_106000 496 UDA-023 SNP_IGA 419762
549~ T~ SNP_IGA_108299 499 SNP_IGA 290243 SNP_IGA 420819
56,2 — T~ SNP_IGA_109223 SNPLIcA
57,3~ SNP_IGA_110227 CPPCT046
58,4 — T~ SNP_IGA_110413 SNP_IGA 421418
59,5-7°R- SNP_IGA 111259 | BPFCTO3
59,7//5\-BPPCT016 SNP_IGA 425622
60,4 //\- SNP_IGA_111755 441 uD/
6107/ I\ SNPTIGA 112042 452 EPPCU1775
61,8420\ SNPIGA_112271 475 RosCOS0544-090
625 SNPIGA 112698 489 CPPCTO51
63,9 /|- SNP_IGA_112924 49,2 SNP_IGA_475922
647 SNP_IGA 113449 50,2 SNP_IGA 493848
653 SNP_IGA 114094 513 SNP_IGA 504749
66,8/ (| snp_1_39059187 -
67.5)/|_\\ SNP_GA_118443 @
676 CPPCT042 o
705/| |\ EPDCU2862 =
722 CPPCT029
7455/ {\- CPPCT053
763 SNP_IGA 121364
789 ~|{— snp_1_41535285
100/ \ Bf2 =
80,17/ \-SNP_IGA_123023 =
8155//°\- SNP_IGA 123180 =
8287\ SNP_IGA 133606
83,07\ BPPCT028
84,0\ SNP_IGA_132855
85,1 SNPIGA_131589
86,14/ /cA\ SNPZIGA 129422
87,1 SNP_IGA 124466
892 SNP_IGA_123719
0.0 SNP_IGA_543368 SNP_IGA_607240 00 SNP_IGA_718070 00 CPSCT018
1.0 SNP_IGA 545448 SNP_IGA_607013 10 SNP_IGA 704075 08 SNP_IGA_793606
11 CPPCT040 SNP_IGA_613848 1,1 Y/ cPsCT004 41 SNP_IGA 795020
20\ SNP_IGA_550504 SNP_IGA 612754 256~ ] SNP_IGA 749816 57 SNP_IGA 799291
37 SNP_IGA_552254 SNP_IGA_611511 ¥ 4,0~J(/ SNP_IGA 751123 7.3 [r SNP_IGA 802339
4.5\ |/ AMPA112 Ps7a2 T 67 Pl 8.8/l SNP_IGA 809771 o
4.6~ SNP_IGA_556288 SNP_IGA_610487 = 7.0 SNP_IGA_753122 105 BPPCT006 [ Rl
5. IGA 562867 SNP_IGA_609630 = 891/ SNP_IGA 754563 1067(llr SNP_IGA_809997 ul IS
63—~ SNP_IGA 565863 SNP_IGA 619081 93 CPPCTO022 11,5l Il sNP iGA 819978 < s
7.1\ SNPTIGA 569671 SNP_IGA 621556 10,6\ SNP_IGA 761233 135 CPDCTO34
80 SNP_IGA 571548 SNP_IGA 624391 10,9 pehgms6 14,11l SNP_IGA s3ess7 M -
9,81~ SNP_IGA 572582 SNP_IGA 625354 12,0~ SNP_IGA 761664 14,7kl cPPCTOS8 &
107 SNP_IGA 572841 UDP96-001 12,9 —|— SNP_IGA 762249 SNP_IGA 834321 [l =
108 UDPS7-401 EPPCU9300 14,0 ~T T~ SNP_IGA 762895 SNP_IGA 853053 il co
13,5~ SNP_IGA 582600 SNP_IGA 627328 14,971\ SNP_IGA 763910 SNP_IGA_855459
1GA_584315 SNP_IGA 627535 15,0 //°\- UDPS8-408 o CPPCTO06
[~ SNP_IGA 586202 SNP_IGA 629855 16,37/ T ws\H1Sh
|- SNP_IGA 586955 SNP_IGA_630243 SNP_IGA 769084 o =
PaCITA021 SNP_IGA 631014 SNP_IGA 770978 N K 204 SNP_IGA_859354
SNP_IGA_588670 SNP_IGA_632033 SNP_IGA 772028 2 212 SNP_IGA 862034
BPPCTO17 SNP_IGA 632423 SNP_IGA 774898 3 222 SNP_IGA_864805
CPSCT006 snp_6_10042074 SNP_IGA 776067 [l | 238\ Y/ SNP_IGA 865709 -
SNP_IGA_593763 BPPCT008 CPPCTOS7 7 247 SNP_IGA_866312 3
SNP_IGA 594176 SNP_IGA_635999 UDAPS7 4 E4 25.7\[{/ SNP_IGA_866366 =
BPPCT037 SNP_IGA 639062 SNP_IGA 776826 [l < 27,4\ SNP_IGA 867800 ©
SNP_IGA_594601 SNP_IGA 641637 SNPTIGA 777357 283\ |/ SNP_IGA 870337
SNP_IGA_594745 SNP_IGA_644502 SNP_IGA_778002 29,0~/ SNP_IGA_871082
pehgms: SNP_IGA 650422 SNP_IGA 778587 316 [ {7 SNPIGA 872411
SNP_IGA_595126 SNP_IGA_655794 SNP_IGA_779305 325 SNP_IGA_872765
SNP_IGA 595212 SNP_IGA_661965 SNP_IGA 781003 33,31/ SNP_IGA 873055
CPPCTO13 CPSCTO012 CPPCT033 342 SNP_IGA_874639
SNP_IGA_596393 SNP_IGA_667563 SNP_IGA 781352 35,1 SNP_IGA 875108
SNP_IGA_597202 SNP_IGA_668725 36,0~/ SNP_IGA 876610
EPDCUS18: SNP_IGA_669050 378 SNP_IGA 877370
EPDCU4658 S pehcms 38,7~ SNP_IGA 877454
SNP_IGA 6oco72 [l O SNP_IGA_671806 388 UDP98-409
SNP_IGA_600493 | (5 SNP_IGA_675077 43,6 ——— SNP_IGA_782427 412~ 1 SNP_IGA_878044
SNP_IGA 601135 SNP_IGA_676571 42,4~ 1 SNP_IGA_878981
SNP_IGA 677147 SNP_IGA_782916 435— - SNP_IGA 879224
RosGOS3786-396 SNP_IGA 677625  pMS02 43,677\ EPDCU3454
SNP.IGA_B02512 BPPCT0Z5 SNP_IGA_784373 443 SNP_IGA_880620
GPSCTO22 SNP_IGA 679038 SNP_IGA 784616 451 SNP_IGA 881120
BrPCTO14 CPPCTO47 EPPCUSTT 45,80\ SNP_IGA 881327
SNP_IGA_B02605 SNP_IGA_680032 o pehcms: 47,31\ snp_8_19083769
SNP_IGA_603047 SNP_IGA_680889 = SNP_IGA_785868 a7'9 5\ SN _icA_ss1804
SNP_IGA 682735 o SNP_IGA 787715 486 SNP_IGA 882427
SNP_IGA_683546 & SNP_IGA 789353 500 SNP_IGA_883292
SNP_IGA_686609 [~ sNPTIGA 789700 ! EPDCU3T17
SNP_IGA_687583 SNP_IGA 789941 51,1 SNP_IGA_885335
SNP_IGA_688103 o SNP_IGA_790122 2
SNP_IGA 688643 %) SNP_IGA 790167 %)
SNP_IGA_688827 o o B35 CPPCTOT7 ~
UDP98-412 "ER B B o SNP_IGA_790678
MAO40a el C ] SNP_IGA 791313
SNP_IGA_689957 o A< = 63,0 EPDCU3392
AMPA130 S o 6547 |\ SNP_iGA_792580
SNP_IGA_690792 683 53
SNP_IGA_691196
SNP_IGA_691624
a
SNP_IGA_692396
SNP_IGA 693230 2O Mo
EPPCU4092 "EN Ed o
SNP_IGA 694008 M = W (p o)
SNP_IGA_694521 (=24 (=] l Ie)
SNP_IGA 694714 S
CPPCTO030
SNP_IGA_697308

CPPCT021

@ Springer



Mol Breeding (2016) 36:16

Page 13 of 17 16

«Fig. 3 Map with the positions of the major genes and QTLs
mapped in this work. The map used was that of the T x E
population, and the positions of major genes or QTLs mapped on
the other two maps (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 leat-related traits and
brown the powdery mildew resistance gene. (Color figure online)

The analysis of TI1E from two locations was an
opportunity to detect possible genotype x 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
(gBD1), fruit weight (QFW6), flesh weight (QFLW7)
and fruit cheek diameter (QFCD7), were detected only
in Gimenells. For qBFT8, qBD1 and qLL]1, 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 x 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
(Rfl 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 x 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 been mapped 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.

Two of the major 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 x -
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 x peach, for the same
characters. Two major genes for fruit flesh color have
been described, Bf on G4 by Gillen and Bliss (2005),
and DBF on G5 by Shen et al. (2013), whereas two loci
found in our materials for the same trait (DBF2 and
gBF3) 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 identifiedin T x E on G6.

Given that most plants with short pistils were unable to
bear fruit, this trait was highly correlated with fruit
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production in T x 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; Picaiiol
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 GI1, 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; Sanchez-Pérez et al. 2012; Romeu et al. 2014;
Socquet-Juglard et al. 2013; Dirlewanger et al. 2012).

MD was mapped as a single genein T x E and as a
major QTL in TI1E. 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
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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, FLSI;
ppb018307 m.

For fruit and stone dimensions, only one major
QTL at the Alfposition on G4 was identifiedin T x 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
(gFW6) 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 gFW6 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 x 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
Gl1 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, NI, 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-
Ramirez 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’ x ‘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
new goals on fruit quality, shelf life and stress resistance,
of interest for both growers and consumers.
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