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ARTICLE INFO ABSTRACT

Keywords: Based on detailed maps, DNA sequences and phenotypic data, there is a great deal of information on the genetics

Prunus persica and genomics of ‘Earlygold’, a historical peach cultivar from the US. The F between ‘Texas’ almond and ‘Ear-

;2 ) lygold’ peach (T x E) was used to construct the first saturated peach linkage map that later became the reference
aCKCross

map for the Prunus genus. This population and the first backcross ("Texas’ x ‘Earlygold’) x ‘Earlygold’ (T1E)
yielded information on QTLs for a large number of agronomic traits, and T1E is being used as the basis for
constructing a set of introgression lines of ‘Texas’ fragments into the ‘Earlygold’ background, currently in
progress. This paper describes the construction of a high-density SNP map for ‘Earlygold’ using an Fo population,
and the QTL analysis of 24 traits. Results of maps and QTLs are compared with those from the ‘Earlygold’ parent
of the T1E map, using the same set of markers and characters. Results show major differences between the two
progenies in terms of numbers of markers mapped and the capability of detecting QTLs, with a large increase in
the resolution of maps and QTLs when using the Fy progeny compared to the T1E pseudo-testcross. In addition,
we provide data on leaf senescence color, studied for the first time in peach, with two consistent QTLs located in
the same position as other color-related genes and QTLs.

QTL analysis
Comparative mapping
Leaf senescence color

Introduction

Peach [Prunus persica (L.) Batsch], is an economically important
stone fruit crop and one of the model species of the Rosaceae family
(Shulaev et al., 2008). Like most cultivated members of the Prunus
genus, such as almond, apricot, plum and cherry, peach is diploid
(2n=2x=16) with a compact and sequenced genome of ~x223C 250
Mbp (Verde et al., 2013). It has a self-compatible mating system and a
short intergeneration period of 3-4 years, in contrast to other rosaceous
fruit tree species that are usually self-incompatible and require a longer
time for fruiting. Some of the major targets in the current peach breeding
programs are difficult to meet, such as extended shelf life, better fruit
quality and enhanced disease resistance, mainly due to the low levels of
genetic variability of the elite peach materials (Micheletti et al., 2015).

‘Earlygold’, an old peach cultivar bred in the US, was crossed with
‘Texas’ (syn. "Texas prolific’, syn. "Mission’) almond in the peach root-
stock breeding program of IRTA during the 80 s and produced several
hybrids. One of these, particularly fertile and prolific, was chosen to
obtain an F, progeny to construct the first saturated linkage map of
Prunus (Joobeur et al., 1998), which later became the reference for the
genus (Aranzana et al, 2003; Dirlewanger et al., 2004). The Fy
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population was useful for map construction, but only about a half of its
progeny was fertile and fruited (Donoso et al., 2016), so a BC1 progeny
with ‘Earlygold’ as recurrent parent was obtained, where most in-
dividuals produced fruit. In this cross, the ‘Texas’ cytoplasm resulted in
male sterility in the peach nuclear genetic background unless at least
one of two independent restorer factors from ‘Texas’ were present
(Donoso et al., 2015). The BC1 progeny and further backcross and
selfing generations have been used as a proof of concept for
marker-assisted introgression (MAI), a fast strategy to obtain individuals
with a single almond introgressed fragment in the BC2 (Serra et al.,
2016). These materials are currently being used to develop an intro-
gression line (IL) collection of almond fragments in the ‘Earlygold’
background.

In this paper we elaborate a high-density map of an ‘Earlygold’ Fy
progeny, and examine its variability for a set of characters of agronomic
interest, to understand their inheritance and to find useful marker-trait
associations. We compared these results with those of a QTL analysis on
the BC1 (‘Texas’ x ‘Earlygold’) x ‘Earlygold’ studied by Donoso et al.
(2016), that allowed us to examine the QTLs of ‘Earlygold’ in two
different genetic backgrounds. These data will also provide information
useful to understand the importance of the ‘Earlygold’ allelic variation
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in the characters that will be examined in the IL collection currently
under construction.

Materials and methods
Plant materials

The ‘Earlygold’ Fo population N = 75 (E x E) was used for the study.
The trees are located at the IRTA experimental station of Torre Marimon
(Caldes de Montbui, Spain), planted on their own roots in 2015. The
spacing between the trees was 2.5 m and between the rows 4.0 m. The
trees were thinned out during the second and third year of fruiting (2018
and 2019). Young leaves were collected from all the trees for DNA
extraction (Doyle and Doyle, 1990), to perform genotyping. The E x E
population initially consisted of 81 plants, later two plants died and four
did not produce genotypic data, resulting in 75 plants being used for
mapping and phenotyping.

Phenotyping

The population was evaluated for 24 traits, 18 over three seasons in
the years 2017 to 2019 and six in only two seasons: chlorophyll content
of the leaves and leaf dry weight (only in 2018 and 2019), leaf color at
senescence and early and late leaf fall (2019 and 2020), and beginning of
shooting (2020 and 2021). These characters were also analyzed by
Donoso et al. (2015, 2016), except for leaf color at senescence, fruit
firmness and pH that we analyze here for the first time. The phenotyping
methods were essentially identical to those used by these authors. The
characters scored can be classified into four main categories and their
measurement is described below:

Flower: The flower shape, showy (large petals) and non-showy (small
petals) is determined by a major gene (Sh/sh) in peach, where showy
flowers are homozygous (shsh) for the recessive allele (Bailey and
French, 1942).

Phenology: Flowering time (FT) was scored as the number of Julian
days when 50% of the flowers were open. Beginning of shooting (BS)
was the number of Julian days when 5% of the shoots start to appear.
Maturity date (MD) was measured as the number of Julian days with
50% of the fruits mature, as determined by changes in the skin color and
flesh firmness. Fruit development period (FDP) was scored as the dif-
ference in days between the flowering time and maturity date. Begin-
ning of leaf fall (BLF) was scored as the number of Julian days when 10%
of leaves had dropped, and end of leaf fall (ELF) when 90% had dropped.

Fruit: Fruit weight (FW), in grams (g), was the average weight of six
mature fruits per individual using a digital balance. Fruit production
(FP) was estimated on a scale of 1 to 4 (1=no fruits, 2= <10 fruits, 3 =
10-50 fruits and 4= >50 fruits). Intensity of red skin color (ISC) was
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visually determined by the% of red color at maturity (1 = 0-25%, 2 =
25-50%, 3 = 50-75% and 4 = 75-100%). Fruit firmness (FF) was
evaluated with a hand penetrometer (Wagner, Model 53,200), taking
the average value of three fruits with the measurements from both sides
for each fruit. Soluble solid content (SSC), expressed in Brix degrees, was
measured from the juice of three fruits using a digital refractometer
(Atago, Tokyo, Japan). Titratable acidity (TA) and pH were determined
using a HI-84,532-02 Titratable Acidity Mini Titrator and a pH meter
(Hanna instruments, Rhode Island, USA) by diluting 5 ml of fruit juice
with 45 ml of water and titrating with 0.5 M NaOH to a pH of 8.2. TA
was calculated in g/1 of malic acid.

Leaf: Chlorophyll content (CC) was estimated as the average from ten
leaves per tree using SPAD 502 (Konica Minolta, Osaka, Japan). During
the months of July-August, eleven leaves per tree were collected from
the middle of the tree branches. The leaves were then scanned and their
images stored as TIF files for further analysis. The leaf dimensions were
measured using a Tomato Analyzer 3.0 (http://www.oardc.ohio-state.
edu/vanderknaap) software. Leaf parameters analyzed (Fig. 1) were
leaf length (LL), petiole length (PL), leaf blade length (LBL), leaf blade
width (LBW), leaf shape (LSH) as the ratio of LBL/LBW, leaf perimeter
(LP) and leaf surface (LS). All the measurements were in cm, except for
LSH that is a ratio, and LS that was measured in cm?. Later, the leaves
were placed in an incubator for 3 days at 60 °C to determine the leaf dry
weight (LW), in grams (g). Leaf color at senescence (LCS) was scored
visually over two years, once a week, in September and October (Fig. 2)
using a scale of 1 (non-purple, including green yellow and red) and 2
(purple leaf).

The phenotypic data were analyzed statistically using JMP 14.0
software (SAS Institute, Cary, NC, USA). Correlations between different
traits and years were calculated using the Spearman correlation
coefficient.

Construction of linkage map and QTL analysis

For linkage analysis, genotype data were obtained from the 9k In-
ternational Peach SNP Consortium (IPSC) Illumina Infinium SNP array
(Verde et al., 2012) in 75 plants of the E x E population. The linkage
map was constructed using MapMaker/exp 3.0 (Lander et al., 1987)
using the Kosambi distance function. We initially ordered the markers
based on their physical position and established a set of bins (i.e. groups
of markers with identical genotype for all the individuals), where each
bin is separated from the adjacent bin by a single or a few recombination
events. Finally, a single SNP from each bin was selected for the dataset
used to construct the linkage map. References for chromosome/linkage
group numbers and orientation and physical positions were those of
Dirlewanger et al. (2004) and Verde et al. (2017).

QTLs for all the traits were analyzed using the interval mapping

L

LBW

PL LBL

Fig. 1.. Schematic representation of leaf dimensions (PL petiole length, LBL leaf blade length, LL leaf length, LBW leaf blade width).
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Fig. 2.. Leaf color at senescence a, b-yellow, c-green d-red and e,f-purple.

method with the MapQTL 6.0 software (Van Ooijen et al. 2002). All the
QTLs with a LOD > 3.0 were considered as significant, as were those
QTLs with a LOD > 2.5 in one year and a LOD > 3.0 in the rest. The QTLs
were considered consistent if they were detected every year. The maps
and positions of the QTLs were drawn using the MapChart 2.3 software
(Voorrips, 2002).

Gene action (GA) was established following the guidelines of
Tanksley (1993), based on the values of additivity, a=(A-B)/2, and
dominance d = H-[(A + B)/2], where A and B are the average values of
the trait in the homozygous individuals for a given marker in the female
and male parent, respectively, and H that of the heterozygotes. We
considered gene action additive (A) if the quotient |d/a| < 0.5, domi-
nant (D) if 0.5< |d/a|<1.5, and overdominant (O) if |d/a|>1.5.

Results
Linkage maps and map comparisons

From the SNPs of the 9k chip, 1640 were polymorphic in the E x E
population and distributed in 269 bins. The E x E map covered a total
genetic distance of 439.1 cM, detecting the expected eight linkage
groups with a higher end of 76.2 cM for linkage group 2 (G2) to a lower
end of 37.1 cM for G4. The overall physical length covered by this map
was 186.7 Mbp, 82.7% of the total physical distance (225.6 Mbp) of the
peach genome v2.0al (Verde et al., 2017). There were 24 gaps of
>2Mbp, the largest at the distal end of G4 (15.3 Mbp), overall ac-
counting for 116.4 Mbp, equivalent to 52% of the total physical distance
of the sequenced peach genome (Supplementary Table 1).

The map of ‘Earlygold’ (the E map) constructed with the (‘Texas’ x
‘Earlygold’) x ‘Earlygold’ BC1 population (Donoso et al., 2015) using
the same SNP chip plus 41 SSR markers, is similar in many respects to
the one we present here (see comparisons in Supplementary Table 1 and
Supplementary Figure 1), particularly with respect to the physical
coverage (189.7 Mbp), number of bins (214), number of gaps >2 Mbp
(23; the same as in the E x E map) and physical distance covered by
these gaps (109.0 Mbp). The genetic distance of the E map (521.2 cM)
was 16% higher than that of the E x E map, and some linkage groups
were clearly longer than in the E x E map (Supplementary Table 1),
although not significantly longer (the paired t-test of the differences of
the genetic distances between the common markers in the extremes of
each chromosome was 1.21). The most striking difference between the E
and E x E maps was the number of SNP markers that could be mapped:

1640 in E x E and only 1050 in E, resulting in a marker density of 0.27
cM/marker in E x E compared to 0.47 in the E map. When examining the
mapped markers in detail, we observed that their distribution was
similar in both maps, and that most of the 1050 SNPs of E (97%) were
mapped in E x E, but of the SNPs mapped only in E x E (623) the ma-
jority (411; 66%) had a dominant pattern of inheritance, with only two
genotypes from the three expected (3:1 ratio), instead of the usually
codominant 1:2:1 SNP inheritance expected in an Fo progeny.

Trait phenotypic data and QTL analysis

All of the 24 traits scored were quantitative, except for flower shape
(Sh), which was scored as qualitative and placed on G8 at the position
23.8 c¢cM with the nearest marker (SNP_IGA_862,006), with physical
position 13,825,065 bp, cosegregating with the gene. Trait distributions
and main features are described in Supplementary Table 2 and Sup-
plementary Figure 2. Those that significantly departed from normal in
more than one year were phenology-related (FT, BS, MD, FDP, FP, BLF
and ELF), leaf color at senescence (LCS) and three fruit characters (ISC,
FF and pH).

Correlation analysis was performed between all quantitative traits
and the years in which they were measured (Supplementary Table 3).
The correlations between years for a particular trait were high and
positive for FT, BS, MD, FDP, FW, SSC, CC, and LCS, and intermediate-
to-low for the rest. For correlations between traits, there was a clear
positive correlation between MD, FDP, FW and SSC, and between BLF
and ELF. Most leaf traits (LP, LS, LBW, LL and LB) of the same year were
strongly correlated, but the correlation decreased when comparing data
from different years. A negative correlation was observed for MD and
characters related to anthocyanin coloration of senescent leaves (LCS)
and intensity of the red skin fruit color (ISC).

QTLs were detected for 19 traits, between one to four QTLs per trait,
and none were identified for four traits (ELF, FP, LBW and LW), giving a
total of 33 QTLs (Supplementary Table 4 and Supplementary Figure 3).
Twelve QTLs of those detected (36%) were consistent in all years studied
(Table 1, Supplementary Table 4 and Fig. 3). Most of the consistent QTLs
detected explained the variability of phenology (FT, BS, MD and FDP)
and fruit (FW, SSC, TA) traits, whereas of the QTLs for the leaf traits,
only CC and LCS were consistent.

Considering only consistent QTLs (Table 1; Fig. 1), two were found
for flowering time, one on each of G7 and G8 with R? = 28.3-42.8% and
R? =16.5-20.9% respectively. Also, two QTLs for beginning of shooting,



N. Kalluri et al.

Table 1

Scientia Horticulturae 293 (2022) 110726

Summary of consistent QTLs detected in the E x E map (‘Earlygold’ F2 population) and E map [‘Earlygold’ map from the (‘Texas’ x ‘Earlygold’) x ‘Earlygold’
population]. Trait category, map type, QTL names, LOD score of the maximum peak, linkage group, map position of the maximum peak, percentage of explained

phenotypic variance (R?), additivity (a), dominance (d), d/a, gene action (GA).

Trait Map QTL name LOD G Position (cM) R? a d d/a GA
Flowering time ExE qFT7 5.28-8.98 7 30.1-36.9 28.3-42.8 —2.07 to —2.75 —0.11 to —1.90 0.04 to 0.92 A-D
ExE qFT8 2.86-3.78 8 2.8-23.5 16.5-20.9 —0.12to 1.91 —0.85 to 2.50 —0.45 to —18.66 A-O
End of flowering E! qFT7 2.50-4.65 7 36.8-40.8 8.9-14.3 3.07 to —4.24 - - -
Beginning of shooting ExE qBS7 5.70-9.27 7 34.9-35.9 30.9-45.2 —2.84 to —3.46 —0.62t0 0.15 —0.04 to 0.22 A
ExE qBs4 3.25-4.42 4 4.3 19.0-24.9 2.06 to 2.30 1.05 to 1.09 0.45 to 0.52 A-D
E' qBS7 4.24-8.13 7 41.4 12.1-23.5 3.72 t0 7.03 - - -
Maturity date ExE qMD4 24.91-27.14 4 34.3-37.1 80.6-82.0 9.62 to 10.93 —1.23to —5.18 —0.11 to —0.51 A-D
Fruit development period ExE qFDP4 23.84-30.12 4 37.1 80.1-85.0 9.27 to 11.32 —1.22to —5.26 —0.10 to —0.49 A
Fruit weight ExE qFW4 4.85-7.73 4 33.6-37.1 28.0-38.6 12.18 to 18.32 —0.87 to —6.40 —0.35t0 0.21 A
Soluble solid content EXE qSsc4 8.77-9.51 4 36.4-37.1 44.3-47.4 1.23 to 1.62 —0.45 to 0.20 —0.27 to 0.14 A
Titratable acidity ExE qTA6 3.04-6.43 6 48.1-55.6 17.4-34.9 —0.67 to —0.90 0.09 to 0.24 —0.13 to —0.26 A
Chlorophyll content EXE qCC3 2.87-3.39 3 46.3-49.0 16.3-19.0 —0.47 to 0.12 1.15t0 3.28 —2.45 to 27.33 (0]
Leaf color at senescence ExE qLCS3 5.01-5.19 3 35.3 26.8-28.6 0.30 to 0.33 0.35 to 0.42 1.06 to 1.40 D
EXE qLCS4 7.88-8.48 4 36.4-37.1 40.0-41.0 —0.40 to —0.41 —0.006 to 0.01 —0.02 to 0.02 A

! Data from the E map are obtained from Donoso et al. (2016).

one on each of G7 and G4 with R? = 30.9-45.2% and RZ = 19.0-24.9%,
respectively. A QTL with a large effect for maturity date (R? =
80.6-82.0%) and fruit development period (R? = 80.1-85.0%) was
found at the end of G4, and, at the same position, two other QTLs were
identified for fruit weight and soluble solid content explaining
28.0-38.6% and 44.3-47.4% of the phenotypic variance, respectively.
For titratable acidity, a QTL was detected at the end of G6, with R?
=17.3-34.9%. Three QTLs were identified for leaf-related traits, one for
chlorophyll content on G3 (R? =16.3-19.0%) and two for leaf color at
senescence on G3 and G4 explaining 26.8-28.6% and 40.0-41.0% of
phenotypic variance, respectively.

Comparison with the QTLs detected in the E map of the T1E population

Only six QTLs were detected on the map of ‘Earlygold’ obtained from
the T1E population by Donoso et al. (2016), all of which we found using
the E x E population. Two were consistent QTLs in E, one for end of
flowering time, and the other for beginning of shooting, both located on
G7 at the position of the consistent qFT7 for flowering time in the E x E
map (Table 1). Two additional QTLs, for maturity date and fruit devel-
opment period, both on G4 in the E map, correspond to the consistent
qMD4 and qFDP4, respectively, identified here (Table 1). In the E map,
these two latter QTLs were found only in one of the three years studied.
Similarly, beginning of flowering time (BFT) that was mapped to the
same position as qFT7, was detected in only two of the three years
studied in E, and a QTL for beginning of shooting in G4 identified in only
one of the three years in E probably corresponds to the consistent qBS4
in E x E. In all, for a set of 20 common characters, we found six QTLs in E
and 26 in E x E (see Table 1 and Supplementary Table 4).

Discussion

Due to the self-compatibility system of peach, it is possible to obtain
F; progenies as well as F; or backcross progenies for genetic analysis. F;
segregating progenies are frequently used for QTL analysis as they are
the usual progeny type used in peach breeding. Since the parents used
are partly heterozygous lines or cultivars, they segregate in the F;
progeny. These progenies, also termed pseudo-backcrosses (Grattapa-
glia and Sederoff 1994), are generally analyzed as two different back-
cross one (BC1) populations, each corresponding to one of the parents of
the cross, and linked by markers that are heterozygous in both parents
and then segregate 1:2:1 (or 1:1:1:1 when using multi-allelic markers).
F, populations are also used, especially to better understand the inher-
itance of specific characters as they recover the three possible genotypes,
unlike BC1 populations that recover only two, making them suitable for

the analysis of gene action (dominance, additivity, overdominance). Fy
progenies are also more appropriate for constructing linkage maps, as
they have more recombination events per meiosis (those of both par-
ents), so more accurate maps can be constructed with the same number
of progeny (Allard 1956).

Here we constructed a linkage map with the 9k peach IPGI SNP chip
in the selfed progeny of ‘Earlygold’, which resulted in a high-density
map with coverage of all eight peach chromosomes, with large frag-
ments of DNA without segregating markers, approximately half of the
‘Earlygold’ genome, suggesting as in previous studies (Eduardo et al.,
2013; Martinez-Garcia et al., 2013; Donoso et al., 2015; Serra et al.,
2017) that there are large regions of the peach genome identical by
descent owing to the high level of coancestry of the cultivated gene pool.
This map was similar in most respects (covered distance, chromosome
length, gaps without markers) to the one obtained for ‘Earlygold’ in the
interspecific backcross (‘Texas’ x ‘Earlygold’) x ‘Earlygold’ that was
previously analyzed by Donoso et al. (2015). There was an important
difference between these two maps, concerning the number of markers
that could be integrated on the map: 1640 SNPs in E x E, 56% more than
the 1050 in E. The fact that about two-thirds of the additional markers in
E x E had dominant segregations suggests that a major cause for this
difference is that these SNPs could have been discarded in the E map
because they did not segregate (AA x Aa situations) or that segregations
could have been strongly skewed compared to the two expected (1:1 and
1:2:1), resulting a loss of information compared to what can be obtained
in an F, population. While the quality of dominant markers is lower than
codominant ones for mapping and QTL analysis, the results indicate the
importance of considering all possible segregation types before the
initial marker filtering steps to maximize the available information for
genetic analysis when using large sets of data.

The gene for flower type, Sh, was found as expected in G8 and at a
similar map position as in Ogundiwin et al. (2009), who mapped this
gene for the first time, and as in Donoso et al. (2016). Its physical po-
sition on chromosome 8 is also compatible with the results of Micheletti
et al. (2015) and Cao et al. (2016), both using genome-wide association
analysis.

A major QTL (qQMD4) explaining >80% of the phenotypic variance
for maturity date was found on G4. A QTL in this position has been
detected by other authors in a very broad transect of peach materials as
well as in other Prunus species (Dirlewanger et al., 2012; Hernandez
Mora et al. 2017; Serra et al., 2017; Aranzana et al., 2019; Rawandoozi
et al., 2021; Chen et al., 2021). In certain cases, this trait has been in-
tegrated in the maps as a major gene MD/md (Eduardo et al., 2011;
Pirona et al., 2013). A strong candidate gene for this character is an NAC
transcription factor (Prupe.4G186800.1), orthologous to the Nor gene in



N. Kalluri et al. Scientia Horticulturae 293 (2022) 110726

G1 G2 G3 G4
0.0 SNP_IGA_679 0.0 SNP_IGA_370357
07 SNP_IGA_2272 0.7 SNP_IGA_374152
14 2NP_|SA_267(13 20 SNP_IGA_375917
27 NP_IGA_279 SNP_IGA_232140 33 SNP_IGA_378053
34 SNP_IGA_3108 -l SNP_IGA_230405 8;3 S,:\‘ppsl(ﬁggggsm 6.0 SNP_IGA_381287
4.1 SNP_IGA_4610 SNP_IGA_229259 20 SNP_IGA_291987 6.7 SNP_IGA_381379
48 SNP_IGA_6400 8.0 SNP_IGA_382277 el
55 SNP_IGA_6796 SNP_IGA_182419 8.7 SNP_IGA_382599 I @
14.9 SNP_IGA_22418 / SNP_IGA_190306 10.7 SNP_IGA_383427 R
16.2 SNP_IGA_22603 /- SNPIGA 194068 16.2 SNP_IGA_386778 &
18.2 SNP_IGA_23251 {— SNP_IGA 198668 155 SNP_IGA_309872 19.6 SNP_IGA_387984
19.5 SNP_IGA_24318 9 =R SNP_IGA 200739 198 SNP_IGA_314503 216 SNP_IGA_394859
215 SNP_IGA_24481 12.6 / :\ SNP_IGA 206197 305 SNP_IGA_316047 229 SNP_IGA_393777
222 SNP_IGA_25435 133 / A\ SNP_IGA 623076 55 3 SNP_IGA_433900 236 SNP_IGA_393060
22,9 SNP_IGA_26053 14.0 SNP_IGA 209271 53 SNP_IGA_431437 24.9 SNP_IGA_392288
24.9 SNP_IGA_26500 1537/ /—\\" SNP_IGA_ 214542 54 5 SNP_IGA_429668 25.6 SNP_IGA_390941
25.6 SNP_IGA_28275 16.0 snp_4_22274908 258 SNP_IGA_894039 26.3 SNP_IGA_395901
26.6 SNP_IGA_28465 194 SNP_IGA_456943 92 SNP_IGA_338469 276 SNP_IGA_397015
27.6 \N—/,~ SNP_IGA_29009 29.9 SNP_IGA_339586 283 SNP_IGA_397228
28.3 ~y—/- SNP_IGA_30092 306 SNP_IGA_325166 296 SNP_IGA_398075
31.0 SNP_IGA 30620  30.1~J]_| ~ SNP_IGA_ 256940  31.3 SNP_IGA_325923 306 SNP_IGA 399658
31.7 Pp9Cl 32.1~]__| ~ SNP_IGA 257549 326 SNP_IGA_328373 31.6 SNP_IGA_400613
324 SNP_IGA 35199  33.4~J_|— SNP_IGA_258854 333 SNP_IGA_329379 a 329 SNP_IGA_401886 2 o Ko} a
33.1 i SNP_IGA_36436 347 SNP_IGA_259667  36.0 SNP_IGA_343432 — 336 SNP_IGA_402192 . < T I p 7 ,Q_
33.87//—\\ SNP_IGA 38273  36.7—|—— SNP_IGA_260373  36.7 SNP_IGA_344064 . O 343 SNP_IGA 402256 Bl D == O S =l mn
3457/ N\ SNP_IGA_40295 37.4— > SNP_IGA_765601  37.4 SNP_IGA_344628 A 350 SNP_IGA 403152 B = N ) cg
36.57//| \ SNP_IGA 46594 38.1 SNP_IGA_344712 357 SNP_IGA_404059 » &
3727/ j=\\\ SNP_IGA_47595 40.8 SNP_IGA_351038 36.4 SNP_IGA_405623
39.2 . SNP_IGA_64112 46.3 SNP_IGA_354950 o 37.1 SNP_IGA_405773
419 SNP_IGA_78367 47.0 SNP_IGA_355814
I 48.1 SNP_IGA_273175 GRS
426 SNP_IGA_79809 48.3§;£ SNPIGA 273751 490 SNP_IGA_356344 .g
455 SNP_IGA 87200 o' 74§ SNPIGA 273804 497 SNP_IGA_356407 "= ()
4N ST 3N Sueonzraess 517 S S\ioA ey
53.1 <=~ SNP_IGA_97637 53.7 SNP_IGA_360658
54.4 SNP_IGA_98042 54.4 SNP_IGA_360860
55.1 SNP_IGA_98960 55.1 SNP_IGA_361247
64.3 SNP_IGA_105106 55.8 SNP_IGA_363060
65.6 SNP_IGA_105206 56.5 SNP_IGA_363408
6.3\ /> SNP_IGA_106000 572 SNP_IGA_363595
67.0 =/~ SNP_IGA_106211 59.9 SNP_IGA_365048
68.3 E SNP_IGA_106543 60.6 SNP_IGA_366354
69.0 SNP_IGA_107029 61.9 SNP_IGA_366997
69.7 //=N\> SNP_IGA_107295
704 SNP_IGA_107432  73.5~J]_| — SNP_IGA 288845
711 SNP_IGA_107472  74.2— |~ SNP_IGA_288893
71.8 SNP_IGA_107512  76.2—<~ SNP_IGA_290175
725 SNP_IGA_108053
73.2 SNP_IGA_108721
G5 G6 G7 G8
SNP_IGA_727690 SNP_IGA_816138
SNP_IGA_726222 SNP_IGA_824039
SNP_IGA_725456 SNP_IGA_826441
SNP_IGA_722956 SNP_IGA_827612
oo NP IGA 566043 SNP_IGA_716322 SNP_IGA_831882
. _IGA ! 0.0~ — SNP_IGA 618437 SNP_IGA_715837 SNP_IGA_901609
T SNPloA Ssgse7 07| |~ SNPIGAB1st1o SNPIGA 730027 SNPIGA B 1096
21 SNP_IGA_586935 SNP_IGA_736190 SNP_IGA_838376
2.8 gmg_:gﬁ_ggigg SNP_IGA_737795 SNP_IGA_838133
50 SNPIGA 588570 B4 SNP_IGA_604834 SNPIGA 2415 SNPTIGA 834935
9.6 SNP_IGA_589371 SNP_IGA_745363 SNP_IGA_855356 Qn
SNP_IGA_745712 SNP_IGA_856141 3
SNP_IGA_746187 SNP_IGA_857951 0
16.9~]_| — SNP_IGA_629855 SNP_IGA_746989 SNP_IGA_858039
205 SNP_IGA 595212  18.2—|—— SNP_IGA_630550 NP IGA 749396 SNP IGA 829602
21.2 SNP_IGA_595313  18.9—| |~ SNP_IGA_631572 SNPIGA 752104 SNP IGA 862006
219 e 230—||— SNP_IGA 640430 SNP_IGA_335041 sh
226 TIOAT 24.3 ——T— SNP_IGA_640928 SNP_IGA_753122 SNP_IGA_864632
e NP lon So%030 270 SNP_IGA_652659 SNP_IGA_753360 SNP_IGA_866829
24.6 _1GA : IGA SNP_IGA_756627 SNP_IGA_868544
30.2 SNP_IGA_599706 SNP_IGA_757452 SNP_IGA_869040
316 SNP_IGA_599998 I SNP_IGA_759649 .2 SNP_IGA_869748
323 SNP_IGA_600256 SNP_IGA 761664 | T} e} SNP_IGA_870110
357 SNP IGA 600509 SNP_IGA 761807 | | mm &) SNP_IGA_870642
- SNP_IGA_762249 N SNP_IGA_871262
39.8 snp_5 15254637 450 snp_6_21067422 - SNP_IGA 769194 SNP_IGA_872411
03 SNPIGABOTISE 427/~ SNP_IGA 678060 SNPIGA 770078 SNPIGA 873743
pta SNP_IGA_678681 SNP_IGA 772183 SNP_IGA 873870
7.4 SNP_IGA 679038 SNPIGA_773125 SNP_IGA_874639
48.1 ~N—}/- SNP_IGA_679199 — =
P s\*/ SNP IGA 679852 SNP_IGA_774222 SNP_IGA_875108
05 R~ snPicA 680032 2 SNP_IGA_775181 SNP_IGA_876610
- NS SNP_IGA 4 SNP_IGA_776348 SNP_IGA_878981
502 SNP_IGA 680615 g 2> SNP_IGA_777357 SNP_IGA_879224
52.9 SNP_IGA_688103 [l O — —
- — l SNP_IGA_777469 SNP_IGA_879992

54.9 70\ SNP_IGA_689957

55.6 SNP_IGA_691838 SNP_IGA_778125

SNP_IGA_778568
SNP_IGA_781455
SNP_IGA_782427
SNP_IGA_782750
SNP_IGA_782916
SNP_IGA_783187
SNP_IGA_783973
SNP_IGA_784504
SNP_IGA_785868

SNP_IGA_790469

Fig. 3.. Map of the ‘Earlygold’ F2 progeny with the positions of a major gene (Sh) and 12 consistent QTLs over the years. Colors of the bars of QTLs are as follows:
pink flower, red fruit and green leaf traits.
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tomato (Pirona et al., 2013). The same region includes a gene (Sr/sr)
responsible for another character, slow ripening, that determines the
presence of individuals producing fruit that do not ripen, remaining
immature on the tree for a long time (Eduardo et al., 2015; Ntnez-Lillo
et al., 2015). A 26.6 kb deletion containing the Prupe.4G186800.1 gene
was associated with the sr allele (responsible for the slow ripening
phenotype) suggesting that MD and Sr may be the same gene (Eduardo
et al., 2015; Meneses et al., 2016). Another major gene mapped in this
region is Alf/alf that determines the formation of the thick mesocarp
characteristic of the peach fruit in almond x peach progenies (Donoso
etal., 2016). Additionally, this region of chromosome 4 contains several
QTLs involved in the inheritance of other fruit traits, including FDP,
which can be considered as an alternative measurement of MD
(Hernandez Mora et al. 2017), and many other characters including SSC,
fruit weight, acidity, pH and red skin color (Eduardo e al. 2011,
Hernandez Mora et al. 2017; Rawandoozi et al., 2021). It is unknown
whether the concurrence of genes involved in the inheritance of so many
characters in this region is due to the action of a highly polymorphic
single gene with a broad set of pleiotropic effects, or to a cluster of genes
that would constitute a hotspot for a diverse set of characters in peach
and other Prunus. In this work, we identified consistent QTLs for four
characters in this region, including FDP, SSC, FW and LCS: in all cases,
late maturity was associated with an increase of these traits except for
leaf color at senescence where late maturity and presence of anthocy-
anin color were negatively correlated. The QTLs of all traits at this re-
gion were essentially additive (Table 1) and with a generally large effect
(R?=28.0-85.0%). Overall, this region appears to have a major impact
on the phenotype and is usually the determinant of critical aspects of
agronomic characters that are affected by phenology and fruit-related
traits. It deserves detailed exploration at the genetic level to under-
stand its nature and how different haplotypes may shape expression of
the traits involved in this highly polymorphic region.

Two consistent QTLs found for flowering time (qFT7) and beginning
of shooting (qBS7) mapped at the same location, suggesting that they
could correspond to the same locus. These two characters differed in two
QTLs, qBS4, located at a different position to the MD-related QTLs, and
qFT8, indicating that these characters may be encoded by a partly
overlapping set of genes. Their positions also coincide with those found
in peach and other Prunus species (Fan et al., 2010; Silva et al., 2005;
Dirlewanger et al., 2012; Hernandez Mora et al. 2017) where they have
been studied along with a cohort of other QTLs that depend on the
specific population studied.

We identified a consistent QTL for fruit juice titratable acidity (TA)
on G6 (qTA6), at a different position of the major gene determining
subacid vs. acid fruit (D/d) that maps on G5 (Dirlewanger et al., 2006)
and is homozygous for the allele (d) that confers fruit acidity in ‘Ear-
lygold’. This QTL was already detected with strong evidence in the
multiple progeny analysis performed by Hernandez Mora et al. (2017),
confirming its value as a factor that may be used to modulate fruit
acidity in the absence of the subacid allele.

The leaf color at senescence was analyzed here for the first time in
peach and we found two loci, both with strong effects (R2=28.6—40.5%),
one on G4 (qLCS4) and the other on G3 (qLCS3). A major gene for red vs.
green leaf color (Gr/gr) has been described in peach and mapped to G6
(Lambert and Pascal, 2011), which discards its involvement in the
variability observed in the ‘Earlygold’ progenies. The position of qLCS3
corresponds to that of the gene that determines yellow vs. anthocyanin
anther color (Ag/ag; Arts et al., 1994), the “highlighter” gene that
controls peach fruit skin red blush (H/h; Breto et al., 2017), and to
various QTLs determining anthocyanin color in fruit skin and flesh of
several stone fruit crops (Sooriyapathirana et al., 2010; Socquet-Juglard
et al., 2013; Donoso et al., 2016; Calle et al., 2021; Fiol et al., 2021). The
phenotypic variability of these genes in Prunus has been attributed to the
variation of one or several tandemly-duplicated transcription factor
genes (PpMYBI10.1, PpMYB10.2 and PpMYBI10.3) involved in the
anthocyanin metabolic pathway (Tuan et al., 2015, Fiol et al.2021).
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While the QTL on G3 has been generally detected as the main deter-
minant in the color-related traits studied in Prunus, it is often accom-
panied by a QTL on G4, corresponding to the position of qLCS4 found
here, such as for skin color in peach, almond x peach and Japanese plum
crosses (Frett et al., 2014; Donoso et al., 2016; Salazar et al., 2017;
Hernandez Mora et al. 2017) and flesh color in cherry (Calle et al.,
2021). The inheritance of non-anthocyanic vs. anthocyanic senescing
leaves in E x E appears to have an oligogenic inheritance, based on the
combination of genotypes of these two QTLs and their interaction.
qLCS3 had a dominant gene action and qLCS4 was additive (see Table 1)
with alleles B and A, respectively, being responsible for absence of
anthocyanin color. Individuals having one of these alleles or both in
homozygosis, selected using the SNPs closest to the LOD peaks of the
QTLs (SNP_IGA_344,086 for qLCS3 and SNP_IGA 405,773 for qLCS4),
were usually (90.2% of the cases) non-colored or anthocyanic, as pre-
dicted by the markers.

One remarkable finding of this research is that using an F; popula-
tion, i.e. with the ‘Earlygold’ QTLs studied using a backcross type
segregation, we only found a subset (6) of the 26 QTLs that were
detected using an Fy progeny. There are two reasons for this important
difference. First, trait segregation between peach and almond, corre-
sponding to QTLs heterozygous in the ‘Texas’ x ‘Earlygold’ hybrid
parent in the F; progeny, produced often by alleles with greater relative
effects than those segregating within ‘Earlygold’, may have interfered
with the identification of QTLs at the same or different genomic loca-
tions, resulting in a loss of efficiency in the detection of ‘Earlygold” QTLs.
And second, heterozygous QTLs in both ‘Earlygold’ and the ‘Texas’ x
‘Earlygold’ hybrid parent would segregate 3:1 or 1:2:1 in the progeny,
but they were analyzed with markers that segregated 1:1, resulting in a
reduction of power to identify QTLs; heterozygous individuals for the
QTL cannot be used for genetic analysis in this case, halving the effective
population size. While F; progenies between partly heterozygous par-
ents are often used for QTL analysis in clonally propagated species, a
more efficient QTL analysis can be done with other population types
(particularly Fy progenies). In addition, Fo populations allow for the
analysis of QTL action (dominance, additivity and overdominance),
which is not possible with backcross populations. One possible way to
rescue as much information as possible from F; segregating progenies is
analyzing QTLs in two steps, the first one as a backcross, followed by a
second analysis using only 1:2:1 segregating markers. The latter analysis
would detect Fy segregating QTLs with more precision, as the informa-
tion from both parents will be used, resulting in an increase of their LOD
values in addition to the possible identification of new QTLs not
significantly detectable when using a BC1 progeny for the analysis.

One of the reasons for the analysis of the segregation of ‘Earlygold’ is
that this cultivar has been used as the recurrent parent for the intro-
gression line collection peach/almond currently under construction. An
inbred line is typically used for that in the IL collections available, but in
the absence of peach inbred lines of the major commercial gene pool
with sufficient vigor, we opted for ‘Earlygold’ which, as we have shown
here and in previous studies (Donoso et al., 2015), has large homozy-
gous regions adding up to approximately half of its genome. Knowing
the segregating QTLs of this genotype is important as the IL collection
will be segregating for them, and their variability may interfere with the
analysis of the characters segregating between peach and almond, which
are the relevant ones in this case. Our results indicate that there is
essentially one region of concern, that of chromosome 4 that contains
the QTLs related with maturity date and affects many other fruit traits.
Having this region with a genetic composition that results in a similar
expected phenotype for all plants of the IL collection is a clear conclu-
sion from the data presented here.
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