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Abstract Single nucleotide polymorphisms (SNPs) were
used to construct an integrated SNP linkage map of peach
(Prunus persica (L.) Batsch). A set of 1,536 SNPs were
evaluated with the GoldenGate® Genotyping assay in two
mapping populations, Pop-DF, and Pop-DG. After genotyp-
ing and filtering, a final set of 1,400 high quality SNPs in
Pop-DF and 962 in Pop-DG with full map coverage were
selected and used to construct two linkage maps with Join-
Map®4.0. The Pop-DF map covered 422 cM of the peach
genome and included 1,037 SNP markers, and Pop-DG map
covered 369 cM and included 738 SNPs. A consensus map
was constructed with 588 SNP markers placed in eight
linkage groups (n08 for peach), with map coverage of

454 cM and an average distance of 0.81 cM/marker site.
Placements of SNPs on the “peach v1.0” physical map were
compared to placement on the linkage maps and several
differences were observed. Using the SNP linkage map of
Pop-DG and phenotypic data collected for three harvest
seasons, a QTL analysis for fruit quality traits and chilling
injury symptoms was carried out with the mapped SNPs.
Significant QTL effects were detected for mealiness (M) and
flesh bleeding (FBL) QTLs on linkage group 4 and flesh
browning (FBr) on linkage group 5. This study represents
one of the first examples of QTL detection for quality traits
and chilling injury symptoms using a high-density SNP map
in a single peach F1 family.
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Introduction

Peach is the model species for Prunus sp. and other Rosa-
ceous crops. A high quality draft peach sequence (peach
v1.0) has been generated and assembled for the dihaploid
“Lovell” genome by the International Peach Genome Initia-
tive (IPGI). At least three other peach genomes have been
sequenced and deposited into the NCBI database, including
the parents for the crosses used in the present study (Ahmad
et al. 2011). Genetic maps have been constructed for most of
the Prunus crop species and are reviewed in Dirlewanger et
al. (2004) and Abbott et al. (2007). Peach has characteristics
useful for tree genetic studies and for breeding, including
self-compatibility, a short juvenile period, and a small ge-
nome (Shulaev et al. 2008).

The development and use of single nucleotide polymor-
phisms (SNPs) has become practical due to advancements in
sequencing technologies of plant genomes such as rice
(Oryza sativa), Arabidopsis (Arabidopsis thaliana), barrel
medic (Medicago truncatula), maize (Zea mays), and wine
grape (Vitis vinifera). SNPs have a low mutation rate and are
evolutionarily stable from generation to generation across
the genome (Batley and Edwards 2009). SNP markers have
several advantages for genetic mapping over other molecu-
lar markers. SNPs have fewer detection/evaluation errors
than simple sequence repeats (SSRs) and map quantitative
trait loci (QTL) with greater precision than is possible with
restriction fragment length polymorphisms (RFLPs) or
SSRs (Ball et al. 2010; Yu et al. 2011). SNPs can be used
to investigate the structure and evolutionary history of pop-
ulations, as a tool for association mapping experiments, to
identify QTLs (marker/trait association), and to construct
high-resolution genetic maps (Akhunov et al. 2009; Aranzana
et al. 2005; International HapMap Consortium et al. 2007;
Zhao et al. 2007). SNPs are often transferable across species
within a genus (Grattapaglia et al. 2011). A microarray chip in
peach (ChillPeach) with a set of several putative SNPs
was developed by Ogundiwin et al. (2008). Ahmad et al.
(2011) describe the development of a 6,654 peach SNP panel
fromwhich a 1,536 SNP set was selected for the present study.
An additional 8,144 peach SNP set has recently been described
by Verde et al. (2012).

The first peach linkage map was constructed from iso-
zyme and random amplified polymorphic DNA markers
(RAPDs) (Chaparro et al. 1994). Subsequently, several link-
age and QTL maps were constructed on F1, F2, and BC1

peach and interspecific Prunus sp. cross progenies shown at
http://www.rosaceae.org/. The locations of specific trait loci

are shown on these maps, including fruit quality, tree archi-
tecture, and resistance/tolerance to abiotic and biotic stresses
(Abbott et al. 1998; Aranzana et al. 2002; Blenda et al. 2007;
Bliss et al. 2002; Dettori et al. 2001; Dirlewanger et al. 2007;
Dirlewanger et al. 2004; Dirlewanger et al. 1999; Foolad et al.
1995; Foulongne et al. 2003; Joobeur et al. 1998; Lu et al.
1998; Ogundiwin et al. 2009; Quarta et al. 2000; Quarta et al.
1998; Rajapakse et al. 1995; Shimada et al. 2000; Verde et al.
2006; Yamamoto et al. 2001; Yamamoto et al. 2005). Despite
a number of active peach genetics projects and breeding
programs, only one-half of the known single-gene traits have
been mapped (Dirlewanger et al. 2007).

Fruit quality in peach is a function of changes in biochem-
ical and sensory changes in color, flavor, and texture as fruits
develop, grow, and ripen, and postharvest maintenance of
these qualities as the fruits senesce. The genetic dissection of
these complex processes will permit a more systematic ap-
proach to plant improvement than has been possible previous-
ly. An important component of fruit quality peach
deterioration in storage is the presence of postharvest chilling
injury symptoms (Crisosto et al. 1995). The three major
symptoms of chilling injury, which can occur during cold
storage or after subsequent ripening, are mealiness, flesh
browning, and flesh bleeding. These symptoms are not usu-
ally noticed until fruit reaches the consumer. Mealiness is a
textural disorder where fruits become soft and dry with non-
juicy and grainy flesh. Flesh browning is a discoloration of the
flesh that can occur in mealy and non-mealy fruits, though it is
often associated with mealiness (Crisosto et al. 1999). Flesh
bleeding is the term used to describe the occurrence and
spread of red pigmentation throughout the fruit flesh. In
chilling-injured fruit, flesh bleeding may originate from the
red pigmentation commonly observed in the flesh close to the
pit of many peach and nectarine cultivars. Several QTL stud-
ies have been conducted in peach, the majority have been
focused on mapping important fruit quality traits, since fruit
quality is considered the primary selection criteria by peach
breeders (Abbott et al. 2002, 2008). All of these studies were
based on linkage maps constructed using low-throughput
molecular markers, e.g., restriction fragment length polymor-
phisms (RFLPs) and simple sequence repeats (SSRs)
(Dirlewanger et al. 1999; Dettori et al. 2001; Ogundiwin
et al. 2008). These maps are mostly low-density maps,
and QTLs placed on the maps are unable to provide
precise and complete information about the numbers and
the locations of the genes or QTLs controlling the traits.

Illumina GoldenGate genotyping assays were used in the
present study to develop oligonucleotide pool assays (OPAs),
with 90 % high quality SNPs, to genotype two mapping
populations derived from crosses between “Dr. Davis”×“-
Georgia Belle” (Pop-DG) and “Dr. Davis”×“F8,1-42” (Pop-
DF), a peach introgression line derived from an initial al-
mond×peach interspecific hybrid. SNP maps were generated
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for both populations and a consensus SNP map obtained by
combining the data from both populations. The SNP map,
obtained from Pop-DG, was used to perform QTL analysis of
fruit quality traits and chilling injury symptoms.

Materials and methods

Mapping population

Two mapping populations were used in this study. Pop-DF
was obtained from controlled crosses between the peach
cultivar “Dr. Davis” (female) and the hybrid “F8,1-
42”(peach×almond). “F8,1-42” has both almond (“Nonpa-
reil”) and peach (“Jungerman” and “Everts”) cultivars in its
lineage, resulting in a unique phenotype that is freestone
with non-melting flesh. Flesh firmness at maturity is com-
parable to the standard canning clingstone peach cultivar
“Dr. Davis”. The endoPG genotype (f1f1) which confers the
clingstone, nonmelting phenotype (Peace et al. 2005) is
identical in both “Dr. Davis” and “F8,1-42”, indicating that
the unique freestone trait was probably transferred to “F8,1-
42” from almond. Consequently, “F8,1-42” is the closest
breeding line to the desired but previously unavailable free-
stone, firm flesh genotype. “Dr. Davis” is a clingstone, non-
melting, non-mealy, yellow flesh cultivar expressing low
flesh browning potential and low fruit aromatics. The initial
mapping population consisted of 117 F1 individuals. After
SNP screening, 69 progeny individuals were used for map
construction. The second mapping population, Pop-DG, is
an intra-specific cross between “Dr. Davis” (female) and
“Georgia Belle” (male) cultivars. “Georgia Belle” is consid-
ered a founder for many modern freestone cultivars express-
ing freestone, melting, white flesh, high flavor, mealy
texture, and considerable flesh browning. This second pop-
ulation consisted of 55 F1 individuals and was previously
mapped with 211 SSRs, SRAPs and other markers
(Ogundiwin et al. 2009). For genotyping of Pop-DF,
five separate DNA samples of “Dr. Davis” and three
DNA samples of “F8,1-42” were analyzed; the same
replicates of “Dr. Davis” and two “Georgia Belle” sam-
ples were used for genotyping Pop-DG.

Peach DNA isolation and quantification

DNA was extracted from new leaves by the CTAB method
(Doyle and Doyle 1987), modified by the addition of 1 % 2-
mercaptoethanol to the isolation buffer. A preliminary quan-
tification of DNA was determined after electrophoresis on
1 % agarose gels by comparison against a λ HindIII standard
of known concentration (Peace et al. 2005) (note: the Gold-
enGate® Genotyping assay requires using at least 15 μl of
50 ng/μl DNA per sample).

The samples were sent to the DNA Technologies Core at
the UC Davis Genome Center (http://dnatech.genomecenter.-
ucdavis.edu/dna_quant.html), and a second DNA quantifica-
tion was done on a Molecular Devices Analyst plate reader
with PicoGreen (Invitrogen Molecular Probes).

Discovery and selection of SNPs

A set of 6,654 high-quality SNPs was developed under the
framework of the “Integration of genomic tools for next
generation peach and almond cultivar development”
USDA-NRI project at UC Davis. SNPs were obtained by
generation of whole genome sequence for “Dr. Davis”,
“F8,1-42”, and “Georgia Belle” using both Roche 454 and
Ilumina-Solexa technologies (Ahmad et al. 2011). Assembly
and alignment were done according to Ahmad et al. (2011).
The SNPs were selected to be evenly distributed across the
genome from a larger SNP set of 6,654 peach SNPs (ap-
proximately 1 SNP/40,000 nucleotides). SNPs for mapping
Pop-DF were selected so that the SNPs were heterozygous
in only one parent (providing 1:1 segregation ratios), with
the heterozygous SNPs distributed evenly between the two
parents. When applied to Pop-DG, a large number of these
SNPs were found to be heterozygous for both parents,
providing 1:2:1 segregation ratios. SNPs were also evaluat-
ed with a “design” score generated by Illumina, which
attempts to predict the probability of success when used in
a GoldenGate® assay. SNPs with scores01.1 were used for
mapping.

SNPs were named starting with “UCD” for the University
of California, Davis, followed by “SNP” for the marker type
and the number of their order in the OPA (UCD_SNP_XX).
Once the final SNPs were selected, their reproducibilities and
heritabilities were examined for each population. Linkage
groups were constructed from the final set of most informative
markers and individuals from each population. SNP descrip-
tions are provided in supplemental files 1 and 2, referenced to
the SNP entries in the NCBI SNP database at http://
www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?handle-
UCDAVISBIOINFO, and addressed in the range NCBI-
dbSNP:275372743 to NCBI-dbSNP:275395485.

Development of the oligonucleotide pool (OPA)
for the GoldenGate® assay

Oligonucleotides were designed, synthesized, and assembled
into this OPA by Illumina Inc. The peach “GS0012410-
OPA.opa” consisted of 1,536 SNPs and was used to genotype
the Pop-DF and Pop-DG populations. This is a unique set of
SNP oligonucleotides developed for this project but could be
applied to any number of peach mapping/evaluation projects.

Tree Genetics & Genomes (2013) 9:19–36 21

http://dnatech.genomecenter.ucdavis.edu/dna_quant.html
http://dnatech.genomecenter.ucdavis.edu/dna_quant.html
http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?handle=UCDAVISBIOINFO
http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?handle=UCDAVISBIOINFO
http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?handle=UCDAVISBIOINFO


SNP genotyping

The SNPs were evaluated in an Illumina GoldenGate®
Genotyping assay (Fan et al. 2003) with the iScan readout
at the UC Davis Genome Center. The results were analyzed
with GenomeStudioTM Genotyping Module v1.0 from Illu-
mina (Fig. 1). The SNPs were manually edited and removed
from the analysis if clustering (segregation) errors in the
parents/progeny distributions were observed, as described in
the Infinium® Genotyping Data Analysis from Illumina®
Technical Note (www.illumina.com), except that the Gen-
Call score threshold level for inclusion of data into clusters
was changed from 0.15 to 0.25 (Higher GenCall scores
indicate that the data points are more reliable and can be
included in a specific cluster with more confidence). The
deviations from expected allelic Mendelian inheritance ra-
tios at all loci for each progeny were measured as parent-
parent-child (P-P-C) heritability for each progeny individu-
al. P-P-C heritability is defined by GenomeStudio as the
number of SNPs placed as correct by Mendelian inheritance
divided by the total number of SNPs for each progeny
individual. (note: this is not quantitative heritability of a
trait as conventionally defined).

Map construction

A variation of the “two-way pseudo-testcross” approach of
Grattapaglia and Sederoff (1994) was used to construct the
genetic linkage map from the selected group of SNP
markers. SNPs, homozygous in one parent and heterozy-
gous in the other, were chosen to be evenly distributed
across the genome using the “peach v1.0” reference genome
(released by the International Peach Genome Initiative
(IPGI) in 2010 and available in http and ftp repositories at
phytozome v7.0 (http://www.phytozome.net/peach.php)),
with approximately equal numbers of heterozygous loci
distributed in each parent. Linkage analysis was performed
with JoinMap®4 (Stam 1993; Van Ooijen and Voorrips
2001). A minimum LOD of 3.0 and a maximum recombi-
nation fraction of 0.45 were used as thresholds (Ogundiwin
et al. 2009). Segregation distortion was tested using the chi-
square goodness-of-fit test (p>0.05). Recombination frac-
tions were converted to map distances in centimorgans (cM)
using the Kosambi mapping function (Kosambi 1943). The
marker data type was coded as cross-pollination (CP) in
JoinMap®4. Markers that had suspect linkages, as defined
by a recombination frequency >0.7 and a LOD >1 (Van
Ooijen JW, personal communication), were removed from
further analysis. The maps were calculated without adding
the marker order into the scaffolds. Once both maps were
obtained, the Combine Groups for Map Integration function
from the JoinMap®4 menu was used to find the consensus
SNP map using the regression mapping algorithm. (note:

map integration is not straightforward if both populations do
not have all loci in common (JoinMap®4 Manual (Van
Ooijen and Voorrips 2001). The final charts of each linkage
group were produced using MapChart 2.2 (Voorrips 2002)).

Comparison of the position of the SNPs in the physical
and genetic map

The 1,536 SNPs included in the OPA were ordered by
reference to their physical position on the “peach v1.0”
genome. The set of SNPs mapped in each linkage group
for both populations were aligned with their position in the
physical map to evaluate the colliniarity among the linkage
and physical maps, using MapChart 2.2 (Voorrips 2002).

Phenotypic data and QTL analysis in Pop-DG

Pop-DG segregated for two Mendelian morphological traits:
freestone melting flesh/clingstone non-melting flesh (F–M
locus), white/yellow flesh color (Y locus). These traits were
scored visually.

The three major variables used to describe chilling injury
(CI) symptoms, mealiness (M), flesh browning (FBr), and
flesh bleeding (FBL), were evaluated as described by
Martínez-García et al. (2012). Parents and progeny indi-
viduals were monitored for three successive years. At
commercial maturity, 15 sound fruits were harvested per tree
and immediately taken to the laboratory for evaluation. Each
fruit was treated with a fungicide dip, 1.2 gL−1 of iprodione,
cold-stored under CI-inducing condition (5°C for 2 weeks),
and then ripened at room temperature to assess CI symptom
expression. Each tree was classified as producing fruit that
were either freestone or clingstone, melting or non-melting
flesh, and white or yellow flesh.

The rank sum test of Kruskal–Wallis (K–W) (test non-
parametric equivalent of the one-way analysis of the vari-
ance) and χ2 contingency table were performed for
freestone-melting flesh (F-M) and yellow flesh (Y) traits
against each SNP, separately, to establish the strength of
linkage at individual SNP loci. The K-W test ranks all
individuals according to the quantitative trait, while it clas-
sifies them according to their marker genotype. A stringent
significance level (P value) similar or higher than 0.005 was
used to identify markers significantly associated with both
traits by the Kruskal–Wallis test (Van Ooijen 2004).

QTL analysis of M, FBr, and FBL was performed with
MapQTL® 5.0 (Van Ooijen 2004). Permutation test, interval
mapping (IM), and multiple QTL model (MQM) mapping
strategies were used to detect significant associations be-
tween chilling injury symptoms and marker loci in the data
sets. The likelihood value for presence of a QTL was
expressed as a LOD (log of odds) score. The significant
thresholds for genome wide (including all groups) and
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individual per linkage group were calculated by permutation
test (with a 10,000-permutation test). The genome-wide sig-
nificance threshold at P value 0.05 (or 5 %) and 0.01 (or 1 %)
was used to detect significant QTLs or highly significant
QTLs, respectively. The linkage-group-wide significance lev-
el of 5 %, a less stringent threshold than used for previous
analyses, was used to detect suggestive QTLs (QTLs that may
be associated with phenotype but are not strongly supported,
statistically). Suggestive QTLs are included for future study
by peach researchers. When many SNPs markers were
mapped in the same position (perfect linkage) only one mark-
er, representing each specific haplotype block, was used in the
QTL analysis to reduce computing time, all makers in each

haplotype block show the same percentage of variance
explained. A previous QTL study was conducted in the same
population by Ogundiwin et al. (2007).

Results

SNP genotyping

The output of the Illumina GenomeStudio® Genotyping
module should consist of two distinct progeny clusters with
1:1 AA or BB and AB allele segregation ratio 1:1 (Fig. 1a),
identifying one parent as homozygous for A or B alleles and

Fig. 1 Scoring genotyping data
using GenomeStudio®
Genotyping module. a
UCD_SNP_548 shows a
typical score with two distinct
clusters (AA, AB), progeny
distribution expected for a
segregation ratio 1:1. b
UCD_SNP_1252 shows a
segregation ratio 1:1 (AA o
AB) but also typical parent-
parent-child heritability errors
with the presence of cluster BB
(in this case, 16 samples pre-
sented an unexpected genotype)
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the other as heterozygous for A and B alleles (Ahmad
et al. 2011). In some cases, the output graphs showed
three clusters, which indicate that both parents were
heterozygous (AB). Cluster separation scores were used
to indicate SNP quality (SNPs with a cluster separation
score lower than 0.3 were removed) and data points
ambiguously located between these clusters were scored
as missing data (data with a GenCall score lower of
0.25). Acceptable SNPs had scores ≥0.5 in GenTrain,
Heterozygote Excess values ≥−0.3, and Minor Allele
Frequency values ≥0.08 (all scores are listed in supple-
mental file 1 and 2).

Pop-DF results: 1,400 of the 1,536 SNPs represented on
the Illumina OPA (∼91.14 %) were selected for mapping
after screening with the Illumina retention scores. Of these,
528 SNPs (37.71 %) were homozygous for “Dr. Davis” and
heterozygous for “F8,1-42”, while 837 SNPs (59.79 %)
were heterozygous for “Dr. Davis” and homozygous for
“F8,1-42”. Thirty five SNPs (2.50 %) were heterozygous
in both parents.

Pop-DG results: 962 of 1,536 SNPs tested (∼62.6 %)
were selected for mapping after screening with the
Illumina retention scores. Of these, 130 SNPs
(13.51 %) were homozygous for “Dr. Davis” and het-
erozygous for “Georgia Belle” , and 422 SNPs
(43.87 %) were heterozygous for “Dr. Davis” and ho-
mozygous for “Georgia Belle”. A significant proportion
of SNPs (408 or 42.41 % versus the 2.5 % from Pop-
DF) were heterozygous in both parents. A larger num-
ber of heterozygotes was observed in Pop-DG because
the original SNP selection criteria of homozygote/het-
erozygote parental SNPs was applied to the Pop-DF
parents and many of the “F8,1-42” homozygous SNPs
were heterozygous in “Georgia Belle”. Two SNPs, rep-
resenting 0.21 % of the total set, were homozygous in
both parents and were removed from the study.

The P-P-C heritability values varied from 0.69 to 1.00
(Fig. 2) in Pop-DF. The lowest values of P-P-C heritability
ranged from 0.69 (for progeny DF-222) to 0.92 (for DF-
234). The lower heritabilities for some SNPs were due to
SNP call errors (Fig. 1b), with values from 430 to 101,
respectively, may be caused by the inclusions of “Dr. Davis”
selfed progeny in Pop-DF that were not eliminated in a prior
screen, or a low-level of contamination with foreign pollen.
Scoring errors (where the allelic values were miscalled in a
progeny individual) were observed for 800 heterozygous
SNPs for “Dr. Davis”. The maximum number of errors
was 26 observed in one SNP (UCD_SNP_70) followed by
a group of 12 SNPs that showed 19 errors (UCD_SNP_42,
UCD_SNP_123, UCD_SNP_130, UCD_SNP_339,
UCD_SNP_425, UCD_SNP_496, UCD_SNP_599,
UCD_SNP_627, UCD_SNP_1076, UCD_SNP_1241,
UCD_SNP_1316, and UCD_SNP_1378). Based on the P-

P-C heritability results, progeny with low heritability and
high error numbers were removed, leaving 69 individuals
with a heritability score of 1 and either zero or one error.
These individuals were considered to have highly reliable
and consistent inheritance of all loci (SNPs) used for
mapping.

Linkage map

Linkage results from JoinMap®4.0 showed that in Pop-DF,
122 out of 1,400 (8.7 %) SNP markers showed segregation
distortions (different from 1:1 or 1:2:1). As a result, these
122 SNPs were excluded from further map construction in
Pop-DF. In Pop-DG, segregation distortions were not ob-
served for any of the markers. To minimize spurious link-
ages, we used LODs of 5 or higher. The linkage groups were
named and oriented by reference to their positions on the
“peach v1.0” genome scaffolds, using the majority of the
markers present in each linkage group to align the 0 refer-
ence position on both maps.

Pop-DF SNP map

A final set of 1,278 markers was used for linkage
analysis in the Pop-DF population. The markers were
organized into nine linkage groups, since linkage group
G2 is represented by two unlinked segments (Fig. 3).
Two hundred forty-one SNP markers could not be
mapped with JoinMap®4. The total map distance was
442.24 cM, with 298 map positions (sites) for 1,037
SNPs. Approximately, 71 % of the mapped SNPs shared
map positions in this population, due to the absence of
recombination between some SNPs (co-segregating
markers). Marker sites denote the unique recombination
positions at which markers are found. Multiple markers

Fig. 2 Parent-parent-child heritability frequency from genomestudio
for all individuals in Pop-DF
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are found at each marker site, where no recombination
occurred between them (also can be considered to be
haplotype blocks). The average marker site density for
the 298 marker sites in the map was 1.48 cM/marker
site. In general, marker site density was variable among
linkage groups, from 1.01 cM/marker site in G7 and G2
to 3.57 cM/marker site in G2.1. The largest gap was
14.98 cM observed in G2.1. Two more large gaps of
13.54 and 8.44 cM were observed in G4 and G7,
respectively. The G1 linkage group was the longest,
80.67 cM, and linkage group 8 was the shortest,
15.43 cM. The other linkage groups were from 17.22
(G2.1) to 70.33 (G4) cM in length.

The linkage positions of 54 SNP markers in the linkage
maps differed from their positions as defined from the “peach
v1.0” scaffold (Table 1). The “peach v1.0” draft assembly
consists of eight major scaffolds corresponding to the eight

peach linkage groups and a number of minor scaffolds, which
are DNA tracts that could not be connected to any of the eight
major scaffolds during the assembly process. From the con-
struction of the linkage maps, the approximate location of
some of these minor assemblies in the eight major scaffolds
can be deduced as shown in Table 1.

Linkage group G1 had one SNP from scaffold three
(UCD_SNP_150) , two SNPs f rom sca f fo ld 15
(UCD_SNP_184, 1384), and one SNP from scaffold 127
(UCD_SNP_889). In linkage group G2, 20 SNPs from scaf-
fold four changed position (UCD_SNP_68, 101, 470, 681,
714, 793, 796, 816, 886, 891, 969, 991, 1017, 1050, 1057,
1236, 1256, 1395,1489, and 1500), as did eight SNPs from
scaffold seven (UCD_SNP_178, 499, 620, 638, 684, 863,
958 , and 1166) , one SNP from scaffo ld e igh t
(UCD_SNP_128), and five SNPs from scaffold 12
(UCD_SNP_406, 607, 786, 1495, and 1342). In linkage group
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Fig. 3 A SNP map of Pop-DF constructed using JoinMap®4.0. Numb-
ers on the left side show the distance in centiMorgans from the top of
each chromosome. Detailed information about these markers is avail-
able in supplemental file 1. In linkage group G1, markers shown in
blue come from scaffold three, markers shown in bold come from

scaffold 15, and markers shown in red come from scaffold 127. In
G2, markers in bold come from scaffold 4, red from scaffold 7, blue
from scaffold 12, and orange from scaffold 8. In G3, markers in bold
come from scaffold 4 and G8 markers in bold come from scaffold 53
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G3, 14 SNPs changed from scaffold four (UCD_SNP_19, 41,
238, 257, 321, 364, 373, 420, 437, 896, 1016, 1289, and
1450) and in linkage group G8, one SNP changed from
scaffold 53 (UCD_SNP_126).

Pop-DG SNPs map

There were 11 linkage groups for Pop-DG because linkage
groups G2, G4, and G6 had two unlinked segments (Fig. 4).

Table 1 Discrepancies in
placement of SNPs between
mapped positions and reported
locations on “peach v1.0” as-
sembly (the number of SNPs
found on physical map scaffolds
different than those expected
from the SNP locations in the
linkage maps are shown)

Linkage group: Pop-DF Pop-DG Consensus Map

G1 G2 G3 G8 G1 G2 G3 G7 G1 G2 G3 G7 G8

Scaffold3 1 – – – – – – – 1 – – – –

Scaffold4 – 20 14 – – – 6 – – 1 6 – –

Scaffold7 – 8 – – – – – – – – – – –

Scaffold8 – 1 – – – – – – – – – – –

Scaffold12 – 5 – – – 2 – – – 2 – – –

Scaffold15 2 – – – 2 – – – 3 – – – –

Scaffold53 – – – 1 – – – – – – – – 1

Scaffold62 – – – – – – – 1 – – – 1 –

Scaffold127 1 – – – – – – – – – – – –

UCD_SNP_670.0

UCD_SNP_11181.7

UCD_SNP_10112.0

UCD_SNP_11975.2
UCD_SNP_501
UCD_SNP_6186.5

UCD_SNP_11897.1
UCD_SNP_8717.7
UCD_SNP_9717.8
UCD_SNP_812
UCD_SNP_450

7.9

UCD_SNP_9
UCD_SNP_414
UCD_SNP_82
UCD_SNP_199

UCD_SNP_418
UCD_SNP_500
UCD_SNP_589
UCD_SNP_837
UCD_SNP_901
UCD_SNP_1022
UCD_SNP_1068

UCD_SNP_1107
UCD_SNP_1230
UCD_SNP_1300
UCD_SNP_1329
UCD_SNP_1339
UCD_SNP_1388
UCD_SNP_1402
UCD_SNP_432

UCD_SNP_856
UCD_SNP_1437

8.1

UCD_SNP_11528.5
UCD_SNP_2709.6

UCD_SNP_1120
UCD_SNP_12460.0

UCD_SNP_12960.7
UCD_SNP_202

UCD_SNP_274
UCD_SNP_380
UCD_SNP_435
UCD_SNP_505
UCD_SNP_892
UCD_SNP_967
UCD_SNP_1014
UCD_SNP_1281

0.8
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UCD_SNP_2819.2
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UCD_SNP_221 UCD_SNP_224
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UCD_SNP_634 UCD_SNP_954
UCD_SNP_1065 UCD_SNP_1239
UCD_SNP_1394 UCD_SNP_713
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10.3
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UCD_SNP_77 UCD_SNP_269
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UCD_SNP_771 UCD_SNP_813
UCD_SNP_845 UCD_SNP_1001
UCD_SNP_1163 UCD_SNP_1260
UCD_SNP_267 UCD_SNP_419
UCD_SNP_853 UCD_SNP_876
UCD_SNP_956 UCD_SNP_1228
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Fig. 4 A SNP map of Pop-DG constructed using JoinMap®4.0. Numb-
ers on the left side show the distance in centiMorgans from the top of each
chromosome. Detailed information about these markers is available in

supplemental file 2. In G1, markers shown in bold come from scaffold 15.
In G2, markers in bold come from scaffold 12. In G3, markers in bold
come from scaffold 4. In G7, markers bold come from scaffold 62
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The total distance covered by this map was 369.79 cM. A
total of 51 % of the SNPs (co-segregating markers) shared
common positions in this population, with 363 unique map
positions observed for the 738 SNPs mapped. The average
density, not counting multiple markers at a single map
location, was 1.02 cM/marker site. Marker site density var-
ied among linkage groups, from 0.63 cM/marker site in
G4.1 to 2.73 cM/marker site in G5. The largest gap was
15.57 cM in G6; two more large gaps of 12.46 and 11.56 cM
were observed in G1 and G4, respectively. Linkage group
G1 was the longest at 65.88 cM and linkage group G8, the
shortest at 27.28 cM; the rest varied between 9.55 cM
(G2.1) and 44.11 cM (G5).

Eleven SNPs markers were found in different locations
on the linkage map than would be expected from their
positions in the “peach v1.0” scaffold alignments (Table 1);
a majority of these positional differences were also found in
Pop-DF. Linkage group G1 contained two SNPs from

scaffold 15 (UCD_SNP_1384 and UCD_SNP_1294). In
linkage group G2, there were two SNPs from scaffold 12
(UCD_SNP_722 and UCD_SNP_1342). In linkage group
G3 were six SNPs from scaffold four (UCD_SNP_19,
UCD_SNP_373, UCD_SNP_896, UCD_SNP_1016,
UCD_SNP_1289, and UCD_SNP_1450) and in linkage
group G7, one SNP came from scaffold 62 (UCD_SNP_848).

Consensus SNPs map

The consensus SNP map showed the expected eight linkage
groups (G1 to G8) previously observed in peach. The map
of 588 SNPs covered 454.80 cM, with 4.1 % of markers co-
segregating and 564 unique map positions (Fig. 5). The
average density was 0.81 cM/marker site. Marker site den-
sity varied among linkage groups, from 0.59 cM/marker site
in G1 to 1.91 cM/marker site in G8. The largest gap was
14.25 cM, observed in G2, with three additional large gaps
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Fig. 5 A consensus SNPs map in peach derived from Pop-DF and
Pop-DG was constructed using JoinMap®4.0. Numbers on the left
side show the distance in centiMorgans from the top of each
chromosome. Detailed information about these markers is avail-
able in supplemental file 1 and 2. In G1, blue marker comes from

scaffold 3 and bold markers come from scaffold15. In G2, bold
markers come from scaffold 12 and blue from scaffold 4. In G3,
bold markers come from scaffold 4. In G7 and G8, bold markers
come from scaffold 62 and 53, respectively
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of 12.04, 9.18, and 8.98 cM in G8, G6, and G7, respectively.
Linkage group G1 was the longest, spanning 75.90 cM, and
linkage group G8 was the shortest covering 32.60 cM. The
length of the other groups varied between 48.02 cM for G6
and 66.85 cM for G3.

Fifteen SNPs had a change in position in the con-
sensus SNP map, compared to their locations in the
original scaffold alignments (Table 1). Linkage group
G1 included three SNPs (UCD_SNP_184, 1294, 1384)
from scaffold 3 and one SNP (UCD_SNP_150) from scaf-
fold 15. Linkage group G2 included two SNPs from scaffold
12 (UCD_SNP_722 and UCD_SNP_1342) and one SNP
from scaffold 4 (UCD_SNP_1395). Linkage group G3 had
six SNPs from scaffold 4 (UCD_SNP_19, UCD_SNP_41,
UCD_SNP_321, UCD_SNP_373, UCD_SNP_976, and
UCD_SNP_1450). Linkage group G7 had UCD_SNP_848

from scaffold 62. Group G8 had UCD_SNP_126 from scaf-
fold 53.

Comparison of SNP physical positions in scaffold
alignments and genetic positions in linkage maps

Mapped SNPs in Pop-DF suggest the presence of inver-
sions based on their physical positions on the “peach
v1.0” alignments. Linkage groups three, four, and six
had high numbers of inversions based on physical and
genetic maps of Pop-DF. In Pop-DG, the linkage groups
with the most possible inversions were two, four, and
seven. The linkage groups one, five, seven, and eight
show high homology with the “peach v1.0” physical
map in both populations (Fig. 6).
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Fig. 6 Comparison of the positions of SNPs in the scaffolds of “peach v1.0” with their position in the genetic maps obtained for Pop-DF and Pop-DG.
The physical map for each chromosome is shown in blue
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QTL detection

The results obtained from the nonparametric Kruskal–
Wallis and χ2 contingency table tests for yellow flesh
(Y) revealed that 30 SNP markers from linkage group 1
(LG1) were strongly associated with this trait (Fig. 7,
Table 2); all of these markers were very highly signif-
icant (P<0.005). The significant markers associated with
Y were located in 19 different regions from qYL1.1 to
Y 1.19, distributed through LG1. UCD_SNP_759,
UCD_SNP_242 and UCD_SNP_692 showed the great-
est K–W values; 28.15 for the first one and 23.4 for the
last two. The SNP marker UCD_SNP_759 was located
in qYL1.16 region (30.169 cM) and UCD_SNP_242
and UCD_SNP_692 in qYL1.11 region (28.93 cM).

Thirteen SNPswere significantly associatedwith freestone-
melting flesh (F-M) on linkage group 4 (LG4). These markers
were located in six different regions from qF-ML4.1 to qF-
ML4.6 on LG4 (Fig. 7, Table 3). This QTL appeared to be
spread across several markers starting from UCD_SNP_454
toUCD_SNP_1172, spanningabout60%of the lengthofLG4.
The regions qF-ML4.4 (35.98 cM), qF-ML4.5 (37.73 cM), and
qF-ML4.6 (39.39 cM) contain four different SNPs markers
UCD_SNP_ 1084, UCD_SNP_1441, UCD_SNP_56,
UCD_SNP_1172, which had high K–W values for F-M. The
SNPmarkersUCD_SNP_1084andUCD_SNP_1441, located
in qF-ML4.4, had the highest K–Wvalues.

The genome-wide LOD significance thresholds for the CI
variables were obtained using permutation tests. The values
were 5.0, 7.0, and 4.5 for mealiness (M), flesh bleeding
(FBL), and flesh browning (FBr), respectively, while the

linkage-wide-group LOD significance threshold varied from
2.6 to 2.7.

One highly significant (P<0.01 for genome-wide signifi-
cance) and four suggestive (linkage-group-wide significant)
QTLs were detected by the whole genome scan. One highly
significant QTL (qML4) was detected for M on LG4. The
qML4 was detected near markers UCD_SNP_1084 and
UCD_SNP_1441. The phenotype variance explained by these
loci was 58.8 %. The suggestive QTL for M in LG1, qML1,
was detected on the region near marker UCD_SNP_1032; this
locus explained 80.9 % of the observed phenotypic variance
of this trait (Table 4). The SNP marker UCD_SNP_297 was
also close to qML1 and explained 80.9 % (LOD 4.16) of the
observed phenotypic variance (data not shown).

Two suggestive QTLs for FBL and one for FBr (spread
over a large part of LG5) were located on LG1, LG4, and
LG5 (Fig. 7), respectively. The two QTLs (qBL1 and
qBL4) for FBL explained around 30 % and 34 % of the
phenotypic variance; several markers were significantly
associated with the QTLs. For qBL1, the markers
UCD_SNP_821, UCD_SNP_1507, UCD_SNP_641,
UCD_SNP_ 1347, UCD_SNP_1067 explained between
25.5 % and 30.9 % of the phenotype variance observed.
Fo r qBL4 , SNP marke r s UCD_SNP_1084 and
UCD_SNP_1441 explained 33.6 % of the phenotype var-
iance observed. These loci were also significantly associ-
ated with freestone-melting flesh (qF-ML4.4) and M
(qML4) on LG4 (Table 4).

The QTL for FBr on LG5 (qBrL5) was associated
with several markers. The most significant markers
explained between 29.2 % and 35.8 % of the phenotype

Fig. 7 QTL and haplotype blocks obtained for fruit quality and chill-
ing injury symptoms in Pop-DG. a QTL for yellow flesh (Y), meal-
iness (M), and flesh bleeding (FBL) in linkage group 1 (LG1). b QTL
for freestone-melting flesh (F-M), mealiness (M), and flesh bleeding

(FBL) in linkage group 4 (LG4). c QTL for flesh browning (FBr) in
linkage group 5 (LG5), horizontal lines highlight the positions with
high percentage of variance explained

Tree Genetics & Genomes (2013) 9:19–36 29



variance for this trait (Table 4). Four haplotype blocks
were associated with fruit quality (two in LG1 for
yellow flesh and two in LG4 for F-M) and one haplo-
type block was associated with flesh browning in LG5.
The description of each haplotype block, name of SNPs,
base and positions on the scaffolds are shown in
Fig. 7.

Discussion

The 6,654 high quality SNPs selected from two genetically
distinct cultivars of peach (“Dr. Davis” and “Georgia Belle”)
and one interspecific breeding line (“F8,1-42”) of the peach
breeding program at UC Davis (Ahmad et al. 2011) were
validated by selection of 1,536 SNPs (from Pop-DF parents)

and generation of two separate linkage maps, both of which
showed a high level of homology with the draft “peach
v1.0” physical map (Fig. 6).

The high-throughput Illumina GoldenGate protocol was
used to evaluate 1,536 SNPs in peach for map generation.
Of the 1,536 SNP loci, 1,400 (91.14 %) were successfully
validated for genotyping Pop-DF and 962 (62.63 %) for
Pop-DG genotyping. The large number of mapped SNP
markers generated from this oligonucleotide assay pool
demonstrates the efficacy of identifying SNPs from parent
genome sequencing in peach. The 1,407 true SNPs from
both populations, combined, represent 92 % of the SNPs
evaluated, with only an 8 % error rate. This percentage was
lower than the previously observed (36 %) error rate in
rhesus macaque [Zimmermann] (Malhi et al. 2007). As
observed in other crops such as barley (Rostoks et al.

Table 2 SNP markers and posi-
tions associated with yellow
flesh (Y)

a**: 0.05; ***: 0.01; ****:
0.005; *****: 0.001; ******:
0.0005; *******: 0.0001
bDf degree of freedom
cK Kruskal–Wallis test statistic
(Lehmann 1975)

Markers Name Kruskal–Wallisa Contingency tablea

LG Position Kb Dfc Significance χ2 Significance

UCD_SNP_1294 qYL1.1 1 6.488 15.391 1 ******* 15.71 *****

UCD_SNP_1480 qYL1.2 1 8.163 13.25 1 ****** 13.52 *****

UCD_SNP_1384 qYL1.3 1 8.226 12.485 1 ****** 12.74 *****

UCD_SNP_154 qYL1.4 1 9.636 11.308 1 ***** 11.54 *****

UCD_SNP_960 qYL1.5 1 11.639 9.486 1 **** 9.68 ***

UCD_SNP_307 qYL1.6 1 13.197 9.486 1 **** 9.68 ***

UCD_SNP_48 qYL1.6 1 13.197 9.486 1 **** 9.68 ***

UCD_SNP_158 qYL1.6 1 13.197 9.486 1 **** 9.68 ***

UCD_SNP_431 qYL1.6 1 13.197 9.486 1 **** 9.68 ***

UCD_SNP_690 qYL1.6 1 13.197 9.486 1 **** 9.68 ***

UCD_SNP_1266 qYL1.7 1 19.567 14.052 2 ***** 14.33 *****

UCD_SNP_263 qYL1.8 1 20.609 22.658 1 ******* 23.12 *****

UCD_SNP_304 qYL1.9 1 27.88 22.82 2 ******* 23.29 *****

UCD_SNP_191 qL1.10 1 28.687 22.12 2 ******* 22.57 *****

UCD_SNP_241 qL1.10 1 28.687 22.12 2 ******* 22.57 *****

UCD_SNP_571 qYL1.10 1 28.687 22.12 2 ******* 22.57 *****

UCD_SNP_804 qYL1.10 1 28.687 22.12 2 ******* 22.57 *****

UCD_SNP_1291 qYL1.10 1 28.687 22.12 2 ******* 22.57 *****

UCD_SNP_1279 qYL1.10 1 28.687 22.12 2 ******* 22.57 *****

UCD_SNP_692 qYL1.11 1 28.931 23.447 2 ******* 23.93 *****

UCD_SNP_242 qYL1.11 1 28.931 23.447 2 ******* 23.93 *****

UCD_SNP_545 qYL1.12 1 29.184 21.12 2 ******* 21.57 *****

UCD_SNP_1427 qYL1.13 1 29.349 22.447 2 ******* 22.93 *****

UCD_SNP_1154 qYL1.14 1 29.693 22.82 2 ******* 23.28 *****

UCD_SNP_527 qYL1.14 1 29.693 22.82 2 ******* 23.28 *****

UCD_SNP_1411 qYL1.15 1 29.932 21.425 2 ******* 21.87 *****

UCD_SNP_759 qYL1.16 1 30.169 28.153 2 ******* 28.72 *****

UCD_SNP_43 qYL1.17 1 33.001 15.167 2 ***** 15.47 *****

UCD_SNP_1186 qYL1.18 1 33.097 18.329 2 ****** 18.7 *****

UCD_SNP_45 qYL1.19 1 35.303 15.124 2 ***** 15.43 *****
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2006), tomato (Shirasawa et al. 2010), soybean (Hyten et al.
2008), and maize (Jones et al. 2009), these results confirm
that the GoldenGate assay can be used in peach to evaluate
SNPs and create a high-density genetic linkage map. While
SNPs were selected for 1:1 segregation (filter 3 in Ahmad et

al. 2011), some SNPs exhibited a 1:2:1 segregation ratio,
especially in Pop-DG, showing that both Pop-DG parents
were heterozygous for that group of SNPs. Therefore, the
selection of SNPs with particular allelic composition in one
cross cannot be used to guarantee the applicability of those

Table 3 Number of SNP
markers and positions associated
with freestone-melting flesh
(F-M)

a**: 0.05; ***: 0.01; ****:
0.005; *****: 0.001; ******:
0.0005; *******: 0.0001
bK Kruskal–Wallis test statistic
(Lehmann 1975)
cDf degree of freedom

Markers Name Kruskal–Wallisa Contingency tablea

LG Position K* Df Significance χ2 Significance

UCD_SNP_454 qF-ML4.1 4 3.157 7.955 1 **** 8.12 **

UCD_SNP_507 qF-ML4.1 4 3.157 7.955 1 **** 8.12 **

UCD_SNP_705 qF-ML4.1 4 3.157 7.955 1 **** 8.12 **

UCD_SNP_1195 qF-ML4.1 4 3.157 7.955 1 **** 8.12 **

UCD_SNP_273 qF-ML4.2 4 15.36 20.364 1 ******* 18.26 *****

UCD_SNP_754 qF-ML4.2 4 15.36 20.364 1 ******* 18.26 *****

UCD_SNP_1432 qF-ML4.2 4 15.36 20.364 1 ******* 18.26 *****

UCD_SNP_546 qF-ML4.2 4 15.36 20.364 1 ******* 18.26 *****

UCD_SNP_1416 qF-ML4.3 4 24.329 29.126 1 ******* 26.69 *****

UCD_SNP_1084 qF-ML4.4 4 35.891 45.16 1 ******* 42.25 *****

UCD_SNP_1441 qF-ML4.4 4 35.891 45.16 1 ******* 42.25 *****

UCD_SNP_56 qF-ML4.5 4 37.729 41.368 1 ******* 38.57 *****

UCD_SNP_1172 qF-ML4.6 4 39.389 36.962 1 ******* 34.28 *****

Table 4 Identification of QTLs controlling mealiness, bleeding, and browning in the F1 population from “Dr Davis”×“Georgia Belle”

Traits QTL
name

Flanking markers Most significant markers LOD score (Max) and
(position (cM))

LOD threshold R2

Genome-
wide

Linkage-
group-wide

Mealiness qML1 UCD_SNP_866–
592

UCD_SNP_1032 4.18 (51.06) 5.0 2.7 80.9

qML4.1 UCD_SNP_1416–
1172

UCD_SNP_1084 8.74a (35.891) 5.0 2.7 58.8
UCD_SNP_1441

Bleeding qBL1a UCD_SNP_779–
973

UCD_SNP_821 3.86 (17.28) 7.0 2.7 29.9
UCD_SNP_1507

qBL1b UCD_SNP_1472–
366

UCD_SNP_641
UCD_SNP_1347

3.19 (18.80) 7.0 2.7 25.5

qBL1c UCD_SNP_547–
904

UCD_SNP_1067 3.22 (23.96) 7.0 2.7 30.9

qBL4.1 UCD_SNP_1416–
1172

UCD_SNP_1084
UCD_SNP_1441

4.45 (35.891) 7.0 2.7 33.6

Browning qBrL5 UCD_SNP_438–
140

UCD_SNP_46 3.72 (9.50) 4.5 2.6 29.2

UCD_SNP_265 4.07 (13.59) 4.5 2.6 34.3

UCD_SNP_1201 3.94 (17.73) 4.5 2.6 35.0

UCD_SNP_1295 4.08 (20.41) 4.5 2.6 33.4

UCD_SNP_872 3.09 (23.84) 4.5 2.6 32.1

UCD_SNP_1422 4.42 (29.56) 4.5 2.6 35.8

UCD_SNP_240 4.28 (34.46) 4.5 2.6 34.8

For each QTL detected, the linkage group maximum LOD score, and percentage of variance explained (R2 ) are indicated. The genome-wide LOD
significance threshold are 5.0 mealiness, 7.0 for bleeding, and 4.5 for browning
a Highly significant QTL

Tree Genetics & Genomes (2013) 9:19–36 31



SNPs in other crosses for which sequence data is not avail-
able. However, the results of this study show that a large
number of the selected SNPs are transferable, and while the
same SNPs will not be useful in all crosses, it appears that a
significant majority will be transferable to different crosses.
Hyten et al. (2008) showed that soybean SNPs with a >0.1
minor allele frequency (MAF) could be useful for marker-
assisted selection, QTL mapping and association analysis.
Only 91 SNPs from the 1,400 SNP set of Pop-DF show values
between 0.088 and 0.099, the rest of the SNPs in both popu-
lation show values of MAF greater than 0.1.

Low P-P-C heritability frequencies were found in 48
individuals of Pop-DF. They are probably due to relatively
few SNPs that contributed most of the errors. Sources of
these errors could be errors in OPA construction, priming,
optical reading, or the location of SNPs in highly mutable
regions of the genome. A morphological analysis for the
presence of nectarines (Glabrous (G) locus (Bailey and French
1949)) was performed in Pop-DF; only two (DF-154 and DF-
120) were found and were not included in this study. Since
Glabrous is recessive and “Dr. Davis” is heterozygous for the
G locus, with a segregation ratio of 1:2:1, six additional
individuals in the original mapping population of 117 progeny
were known to be selfs. These were eliminated during the
removal of the 48 progeny with low quality scores. Low
numbers of “Dr. Davis” selfed progeny were observed in a
prior study (Peace et al. 2005) when “Dr. Davis”was used as a
female parent. The authors of that paper used SSR locus
BPPCT-018 to identify 18 “Dr. Davis” selfed progeny in a
different mapping population. We used the same marker to
screen the 48 Pop-DF individuals removed from the analysis
due to low quality scores. Only two genotypes had the
expected selfed genotypes (data not shown).

Three genetic maps were obtained from the final edited
set of SNPs. The genetic distance of each was intermediate
compared to previously published peach and almond maps:
smaller than the 519-cM TxE map (Prunus reference map)
(Dirlewanger et al. 2004). However, the consensus map was
denser, at 0.81 cM/marker site (unique map position), than
all previous maps. Despite the high number of SNP markers
used, the map length was unchanged, principally because
the number of progeny used from Pop-DF was reduced to
69. A large progeny set will be desirable for additional map
resolution and funding is being sought for that effort.

The segregation distortion ratio computed by Join-
Map®4.0 in Pop-DF and Pop-DG was lower (8.7 %
and 0 %, respectively) than the 18.5 % observed in a
cross of two closely related species, P. persica and
Prunus ferganensis (Kostov and Rjabov) Kovalev and
Kostov (Dettori et al. 2001). The Pop-DG values were
very similar to the 2 % reported from an intraspecific
cross of “Ferjalou Jalousia®”×“Fantasia” (Dirlewanger
et al. 1998). The distortion in Pop-DF may be explained

by the inter-specific nature of the peach×(almond×
peach) progeny. In addition, the low distortion observed
could be a consequence of the high selection pressure
used to select the SNPs as recommended by the Infin-
ium® Genotyping Data Analysis from Illumina® Tech-
nical Note (www.illumina.com).

Results from the comparison of genetic map and physical
genome alignments confirm the efficiency of JoinMap®4.0
for mapping and further validate the results obtained for
each population. More studies must be carried out to deter-
mine if the large apparent number of inversions observed in
Pop-DF is a consequence of almond parentage in its back-
ground. This knowledge will be of increasing importance
with increased use of exotic germplasm to overcome the
limitations of a narrow germplasm base in crop breeding
programs.

Chromosomal translocation events in linkage group G2,
which had several SNPs from scaffold 4, were also identi-
fied by not using the “fixed order” option in JoinMap®4.0.
These may be similar or identical to previously reported
reciprocal translocations between almond and peach
(Jauregui et al. 2001). In the Pop-DF population, a possible
translocation event could be studied using anchor markers
from other populations of the same or related species. Com-
bining common anchor markers like SSRs with the high
number of SNPs mapped in this study will thus provide an
important new tool for the Prunus breeding community. The
marker information from this study will be made publicly
available through the Genome Database for Rosaceae
(GDR) as well as by reference to the supplemental tables
provided with this report.

The segregating QTLs obtained by K-W tests showed
the typical gradient towards the markers with the closest
linkage to the QTL. This nonparametric test is the best
option to analyze traits that present a non-normal distri-
bution or in the case of one trait present a clear segre-
gation distortion. The simple Mendelian inheritance of
freestone melting flesh (F-M) and yellow flesh (Y) have
been assumed by several authors (Peace et al. 2004;
Ogundiwin et al. 2009) based on phenotype scoring in
several crosses. The statistically significant association
obtained between several SNPs and both traits studied
suggest that Y and F-M are not conditioned by single
loci as had previously been reported (Peace et al. 2004).
According to Peace and Norelli (2009), two copies of
the same gene form the F-M locus and different effects
such as additivity, dominance, pleiotropy, and perhaps
epistasis between both influence the phenotype of each
individual. However, our results suggest that multiple
modifier genes (or duplicate loci) could be present and
associated with the Y or F-M phenotypes.

Several explanations can be suggested for these results.
One of the most likely explanations for the observed linkage
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(statistically significant associations between different loci
to each trait) is a cryptic linkage disequilibrium (LD) result-
ing from the population structure typical of this type of
mapping population. Other explanations for this linkage
can be that these loci are related to upstream/downstream
elements in the pathway for the yellow flesh other than the
simply inherited Y locus gene or because the presence of
new alleles that may have been introduced from almond,
and which were not scored previously. However, the most
likely explanation for the observed cryptic LD is the limited
number of samples evaluated, providing limited opportuni-
ties for recombination.

There is a high correlation (R00.70) between meal-
iness (M) and flesh bleeding (FBL) for Freestone Melt-
ing Flesh (F-M) progeny in Pop-DG (Martínez-García et
al. 2012). Samples susceptible to M also tended to be
more susceptible to FBL for all seedlings and mealy
fruit in general tended to have more flesh bleeding.
FBL is associated with mealy fruit of many cultivars
(Crisosto et al. 1999, 2008). Although the physiological
basis for this connection is unclear, it is suspected to be
related to tissue senescence and decreased membrane
permeability (Lurie and Crisosto 2005). Ogundiwin et
al. (2007) found that mealiness and flesh bleeding were
controlled by the same major QTL on linkage group
G4, explaining 43 % and 61 % of the phenotype vari-
ance observed for each trait, respectively, the peak of
this QTL falls on a gene for endoPG and the co-located
morphological marker, F-M. Our results confirm the co-
location of both QTLs of each trait in LG4 and confirm
the association between the genomic region in LG4 and
F-M flesh and chilling injury symptoms such as M and
FBL.

The SNP marker UCD_SNP_1084, a significant marker
for freestone-melting flesh, mealiness, and flesh bleeding,
revealed a Guanine to Adenine transition. The change rep-
resents a synonymous substitution for lysine, and is found in
an intronic region, so is not functionally responsible for the
phenotypic difference. The female cultivar “Dr. Davis”
showed a genotype (GG) and “Georgia Belle” presented a
genotype (GA) for this locus. The frequency of both geno-
types (GG and GA) in the entire population was 42 % and
58 %, respectively. “Dr. Davis” (GG) is resistant to M and
“Georgia Belle” (GA) has a high susceptibility to M. The
progenies with the GG genotype showed resistance to M
and progenies with GA genotype presented a medium-low
susceptibility to M (data not shown). The SNP marker
UCD_SNP_1084 could be an important biomarker for fruit
quality and chilling injury symptoms such as M and FBL in
peach. More research is needed to determine the potential of
this marker for selection in peach breeding programs.

QTLs for flesh browning (FBr) appear to be similar to
those found, previously, by Ogundiwin et al. (2007) on LG5

of Pop-DG where three significant QTLs (LOD >3) were
observed. As might be expected, the results showed no
common QTLs between FBr and the other two CI symptoms
despite significant phenotypic correlations among them.
This result indicates that either environmental factors or
different genetic components than those identified for M
and FBL underlie the physiological expression of fruit FBr
following cold storage.

Previously, high levels of linkage disequilibrium conser-
vation have been observed in peach cultivars from Europe
and North America and were explained by cultivar devel-
opment through self-pollination and by a bottleneck in mod-
ern breeding programs due to the limited germplasm pools
used for crossing (Aranzana et al. 2010). Our results iden-
tified a total of five different haplotype blocks, sites with
multiple markers, associated with the fruit quality traits
analyzed here that can be explained by the presence of
cryptic LD or low frequency of recombination. In addition,
the majority of markers from each haplotype block are
located in non-coding regions such as intron, intergenic
regions, or downstream and upstream of genes. These are
regions with reduced selection pressure (Wong and Nielsen
2004) and are more likely to contain regulatory sequences
(Colinas et al. 2002). However, at present there is insuffi-
cient information about the functions of non-coding regions
in peach to determine if our results represent functional
associations with quality traits or are historical artifacts.
Their use in haplotype-assisted selection (HAS) in peach
will require additional study.

Conclusions

The results presented in this paper are part of a larger project
that began with the sequencing of specific peach cultivars,
followed by development of SNP markers in a breeding
population segregating for important quality traits, construc-
tion of high-density SNP maps, and analysis of QTLs and
determination of genome regions controlling fruit quality
characteristics.

A large number of good quality SNPs have been success-
fully genotyped and used to map two peach breeding pop-
ulations. Two saturated peach SNP linkage maps were
generated in this study and a third high-density SNP marker
consensus map was obtained. In addition to the specific
SNP markers that have been associated with fruit quality
traits and chilling injury symptoms, several haplotype
blocks have been associated to those traits, more studies
must be needed to dissect these blocks and to determine
their potential use in haplotype-assisted selection in peach
breeding programs. The SNP maps, locations of SNPs on
the physical map, and QTL maps will be available through
GDR for anchoring and annotating the peach genome.
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