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Summary

Peach (Prunus persica), one of the most important temperate fruit crops, has low levels of
genetic variability. One of the ways to improve its diversity is by introgression of novel alleles
from a closely related wild or cultivated Prunus species. For this study, almond (Prunus dulcis)
was chosen, and the results obtained are based on an initial cross performed in the late 1970’s
as part of a rootstock breeding program using almond cultivar ‘Texas’ as female parent and
peach cultivar ‘Earlygold’ as male parent. Later (2006), a large backcross one (BC1) generation
to ‘Earlygold’ was produced, and a marker-based breeding strategy was developed to obtain
plants with one or a few almond chromosomal fragments in the peach background only with
two BC generations. In this thesis, based on the previous production of a set of BC2 lines with
2-3 almond introgressions, we have developed a complete introgression line (IL) collection,
consisting of 67 lines that have a single almond fragment in the peach background; 39 ILs with
the almond introgression in heterozygosis, covering 99% of the almond genome, and 28 with
homozygous almond fragments, with 83% almond coverage. These collections were analyzed
for some of the major genes that were expected to segregate and for some of the fruit-related
QTLs that had been detected earlier with ‘Texas’ x ‘Earlygold’-based progenies. Due to the
partly heterozygous nature of our recurrent parent, ‘Earlygold’, which is expected to segregate
in the IL collection, a QTL analysis was performed using its F2 progeny in a large set of 24
traits, where a total of 26 QTLs were identified. Only a major QTL for maturity date on
chromosome 4, co-locating with other fruit-related characters and leaf color at senescence
QTLs was considered as of potentially concern for IL analysis. The final part of the thesis
involves the fine mapping of three major genes detected in the almond x peach populations:
two that explain an important part of the differences between a peach and an almond fruit
(Alf/alf that determines the thick and ripening mesocarp of peach and Jui/jui that determines
the juciness of this mesocarp), and a third gene (DBF2/dbf2) that produces a red-fleshed fruit
conferred by the almond allele. This study involved large-scale recombinant screening in
various segregating populations and resulted in the location of Alf, Jui and DBF2 genes in DNA
fragments as short as 10-392 kb including 4 to 95 positional candidate genes. Most probable
candidates were identified for Alf (Prupe.4G187100 and Prupe.4G188700) and DBF2
(Prupe.1G519800) genes from the analysis of variants and the prediction of their effects

obtained from the study of ‘Texas’ and ‘Earlygold” DNA resequence data and gene expression



analysis, providing a solid basis for their future cloning as responsible genes for the observed

phenotypes.
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Resumen

El melocotonero (Prunus persica), uno de los frutales mas importantes, tiene un nivel de
variabilidad genética bajo. Una de las formas de mejorar su diversidad es mediante la
introduccién de nuevos alelos de especies silvestres o cultivadas proximas del género Prunus.
Para este estudio, se usé el almendro (P. dulcis) como donante de variabilidad, tomando como
punto de partida un hibrido realizado a fines de la década de 1970 como parte de un programa
de mejora de portainjertos con el almendro "Texas' como parental femenino y el melocotonero
‘Earlygold’ como parental masculino. Maés tarde (2006), se gener6 un numMeroso
retrocruzamiento (BC1) de este hibrido con 'Earlygold’, y se desarrollé una estrategia de
mejora basada en marcadores para obtener plantas con uno o unos pocos fragmentos
cromosomicos de almendro en el fondo genético del melocotonero solo en dos generaciones
de BC. En esta tesis, basandonos en la disponibilidad de un juego de lineas BC2 con 2-3
introgresiones de almendro, hemos desarrollado una coleccion completa de lineas de
introgresion (ILs), formada por 67 ILs con un unico fragmento de almendro en el fondo
genético del melocotonero: 39 con la introgresion de almendro en heterocigosis, cubriendo el
99% del genoma del almendro, y 28 con fragmentos de almendro homocigotos, con 83% de
cobertura. Estas colecciones se analizaron para algunos de los genes mayores que se espera que
estén segregando en las ILs y para algunos de los QTLs de fruto previamente detectados en
descendencias basadas en 'Texas' x ‘'Earlygold’. Debido a la naturaleza parcialmente
heterocigotica del parental recurrente, 'Earlygold’, que se espera que segregue en la coleccion
de ILs, se realiz6 un analisis de 24 caracteres en su F2, identificando un total de 26 QTLs. Un
QTL mayor para época de maduracion situado en el cromosoma 4, que co-localizaba con otros
QTLs de caracteres relacionados con la fruta y la hoja se consider6 la Unica region
potencialmente problemaética para el andlisis de las ILs. La parte final de la tesis consiste en el
mapeo fino de tres genes mayores detectados en las poblaciones de almendro x melocotonero:
dos gue explican una parte importante de las diferencias entre el fruto del melocotonero y el
almendro (Alf/alf que determina el mesocarpio grueso y que madura del melocoton y Jui/jui
que determina la jugosidad de este mesocarpio), y un tercer gen, DBF2/dbf2, que produce un
fruto de carne roja conferido por el alelo del almendro. Este estudio implico la busqueda a gran
escala de recombinantes en varias poblaciones segregantes y resulté en la ubicacion de los
genes Alf, Jui y DBF2 en fragmentos de ADN cortos, de 10-392 kb, que contenian entre 4 y 95

genes candidatos posicionales. Los candidatos méas probables para Alf (Prupe.4G187100 y
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Prupe.4G188700) y DBF2 (Prupe.1G519800) fueron identificados usando andlisis de
variantes y la prediccion de sus efectos usando datos de resecuencia de "Texas' y 'Earlygold' y
de expresion génica, proporcionando una base sélida para su clonacion futura como genes

responsables de los fenotipos observados.
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Resum

El presseguer (Prunus persica), un dels arbres fruiters més importants, té baixos nivells de
variabilitat genetica. Una manera d’augmentar la seva diversitat és mitjancant la introduccio
d'al-lels nous d'altres espécies properes del genere Prunus, silvestres o cultivades. Per a aquest
estudi, es va triar I'ametller (P. dulcis), i els resultats obtinguts es basen en un encreuament
inicial realitzat a finals de la decada de 1970 com a part d'un programa de millora de
portaempelts utilitzant I'ametller 'Texas' com a parental femeni i el presseguer 'Earlygold’ com
a parental masculi. Més tard (2006), es va obtenir una nombrosa primera generacio de
retroencreuament (BC1) amb 'Earlygold', i es va desenvolupar una estratégia de millora basada
en marcadors per tal d’obtenir plantes amb un o uns pocs fragments cromosomics d'ametller
en el fons de presseguer només en dues generacions de BC. En aquesta tesi, basada en la
disponibilitat prévia d'un conjunt de linies BC2 amb 2-3 introgressions d'ametller, hem
desenvolupat una col-leccié completa de linies d'introgressio (IL), formada per 67 linies que
tenen un sol fragment d'ametller en el fons de presseguer; 39 ILs amb la introgressio d'ametller
en heterozigosi, que abasta el 99% del genoma de I'ametller, i 28 amb fragments d'ametller en
homozigosi, amb un 83% de cobertura del genoma de I’ametller. Aquestes col-leccions van ser
analitzades per a alguns dels gens majors que s'esperava que segreguessin i per a alguns dels
QTLs relacionats amb caracters del fruit detectats anteriorment en progénies de 'Texas' x
'Earlygold’. A causa de la naturalesa parcialment heterozigotica del parental recurrent,
‘Earlygold’, que s'espera que se segregui en la col-leccié d’ILs, es va realitzar una analisi de
QTLs en laseva F2 per 24 caracters, on es van identificar un total de 26 QTLs. Només un QTL,
el que determina a la data de maduresa en el cromosoma 4 i que co-localitza amb altres QTLs
per caracters del fruit i del color de les fulles, es va considerar com potencialment problematic
per a l'analisi de les ILs. La part final de la tesi consisteix en el mapatge fi de tres gens majors
detectats en les poblacions de presseguer x ametller: dos que expliquen una part important de
les diferencies entre el fruit d’un préssec i una ametlla (Alf/alf que determina el mesocarpi
gruixut i que madura del presseguer i Jui/jui que fa que aquest mesocarpi sigui sucoés), i un
tercer gen, DBF2/dbf2, que produeix un fruit de carn vermella conferit per I'al-lel de I'ametller.
Aquest estudi va implicar una cerca a gran escala de recombinants en varies poblacions
segregants i va permetre localitzar Alf, Jui i DBF2 en fragments d'ADN curts, entre 10-392 kb,
incloent de 4 a 95 gens candidats posicionals. Els candidats més probables per als gen Alf
(Prupe.4G187100 i Prupe.4G188700) i DBF2 (Prupe.1G519800) es van trobar a partir de
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I'analisi de variants i la prediccid dels seus efectes obtinguts de I'estudi de les dades de
resequencia d'ADN i d’analisi d’expressio de ‘Texas', 'Earlygold’ i alguns dels seus descendents
amb diferents fenotips, proporcionant una informacio util per a la seva futura clonacié com a

gens responsables dels fenotips observats.
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1. General Introduction
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1.1 Peach

1.1.1 Taxonomy and classification

Peach (Prunus persica (L.) Batsch) is an economically important fruit tree species that belongs
to Rosaceae family, which comprises approximately 91 genera and 4,828 species (Christenhusz
and Byng 2016). The Rosaceae family is classified into three sub families: Rosoideae,
Dryadoideae and Spiraeoideae (Potter et al. 2007). Later, Spiraeoideae was named to
Amygdaloideae based on the changes in International Code of Nomenclature for Algae, Fungi
and Plants (Mc Neill et al. 2012). The Prunus genus is classified under the subfamily
Amygdaloideae. It has over 200 species of flowering trees and shrubs, some of them being
economically valuable stone fruits for their fleshy mesocarp and nut properties (Chin et al.
2014). The most widely accepted classification divides the Prunus genus into five subgenera:
Amygdalus (peaches and almonds), Prunus (plums and apricot), Cerasus (cherries), Padus
(bird cherries) and Laurocerasus (Laurel cherries) (Rehder 1940; Chin et al. 2014) (Figure 1.1).
P. persica is sexually compatible with its wild realtives P. davidiana (Carr.) Franch, P. mira
Koehne, P. kansuensis Rehd. and P. ferganensis (Kost. & Rjab) Kov. & Kost and with almond
and its wild relatives (Yazbek and Oh 2013). The hybrids of almond and peach are fertile
(Armstrong 1957) and employed as rootstocks for peach and almond. When peach is crossed
with its closely related stone fruit crops (apricot, plum and cherry) sometimes results in
successful hybrids which are largely sterile (Scorza and Okie 1991). The systematic

classification is as follows:

Kingdom: Plantae
Subkingdom: Tracheobionta
Division: Magnoliophyta
Class: Magnoliopsida
Subclass: Rosidae
Order: Rosales
Family: Rosaceae
Subfamily: Amygdaloideae
Genus: Prunus

Subgenus: Amygdalus
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Figure 1.1: Maximum likelihood tree of the four-gene concatenated plastid DNA sequences for phylogeny of
Prunus. Numbers above or below branches indicate maximum likelihood bootstrap support/Bayesian posterior
probabilities. Abbreviations for subgenus: Amyg, Amygdalus; Em, Emplectocladus; Cs, Cerasus; Lc,
Laurocerasus; Pd, Padus; M, Maddenia (Chin et al. 2014).

1.1.2 Geographic origin and distribution

Peach was originated in China and domesticated as early as 4000-5000 years ago (Faust and
Timon 1995). Chinese have identified three groups of peaches based on where they were
grown, and the types of peaches were different in each area (Li 1984; Wang 1985). A Southern
group along the Yangtze River, a Northern group along the Yellow River and the third group
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is located in the arid Northwest of China. Chinese still use the ancestral peach ‘Wolda’, also
called as wild peach ‘Yitao’ or hairy peach ‘Maotao’ as rootstock for improved cultivars (Li
1984). Most of the current cultivars are largely native to China and hold a wider genetic

diversity than the cultivated transect.
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Figure 1.2: Peach origin and its geographic distribution across the world.

Peaches spread westwards from China to Persia (Iran) via the Silk Road, from where it was
called as persica fruit (the scientific name P. persica). Peaches might have arrived in Japan at
the same time as Persia, but the exact origin is yet unknown (Yamamoto et al. 2003). From
Persia peaches entered to Greece in 2500 B.P. and to Rome 500 years later. It was dispersed to
whole Europe by Romans and Greeks. Peaches were found in England by the 14" century
(Bunyard 1938). Peaches entered to North and South America in the early 16™ century through
Spain and Portugal (Faust and Timon 1995) (Figure 1.2).

1.1.3 Peach fruit production

Peach is the third most important temperate tree fruit species next to apples and pears and the
most widely grown species of the Prunus genus. Peaches are mainly grown in temperate zones,
between latitudes 30° and 45° (Hancock et al. 2008) and need 100 to 1000 hours of chilling to

break the bud dormancy. The annual worldwide peach production is estimated to be nearly 20
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million metric tons. In 2019, peach was the 13" most produced fruit world-wide with a
production of 25.74 million metric tons (Figure 1.3). The peach production has increased by
more than 20% in the last 10 years, with 20.5 million metric tons in 2010 to 25.7 million metric
tons in 2019 (Figure 1.4). China is the leading producer of world total peach production, which
accounts for more than 50% of the total. In 2019, Asia had 70% of peach production, Europe
accounted for 20% and rest of the world 10%. The countries with most production after China
(15,841,928 tons) are Spain (1,545,610 tons) and Italy (1,224,940 tons) (Figure 1.4). Spain,
with 1.5 million metric tons in an area of 77,000 hectares is the highest peach producer of
Europe. The regions with most peaches produced were Catalonia (301.5 thousand metric tons),
Aragon (254 thousand metric tons) and Murcia (235.4 thousand metric tons). There is an
increase of 20% peach production in Spain in the last 10 years, from 1,286,456 tons in 2010 to
1,545,610 tons in 2019.
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Figure 1.3: Topmost fruits production (in million metric tons) world-wide in 2019 (FAOSTAT 2019).
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Figure 1.4: Peach fruit production world-wide in 2019 (FAOSTAT 2019).

1.1.4 Genetic diversity

The peach cultivars have great morphological variability, fruit shape round to flat; colors from
yellow, white to red; flesh can be melting, non-melting or slow melting and free stone or cling
stone type (Hancock et al. 2008). Other variations include differences in fruit size, flavor,
flower type, double flower, anther color, tree architecture, disease and pest resistance and
phenological characters such as bloom and maturity time (Dirlewanger et al. 2012). Many of
these traits have a simple Mendelian inheritance and a much larger number of major genes have
been found in peaches than in the rest of the Prunus crops (Aranzana et al. 2019). Possible
explanations for these differences are that peaches have been genetically studied in more detail
than any of the other Prunus due to their greater economic value, and that being peaches self-
compatible, it is easier to recover rare alleles in homozygosis than in the other self-incompatible

stone fruit.

In contrast, cultivated peach has a lower level of variability compared to the rest of the Prunus
crops and the main reason for it is its selfing mating system (Arus et al. 2012). Selection during
domestication or modern breeding has been more efficient at narrowing peach genetic
variability due to inbreeding resulting from self-pollination, and this can be seen when
examining the comparative variability of genetic markers of all kinds between peach and other
related species (Byrne 1990; Mnejja et al. 2010; Velasco et al. 2016; Cao et al. 2014). Low
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variability results in limited availability of genes of breeding interest which results in stagnation
or low breeding progress for certain characters. One way to improve this situation would be to
find novel sources of variability and incorporate them into peach. A possible source of novel
variability comes from China, the center of origin for peach, which holds a more genetically
diverse germplasm that can be used to breed cultivars with improved fruit quality, resistance
to pests and diseases and climate change adaptation (Yoon et al. 2006; Li et al. 2013; Cao et
al. 2014). Another source comes from the wild and cultivated peach relatives that contain an
immense reservoir of new alleles, some of which potentially useful for peach breeding.
Almond, one of the most variable Prunus (Byrne 1990; Mnejja et al. 2010), may prove a source
of rusticity and biotic and abiotic resistance among other characters including fruit quality
(Donoso et al. 2016).

1.15 Peach breeding

Peach modern breeding begun in the early 20" century. In 1850, ‘Chinese Cling’, a cultivar
imported to North America from China, became one of the important cultivars in USA. The
varieties derived from ‘Chinese Cling’ and other cultivars originally coming from Europe
became the fresh market cultivars in North America (Byrne et al. 2012). The first breeding
program in North America started in 1895, in Geneva, New York. After this, in lowa (1905),
[llinois (1907), California (1907), Ontario (1911), New Jersey (1914), Virginia (1914),
Massachusetts (1918), and New Hampshire (1918). Other states also followed similar trend
and began their own breeding programs (Okie et al. 2008). Private breeding programs started
in California in the early 1930s to improve the local peaches and nectarines with melting flesh
for the fresh market (Faust and Timon 1995). In Latin America, the breeding programs were
initiated in Southern Brazil (1950) to develop non-melting and melting peaches and in Mexico
(1980) to develop melting peaches (Byrne 2005), followed by Chile, Uruguay and Argentina.
In Europe, the breeding program first began in Italy in 1920s, later in 1960s in France and
subsequently in Spain, Romania, Serbia, Greece, Bulgaria, Ukraine and Poland. Most of the
European cultivars developed were similar to the North American cultivars, as the cultivars
used in the work were obtained from USA. In Asia, the breeding program started 60 years ago
in Japan, followed by China (1970), Korea, India and Thailand. South Africa and Australia
also started the breeding programs with the emphasis on fresh market peaches (Byrne et al.
2012). The 20™ century has been a golden age for peach breeding, with more than 1000 new

varieties being released (Sansavini et al. 2006).
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In the recent times, public breeding programs have started to decline with an increase in the
private breeding programs, which releases the majority of peaches and nectarines in USA,
France and Spain (Byrne et al. 2012). The most noticeable advancements in the peach breeding
have been, enhanced fruit size, higher yield, increase in flesh to stone ratio, and the expansion
of the harvest period (Sansavini et al. 2006). However, breeders are still interested in other
traits, specifically related to commercial and economic importance, such as adaptability to
different environments, particularly reducing the chilling requirements to make possible
growth in subtropical climate conditions, developing new varieties with a prolonged harvesting
window and improving fruit quality related to flavor and aroma. One of the most important
objectives of the breeding programs is enhancing the shelf life of peach fruits to be able to store
them for longer periods of time and ship them to longer distances. Other traits of interest
include novel fruit types, such as blood-flesh peaches, tree architecture (to adapt to more
productive pruning strategies) and resistance to pests and diseases, such as sharka (Plum pox
virus - PPV), powdery mildew (Podosphaera pannosa), brown rot (Monilinia fruticola), leaf
curl (Taphrina deformans), Xanthomonas spp. and green aphid (Myzus persicae) (Byrne 2005;
Sansavini et al. 2006). Even with limited variability, the current commercial peach gene pool
is still enough to produce many new and improved cultivars yearly. However, most of the
desired traits (particularly biotic and abiotic stress resistance, shelf life and quality) do not exist
in the elite breeding pool, and crosses with exotic materials including closely related Prunus
species are needed (Donoso et al.2016).

1.2 Genomic and molecular tools

1.2.1 The Prunus genome

Peach has been one of the model species for the Rosaceae family along with other important
species like apple and strawberry (Shulaev et al. 2008). It is used for genomic studies due to its
economic importance, diploid (2n = 2x = 16) nature, self-compatibility and small genome size
of 265 Mb. Peach also has a short juvenile period of 2-3 years compared to other fruit tree
species and most woody perennial crops. The availability of molecular markers, linkage maps
and the sequenced genome makes it the best genetically characterized species among the
Prunus and other stone fruit trees. The first version of the peach genome (Peach v1.0) was
obtained by the International Peach Genome Initiative (IPGI) (Verde et al. 2013) using a double

haploid individual obtained from the peach cultivar ‘Lovell’. Sanger sequencing methodology
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was used to assemble a genome sequence of 227 Mb, identifying eight pseudomolecules that
represented the eight chromosomes of peach, covering 96% of its genome, and not revealing
any recent whole-genome duplications. Four years later, a second version of the peach genome
(Peach v2.0) was released (Verde et al. 2017) that improved the peach assembly. This reduced
the gaps, corrected some errors in the assembly of the pseudomolecules, improved accuracy
and increased the genome coverage from 96% to 99%. High-throughput linkage mapping and
deep resequencing approaches were followed to improve the quality of the initial assembly.
The available high quality peach genome v2.0 became a useful tool to study the genetic

diversity and to understand the genetics of peach and other Prunus species.

Two whole-genome sequencies of almond have been recently produced, both using
heterozygous genotypes, one of the French cultivar ‘Lauranne’, obtained basically with PacBio
long DNA reads (Sanchez-Pérez et al. 2019), and the other with Illumina sequencing combined
with Oxford Nanopore long reads in the cultivar ‘Texas’ (Alioto et al. 2020). Both covered a
similar genome size, and one of them (‘Texas’) was compared with the peach reference genome
sequence showing the expected high synteny. Whole-genome sequences of other Prunus
species have been released, most in the last five years, and 26 of them are available at the
Genome Database for Rosaceae (Jung et al. 2019) from peach and its relatives (7), almond (2),
apricot (8), cherry (5), and plum (4), which are an invaluable resource for current and future

genetics and evolutionary studies in this important genus.

1.2.2 Molecular markers

Molecular markers are based on DNA polymorphisms, base-pair substitutions or
insertions/deletions, that occur in the genome of living organisms. They can be detected with
various molecular techniques and usually inform about the characteristics of the genomic
location that they occupy. They serve as a tool for detecting and quantifying genetic variation
in individuals, populations and species, and are useful to associate phenotypic and genotypic
variation. Some of the most used DNA-based markers are restriction fragment length
polymorphisms (RFLPs), random amplified polymorphic DNAs (RAPDs), amplified fragment
length polymorphisms (AFLPs), simple-sequence repeats (SSRs) and single-nucleotide
polymorphisms (SNPs) (Table 1.1) (Nadeem et al. 2017). They are briefly described below:

Restriction fragment length polymorphisms (RFLPs) are hybridization-based markers, where
DNA is digested with restriction enzymes and cut at specific recognition sites, generating a

large number of fragments of different length that can be separated in gels through
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electrophoresis, transferred to membranes, hybridized with labelled probes (radioactively or
chemically) and the resulting identified positions (bands) viewed in photographic film and
genetically interpreted (Botstein et al. 1980). RFLPs are usually codominant markers of
excellent quality that can be transferable between individuals and species. The first high quality
and saturated maps of plant species were obtained with RFLPs (Bernatzky and Tanksley 1986).
However, the method is time consuming and expensive, and RFLPs have mostly been

substituted by other PCR markers of similar quality when they became available.

Random amplified polymorphic DNAs (RAPDs): A PCR method based on differential
amplification of genomic DNA, using short random oligonucleotide sequences (up to 10 bases
long) as primers (Williams et al. 1990). Nucleotide changes at or near primer binding sites
produce DNA polymorphisms. Genome knowledge is not required as universal primers are
used in this method. Although this is a simple and affordable method, the main drawback is its
low reproducibility. Also, RAPDs are usually dominant markers, so heterozygous individuals
cannot be distinguished from homozygous (Bardakci 2001), which is a major limitation for
most of their applications.

Amplified fragment length polymorphisms (AFLPs), combine elements of RFLP and RAPD
technology (Vos et al. 1995). DNA is digested with two restriction enzymes and
oligonucleotide adapters are ligated to the ends of the fragments obtained. Then primers are
designed based on the adapters and the restriction site sequences to amplify a selected sample
of the fragments. Amplified fragments are then separated by electrophoresis and identified.
AFLPs are generally dominant markers, economically affordable, and more reproducible than
RAPDs, that have successfully been used for certain applications such as bulked segregant
analysis (Michelmore et al. 1991) although they have currently been substituted by other types
of markers of better quality such as SSRs or SNPs.

SSRs or microsatellites: SSRs are tandem repeats of 1-6 nucleotide long DNA motifs that
frequently present alleles with different numbers of repeats. Microsatellite existence was
reported in various eukaryotes from yeasts to vertebrates. SSRs are present across the genome
including coding and non-coding regions. The non-coding regions contain more SSRs than the
coding regions. Over the years, SSRs have gained popularity in comparison to RFLPs and
AFLPs due to their abundance, reproducibility, codominant inheritance and multi-allelic nature
(Kalia et al. 2010) and because they can be obtained with simple and affordable methods. The
assay requires very small amount of DNA (100 ng) that is submitted to PCR with primers
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obtained from the flanking sequences of the SSR. Genotyping is performed after
electrophoretic separation of the amplified fragments that can be done in agarose and

acrylamide gels or with capillary electrophoresis.

Single-nucleotide polymorphisms (SNPs): The single nucleotide substitutions in the genome
sequence are referred to as SNPs. All living organisms contain high numbers of SNPs, that are
the most abundant source of DNA variability. The frequency of SNPs in plants ranges between
1 in every 100-300 bp (Xu 2010), distributed all over the genome and can be identified with
an ample variety of molecular techniques. They are codominant markers, usually biallelic, and
they are amenable to high-throughput methodologies that allows in certain cases to produce
large numbers of data at very low costs. The high-throughput genotyping methods like GBS
(Genotyping by sequencing), NGS (Next generation sequencing), chip-based NGS and allele
specific PCR, makes SNPs as the most used markers for genetic analysis (Elshire et al. 2011;
Shendure and Ji 2008).

Table 1.1: Comparison among the most widely used molecular markers for genotyping

Molecular markers

Characters RAPD RFLP AFLP SSR SNP
Marker inheritance Dominant Codominant Dominant Codominant ~ Codominant
Method Simple Robust Robust Robust Robust
DNA quality Medium High High Low High
DNA quantity Low High High Low Low
Transferability Non-transferable Transferable Transferable ~ Transferable  Transferable
Cost Inexpensive Expensive Inexpensive Inexpensive  Inexpensive
Primers Up to 10 random Low copy Sequence Sequence Allele
nucleotides sequences based based specific
Polymorphism Moderate Moderate Moderate Very high Moderate
Methodology PCR Southern blot PCR DNA- DNA-
sequence sequence

Reproducibility

Non-reproducible

Reproducible

Intermediate

Reproducible

Reproducible
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1.2.3 Linkage maps

Molecular markers are widely used in genetic mapping and QTL analysis. The number of
markers used for linkage map construction depends on the genome size of the species and its
recombination rates. However, with recent advances in NGS, thousands of markers can be
employed to obtain a high-resolution linkage map. Alternatively, for species with sequenced
genomes, markers can be chosen to cover the whole genome at even physical or genetic
distances. Generally, a segregating population with 50-250 individuals is used for construction
of linkage map (Mohan et al. 1997). F2 and BC1 populations are the simplest mapping
populations, as they can be obtained in short time and are easy to construct, but other
populations such as RILs, segregating F1, DHLSs etc. can be used for this purpose. These maps
help in positioning the genes and QTLs, and provide information about the genetic distance
between the markers. The two mainly used mapping functions are the Kosambi (recombination
events influence the occurrence of adjacent recombination events) and the Haldane mapping
function (no interference between cross over events is assumed) (Collard et al. 2005). Linkage
maps provide marker-trait association data and help in choosing markers that could be used in
marker assisted selection. To locate a QTL/gene of interest in genetic map it should contain

adequate number of polymorphic markers evenly distributed in the genome.

An initial linkage map of P. persica was constructed by Chaparro et al. (1994) in an F2
population ‘NC174RL’ x Pillar’ to 15 linkage groups, using one isozyme, two morphological
markers and 83 RAPD markers. This was one of the first maps to be constructed with PCR
technology, but as RAPDs are usually dominant, hardly transferable to other populations and
with low reproducibility, their use in map construction was further avoided. A year later, the
first linkage map was designed by Rajapakse et al. (1995) with RFLPs that are reproducible.
This was constructed in a F2 progeny in eight linkage groups using seven morphological
markers, 12 RAPDs and 46 RFLPs. However, these maps produced using peach progeny
resulted in a high proportion of monomorphic markers due to its low level of genetic variability
(Byrne 1990). To overcome this, the map construction was done using the F2 progenies of
interspecific almond x peach crosses that were highly polymorphic. The map constructed with
RFLPs in almond (cv. Texas) x peach (cv. Earlygold) F2 progeny (TxE), was used as a
reference map for peach and other Prunus species (Joobeur et al. 1998). This map was further
improved by addition of SSRs and sequence based markers (Aranzana et al. 2003; Dirlewanger
et al. 2004). Currently, this map is widely used for locating major genes and QTLS across

Prunus species.
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1.3 Gene mapping and marker-assisted selection (MAS)

A large number of genes controlling important traits have been genetically described in peach
(Aranzana et al. 2019). Most of the 31 major genes initially described in peach (Monet et al.
1996) have eventually been mapped in different populations of various Prunus species. Using
the existing reference map (Joobeur et al.1998), Dirlewanger et al. (2004) integrated 28 major
genes from different linkage maps into a single map based on the high synteny between the
genomes of Prunus species. Presently, there are 53 major genes that are mapped across all the
linkage groups in different Prunus crops (Table 1.2). These include traits related to disease
resistance, flower, fruit or nut quality and vegetative characters. The majority of the genes
mapped in Table 1.2 have commercial application in peach breeding. Those affecting fruits
(white vs. yellow vs. red flesh, early vs. late maturity, melting vs. non-melting flesh, peach vs.
nectarine, flat vs. round, clingstone vs. freestone, acid vs. non-acid and aborting fruit), flower
(pollen sterility), tree architecture (normal vs. pillar) and disease resistance (green peach aphid,

root-knot nematodes, sharka and powdery mildew).

Table 1.2: Fifty-three major genes mapped across all the linkage groups (G) in different species of Prunus

Trait name Symbol G References

Sharka resistance Sharka Gl Hurtado et al. (2002); Lalli et al. (2008)

Green peach aphid resistance Rm2 Gl Lambert and Pascal (2011)

Green peach aphid resistance Rm1 G1 Pascal et al. (2017)

Flesh color (white/yellow) Y Gl Warburton et al. (1996); Bliss et al. (2002)

Anther color (yellow/anthocyanic) Ag2 G1 Donoso et al. (1996)

Juiciness Jui Gl Donoso et al. (1996)

Evergrowing Evg Gl Wang et al. (2002)

Flesh color (normal/anthocyanic) DBF2 Gl Donoso et al. (2016)

Flower color B Gl Jauregui (1998)

Root-knot nematode resistance Mi G2 Jauregui (1998); Lu et al. (1998); Yamamoto et al.
(2001); Claverie et al. (2004); Gillen and Bliss (2005)

Root-knot nematode resistance Mj G2 Yamamoto et al. (2001, 2005)

Root-knot nematode resistance RMia G2 Duval et al. (2014)

Powdery mildew resistance Vr3 G2 Donoso et al. (2016); Marimon et al. (2020)

Male fertility restorer Rfl G2 Donoso et al. (2015)

Shell hardness D G2 Arus et al. (1998)

Broomy (or pillar) growth habit Br G2 Scorza et al. (2002)

Double flower DI G2 Chaparro et al. (1994); Meng et al. (2019)

Anther color (yellow/anthocyanic) Ag G3 Joobeur et al. (1998); Donoso et al. (2016)

Polycarpel Pcp G3 Bliss et al. (2002)

Flesh color around the stone Cs G3 Yamamoto et al. (2001)
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Table 1.2 (Continued)

Trait name Symbol G References

Flower color Fc G3 Yamamoto et al. (2001); Lu et al. (2021)

Skin color (Highlighter/Anthocyanic) H G3 Breto et al. (2017); Lu et al. (2021)

weeping tree pl G3 Pascal et al. (2017)

Temperature-sensitive semi-dwarf TssD G3 Lu etal. (2016)

Flesh color (normal/anthocyanic) Bf G4 Werner et al. (1998); Bliss et al. (2002)

Flower color Fc2 G4 Donoso et al. (2016)

Late blooming Lb G4 Ballester et al. (2001)

Maturity date MD G4 Eduardo et al. (2011); Pirona et al. (2013); Donoso et
al. (2016)

Slow ripening SR G4 Eduardo et al. (2015)

Almond fruit type Alf G4 Donoso et al. (2016)

Flesh adhesion (clingstone/freestone) / F-M G4 Dettori et al. (2001); Yamamoto et al. (2001); Verde et

Flesh type (Melting/nonmelting) al. (2002); Dirlewanger et al. (2006)

Hybrid incompatibility Hlsl G4 Tsuruta and Mukai (2015)

Non-acid fruit D G5 Dirlewanger et al. (1998, 1999); Etienne et al. (2002);
Boudehri et al. (2009)

Flesh color (normal/anthocyanic) DBF G5 Shen et al. (2013)

Skin hairiness (nectarine/peach) G G5 Dirlewanger et al. (1998, 1999, 2006); Bliss et al.
(2002); Lu et al. (2021)

Kernel taste (bitter/sweet) Sk G5 Bliss et al. (2002)

Leaf shape (narrow/wide) NI G6 Yamamoto et al. (2001)

Plant height (normal/dwarf) Dw G6 Yamamoto et al. (2001)

Male sterility Ps G6 Dirlewanger et al. (1998, 2006); Eduardo et al. (2020)

Male fertility restorer Rf2 G6 Donoso et al. (2015)

Fruit skin color Sc G6-G8  Yamamoto et al. (2001)

Leaf color (red/yellow) Gr G6-G8  Jauregui (1998); Yamamoto et al. (2001)

Powdery mildew resistance Vr2 G6-G8  Pascal et al. (2017)

Botryosphaeria dothidea resistance Botd8 G6-G8  Castillo et al. (2018)

Aborting fruit Af G6 Dirlewanger et al. (2006)

Fruit shape (flat/round) S G6 Dirlewanger et al. (1998, 2006)

Gametophytic self-incompatibility Si G6 Vilanova et al. (2003, 2005, 2006); Olmstead et al.
2008

Double flower Di2 G6 éascal) et al. (2017); Gattolin et al. (2018)

Root-knot nematode resistance Ma G7 Lecouls et al. (1999); Claverie et al. (2004)

Powdery mildew resistance Sf G7 Dirlewanger et al. (1996)

Leaf gland shape and presence E G7 Dettori et al. (2001)

Flower morphology Sh G8 Ogundiwin et al. (2009); Fan et al. (2010); Donoso et
al. (2016)

Slow softening Sw G8 Ciacciulli et al. (2018)

MAS is a marker-based strategy to select for specific characters of simple inheritance (usually

determined by one or a few genes/QTLs) based on the genotype of markers tightly linked to

these genes/QTLs. Application of MAS to breeding programs saves time, as fruit related traits,

or other traits expressed later in the development of the plant, can be selected at the seedling
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stage using molecular markers, without the need of evaluation in the field for selection. This is
particularly efficient in the case of species with long intergeneration periods such as fruit trees,
because the savings of space, time and resources is larger than in herbaceous annual crops. For
efficient MAS, the prerequisites are reliable markers, good quality DNA, genetic maps, and
knowledge of marker-trait associations. Nowadays, it is widely used by plant breeders in most
crops to select a desired trait or eliminate an unwanted trait. Molecular markers tightly linked
or based on the causal polymorphism of the gene that determines the trait of interest are key
for MAS (Byrne 2007). International collaborative research projects in both Europe (Laurens
et al. 2012) and USA (lezzoni et al. 2020), focusing on various rosaceous crops have
represented an important advance in the understanding of the genetics and the development of
markers adequate for breeding applications. Presently, MAS is being routinely used in peach
for the selection of many traits, some of the most frequently selected are the acid vs. subacid
fruit taste (D/d; Eduardo et al. 2014) and round vs. flat fruit (Sh/sh; Picafiol et al. 2013), and to
eliminate certain unwanted characters such as pollen sterility (Ps/ps; Eduardo et al. 2020) and
dwarf trees (Dw/dw; Cantin et al. 2018).

1.4 Introgression lines (ILS)

Introgression is the transfer of DNA fragments between a donor species, usually an exotic line
(wild relative or distant germplasm of the same species), and an elite cultivated line used as
recurrent parent in a backcross breeding program. An introgression line (IL) is an individual
nearly identical to the recurrent parent, except for a small DNA fragment introgressed from the
donor parent (usually a single fragment), and are also defined as Near-Isogenic Lines (NILs)
(Monforte and Tanksley 2000) or Chromosome Segment Substitution Lines (CSSLs)
(Balakrishnan et al. 2019). IL collections are an advantageous alternative to other classical
types of segregating populations used for genetic analysis, such as F2s, BC1s or RILs, and are
especially indicated for the study of the genetics of traits between very distant materials, either

between different species or between wild and cultivated germplasm (Eshed and Zamir 1995).

The advantages of ILs over other segregating populations are: (1) they are very effective for
QTL analysis (Eshed and Zamir 1995), because of the high genetic similarity between each
line and the recurrent parent, and the fact that ILs are immortal populations that can be
replicated as much as needed, enabling an accurate estimation of the phenotype in a very

30



uniform genetic background, and allowing the detection of QTLs of very small effects that
would require large populations of other types (Keurentjes et al. 2007); (2) the environment
effects and the interaction of QTLs with the environment can be studied accurately; (3) the
effects of each QTL can be well estimated including slight unwanted pleiotropic effects that
may be difficult to detect in other population types with more heterogeneous genetic
backgrounds; (4) the interactions between QTLs can be studied by creating additional lines
with specific QTLs using two or more ILs that contain them (Gur and Zamir 2015), and (5) the
introduction of a trait of interest into a commercial variety can be quick and straightforward,

as there is a low percentage of foreign (donor) genome (Jeuken and Lindhout 2004).

The disadvantages of ILs are that development of a complete set may take a long time (many
backcross generations), and is a laborious (large numbers of individuals need to be surveyed
for obtaining a few with a single introgression) and expensive (need of many plants and
markers per plant to cover the complete genome) process (Tuinstra et al. 1997). Another
limitation is that for characters that need the combined action of more than one QTL to be
expressed, such as disease resistances or color-related traits, the expected genotype may not be
recovered in the IL collection, requiring a complementary analysis with other population types
(F2, RILs) to identify the component QTLs, and later generating the appropriate combinations
from crosses between single-introgression ILs. Despite these difficulties, introgression
breeding with wild crop relatives using ILs has already had a significant impact and has a great
potential in the development of modern cultivars, particularly new varieties with improved

disease resistance and product quality (Zamir 2001).

An IL collection usually covers all the genome of the donor parent with as small introgressions
as possible. The usual method for IL development is marker selection over successive
backcross generations followed by at least one selfing generation to fix the introgressed
fragment. The number of BC generations vary depending on the different strategies of the
authors, the sizes of the populations at each stage and the number of chromosomes and
recombination rates of each species, from three in tomato - Solanum pennellii (Eshed and Zamir
1995), four in tomato - S. pimpinellifolium (Giacomo et al. 2020), five in lettuce-Lactuca
saligna (Jeuken and Lindhout 2004) and six in Cucumis melo L. (Eduardo et al. 2005). Less
generations usually imply less time, but in general longer introgression fragments as there is
less opportunity for recombination. Because of their many advantages as a resource for genetic
analysis, ILs have been developed in many crop plant species that include tomato (Eshed and
Zamir 1995; Giacomo et al. 2020), melon (Eduardo et al. 2005), strawberry (Urrutia et al.
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2015), cabbage (Ramsay et al. 1996), lettuce (Jeuken and Lindhout 2004), rice (Xiao et al.
2016), wheat (Lu et al. 2020), maize (Szalma et al. 2007), barley (Von Koorf et al. 2004),
Arabidopsis thaliana (Fletcher et al. 2013) and many others (Balakrishnan et al. 2019). To our
knowledge, no IL collection has been developed in woody perennial species, so the peach-
almond collection will be the first. This is a consequence of the long-term endeavor that such
a project represents, in this case, three generations after the F1 hybrid almond x peach parent,
but the expected benefits as a resource for Prunus geneticists and breeders are the same as in
any other species.

One additional use of ILs is their use to facilitate the fine mapping of genes of interest to find
diagnostic markers for MAS, and as a first step towards gene cloning. In the case of the ‘Texas’
x ‘Earlygold’ cross, the genetics of many characters has already been unveiled (Joobeur et al.
1998, Donoso et al. 2015; Donoso et al. 2016) and 11 major genes have been identified and
mapped. One of them of especially high value, a strong resistance against powdery mildew
(Vr3/vr3) has already been studied in detail (Marimon et al. 2010) and a region of 270 kb with
27 genes has been identified to contain Vr3, one of them, a Disease Resistance Protein RGA2
as a most probable candidate. In this thesis, additional steps have been undertaken to the fine
mapping of three more genes of interest coming from almond, one the DBF2/dbf2 that
determines the peach red flesh character, with the allele producing the red flesh phenotype
coming from almond, and two more genes that explain a good part of the difference between a
peach and an almond fruit: the Alf/alf gene that determines the formation of a thick mesocarp
as in peach, as opposed to the thin almond mesocarp, and the Jui/jui gene, that is involved in
the generation of the juicy mesocarp of peach, compared to the non-juicy flesh of almond.
Knowledge of the details of the genetics of these characters will be useful to understand the
evolution of these two inter-compatible species, that have remarkable differences in other
biological, populational and agricultural respects, and to design new strategies for gene
interchange between peach and almond that are useful to generate new and improved varieties
of both species.
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2. Objectives
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The main objective of this PhD thesis is to understand the genetic basis of the variability
between peach and almond, and to enrich the peach genome with the introgression of novel

genes of interest from almond. To achieve this, the following specific objectives are proposed:

1. Creation of a peach-almond introgression line (IL) collection, using ‘Earlygold’ peach
as a recurrent parent and ‘Texas’ almond as a donor parent, as a tool for genetic analysis

in the Prunus genus.

1.1 Linkage map construction and QTL analysis for the traits segregating in the
‘Earlygold’ F2 progeny and comparison with those previously obtained with the
BC1 population (‘Texas’ x ‘Earlygold’) x ‘Earlygold’.

1.2 To develop two IL collections of almond DNA fragments that cover the whole
peach genome into the ‘Earlygold’ peach genetic background, one in heterozygosis

and one in homozygosis, and analyze them with a set of traits of known inheritance.

2. Fine mapping of three major genes determining key differences between almond and
peach fruit: almond fruit (Alf/alf), fruit juiciness (Jui/jui) and dominant blood flesh
(DBF2/dbf2) found in almond x peach crosses, and identification of candidate genes.
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3. Comparative QTL analysis in peach ‘Earlygold’
F2 and backcross progenies

This chapter corresponds to a published paper: Kalluri N, Eduardo I, Aras P
(2021) Comparative QTL analysis in peach °‘Earlygold’ F2 and backcross
progenies. Sci Hortic (https://doi.org/10.1016/j.scienta.2021.110726)
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Abstract

Based on detailed maps, DNA sequences and phenotypic data, there is a great deal of
information on the genetics and genomics of ‘Earlygold’, a historical peach cultivar from the
US. The F2 between ‘Texas’ almond and ‘Earlygold’ peach (T*E) was used to construct the
first saturated peach linkage map that later became the reference 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 F2 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 F2 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.

Key WOrds: Prunus persica, F2, backcross, QTL analysis, comparative mapping, leaf

senescence color.
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3.1 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 ~250 Mb (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’ almond in the peach
rootstock breeding program of IRTA during the 80s and produced several hybrids. One of
these, particularly fertile and prolific, was chosen to obtain an F2 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 F2 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
individuals 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 introgression line (IL)

collection of almond fragments in the ‘Earlygold’ background.

In this paper we elaborate a high-density map of an ‘Earlygold’ F2 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
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variation in the characters that will be examined in the IL collection currently under

construction.

3.2 Materials and Methods

3.2.1 Plant materials

The ‘Earlygold’ F2 population N = 75 (ExE) 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 EXE 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.

3.2.2 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 difference in days between the flowering time
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and maturity date. Beginning 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 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
53200), 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 H1-84532-02 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/l 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 (Figure 3.1) 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 (Figure 3.2) 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.
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Figure 3.1: Schematic representation of leaf dimensions (PL petiole length, LBL leaf blade length, LL leaf

length, LBW leaf blade width).
d e f

Figure 3.2: Leaf color at senescence a, b-yellow, c-green d-red and e,f-purple.

3.2.3 Construction of linkage map and QTL analysis

For linkage analysis, genotype data were obtained from the 9k International Peach SNP
Consortium (IPSC) Hllumina Infinium SNP array (Verde et al. 2012) in 75 plants of the EXE
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
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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 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 map chart 2.3 software (VVoorips 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/al] < 0.5, dominant (D) if 0.5< |d/a|<1.5, and overdominant (O) if |d/aj>1.5.

3.3 Results

3.3.1 Linkage maps and comparisons

From the SNPs of the 9k chip, 1,640 were polymorphic in the EXE population and distributed
in 269 bins. The EXE 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 Mb, 82.7% of the
total physical distance (225.6 Mb) of the peach genome v2.0al (Verde et al. 2017). There were
24 gaps of >2Mb, the largest at the distal end of G4 (15.3 Mb), overall accounting for 116.4
Mb, equivalent to 52% of the total physical distance of the sequenced peach genome (Table
S3.1).

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 Table S3.1 and Figure S3.1),
particularly with respect to the physical coverage (189.7 Mb), number of bins (214), number
of gaps >2 Mb (23; the same as in the EXE map) and physical distance covered by these gaps
(109.0 Mb). The genetic distance of the E map (521.2 cM) was 16% higher than that of the
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ExXE map, and some linkage groups were clearly longer than in the EXE map (Table S3.1),
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 EXE maps was the number of SNP markers that could be
mapped: 1,640 in ExXE and only 1,050 in E, resulting in a marker density of 0.27 cM/marker in
ExXE 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 1,050 SNPs of
E (97%) were mapped in ExE, but of the SNPs mapped only in ExE (623) the majority (411;
66%) had a dominant pattern of inheritance, with only two genotypes from the three expected

(3:1ratio), instead of the usually codominant 1:2:1 SNP inheritance expected in an F2 progeny.

3.3.2 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 cM with the nearest marker
(SNP_IGA _862006), with physical position 13,825,065 bp, cosegregating with the gene. Trait
distributions and main features are described in Table S3.2 and Figure S3.2 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 (Table S3.3). 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 (Table S3.4 and Figure
S3.3). Twelve QTLs of those detected (36%) were consistent in all years studied (Table 3.1,
Table S3.4 and Figure 3.3). 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.
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Considering only consistent QTLs (Table 3.1; Figure 3.1), 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, one on each of G7 and G4 with R? = 30.9-45.2% and R? =
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.

3.3.3 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 EXE 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 gFT7 for flowering time in the EXE map (Table 3.1).
Two additional QTLs, for maturity date and fruit development period, both on G4 in the E map,
correspond to the consistent gMD4 and qFDP4, respectively, identified here (Table 3.1). 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 gFT7, 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 ExE. In all,
for a set of 20 common characters, we found six QTLs in E and 26 in EXE (see Table 3.1 and
Table S3.4).
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Table 3.1: Summary of consistent QTLs detected in the EXE 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 (G), map position of the maximum peak, percentage of explained phenotypic
variance (R?), additivity (a), dominance (d), d/a, gene action (GA).

Trait Map QTL LOD G Position R? a d d/a GA
name (cM)
Flowering time ExE qFT7 5.28-8.98 7 30.1-36.9 28.3-42.8 | -2.07t0-2.75 | -0.11t0-1.90 0.04 t0 0.92 A-D
ExE qFT8 2.86-3.78 8 2.8-235 16.5-20.9 -0.12t0 1.91 -0.85t0 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 3.07t0-4.24 - - -
Beginning of ExXE gBS7 5.70-9.27 7 34.9-35.9 30.9-45.2 -2.84 t0 -3.46 -0.62t0 0.15 -0.04t0 0.22 A
shooting
ExE qBS4 3.25-4.42 4.3 19.0-24.9 2.06t0 2.30 1.05t0 1.09 0.4510 0.52 A-D
E! qBS7 4.24-8.13 41.4 12.1-235 3.72t07.03 - - -
Maturity date ExE gMD4 24.91-27.14 4 34.3-37.1 80.6-82.0 9.62t010.93 | -1.23t0-5.18 -0.11to0 -0.51 A-D
Fruit ExE qFDP4 23.84-30.12 4 37.1 80.1-85.0 9.27t011.32 | -1.22t0-5.26 -0.10t0 -0.49 A
development
period
Fruit weight ExE qFW4 4.85-7.73 4 33.6-37.1 28.0-38.6 | 12.18t018.32 | -0.87 t0 -6.40 -0.35t00.21 A
Soluble solid ExE qSSC4 8.77-9.51 4 36.4-37.1 44.3-47.4 1.23101.62 -0.45t00.20 -0.27t0 0.14 A
content
Titratable acidity | EXE gqTA6 3.04-6.43 6 48.1-55.6 17.4-349 | -0.67 to -0.90 0.09t0 0.24 -0.13 t0 -0.26 A
Chlorophyll ExE gCC3 2.87-3.39 3 46.3-49.0 16.3-19.0 -0.47t00.12 1.15t0 3.28 -2.45t0 27.33 @]
content
Leaf color at ExXE gLCS3 5.01-5.19 3 35.3 26.8-28.6 0.30t00.33 0.35t00.42 1.06to 1.40 D
senescence
ExE qLCS4 7.88-8.48 4 36.4-37.1 40.0-41.0 | -0.40to-0.41 | -0.006 to 0.01 -0.02 to 0.02 A

1Data from the E map are obtained from Donoso et al. (2016)
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Figure 3.3: 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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3.4 Discussion

Due to the self-compatibility system of peach, it is possible to obtain F2 progenies as well as
F1 or backcross progenies for genetic analysis. F1 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 F1 progeny. These
progenies, also termed pseudo-backcrosses (Grattapaglia and Sederoff 1994), are generally
analyzed as two different backcross 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). F2 populations are also used,
especially to better understand the inheritance 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). F2 progenies are also more
appropriate for constructing linkage maps, as they have more recombination events per meiosis
(those of both parents), 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 fragments 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: 1,640 SNPs in EXE, 56% more than the 1,050 in E. The fact that about
two-thirds of the additional markers in EXE 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 F2 population. While the quality of dominant markers is lower
than codominant ones for mapping and QTL analysis, the results indicate the importance of
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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 position 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 (qMD4) 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 integrated 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 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; Nufiez-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 et al. 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 anthocyanin color were
negatively correlated. The QTLs of all traits at this region were essentially additive (Table 3.1)

and with a generally large effect (R? = 28.0-85.0%). Overall, this region appears to have a major
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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 understand 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 gFT8, indicating that these characters may be encoded by a partly overlapping set
of genes. Their positions also coincide with those found in other peach and other Prunus
species (Fan et al. 2006; Silva et al. 2005; Dirlewanger et al. 2012; Herndndez 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 (qTA®6), 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
‘Earlygold’. This QTL was already detected with strong evidence in the multiple progeny
analysis performed by Hernadndez 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 (R? = 28.6-40.5%), one on G4 (qLCS4) and the other on G3
(gLCS3). 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; Arus 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 (PpMYB10.1,
PpMYB10.2 and PpMYB10.3) involved in the anthocyanin metabolic pathway (Tuan et al.
2015; Fiol et al. 2021). While the QTL on G3 has been generally detected as the main

determinant in the color-related traits studied in Prunus, it is often accompanied by a QTL on
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G4, corresponding to the position of gLCS4 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 EXE appears to have an oligogenic
inheritance, based on the combination of genotypes of these two QTLs and their interaction.
gLCS3 had a dominant gene action and qLCS4 was additive (see Table 3.1) 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 344086 for gLCS3 and SNP_IGA_405773 for qLCS4), were usually (90.2%

of the cases) non-colored or anthocyanic, as predicted by the markers.

One remarkable finding of this research is that using an F1 population, 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 F2 progeny. There are two reasons for this important difference.
First, trait segregation between peach and almond, corresponding to QTLs heterozygous in the
‘Texas’ x ‘Earlygold’ hybrid parent in the F1 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 locations, 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 F1 progenies between partly
heterozygous parents are often used for QTL analysis in clonally propagated species, a more
efficient QTL analysis can be done with other population types (particularly F2 progenies). In
addition, F2 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 F1 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 F2 segregating QTLs with more precision, as the
information 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.
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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 introgression 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 homozygous 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

conclusion from the data presented here.
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3.5 Supplementary Material

Table S3.1: Comparison of the two ‘Earlygold’ maps, ‘Earlygold’ F2 population (EXE) with the (‘Texas’ x ‘Earlygold’) x ‘Earlygold” BC1 population (E) using the peach 9k
SNP chip. Linkage group (G), physical position in base pairs (bp) in version 2.0 (v2), in brackets is percentage of the physical distance covered by each group in proportion to
the actual distance of the respective group, distance in centi-morgans (cM), number (Nb.) of SNPs, markers and bins, number of gaps each more than 2 mega base pairs (Mb),
distance between extreme SNPs of EXE that are common with E (SNPs ExE vs. E), distance between extreme SNPs of E that are common with EXE (SNPs E vs. EXE),
difference between common extreme SNPs between EXE and E (EXE-E).

G Physical length Physical length (E) cM cM Nb. Nb. Nb. Nb. Nb. EXE Nb. E cM cM Difference
(ExE) bp v2 bp v2 (ExE) (E) SNPs markers  bins bins E gaps gaps between  between (cM)
ExE El ExE >2Mb >2Mb extreme extreme between
(Mb) (Mb) common common  common
SNPs SNPs (E  fragments
(EXEvs. vs. EXE) ExE-E
E)
G1 35,993,817 (75.1%) 35,926,707 (75.1%) 73.2 103 273 189 49 34 7 (32.0) 7(30.7) 73.2 102.7 -29.5
G2 30,329,738 (99.7%) 30,329,738 (99.7%) 76.2 68 176 99 27 13 4 (19.1) 4 (19.3) 76.2 65.2 11
G3 26,642,299 (97.4%) 26,704,254 (97.8%) 619 69.6 192 146 36 31 2(7.3) 2 (4.8) 61.9 68.7 -6.8
G4 10,214,022 (39.5%) 12,558,056 (48.4%) 371 56.6 284 174 29 30 1(15.3) 1(13.3) 37.1 41.3 -4.2
G5 15,454,720 (83.6%) 15,454,720 (83.6%) 405 271 42 35 20 9 3(14.7) 2 (12.5) 40.5 27.1 13.4
G6 27,839,827 (90.5%) 27,839,827 (90.5%) 55.6 84.1 153 116 20 23 5(20.8) 5(21.2) 55.6 84.1 -28.5
G7 20,519,494 (91.9%) 21,884,075 (97.8%) 524 66.4 274 194 52 38 - - 524 61.4 -9
G8 19,675,823 (87.1%) 19,675,823 (87.1%) 422 46.7 246 138 36 36 2(7.2) 2(7.2) 42.2 43.1 -0.9
Total 186,669,740 (82.7%) 189,743,200 (84.0%) 439.1 521 1640 1091 269 214 24 (116.4) 23 (109.0) 439.1 493.6 -54.5

! Markers include 1050 SNPs and 41 of other types (see Donoso et al. 2015)
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Table S3.2: EXE phenotypic data with trait type, trait name, trait acronym, year, number of individuals (N), the parental (‘Earlygold"), individuals of the population [mean,
maximum, minimum and standard deviation (SD)], and probability of the Shapiro-Wilk test for normality of the distribution; *non-normally distributed traits.

Trait name Acronym  Year N Earlygold Mean Max Min SD Shapiro-Wilk
2017 70 - 59.17 65 56 2.5 <0.001*
Flowering time FT 2018 73 - 64.01 72 56 3.19 <0.001*
2019 74 59 61.35 69 56 2.76 <0.001*
L . 2020 71 58 53.13 58 50 3.48 <0.001*
Beginning of shooting BS
2021 71 58 54.07 58 48 3.36 <0.001*
2017 71 157 154.21 173 145 9.28 <0.001*
Maturity date MD 2018 68 159 156.78 180 145 9.45 <0.001*
- 2019 73 168 160 179 149 8.46 <0.001*
§ 2017 69 - 95.06 114 83 9.84 <0.001*
é Fruit development period FDP 2018 68 - 92.79 115 80 9.87 0.001*
& 2019 73 111 98.67 116 86 7.95 <0.001*
2017 74 3 4 1 0.68 <0.001*
Fruit production FP 2018 74 2.53 3 1 0.65 <0.001*
2019 74 3.65 4 1 0.58 <0.001*
L 2019 74 309 285.66 333 247 20.83 <0.001*
Beginning of leaf fall BLF
2020 71 - 276.42 293 245 11.97 <0.001*
2019 74 333 324.01 339 261 15.7 <0.001*
End of leaf fall ELF
2020 70 - 293.41 307 251 9.71 <0.001*
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Table S3.2 (Continued)

Trait name Acronym  Year N Earlygold Mean Max Min SD Shapiro-Wilk

2017 71 3 2.45 4 1 0.77 <0.001*
Intensity of the red skin color ISC 2018 72 2 2.26 4 1 0.98 <0.001*
2019 73 2 2.75 4 1 1.04 <0.001*

2017 71 79 82.23 133 20 24.09 0.516

Fruit weight FW 2018 68 91 75.62 122 43 17.97 0.0575

2019 73 81 83 130 44 17.03 0.2228
2017 69 1 0.96 2.9 0.5 0.45 <0.001*
Fruit firmness FF 2018 68 1.1 0.96 14 0.5 0.26 <0.001*
= 2019 73 0.82 0.87 1.7 0.55 0.23 <0.001*
T 2017 69 10.6 12.21 15.6 9.3 1.47 0.0309
Soluble solid content SSC 2018 68 11.4 11.77 16.5 8.5 1.86 0.1679

2019 73 12.2 12.87 17.4 9.7 1.74 0.0335

2017 69 6.19 4.84 6.94 2.69 1.03 0.4382

Titratable acidity TA 2018 66 6.49 5.19 7.39 3.21 0.97 0.2657

2019 73 6.49 5.53 9.1 3.13 1.12 0.5512
2017 69 35 3.62 4.4 2.9 0.23 <0.001*

pH pH 2018 68 3.1 3.14 3.6 2.8 0.23 0.002

2019 73 3.4 3.53 4 3.2 0.16 0.0124




Table S3.2 (Continued)

Trait name Acronym  Year N Earlygold Mean Max Min SD Shapiro-Wilk
2017 46 3666 3920.31 4805.28 333291 335.7 0.0808
Leaf perimeter LP 2018 74 4336 4359.75 5199.06 3812.58 300.91 0.0283
2019 74 - 4493.82 5322 3785.89 331.06 0.8983
2017 46 381119 460968.23 710193.91 289612 83541.86 0.0856
Leaf Surface LS 2018 74 565475 593571.37 828082.27  453899.73  84672.37 0.0068
2019 74 - 616850.28 827254.91  448740.45 84850.21 0.4363
2017 46 430 458.64 625.82 361 49.74 0.0394
Leaf blade width LBW 2018 74 486 511.11 604 429.27 36.73 0.2019
2019 74 - 532.09 624 454.91 35.73 0.9615
2017 46 1558 1624.73 1978 1373.2 134.95 0.0694
Leaf length LL 2018 74 1900 1877.95 2235.55 1640.82 133.97 0.0044
2019 74 - 1878.12 2202.64 1576.91 138.25 0.8471
§ 2017 46 14