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Prunus persica L. (Batsh), is an economically important temperate fruit crop and one of the
model species of the Rosaceae family. Peach breeding programs include different objectives as
prolonged shelf life, fruit quality and disease resistance. One of the main limitations is the genetic
basis of the commercial cultivars being very narrow. Currently the main sources of new alleles
for breeding programs are the more variable ancient oriental cultivars, the landraces, wild
species and the close cross compatible relatives, such us almond [Prunus dulcis (Miller) D. A.
Weeb]. From the interspecific cross between ‘Texas’ almond x ‘Earlygold’ peach, eight major
genes have been identified and mapped. Two of them, almond fruit type (Alf) and juiciness (Jui),
define the main differences between almond and peach fruits. Other interesting gene was blood
flesh (DBF2). In the first chapter of this report, we fine mapped them by saturating target regions
with more markers developed from the sequences of the parental lines, and by identifying new
recombinant individuals. The aim was to reduce the target genomic regions and the list of
candidate genes for each gene to facilitate functional validation. We were able to reduce the
genomic region of Jui and DBF2 to sixty-nine and one point four Kb respectively, and the number
of candidate genes to eleven and one. For Alf gene we identified twelve new possible recombinants

but we have to wait to phenotype them to reduce the target region.

In the second chapter we compared three DNA extraction methods in thirteen different species:
the alkaline lysis method used in the first chapter for the DNA extraction from the T1E population;
the standard CTAB method used worldwide; and the fast and inexpensive DNA extraction method
(SILEX) applicable to a high range of plant species and tissues, based on the CTAB method with
a DNA silica matrix recovery. In this approach we concluded that the CTAB extraction method

continues to be the one that provides the best results for the majority of the applications.

Key-words: almond fruit type, blood flesh, juiciness, molecular markers, screening.
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O pessegueiro Prunus persica L. (Batsh), € uma arvore de fruto de clima temperado
economicamente importante e uma das espécies modelo da familia das Rosaceas. Os
programas de melhoramento do pessegueiro incluem diferentes objetivos como prolongar a
vida util, qualidade e resisténcia a doencas dos frutos. Uma das principais limitacdes dos
programas de melhoramento do pessegueiro € a base genética das cultivares comerciais ser
muito estreita. Atualmente, as principais fontes de novos alelos para programas de
melhoramento séo as cultivares orientais mais antigos, as landraces, as espécies selvagens
e 0s parentes compativeis, como a amendoeira [Prunus dulcis (Miller) D. A. Weeb]. Do
cruzamento interespecifico entre 'Texas' améndoeira x 'Earlygold' pessegueiro, onze genes
principais foram identificados e mapeados. Dois deles, fruto tipo améndoa (Alf) e suculéncia
(Jui), definem as principais diferencas entre os frutos da amendoeira e pessegueiro. Outro
gene interessante identificado foi a polpa do fruto vermelho cor de sangue (DBF2). No
primeiro capitulo deste relatério, mapeou-se com precisdo 0s trés genes, saturando as
regidbes-alvo com marcadores moleculares desenvolvidos a partir das sequéncias das
linhagens parentais e identificando novos individuos recombinantes. O objetivo foi reduzir as
regibes gendémicas alvo e a lista de genes candidatos para cada gene para facilitar a sua
validacédo funcional. Reduzimos a regido genémica de Jui e DBF2 para sessenta e nove e um
ponto quatro Kb, respetivamente, e o0 nimero de genes candidatos para onze e um. Para o
gene Alf identificamos doze novos possiveis recombinantes, mas temos que esperar para

conhecer o seu fen6tipo e assim reduzir a regido alvo.

No segundo capitulo, comparamos trés métodos de extracdo de DNA em treze espécies
diferentes: o método da lise alcalina usado no primeiro capitulo para a extracdo de DNA da
populacdo T1E; o método padrdo CTAB usado mundialmente e o0 método de extracdo de
DNA réapido e barato (SILEX) aplicavel a uma grande variedade de espécies de plantas e
tecidos, baseado no método CTAB e através da recuperacdo de uma matriz de silica de DNA.
Nesta abordagem concluimos que dos métodos testados o método de extracdo CTAB

continua a ser o que fornece os melhores resultados para a maioria das aplicacoes.

Palavras-chave: Fruto tipo améndoa, marcadores moleculares, polpa cor de sangue, selecéo

suculéncia.



FCUP | iv
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

ACKNOWIBAGMENTS ...ttt ettt b e bttt b e e sa e e e ene b i
ADSTIACT ...ttt n et ii
RESUIMO ...ttt st a e s eas b s ae e resb e b e sreeae b iii
1Yo L= SRS iv
LIST OF TADIES ..t Vi
RSy A0 A 1T LU =TSSR viii
ADDIEVIATIONS .ttt X
1. INTRODUGCTION ..ottt sttt ettt et esheesatesate s bt e be e bt e sbeesmeeeneeeneeeneean 2
2. LITERATURE REVIEW ...ttt ettt ettt sttt st st st e st e sanesaneeas 6
2.0 PACK ettt a e na e nen 6
2.1.1. Taxonomy and phylogeny of the genus Prunus.......cccccceeeveveneeceseeeece e 6
2.1.2.  Origin and diSSEMINALION ........cccciiieeeiiceete ettt s 8
2.1.3.  ECONOMIC IMPOTTANCE ....iiuitiieeeieiieiteteeteste sttt sttt ettt sbe e b e 9
2.1.4. Genetic characterization and molecular breeding ........cccoceveeeeinincnenene. 10

2.2, GENELIC MAIKEIS ...ouiiiieieieeitseest ettt ettt b bbbt saesbeneen 10
2.2.1. History, improvements and classification........ccccccooveveveieeceniccececeeeeen, 10
2.2.2. Microsatellites or SSRs, simple sequence repeats.......cocecveeeeveeceeeervenreennn. 13
2.2.3. SNPs, Single-nucleotide polymorphiSmMS ......cccccevvrieiereiiececeeee e 14
224, APPHCALIONS ..ottt ettt s re et e re e aesreenaenreeneens 16
2.2.4.1. Marker Assisted SeleCtion (MAS) ... et 16
2.2.4.2. Marker Assisted Introgression (MAI) ... 17
2.2.4.3. FiNE MAPPING ittt ettt ettt e s te e e e be s e e sbesbeebesbeeraentesrsensesreeneas 19
2.2.4.4. PrediCtiVe Bre@aiNg ...ttt 19

3. MATERIALS AND METHODS .....oooiioitetereerte ettt st st saeesaee e snne s 21
LS U EXPEIIMENT ...ttt ettt ettt et ettt et et ese et easebe s ebe s ese s ebessesensesesseseasessstensasesssseneas 21
3.1 Plant Material.......cooeoieiriieeee et 21
3.2, DINA EXITACTION ...ttt sttt ne e 22
T T € 1= o T} Y/ o 11 1o SRRSO 23
3.3.1.  First round Of SEIECTION ...cc.civiiiiiiicicc e 23
3.3.2.  Second round of selection: FINe MapPing .....ccocceverierenieniereneeereeeereeeeees 24
Bid. PR et ettt e he e s bt sttt e be e be e bt e bt e bt e saeeeateetean 24
3.5.  Capillary eleCtrOpNOrESIS ...ttt ereens 25

3.6. AQarose Gel EleCtrOPNOIESIS ..ottt ennens 26



FCUP | v
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

3.7, SNP’S dESIGN ... e st ra e s reereens 26
3.8. PACE (PCR Allele Competitive EXtENSION) ..ccvcieiiiieiecececeseeeee e 27
3.9. Selection of CaNdIdate GENES.......ccueiiirieirereeeee et 28
200 EXPEITMENT ..ottt sttt s et s s bbb s s s s e s st ses e s st es s s snsesesens 28
3.10. PlANT MAEETTAL.....c.couiiiiiieiiiccc ettt 28
3.11.  Alkaline lysis extraction Method........c.cceoiiiieieiiiieceee e 29
3.12. CTAB extraction Method.........cccociriiniiniiiceccee e 30
3.13. SILEX extraction Method ... 30
3.14. NanoDrop SpPectrophOtOMELEN .......ccoiiiririecee s 31
3.15.  Agarose gel EIECtIOPNOTESIS ..ottt 31
4. RESULTS .ttt sttt et b e bt e s bt e she e eat e et e e beesbeesaeesatesateeabeenbeennes 32
LS  EXPEIIMENT ..ottt ettt ettt bttt e st b e s n e s et e se st s b e s ettt ese e s ebenenes 32
4.1.  First round Of SEIECTION ...c.ooiiiiiirieeeeee et 33
4.2.  Second round Of SEIECTION .....coceviririiieiee e 35
421, FINE MAPPING ittt te st re e te e b e testeestesbeeasesteebaesbesteessesesrsessesseennes 36

219 EXPEITMENT .ottt s st e s et et et et e s e s e st e st et et et etet e s et et esessassssssnassssn s s s anans 43
5. DISCUSSION ...ttt sttt et st st st e e te e be e s bt e satesatesabeebeenbeenbeesseessnesasesnsean 47
LS  EXPEIIMIENT ..ottt ettt ettt et b et e st b e s e st et ebese st s e b e s ettt ese e e benenes 47
5.1. Number of recombinant individuals obtained............cccoceerrinnineiineincenenene 47
5.2. Efficiency of the different molecular Markers ........cccocevveeecieeiececeeceece e, 47
5.3.  Alfand Jui fiN€ MaPPIiNg .ottt st reereens 49
5.4, DBF2 fiN@ MaAPPING cooieieieiieieieiieiesestete e teste et e testeeae e sseessesresssesesseessessesssessesseens 49
5.5. Candidate genes ValidatioN ........cccccoviveerineeiirieieteseee et sreeneens 51
219 EXPEITMENT ..ottt s st et e st et e e e s e e e s et et et et et et et b et esesesessassssssnansn s s s eneeans 53
6.  CONCLUSIONS ...ttt sttt et e b e s bt e s at e s et e st e et e e be e s bt e saeesateeneeentean 55
7. LiSt Of REFEIENCES ....cuiiiiiic e 56

8. ANNEXES ... e 73



FCUP | vi
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

Table 1. Comparison of the five most widely used DNA markers in plants. A. Mutation at
enzyme restriction or PCR priming site, B. Insertion or deletion between enzyme restriction or
PCR priming sites, C. Change of tandem repeat units between enzyme restriction. Source:
LOPEZ GIrONA (2014). ettt ettt e e e e e e e ettt e e e e e e e e e r e e e e e e e e e e ann 12
Table 2. Microsatellites used for genotyping in the first round of selection. The group to where

they belong is represented and the positions of the markers.............ccccceeiiiiiiiicie e, 23
Table 3. Indels and SSR’s used for genotyping in the second round of selection. ............... 24
Table 4. PCR reaction for SSRs labelled with different fluorochromes (FAM, VIC, NED or
o I TSRO PPPRPPR 25
Table 5. PCR reaction for SSRs with & tag SEQUENCE. ........coooeiiiiiiiiiieeeeeeeeeen 25
Table 6. PCR cycling profile for the SSRs labelled with different fluorochromes and SSRs with
= B =T 0 JRoT T [T g o =PRSS 25
Table 7. PCR program performed in the LightCycler 480, for the PACE Genotyping. ......... 28

Table 8. Scheme used in the 96 well-plate for the DNA extraction using the three protocols.
The nomenclature young and old is used for each species to identify the type of tissue
collected. Leaf and spear are the tissues collected and used for the DNA extraction of
= 1S 0= 1= (o [T 29
Table 9. List of the T1E possible recombinants. In the first column is showed the progenies
number of different generations derived from ‘Texas’ and ‘Earlygold’ selected to produce
seedlings. MD corresponds to the maturity date of the fruits in each plant individual. Is also
showed the number of fruits, seeds and seedlings obtained from each individual and the
PErcentage Of GEIMUNMATION. .......uuuuuuuuttiiiiieieteeeeebeeae bbb sesssseseessnenees 32
Table 10. Representation of the fluorescence emitted by each marker chosen for the screening
of Alf, Jui and DBF2 and the respective annotation to identify recombinants...................... 34
Table 11. Summary of the efficiency of each marker during the screening, and number of
recombinants selected for each genome region, that will proceed to the second round of
£ L= o1 1[0 o PP 35
Table 12. Description of the genes and their segregation in the interspecific almond x peach
progenies T x E and T1E. Adapted from: Donoso et al. (2016). .........ccovveeeviiiiiieeeerieeiiiinnnnn. 37
Table 13. Genotypes of individuals with a possible recombinant breakpoint near Alf. A, B and
H represent the alleles responsible for ‘Texas’, ‘Earlygold’ and hybrid ‘MB1.37’ genotypes
respectively. C represents the genotype when ‘Earlygold’ and hybrid are not distinguished by

the marker and the numbers correspond to the size of the pics for the electropherograms



FCUP | vii
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

resulting from the analysis of the SSRs. The red lines surround the region were the breakpoint
IS DEHEVEA 10 DB, . e 38
Table 14. Genotypes of individuals with a possible recombinant breakpoint near Jui. A, B and
H represent the alleles responsible for ‘Texas’, ‘Earlygold’ and hybrid ‘MB1.37’ genotypes
respectively. The numbers correspond to the size of the pics for the electropherograms
resulting from the analysis of the SSRs. The red lines surround the region were the breakpoint
IS DEIEVEA 10 DB ..ttt 39
Table 15. Genotypes of individuals with a possible recombinant breakpoint near DBF2. A, B
and H represent the alleles responsible for ‘Texas’, ‘Earlygold’ and hybrid ‘MB1.37’ genotypes
respectively. The numbers correspond to the size of the pics for the electropherograms

resulting from the analysis of the SSRs. 0The red lines surround the region were the

breakpoint is DeliEVEd tO D.........ci e 40
Table 16. Alf candidate genes after this year’s fine mapping...........ccccoovvieiiiiiiiiiiiieeen e, 41
Table 17. Jui candidate genes after this year’s fine mapping. .........ccccccoeeeeiiiiiiiiiiiee e, 42
Table 18. DBF2 candidate genes after this year’s the fine mapping. ........c..cccovvvviiiennneen. 42

Table 19. Representation of the average results obtained in the Nanodrop spectrophotometer
for the DNA extractions using alkaline lysis, CTAB and SILEX extraction methods. In red are
marked the lower values of DNA concentration (ng/ul)(under or closer to 20 ng/pl) and for the
A260/280 and A260/230 ratios (UNAEr 1.5).......ccccviiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee e 43
Table 20. Results for the expected and observed number of recombinant individuals in the

FIFST SCIEEINING. ..o 47



FCUP | viii
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

Figure 1. Photos of the phenotype produced by the three major genes under study. 1A: ‘Texas’
(alf/alf); 1B: ‘Earlygold’ or (Alf/alf) or (Alf/Alf); 1C: Juiciness (jui/jui); 1D: Non juicy (Jui/jui) or
(Jui/Jui); 1E: Without blood flesh (dbf2/dbf2); 1F: Blood flesh (DBF2/dbf2) or (DBF2/DBF2). 3
Figure 2. Systematic classification of Prunus genuS. ............couvvvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee 6
Figure 3. The phylogeny of Prunus based on the plastid DNA sequences of four genes.
Adapted from: Chin et al. (2014). ....oooiieiiiieeeeeeeeeeee e 7
Figure 4. Geographic distributions of the Amygdalus accessions and the dispersal route of
domesticated peach (shown with white dotted lines). Source: Yu, Y. et al. (2018). ............... 8
Figure 5. The 10 most important producers of peach and nectarines in the year 2018. Source:

AN @ 1S I AN I 2210 722 0 ) PRSP 9
Figure 6. Evolution of main keywords in articles related to molecular markers from 2000 to
2016. Source: Garrido-Cardenas et al. (2018). ........cccoeeeveeeeriviiiinnnnnn. 13

Figure 7. Scheme of the marker assisted introgression (MAI) strategy for the integration of
exotic chromosome fragments into the elite peach genome. Source: Serra O. et al (2016). 18
Figure 8. Schematic representation of the first progenies derived from ‘Texas’ x ‘Earlygold’
crosses %1, that originate the subsequent geNEration..............cocvveeceeeeiieeeecieeeceeeeiee e 21
Figure 9. Representation of the 96 well plate scheme used for PCR. The circles represent the
wells with DNA samples. In each well containing DNA from the seedlings. Blue, yellow and
green wells contained DNA from ‘Texas’, ‘Earlygold’ and the hybrid MB 1.37 respectively. In
grey a sample of water as the negative CONLIol. .........ccoooeeiiiiiii e 22
Figure 10. Screenshot of the Integrative Genome Viewer software showing the genomes of
‘Earlygold’ (above), ‘Texas’ (in the middle) and P. persica reference sequence (at the bottom).
It displays two SNP’s in the position 35230823 bp (T instead of G, in red letters) and 35230856
bp (A instead of T, green letters) of Linkage Group 1 in almond’s genomic sequence......... 27

Figure 11. Picture of the alkaline lysis 96-well PCR plate before the dilution 5x with ultrapure

Figure 12. Screenshot of the GeneMapper software showing the electropherogram generated
for the Alf region, screened with the marker M12a, for ‘Texas’. .......ccccevvveiiiiiiiiiiiiiieeeeeeiiins 33
Figure 13. Screenshot of the GeneMapper software showing the electropherogram generated
for the Alf region, screened with the marker M12a, for ‘Earlygold’. ..., 33
Figure 14. Screenshot of the GeneMapper software showing the electropherogram generated
for the Alf region, screened with the marker M12a, for the hybrid MB 1.37..........cccccccoeoee. 33



FCUP | ix
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

Figure 15. Portion of an agarose gel that shows the genotype of 31 samples (four missing
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is on the first column (1) on the left and the rest of the columns show both peach (3, 21 and
26) and almond (2, 5, 8, 10, 11, 14, 17, 18, 23, 27 and 31) homozygous states and
heterozygous individuals (4, 6, 7, 9, 12, 13, 15, 16, 19, 20, 24, 25, 28, 30, 32, 33 and 34). 35
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Peach, Prunus persica L. (Batsh), is an economically important temperate tree fruit and one
of the model species for the Rosaceae family ™. Its genome has been sequenced @ and
recently a new version was released (Peach v2.0.al (v2.1)), and important information on the
genetics of major genes and Quantitative Trait Loci (QTLs) was obtained in the last two
decades B4, Very early on, geneticists, realized that the genetic basis of the commercial
cultivars was very narrow B, later confirmed with molecular markers 671, The main sources of
new alleles for breeding programs were the more variable ancient oriental cultivars, the
landraces and the close cross compatible relatives of peach, such us almond [Prunus dulcis
(Miller) D.A. Webb] and several wild species (Prunus davidiana Carr., Prunus mira Koehne
and Prunus kansuensis Rehder) ©8, Interspecific hybrids between peach and these species
have been used for rootstock development over the years . Although they have been used
in some genetic analysis for fruit quality % or tree architecture 4, there is no evidence of a
single example of a peach cultivar currently under commercial cultivation which contains

beneficial genes from other species.

Some years ago, an ‘almond x peach’ (TXE) backcross 1 progeny was developed at IRTA to
obtain a high-density linkage map for Prunus that became its reference map 2. This map
provided the scientific community with a common terminology and orientation for linkage
groups and a large set of transferable markers that were used as anchors for constructing
other maps B! and to align the physical map assembled for the construction of the whole

genome sequence .

Another interspecific population between almond and peach was developed and analyzed with
the objectives of understanding the genetic variability of 42 phenotypic traits for flower,
phenology, fruit quality, leaf and disease resistance, exploring possible alleles from almond
that could be introgressed in peach commercial cultivars. In total, eight major genes and thirty-
two QTLs were detected, with consistent behavior over the years. These new alleles identified
from almond were responsible for important traits such as, blood flesh or powdery mildew
resistance and were considered useful for the introduction of new variability into the peach
gene pool 131, In 2017 an approach was created for the introgression of almond alleles in
peach, and propose a basic scheme, termed marker-assisted introgression (MAI), that allows
a first survey of the variability that could be introduced from almond to peach, identifying the
map positions of major genes dominant for the almond or additive, and plants with a desired
almond chromosome fragment in the peach background to be obtained only two generations

after the interspecific hybrid 41,
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Some of the major genes identified and mapped by Donoso et al. (2016), were Almond Fruit
type (Alf/alf), Juiciness (Jui/jui) and Dominant Blood Flesh (DBF2/dbf2) (Figure 1). The first
two traits explain fundamental aspects that define the fruit of peach with respect to that of
almons: Alf and Jui, for its thick and juicy mesocarp, respectively. DBF2 is involved in the
synthesis of red anthocyanin pigments in cells of the flesh.

Figure 1. Photos of the phenotype produced by the three major genes under study. 1A: ‘Texas’ (alf/alf); 1B: ‘Earlygold’ or
(Alf/alf) or (AIf/Alf); 1C: Juiciness (jui/jui); 1D: Non juicy (Jui/jui) or (Jui/Jui); 1E: Without blood flesh (dbf2/dbf2); 1F: Blood
flesh (DBF2/dbf2) or (DBF2/DBF2).

In 2019 twenty genetic markers including SSRs, Indels and SNPs were used for a marker
assisted selection (MAS) of segments of almond’s genome into a peach genetic background,
specifically in the regions where these major genes are mapped and a fine mapping was done.
In total thirteen new recombinants and 21 putatively recombinants for Jui plants were found
after fine mapping these 20 genetic markers. Their phenotype allowed to narrow down the

regions of Alf and DBF?2 also.
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Before this work was started, Alf was inserted in a region of 186 Kb with 29 candidate genes,
Jui had a region of 132 Kb and 37 candidate genes, and DBF2 was mapped in a region of 377
Kb, and had an annotation of 13 candidate genes.

In the present work, the same genetic markers as in the previous work were used for a MAS
of Alf, Jui and DBF2. Fine mapping was done in these regions to detect any recombination
event, near to where these genes lay, that could produce a distinguishable phenotype when
the trees mature and help this way to trace down the position of these genes by crossing the
phenotypic and genotypic data of each individual.

A second experiment was carried out during the development of this study, with the objective
of improving the methodology used for the DNA extraction of peach and other crop species
under research in the laboratory were the work was caried out.

The extraction of good quality DNA with a high yield is a limiting factor in plants’ genetic
analysis. DNA quality from each line should be good to allow a proper genetic analysis,
especially for approaches using NGS techniques. High quality of DNA is characterized by
predominantly high molecular weight fragments with an A260/280 ratio between 1.8 and 2.0
and the lack of contaminating substances, such as polysaccharides and phenols *%,

Pure and rapid DNA extraction is a pre-requisite for most advanced techniques such as
genetic mapping, fingerprinting, marker-assisted selection, and for evaluating authenticity of
exported varieties. The extraction of high-quality DNA from plant tissue is time consuming,
arduous, and costly due to multiple steps and the high cost of liquid nitrogen. In addition, the
problems associated with the available commercial kits are their high cost and low yield of
DNA [16171 Several methods to isolate DNA from plant tissues are available; however, these
methods produce either small amounts or DNA of inconsistent quality. DNA quality also
depends on the application, for example the quality needed for SSR genotyping is not the
same than for GBS (genotyping by sequencing), therefore we need different methods

according to the final application.

Thirty years have passed since the description of CTAB (cetyltrimethylammonium bromide)
protocol from Doyle and Doyle (1990). At that time the protocol had the purpose of getting
high molecular weight DNA suitable for digestion with restriction endonucleases. The main
problem was finding a procedure that worked with not only a group of plants but for many
different species. Over the years the CTAB method for fresh tissues was been used
successfully in many plant species, tissues and laboratories worldwide 8211, and have been
adapted to plates of 96-wells and to atomatized robots to increase the number of DNA
extractions that can be done in a short period of time. Nowadays most of the DNA extraction

methods are modified versions of CTAB extraction with some crop-to-crop limitations and
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differ in time and cost. The main cause of the differences in the CTAB protocol is the
composition of cell walls and intracellular components such as nucleus mitochondria and
cellulose. CTAB is a cationic surfactant added in the DNA extraction buffer, which dissociates
and selectively precipitates DNA from histone proteins 22, Several modifications of this
protocol have been implemented in order to minimize contamination by other compounds of
specific tissues of species >, These modifications, apart from being species or tissue-
specific and frequently not removing completely interfering compounds, are time-consuming

due to many handling steps, and thus are not suitable for high-throughput applications 12627,

One example of a DNA extraction protocol developed from the CTAB is the SILEX method,
which is faster and inexpensive, and applicable to a wide range of plant species and tissues
developed in the present year!?®. This approach emerged because commercial kits based on
silica matrices avoid many of these issues by optimizing the conditions in which only DNA can
bind to the silica surface. Therefore, contaminants such as polysaccharides, polyphenols and
proteins can be easily removed 2°. They also tend to be faster than the standard CTAB
protocol, being the preferred option for sequencing studies in which many samples must be

evaluated 3031,

Another method tested in this section, is the alkaline lysis 1*2. This methodology was tested in
rice, wheat, and maize and rapeseed and involves only four simple steps for the DNA
extraction. This method was also used in the first chapter of this report and was very efficient,

fast and low-cost.

This way, the main objectives of the current study were:

e |dentification of new recombinants for the fine mapping of important traits (Alf, Jui,
DBF2) identified in interspecific crosses between peach and almond, and track down
their specific position;

¢ Reduce the number of candidate genes for Alf, Jui and DBF2.

e Compare the concentration and quality of the DNA extracted through three different
DNA extraction, for some of the main plant species under study in the different groups
of CRAG laboratory.
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The Rosaceae family is an important plant family with approximately 90 genera and 3000
species which includes a large number of economically important crops and ornamental
species ¥4 Among them, in addition to ornamental species such as rose and hawthorn, are
listed some of the most important fruit species like apple, pear, almond, apricot, plum, cherry,
strawberry, blackberry and raspberry. The most recent classification for the family B4 divides
it into three sub families: Rosoideae, Dryadoideae and Spiraeoideae, although the name
Spiraeoideae was corrected in 2011 to Amygdaloideae based on changes in the International
Code of Nomenclature for Algae, Fungi and Plants ¥, belonging precisely to this family the

genus Prunus.

This genus comprises 200 species of trees and shrubs, some of them economically relevant
fruit and nut crops. The infrageneric classification of Prunus by Rehder (1940) is the most
accepted nowadays and consists in five subgenera: Amygdalus (peaches and almonds),
Cerasus (cherries), Prunus (plums), Laurocerasus (evergreen laurel cherries) and Padus (bird
cherries) B8 (Figure 2).
Kingdom: Plantae
Division: Magnoliophyta
Class: Magnoliopsida
Order: Rosales
Family: Rosaceae
Subfamily: Amygdaloideae
Tribe: Amygdaleae

Genus: Prunus

Figure 2. Systematic classification of Prunus genus.

Peach [Prunus persica (L.) Batsch] is a genetically well characterized model for research

about Prunus species and other Rosaceae fruit trees. With a small size diploid genome (2n =
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2x =16; 230 Mbp), and relatively short generation time (two to four years), peach has become
a model species for fruit genetic studies ¥, It shares the Amygdalus subgenus with almond
(P. dulcis (Mill.) D. A. Webb) and also with several wild relatives like P. davidiana (Carr.)

Franch, P. mira Koehene, P. ferganensis (Kost and Rjab) Kov. & Kost and P. kansuensis Rehd
[9.36]

All the previous peach relatives originate from China, as well as some regions of Nepal, India
and other peripheral countries. The genetic proximity of peach and the aforementioned
species makes it possible to produce fertile hybrids between them. Other Prunus distantly

related may also be hybridized with peach, but produce generally sterile hybrids 57 (Figure 3).

. g
= Prunus persica " ‘

Prunus tangutica
e Prunus mira

Prunus davidiana
Prunus spinosissima
e rUnUS Grgentea

Prunus dulcis ‘§
b Prunus scoparia
e Prunius bucharica

il

Prunus kansuensis

American Plum

Eurasian Plum

Apricots

———— Desert almond

Cherries

Bird cherries
Laurel cherries
Black cherries

Figure 3. The phylogeny of Prunus based on the plastid DNA sequences of four genes. Adapted from: Chin et al. (2014).

The majority of the interspecific crosses between almond and peach were performed in the

past mainly for the development of rootstocks for peach. Interspecific crosses between almond
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and peach were historically done also for rootstock development, for use primarily in
calcareous soils, since these hybrids often tolerate iron chlorosis. In the last years a growing
interest has emerged in the use of these related species for peach breeding and almond has
become an interesting choice for introgressing new genes into peach, mainly due to the high
variability of the species 31,

Domesticated peach in China was dispersed westward to Europe via the ancient Silk Road
through Persia (present day Iran) in the final centuries B.C, and from Europe to the Americas
during the 16th century B8, Today, peach is widely cultivated in temperate and subtropical
zones throughout the world B9 (Figure 4).

Figure 4. Geographic distributions of the Amygdalus accessions and the dispersal route of domesticated peach (shown with
white dotted lines). Source: Yu, Y. et al. (2018).

The direct wild ancestor of peach remains unknown, and is likely extinct, so there is
controversy about the origin and evolutionary history of this fruit. It has been proposed that
peach was originally domesticated in northwest China around 4000-5000 years ago ¢ while,
fossil evidence indicates that peach cultivation and domestication could date back to at least
seven thousand and five hundred years ago in the Yangtze River valley of southern China 9,
Surprisingly, peach endocarp fossils from 2.6 million-year-ago (Mya) found recently in
Kunming, southwest China, are indistinguishable from endocarps of the modern peach
cultivars, and studying of these fossils suggested that peaches may have acquired their
modern-like edible fruits long prior to domestication, perhaps mediated by frugivorous

primates Y, |t is therefore possible that there was a very long period of pre-selection that
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occurred in natural environments that may have enabled the development of edible fruit (fleshy
and palatable mesocarp) long before outward dispersal for cultivation and domestication 9.

In consequence, Chinese germplasm and local varieties (i.e. varieties not obtained in breeding
programs) may constitute the main source of diversity for modern occidental breeding

programs 42,

Peach is one of the most important fruits worldwide. The production of peaches, nectarines
and flat fruits has doubled in the last two decades, mainly due to more efficient agricultural
practices and the development of new varieties and rootstocks well adapted to specific climate
conditions. The overall world production of peach reached 24 million tons in 2018 (FAOSTAT,
2020). China is the top producer, with more than half of world’s total production in 2018 (=15M
tonnes), followed by Italy (=1.1M tonnes), Greece and Spain (=0.9M tonnes) (Figure 5).
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Figure 5. The 10 most important producers of peach and nectarines in the year 2018. Source: FAOSTAT (2020).

In Spain the peach tree, boasting 81,300 ha of cultivated land, is the most important sweet
fruit species and at the same time the most exported. With an average annual production for
the period of 2015-2017 of 1,431,000 Spain is the third larger producer in Europe and the

leading exporter worldwide ©31,
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In Portugal, the peach and nectarine orchards are mostly located in the inland center region.
In the years of 2015/2016 peach production reached 46,000 tones and is expected to remain
stable in the years to come “4,

Genetically, peach has long been one of the best characterized species in the Rosaceae
family B, and its considered, along with Malus x domestica Borkh and Fragaria vesca L. a
model specie for the development of genetic studies, due to several advantageous
characteristics 34546 Compared with the other two model species (Fragaria vesca and Malus
x domestica Borkh), and the genome of Prunus mume ¥, Further genetic advantages of
peach are the absence of a self-incompability system, which permits the creation of F2
populations, and the short intergeneration period of two to four years that is much lower than
the majority of fruit tree species (five to ten years). These characteristics facilitate and
accelerate the generation of segregating populations for genetic mapping studies.

The current scientific community has several tools for the genetic and genomic study of peach.
The advantageous characteristics of the species together with the genetic studies carried out
mainly in the USA and Europe during the 20th century and the efforts of different countries
and research groups in the USA, Spain, Italy, Chile and France, culminated in the sequencing
and release of the species genome 2. The integration of all available genetic and genomic
information triggered the beginning of the post-genomic era, which is characterized by the
availability of a complete genome and new DNA and RNA sequencing technologies. Thus, we
are facing a revolution in the use of new high-performance analysis techniques, which may
indicate a shift in the scientific paradigm where the identification of genomic regions of interest

and their subsequent application in breeding are concerned 81,

Genetic markers are biological characteristics established by the genetic variants between an
individual, organism or species and, if they are located in genes or are closely linked to them,
can be used as ‘signs’, ‘flags’, ‘probes’ or ‘tags’ of such a gene. The first genetic markers used
were the morphological (‘classical’ or ‘visible’) markers which themselves are phenotypic
characters or variants. These were the ones used in the early plant breeding. The first

biochemical markers used were the isozymes, i.e. the genetic variants of a specific enzyme.
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The utility of such markers was limited due to their small numbers of potential marker loci, low
levels of polymorphism between closely related individuals and their not always consistent
expression “9%9 Thus, future prospects go through the control of biotechnology as a
fundamental condition to obtain a greater probability of success in crop improvement B,
Within biotechnology, the study and use of DNA markers for plant breeding provide an
encouraging picture 52, It should not be forgotten that many of the characteristics that have
been pointed out and that concern the agricultural sector, such as resistance to pests or
productivity, are genetically determined. The regions of the genome in which the genes

associated with a particular quantitative trait are located are called QTLs, quantitative trait loci
(53]

The use of DNA markers associated with important agronomic factors is widespread in the
improvement of various types of crops and are also used globally to optimize efficiency in the
production of other types of food, such as vegetables and pastures 5458, To this end, new
approaches due to the increasing availability of data provided by the sequencing of complete
genomes and transcriptomes are fundamental results. In fact, the complete genome of many
species with agronomic interest such as rice ©71 or tomato ¢ already exists. These new
technologies offer a large amount of genomic sequences in a short period of time and do so
at a low price 9. Thus, genetic improvement is expected to benefit from this new circumstance

and optimize both the efficiency and accuracy of the whole process 54,

As mentined before molecular markers have been used in recent years in the agronomic
sector as powerful tools for the analysis of genetic variation as they offer an efficient way of
linking phenotypic and genotypic variation %61, However, not all markers are equally valid.
The characteristics that a good marker has to fulfil will depend, to a large extent, on the size
and composition of a plant population and the number of genes segregating in a population.
However, in any case, all molecular markers analysis techniques must meet the following
criteria: (1) reliability, since molecular markers should be very close to an investigated locus.
Once the results are improved using several markers if they are flanking at a loci or intragenic;
(2) highly polymorphic, to discriminate between different genotypes, and to be evenly
distributed in the genome; (3) a simple, cheap, and fast technique; and (4) requiring very little

genetic starting material to carry out the analysis 54,

DNA markers can be classified based on: (1) the methodology for their detection, which can
be southern or hybridization-based, polymerase chain reaction (PCR)-based and DNA
sequence based; (2) their dominant or codominant polymorphism and (3) their location in
relation to a gene, in which they can be classified into random molecular markers (anonymous

or neutral markers), gene targeted markers and functional markers. Random markers are
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distributed all across the genome while gene targeted markers are found within genes not
necessarily involved in phenotypic variation, e.g. un-translated regions (UTRs) of EST
sequences. Functional markers are located in the polymorphism casually associated with a
phenotypic trait variation, so they are totally linked to the allelic forms in the locus and the
functional motifs. Random and gene targeted markers can be used to tag functional variations
if QTL studies establish an association between marker and trait, however and unlike

functional markers, the association can be broken through recombination 5.

The choice of one DNA marker over another will depend on the research’s goal. A comparison

between the most widely-used DNA markers is shown in table 1.

Table 1. Comparison of the five most widely used DNA markers in plants. A. Mutation at enzyme restriction or PCR priming
site, B. Insertion or deletion between enzyme restriction or PCR priming sites, C. Change of tandem repeat units between

enzyme restriction. Source: Lopez Girona (2014).

DNA markers

Characteristics RFLPs RAPDs AFLPs SSR SNPs
Methodology Southern blot PCR PCR DMNA sequence DNA sequence
Molecular basis AB B AB C D
Genom ic Coverage Low copy coding region Whole genome Whole genome Whale genome Whole genome
Inheritance Codomnant Dominant Dominant Codominant Codominant
Polymorphism Medium Medium High Very High Medium
No. Loci  marker 1103 1to0 20 10 to 100 1to2 1
No. Alleles / locus Multiallelic 2 2 Multiallelic 2
DNA quantity (ug) / reaction 5to 10 0,02 0,5-1 0,05 0,05
DNA quality High IModerate High IModerate High
Reproducibility Very High Moderate High Very High Very High
Cost development / analysis High/High Low/Low Low/Low Low/Moderate High/Low
Autom ation Low Medium High High High
s:::::; '-:':;Wb:::d"-;::“'t!’, Genetics Diversity Diversity and Genetics All purposes All purposes
Ty pe of probs/prim ers Low copy;llsr:.leAsor cDNA Usualrl]tglzubtfd;asndom Specific sequence Specific sequence ﬂgg_ﬁig
Effective m ultiplex ratio Low Medium High High Medium to high

In peach, RFLPs, PAPDs and AFLPs markers have been used for genetic diversity studies
[62-641 for synteny studies 276561 for cultivar identification ©7-%% and for construction of linkage

maps [548.70-73],

The evolution of main keywords in articles related to molecular markers from 2000 to 2016
proves that nowadays the SSR and SNPs markers are the most widely used and were the

ones used in the present research work (Figure 6).
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Figure 6. Evolution of main keywords in articles related to molecular markers from 2000 to 2016. Source:
Garrido-Cardenas et al. (2018).

Microsatellites, also known as short tandem repeats (STRs) or as simple sequence repeats
(SSRs), are repeats of up to 100 times of simple sequences of 1-8 base pairs 4. These
elements are present in both coding and non-coding regions of all eukaryotic and prokaryotic

genomes studied to date, even being present in chloroplast and mitochondrial DNA 75761,

Among individual genotypes, the number of repeat units may vary since the tandem arrays of
SSR motifs change. Accordingly, with additional repeated units, the genotypic variety also
increases. Likewise, motif length also affects the number of repeats as shorter motifs contain
a higher number of repeats than larger ones (e.g., tetranucleotide). Notwithstanding, in smaller
motifs, there is a greater feasibility of genotyping errors due to slipped-strand mispairing
(stuttering) during the polymerase chain reaction (PCR), while longer and perfect SSR loci

display more prominent allelic fluctuation 778,

Microsatellites have been utilized liberally over previous years since they are profoundly
informative with a high mutation rate per locus per generation (107 to 10%) Il locus have
specificity, high intraspecific polymorphism, high reproducibility and ease of scoring, are
multiallelic, and frequent transpacific presence across related taxa. Additionally, the
codominance nature of SSRs allows for the direct measurement of heterozygosity and only
requires small amounts of DNA for data collection, another characteristic of SSRs (1 ng of

DNA per reaction) [*-81, Notably, they have been widely applied for different purposes, such
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as (1) genetic diversity and (2) discovering QTLs ©2; (3) linkage map construction between
gene and marker 83; (4) MAS for desired traits®®¥; (5) forensics and parentage analysis (SSRs
with core repeats three to five nucleotides long are preferred) ®); (6) cultivar DNA
fingerprinting ¢, (7) genome-wide association study (GWAS) #7!; (8) gene flow estimation and
crossing over rates!®!; (9) haplotype determination ©%; (10) harnessing heterosis ©%; (11)
germplasm characterization; and (12) genetic diagnostics, characterization of transformants,
and the study of genome organization ©#+91-%4 However, the high cost for SSR development,
the presence of more null alleles, and the occurrence of homoplasy are some of the weak

points of microsatellites ©°1.

The primers used in the PCR reactions for the analysis of microsatellites may be labelled with
either a fluorophore, with a radioactive element or lacking labelling altogether. Depending on
whether one option or another is used, the detection systems will be different and can be used
from laser detection systems with automatic reading to simple agarose gels. The main
advantages of this type of markers are both their large quantity and variety ° as well as their
co-dominant inheritance, which provides, in contrast to dominant markers, the complete
genetic information. That is why they are probably the most widely used molecular markers in
labs across the world B4, They have also been used in different plants such as Arabidopsis
thaliana, maize (Zea mays), soybean (Glycine max), rice (Oryza sativa) and wheat (Triticum

aestivum) 197-99,

A single-nucleotide polymorphism is said to exist when a single-nucleotide change (A, T, C,
or G) is observed by comparing the DNA of different members of a species. These changes
in a single position are used as an effective genetic marker in practically all the studied
species, both animal %! and vegetal [°Y1, due to its great abundance, and its importance has
become remarkable in the genetic analyzes in recent years. Due to their characteristics, they
are extremely useful in a multitude of analysis, being able to evaluate a large number of loci
and discriminating efficiently between homozygous and heterozygous alleles. In addition,
SNPs are homogeneously distributed throughout the genome, they have low mutation rates,
and they show high heritability, making them ideal markers. Depending on the type of mutation
that occurs, the SNPs can be classified into: (1) transversions, with changes in nucleotides
CIG, AIT, C/A, and T/G; (2) transitions, appearing C/T or G/A changes; and (3) indels,
produced by insertions or deletions of a single nucleotide. In plants, thanks to the recent

development of different molecular techniques such as massive sequencing %7, it has been
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possible to design high-performance routine SNP analysis that allows for the study of
thousands of positions at a time.

They are considered the ultimate form of molecular marker because a nucleotide base is the
smallest unit of inheritance and they are the most abundant genetic marker in all organisms.
The 90% of human genetics variation is due to SNPs, with one SNP every 100-300 base pairs
(103 SNP variability in peach is lower; with an estimated average of 1 SNP every 598 base

pairs 104,

The selection of SNPs enables the selection of desired lines in large-scale populations. The
marker can be used to modulate the cultivation program for the determination of the relevant
feature and improvement of the crop more economically using new-generation technologies
than using traditional methods %I, Today, plant breeding is dependent on SNPs and similar

differences for fast and cost-effective analysis of germplasm and feature mapping 2061,

Because the desired trait is under genetic control, phenotypic experiments can be attempted
faster, and the breeder not only does the early trait selection but also can transmit the desired
allele to a large number of populations 271, These sequences enable screening of more than
1 million SNPs for each species.

These polymorphisms can be used as simple genetic markers that can be identified around
almost any gene. The usage of SNPs in detecting relationships between allelic forms of a
gene and phenotypes, especially common diseases with multifactor genetics, high-resolution
genetic map construction, linkage disequilibrium based association mapping, genetic
diagnostics, genetic diversity analysis, cultivar identification, and phylogenetic analysis,

creates great potential for characterization of genetic resources 1%,

SNPs can also be used to discover new genes and their functions by affecting gene
expression and transcriptional and translational promoter activities. Therefore, they may be
responsible for phenotypic variations between individuals in improving agronomic features. It
is also important to know the location of SNP in the genome, because if SNP is present in the
coding region, it can greatly affect the activity and thermostability level of an enzyme or a

similar product 9,

Some authors consider the InDels as SNPs 119 and its name indicates insertions or deletions
(insertion-deletion) of nucleotide fragments of different sizes at the same site in the genome
sequence between the same or closely related species and is a gap in sequence derived from
alignment of the homologous sequence %2 |nDels are widely distributed across the
genome and occur in high density and large numbers in a genome. The InDel polymorphic

molecular marker is a PCR-amplified marker that is based on specific primers designed from
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both sides of the site of sequence of an insertion or deletion. It is essentially a length
polymorphic marker still, and electrophoresis can be used for genotyping 314 InDel
molecular markers have the advantage of high accuracy and good stability, which help to
avoid confusion in subsequent analysis due to marker specificity and complexity, as is often
seen in other length polymorphic markers. Furthermore, mixed or highly degraded DNA
samples can be successfully amplified with InDel markers, and effectively typed. Because of
its abundance, convenient typing platform and other advantages, InDel molecular markers
have been applied to genetic analyses of animal and plant populations, molecular assisted
crops and farmed animal breeding, human forensic genetics, medical diagnostics and other
research areas. The development of the InDel molecular marker located on functional genes,
combined with chromosome walking and fine gene mapping, has enabled the application of
these molecular markers in the screening of genes related to important economic traits, which

is conducive to the further development and utilization of these valuable genes 19,

Marker-assisted selection is the selection for a trait on the basis of genotype using associated
markers rather than the phenotype of the trait. Molecular markers are usually incorporated in
a variety of breeding applications, such as cultivar identification, assessing the genetic
diversity and purity of a genus, among others ¢, |t makes use of DNA-based markers that
are tightly linked to the gene of interest to either assist or replace phenotypic evaluation.
Identification of plants that carry specific genes or QTLs is based on their genotype and this
is done by determining the allele of the molecular (DNA-based) marker 71, The use of
molecular marker information to identify and select specific genotypes also gives a clear
understanding of the molecular marker. Before now, breeders used to rely on information
about how plants or animals performed to assess whether or not their genes were of high
enough quality, a practice that is time consuming, laborious and less effective [118-12° A direct

handle on the genes controlling the traits of interest could lead to much faster progress. [121122],

For tree species like peach, whose intergeneration period can last up to four years, this
selection step represents a severe delay on the creation of new varieties for both public and
private breeding programs. Other limitations of traditional selection are the pyramiding of
several alleles (i.e. for durable resistance to specific diseases) or the identification of

genetically superior lines when the phenotypic variance is influenced by the environment 123,
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Marker Assisted Selection (MAS) is especially important for traits that manifest late on a plant’s
life cycle, such as fruit traits ©°. In peach, the application of MAS is possible for a few Mendelian
traits, mainly for low-acidity, skin pubescence, flesh color, stone adhesion, flesh texture and
fruit shape [1° and also for pollen sterility and aborting fruit 1224, slow ripening !?°], resistance
to green peach aphid 2% and skin color 271, In addition to the monogenic traits already
mapped for peach, several complex traits were also detected for the species in several
segregating populations during last couple decades . Despite the discovery of markers
associated with these QTLs, further work is still necessary before integrating these into
breeding programs . Moreover, solutions should be found to other important shortcomings
such as the lack of trained staff, or the need of simplified and cheap strategies to screen large
progenies 28 MAS also has its disadvantages, as said before this methodology uses
molecular markers known to be associated with trait of interest or phenotypes to select plants
with desirable allele effecting target trait. It is efficient only for those traits that are controlled
by fewer numbers of quantitative trait loci (QTLs) having the major effect on trait expression,
whereas for complex quantitative traits which are governed by large number of minor QTLs,
the method is even inferior to conventional phenotypic selection 2%, To overcome this
disadvantage, research communities were looking for solutions over decades how to deal with
the complex traits and come out in the form of GS (Genomic selection). GS estimates the
genetic worth of the individual based on large set of marker information distributed across the
whole genome, and is not based on few markers as in MAS. The GS develops the prediction
model based on the genotypic and phenotypic data of training population (TP), which is used
to derive genomic estimated breeding values (GEBVSs) for all the individuals of breeding
population (BP) from their genomic profile %%, GS is relevant because it has a grater accuracy

in predictive terms for agronomic traits than MAS.

Introgression simply means the transfer of a genomic fragment containing genes of interest
from one species to another through hybridization and repeated backcrossing 34,
Introgression is defined as the process where a target gene or QTL from a plant in population
‘A’ is inserted to another plant in population ‘B’ by crossing the two of them and then repeatedly
backcrossing to ‘B’ which is known as the recipient and/or recurrent parent. In this case, DNA
markers are useful in controlling the presence of the target gene or QTL. This is also useful in
accelerating the recovery of the background genome to the recipient type. Introgression using

molecular markers is very effective in incorporating genes or QTLs from landraces, because
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the time required to produce an improved variety and the issue of linkage drag are reduced
[132,133]

In the year of 2016 this breeding strategy was proposed in order, to obtain lines of perennial
species with a single introgressed fragment from a compatible species two generations after
the interspecific hybrid. This strategy allowed the enrichment of the genome with genes from
a wild or exotic relative in a short timeframe and with an intermediate step that allows for an
initial exploration of genes/QTLs that the donor species can provide to the target crop. This
new method involved three phases: (1) creating a large backcross one (BC1) population to
select, with molecular markers, a reduced number of individuals (called priL set) with a low
number of introgressions; (2) phenotyping the priL set for the traits of interest and inferring the
inheritance and map position of segregating major genes/QTLs based on the known
genotypes of the priLs; and (3) advancing selected lines carrying the traits of interest to a
subsequent generation of backcross or selfing to obtain individuals with a single introgression
in the background of the elite commercial germplasm. The proof of concept of this strategy
was implemented by using peach as the recurrent species and almond as the donor 4, and
the scheme of the MAI is showed in figure 7.

P. dulcis
) g P. salicina
Elite peach Prunus wild or P mira
variety crop species - P kansuensis
P. davidiana

P. cerasifera

Phase 1 Blite peach % £9 hybrid

variety

BC1
(800-1,500 offspring)

Selection of seedlings with <3
introgressions with markers

Phase 2 Selection of a 15-30 Phenotyping and genetic
lines: the priL collection analysis of major genes/QTLs
Phase 3

Backcross to elite peach X
materials only with priLs
carrying the desired gene

BC2 BC1S1

/

Selection of 30-40 individuals
lines only with the with only one introgression in

introgression containing homozygosis

the desired gene
Elite peach
X parent

v I IL collection ]

New variety »
= Cross

X = self-pollination

Selection of one or more

Figure 7. Scheme of the marker assisted introgression (MAI) strategy for the integration of exotic chromosome fragments into

the elite peach genome. Source: Serra O. et al (2016).
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A genetic fine map of a specific locus will usually have as its goal the identification and location
of markers that flank the targeted region of genome with replicable signals of association, with
the aim of localizing the causal variants. In most cases, markers with positive association and
causal polymorphisms are less than one centimorgan (cM) apart. In some cases, comparisons
of map positions can be accurately made with results of other species, examining syntenic
regions for defined causal polymorphisms and for similar traits.

Fine-mapping is a necessary step to identify causal polymorphisms and it involves the
identification of recombinants with recombination’s very close to the casual gene of the target
trait, and saturating the region with more molecular markers. Nowadays, next generation
sequencing techniques allow to resequence the genomic region of interest to identify all

variants.

Genomic prediction is an advanced form of marker-assisted selection in which genetic
markers covering the whole genome are used so that all genes and QTLs associated with
traits of interest are in linkage disequilibrium with the markers. Genomic prediction includes
two steps: (1) train the prediction model using lines with both genotypic and phenotypic data
as training sets and (2) predict breeding values using genotypic information of the
unphenotyped lines, the testing sets, with the trained model and estimated parameters from
step 1. Genomic prediction is becoming a widely adopted tool for breeding. It makes use of
historical genotypic and phenotypic information to predict genotyped but not phenotyped lines
for selection decisions. The advantage of genomic prediction is that the prediction accuracy
will be improved with high quality phenotypic and genotypic data accumulated across years in
the training sets. Accuracies of genomic prediction are affected by the quality of genotypic and

phenotypic data and by an appropriate statistical model 2331,

Genomic selection (GS) or prediction is referred as the simultaneous use of genome-wide
markers to predict an individual’s genotypic or breeding value for both observed and
unobserved individuals. Multi-trait GS models can make use of information on correlated traits
to improve prediction accuracy™®l. Early work on GS in plants was mainly focused on
unobserved individuals, in the marker assisted recurrent selection (MARS) context. GS can

be beneficial for observed individuals as well if entry-mean heritability is low*37,
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To date, the development of high-throughput phenotyping systems for plants has largely
focused on measuring traits of individual plants in greenhouses or growth chambers. However,
many phenotypic responses of interest for crop improvement, especially those related to yield
potential and abiotic stress tolerance, involve suites of traits that are best measured as
expressed among communities of plants that grow in agronomically relevant edaphic and
climatic conditions. Furthermore, field-based systems are more readily incorporated into
applied plant breeding programs. Thus, there is growing interest in adapting agricultural
machinery and electronic sensors for field-based high-throughput phenotyping 381391
Potential applications are mainly envisaged for genetic research (e.g. in detection of
guantitative trait loci, QTL) and crop improvement but also include monitoring of the crop

response to soil and management variability (i.e. precision agriculture).

Several decades-long investigations in molecular genetics and biochemistry of bacteria and
viruses have allowed researchers to develop new methods of manipulating DNA through
creation of various vector systems and tools for their delivery into the cell. All of these
developments allow successful creation of not only transgenic microorganisms but also
genetically modified higher organisms including various plant and crop species. Creation of
novel tools for breeding and biotechnology, an application area of genetic engineering, has
received significant focus resulting in accelerated development of useful tools. However,
conventional genetic engineering strategy has several issues and limitations, one of which is
the complexity associated with the manipulation of large genomes of higher plants [0,
Currently, several tools that help to solve the problems of precise genome editing of plants
are at scientists’ disposal, such as TALENSs (transcription activator-like effector nucleases),
CRISPR/Cas (clustered regularly interspaced short palindromic repeats) and genome editing

with engineered nuclease (GEEN) 41,
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From 2013 to date, several progenies of different generations derived from ‘Texas’ and
‘Earlygold’ crosses (Figure 8) were screened to search for recombinants to fine map Alf, Jui

and DBF2 genes.

‘Earlygold’

F2 Population 7 ' BC1 Population
‘TxE’ ,, ‘T1E’
111 individuals 189 individuals
(88 phenotyped) : (178 phenotyped)

Figure 8. Schematic representation of the first progenies derived from ‘Texas’ x ‘Earlygold’ crosses '3, that originate the subsequent

generation.

From the T1E population, around 25 individuals were selected based on their heterozygosity
concerning the three regions of the study (the Jui and DBF2 region in the group 1 and the Alf
region in the group 4); thus, they possessed almond and peach alleles in at least two of the

three central genes analyzed in this work and their maturity date (MD) is late.

The entire process of extracting the seeds was carried out in the laboratory in the most aseptic
manner as possible. First, were opened the fruits with special scissors to extract the seed.
After drying the seeds for 2 to 3 days on filter paper at room temperature they were stored at
4°C. After extracting the seeds from all families, the stratification process was started by
putting them for 12 weeks at 4°C in trays, filled to half of its capacity with perlite (Europer! A-

13) previously saturated with water. The trays were observed so as to discard contaminated
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seeds and change the perlite if necessary. After stratification, the roots began to elongate and
the seeds were sown in forest plastic trays with substrate (2: 1 Floragard TKS-1 seed, with
macro and micronutrients) and perlite. The trays were properly labeled and placed on tables
in a greenhouse. During the plant’s growth (2 to 2.5 months), moisture content, temperature
and humidity were controlled. When the plants had four true leaves, fertirrigation (HNOz +
NH4NO3; + KPOsH; and MG (NOs). + Hortrilon + Fertrilon) through drippers was applied.

Phytopathological treatments were always been carried out preventively.

Young leaves from the plants were collected and placed in DNA extraction plates of 96 wells.
The DNA extraction method used starts by adding 67 pl of 0.3MNaOH solution and two 4 mm
diameter stainless steel balls into each sample well. Followed by grinding the samples at 50
Hz for 60 s using TissueLyser and pacing the deep-well plate into a water bath at 96°C for 1
min. After this 200ul of 0.75MTris-HCI (pH 7.5-7.8) were added and the samples were
centrifuged at 3000g for 1 min to separate the supernatants, which were transferred to a new
200-pl 96-well PCR plate. These supernatants were diluted 5x with ultrapure water in a final
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Figure 9. Representation of the 96 well plate scheme used for PCR. The circles represent the wells with DNA samples. In each

well containing DNA from the seedlings. Blue, yellow and green wells contained DNA from ‘Texas’, ‘Earlygold’ and the hybrid

MB 1.37 respectively. In grey a sample of water as the negative control.

DNA was quantified by applying the Beer-Lambert equation relating absorbance, and
extinction co-efficient to DNA concentration. Absorbance readings were measured at 260 nm

and the extinction coefficients used were 50 for dsDNA and 33 for ssDNA. Absorbance
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readings were taken on a NanoDrop spectrophotometer (Wilmington, USA), and the DNA
dilutions were kept in a freezer at -20°C until genetic analysis was done.

To reduce the time and labor required to carry out the first screening and since the study
comprised the analysis of a large humber of plants, for Alf, Jui and DBF2 we selected 2 SSR
markers surrounding the genes. In some cases, if a marker could not be genotyped for
technical reasons, a third SSR marker was used (Table 2). Each set of SSRs was genotyped
in the families where these genes were heterozygous. The genotyping of the two
microsatellites closest to each trait was made both upstream and downstream. When
genotyping did not work or primer stock was finished, the second closest SSR was used for
genotyping; two SSRs were used in these cases. Each marker was identified as homozygous
for almond or peach, or heterozygous when both alleles were present.

The recombinant individuals between two markers surrounding one of the target traits were
selected for a second round of selection, while the remaining non-recombinant individuals,

were discarded.

Table 2. Microsatellites used for genotyping in the first round of selection. The group to where they belong is represented and

the positions of the markers.

Marker Group Position

M12a 4 9.208.608

Alf 7cM
SSR15662 4 11.228.933
EPPCU2000 4 12.467.623
CPPCT026 1 32.766.347
EPDCU3489 1 33.027.380

Jui 9cM
BPPCTO016 1 36.075.308
CPPCT029 1 40.195.426

DBF2 8cM
SSR6125 1 42.723.336
BPPCT028 1 45.685.797
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The SSR markers used in the second round of selection were inside the region defined by the
markers used in the first round. The genetic markers used are represented on table 3 and
include 2 SSRs for Alf and 3 for DBF2, and 13, 10 and 7 InDels for Alf, Jui and DBF2
respectively. In this last round of selection, for the first time in this research project 12 SNP’s
were also designed 11 for Jui and 1 for DBF2. These markers allowed us to narrow down the
genomic region where these 3 genes are located.

Table 3. Indels and SSR’s used for genotyping in the second round of selection.

Region Markers

Indel34972 SSR5939
Indel35000 Indel41927
Indel35036 Indel42115
Indel35085 Indel42311
Upstream Indel35147 Indel42525
SSR15636 Indel35173 Indel42584
SSR15639 SNP35183 SSR6105
Indel11067 SNP35194 Indel42666
Indel11120 SNP35200 SNP42675

Genotype Alf Jui DBF2
183 Kb 97 Kb 10 Kb
Indel11147 SNP35204 Indel42718
Indel11163 SNP35211 SSR6125
Indel11172 SNP35224
Indel11175 SNP35244
Indel11191 Indel35245
Indel11196 SNP35247
Downstream

Indel11206 SNP35252
Indel11210 SNP35264
Indel11254 SNP35269
Indel11303 Indel35271
Indel11330 Indel35336

Indel35351

The polymerase chain reaction (PCR) is a method which allows the amplification of a specific
region of DNA. Two short oligonucleotides, or primers, were designed to match DNA sequence
at either end of the region of interest. In the presence of the thermostable enzyme Taq
polymerase |, the portion of DNA lying between these two primers is amplified. Two PCR
protocols were followed depending if the SSR primers were labelled with different
fluorochromes (SSR15662 and SSR6125) or with a tag sequence (M12a, EPPCU2000,
CPPCTO026, EPDCU3489, BPPCT016, CPPCT029 and BPPCT028) for the first round of

selection.
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The PCR was performed in a 96-well microtiter plate or in 0.2 ml tubes in a Thermocycler
(2700 SimplyAmp, Thermo Fisher®). A Master Mix sufficient for the number of planned
reactions was prepared, allowing for a 1x reaction mix once the DNA template was added.
The volume and contents of the reactions are represented below in table 4 and 5 for the SSRs
labelled with different fluorochromes and for SSRs with a tag sequence, respectively.

Table 4. PCR reaction for SSRs labelled with different Table 5. PCR reaction for SSRs with a tag sequence.
fluorochromes (FAM, VIC, NED or PET).

Reagent Quantity
Reagent Quantity H20 (HPLC) 5.82 ul
H20 (HPLC) 5.90 ul lab (10x) 1.00 pl
lab (10x) 1.00 MgClI2 (50 mM) 0.30 pl
MgCI2 (50 mM) 0.30 dNTP (10 mM) 0.20 pl
dNTP (10 mM) 0.20 pl Primer tagF (10 pM) 0.20 pl
Primer F (10 uM) 0.20 Primer tagR (10 pM) 0.20 pl
Primer R (10 uM) 0.20 ul Primer F (10 pM) 0.04
Taq (5 U/ul) 0.20 pl Primer R (10 uM) 0.04
1x cocktail 8.00 pl Taq (5 U/ul) 0.20 pl
DNA (20 ng/ul) 2.00 1x cocktail 8.00 ul
Total 10.00 pl DNA (20 ng/ul) 2.00 pl

Total 10.00 pl

PCR amplifications were performed with the specific cycling profile for SSR primers labelled
with different fluorochromes and for the ones with a tag sequence (Table 6).

Table 6. PCR cycling profile for the SSRs labelled with different fluorochromes and SSRs with a tag sequence.

PCR Program
Primers Labelled with fluorochromes With atag sequence
Denaturation 94°C 1 min 94°C 1 min
[94°C 15s; Ta (57-65°C depending on [94°C 15s; 63°C 30s; 72°C 60s] 20 cicles
the primer used) 15s; 72°C 30s] 35 cicles [94°C 15s; 54°C 30s; 72°C 60s] 40 cicles
Extension 72°C 5 min 72°C 5 min

Annealing

For the second round of selection, we used markers such as SSR’s and InDels. The adopted
PCR profile for the SSR’s was the same used the primers with a tag sequence; for the InDels
the same profile utilized in the primers labelled with different fluorochromes was also used,
however the latter one’s extension time was adapted according to the size of each InDel.

The reaction products were visualized by capillary electrophoresis (SSRs) and agarose gel

electrophoresis (InDels).

This electrophoresis procedure was used in the first and second round of selection for all the

SSR markers after the PCR. First, 2l of the resulting PCR amplification products were placed
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in a specific plate used for this procedure and mixed with 12 pul of Hi-Di Formamide, 0.35 pl of
ROX o LIZ. A denaturation step was performed for 3 min at 94 °C in the Thermocycler and
then the plate was analyzed by capillary electrophoresis in an ABI 3130xI Genetic Analyzer
(Thermo Fisher®) capillary sequencer. Each PCR product was loaded into a capillary
containing a polyacrylamide matrix in which the electrophoresis was performed, the emitted
florescence was captured and the molecular mass of the PCR product was determined. An
electropherogram was then generated which shows fluorescence peaks corresponding to
each amplified allele. The resulting electropherogram corresponding to the outputs were then
analyzed with GeneMapper® Software Version 4.0 Microsatellite Analysis (Applied
Biosystems) and with GeneMarker® Software Version 2.6.3 (SoftGenetics LLC®), flexible
fragment analysis software’s packages that provides quality DNA sizing and alleles as well as

providing and allowing for the analysis of the peaks.

Electrophoresis through agarose gels is used to separate DNA fragments by size. The
technique is simple, rapid to perform, and capable of resolving fragments of DNA that cannot
be separated adequately by other procedures. Electrophoresis uses an electrical field to move
the negatively charged DNA through an agarose gel matrix toward a positive electrode.
Shorter DNA fragments migrate through the gel more quickly than longer ones. This way we
can determine the approximate length of a DNA fragment by running it on an agarose gel
alongside a DNA ladder (a collection of DNA fragments of known lengths). The location of
bands of DNA within the gel can be determined directly by staining with low concentrations of

fluorescent intercalating dyes, such as ethidium bromide 42,

In the present work agarose electrophoresis was used to analyze all the InDels used for the

second round of selection.

An agarose gel was prepared (2.5%) by melting 7.5 g of agarose in 300 ml of TBE. Ethidium
bromide was added to a concentration of 20ul/100ul and 2l of loading buffer was added to
the totality of the resulting PCR product. Electrophoresis was performed in 1x TBE with a
voltage ranging between 100-200 volts for the time required to obtain satisfactory separation.

The DNA was visualized under UV light using QuantumCapture software.

SNP’s polymorphisms in the resequencing data were detected using Integrative Genomics

Viewer software version 2.5 (https://software.broadinstitute.org/software/igv/). The
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comparison between the resequencing information from Earlygold and Texas allows the
identification of all the polymorphisms between peach and almond in the regions where the
genes of interest are located. The last-version of almond (Texas) and peach (Earlygold)
reference genomes used were downloaded from the Genome Database of Rosaceae

(https://www.rosaceae.orq).

For the SNP design this program displays the parental genomes and compares it with Prunus
persica Genome v2.0.al (peach) as areference sequence. The program shows the similarities
of the readings in gray and the differences with respect to the reference genome in bright

colors (Figure 10).
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Figure 10. Screenshot of the Integrative Genome Viewer software showing the genomes of ‘Earlygold’ (above), ‘Texas’ (in the
middle) and P. persica reference sequence (at the bottom). It displays two SNP’s in the position 356230823 bp (T instead of G,
in red letters) and 35230856 bp (A instead of T, green letters) of Linkage Group 1 in almond’s genomic sequence.

The primers for SNP detection were designed using the Primer Picker Lite tool from KASPar
SNP Genotyping System (KBiosciences, Herts, UK). It was necessary to have the flanking
sequence of the SNP (= 200 bp in total) to design them. With this program two allele specific
primers (Al and A2) were obtained, that differed in the nucleotide of the SNP and in a specific

tail for each fluorescence (VIC/FAM) and a common primer (C1).

PACE (PCR Allele Competitive Extension) genotyping is a fluorescent, competitive allele-
specific PCR genotyping technology. It is ideal for biallelic discrimination of single nucleotide
polymorphisms (SNPs) and insertions and deletions (Indels) at specific loci. For the Protocol

PACEZ2.0 to be performed we pursued a mix of the tree primers (PACE 2.0 assay) designed
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for a specific SNP, a solution was prepared (12 pl of A1, 12 pl of A2, 30 pl of C1 and 46 pl of
MilliQ water, for a total of 100 ul) and 2 pl of the DNA samples were placed in an optical plate.
The PCR mix (5 pl of Master Mix of PACE 2.0 Genotyping Master Mix, containing Taq
polymerase, universal fluorescent reporting cassette, dNTPs, buffer, performance enhancers,
MgCI2 at 4.4 mM (2.2 mM at 1x concentration) and the passive reference dye, 5-carboxy-
Xrhodamine, succinimidyl ester (ROX)) and 0.138 of PACE 2.0 assay was prepared and
added to each sample present in the plate. The SNP genotyping was then performed by gPCR
through a LightCycler 480 device (Roche Diagnostics, Spain) using the PACE Genotyping
program (Table 7). When the program was finished, we analyzed the results using the program

Endpoint Genotyping.

Table 7. PCR program performed in the LightCycler 480, for the PACE Genotyping.

Name Cicle Temperature Time Ramp rate  Quantification
Hot-start 1 94 °C 0:15:00 4,4 None
94 °C 0:00:20 4,4 None
Touch-down 10 65 °C 0:01:00 2,2 None
94 °C 0:00:20 2,2 None
PCR 35 57 °C 0:01:00 2,2 None
Read plate 1 37 °C 0:01:00 2,2 None
P 37 °C 0:00:01 4.4 Single

To select the candidate genes for each trait we used the annotation file from Prunus persica
Genome  v2.0.al (peach), available in the laboratory  data  bases.

(https://www.rosaceae.org/species/prunus persica/genome v2.0.al).

To test and compare the three extraction protocols proposed (Alkaline lysis method, CTAB
and SILEX), young and old leaf tissues was harvested from 13 species: plum, apricot, pear
and blackberry. For strawberry we collected leaves from Fragaria vesca (diploid) and Fragaria
x annanasa (octoploid), and for asparagus we test leaf and spear tissue. We collected young

leaf tissue from hybrids of peach and almond, peach, melon, almond, cannabis, grape and
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apple. The material was collected and placed in DNA extraction plates of 96 wells directly from
plants in the field or greenhouse, using the scheme showed on table 8.

Table 8. Scheme used in the 96 well-plate for the DNA extraction using the three protocols. The nomenclature young and old is

used for each species to identify the type of tissue collected. Leaf and spear are the tissues collected and used for the DNA

extraction of asparagus.

Plate scheme for DNA extractions

if;‘;':];( Peach Plum Melon Almond Apricot Cannabis  Strawberry Grape Apple Asps;r:?us/ Blackberry
Rec Pc P M Al A (03 S G Ap As/Pr B
young young young young young young young vesca young young As Leaf young
young young young young young young young vesca young young As Spear young
young young young young young young young vesca young young As Spear young
young young young young young young young vesca young young As Spear young
young young old young young old young octaploid young young Pr young old
young young old young young old young octaploid young young Pr young old
young young old young young old young octaploid young young Prold old
young young old young young old young octaploid young young Prold old

The first DNA extraction method started by adding 67 ul of 0.3MNaOH solution and a 4 mm

diameter stainless ball into each sample well of the 96 well-plate. Followed by grinding at 50

Hz for 60s each side using TissueLyser and placing the deep-well plate into a water bath at
96 °C for 1 min. After this 200 pl of 0.75MTris-HCI (pH 7.5-7.8) were added and the samples

were centrifuged at 3000g for 1 min to separate the supernatants, which were transferred to

a new 200-ul 96-well PCR plate (Figure 11). These supernatants were diluted 5x with ultrapure
water. A DNA spectrophotometer NanoDrop Technologies (Wilmington, USA) was used to
quantify the final concentration of DNA in ng/uL and its quality.
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Figure 11. Picture of the alkaline lysis 96-well PCR plate before the dilution 5x with ultrapure water.
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The CTAB protocol for DNA extraction used was adapted to the conditions of the laboratory
in which this study was carried out and begins with the addition of 4 mm diameter stainless
ball into each sample well of the 96 well-plate and 340 ul of Doyle buffer (mixed with
mercaptoethanol; 20 pl for 20 ml of Doyle). After grinding the material at 30 Hz for 2 min each
side using TissueLyser, the plate was incubated at 65°C for 40 minutes at least. 340 pl of
chloroform were added and mix by rigorous shaking. Then a centrifugation at 3000 rpm for 15
min was done and 100 pl of the aqueous phase was transferred in to a PCR plate, followed
by the addition of 100 ul of isopropanol. A new centrifugation step is performed at 3000 rpm
for 30 minutes, and the supernatant was discarded. 100 ul of 70% ethanol were added and
the centrifugation is repeated for 10 min. In the end the supernatant was eliminated and the
plate was left | on the bench for 24 h. In the next day the DNA was resuspended in 180 pl of
HPLC water for dilution 10x. After applying a spin in the centrifuge to the plate the DNA was
guantified using the previous spectrophotometer NanoDrop Technologies (Wilmington, USA)

for the same propose.

In the present year a new protocol based on the standard CTAB method with a DNA silica
matrix recovery was developed 8. This was adapted to the laboratory conditions
(Annex 1) and tested through the collection of leaf material (= 15-25 mg) and placing it
in tubes of 1.1 ml. Tungsten bead, 437 pl of extraction buffer (2% (w/v) CTAB, 2% (w/v)
PVP-40, 20 mM EDTA, 100 mM Tris HCI (pH 8.0) and 1.40 M NaCl) and 6 pl of B-
marcaptoethanol were added to the 96 well-plate. After the samples were grinded using the
TissueLyser (30 HZ, 1:30 sec. each side) and 2 pl of Rnase (10 mg/ml) were added before an
incubation step was performed in a thermalblock for 30 min at 65 °C. At next the samples were
placed on ice for 5 min. and 306 pl of protein precipitation buffer (24 parts of chloroform and
1 part of isoamyl alcohol) were added and gently vortexed. A centrifugation at 3 000 rpm for
15 min. at room temperature, to recover around 300 pl of the supernatant phase to a new
2 ml tube is done and 178 pl of binding buffer (2.5 M NaCl and 20% PEG 8000) and 267
pl of absolute ethanol are added and gently invert the tube by hand until complete
mixing. Addition of 8 ul of the silica matrix buffer (5 g of silicon dioxide, 50 ml and 10 pl of
HCI 36% per ml of silica matrix solution obtained) and mix gently during 5 min by hand, spin
down the silica for 5 min and the supernatant must be discarded by decantation. In the end of

this protocol 700 pl of washing buffer (fresh prepared ethanol 70%) were added and
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shake gently by hand until a uniform dispersion of the silica was obtained; the silica was spin
down for 5 min, and the supernatant gently discarded by decantation and let dry at room
temperature overnight. In the next day 100 pl of elution buffer (10 mM Tris HCI (pH 8.0) and
1 mM EDTA (pH 8.0)) were added and a gentle shake was given by hand util the pellet was
resuspended and the plate was incubated 5 min at 65 °C. The plate is centrifugated at 3 000
rpm for 20 min at room temperature and 90 pl of the supernatant were transferred to a new

tube. As in the previous protocols the DNA is quantified using Nanodrop.

Nucleic acid samples can be readily checked for concentration and quality using the NanoDrop
Spectrophotometer. Based on the Beer-Lambert Law (A=Ecl, where A=absorbance,
E=extinction coefficient, c=concentration and I=path length), that draws a direct correlation
between absorbance and concentration. While nucleic acids absorb at many wavelengths,
they have a peak absorbance of UV light at 260nm. Thus, the amount of light absorbed in this
region can be used to determine the concentration of RNA or DNA in solution by applying the
Beer-Lambert law. However, the Beer-Lambert equation is only linear for absorbances
between 0.1 and 1.0. This translates to concentrations between 10.0 ng/uL and 3700 ng/uL
when using the Nanodrop. Values above 20 ng/ul are considered reasonable DNA

concentration, of course these values vary accordingly to the objective after the extraction.

The agarose gels were prepared (1%) by melting 3 g of agarose in 300 ml of TBE. Ethidium
bromide was added to a concentration of 20ul/200ul and 2l of loading buffer was added to
the totality of the resulting PCR product. Electrophoresis was performed in 1x TBE with a
voltage ranging between 100-200 volts for the time required to obtain satisfactory separation.

The DNA was visualized under UV light using QuantumCapture software.
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The individuals of the T1E population were selected if they were heterozygous for one of the
target genes and if they showed a medium or late ripening to avoid resorting to the embryo
rescue (Table 9).

Table 9. List of the T1E possible recombinants. In the first column is showed the progenies number of different generations

derived from ‘Texas’ and ‘Earlygold’ selected to produce seedlings. MD corresponds to the maturity date of the fruits in each

plant individual. Is also showed the number of fruits, seeds and seedlings obtained from each individual and the percentage of

germination.
T1E MD N° Fruits N° Seeds N° seedlings % Germination
21 29-Aug 50 51 39 76.47
22 1-Aug 41 42 9 21.43
32 1-Aug 153 145 28 19.31
34 29-Aug 235 265 241 90.94
35 1-Aug 213 208 123 59.13
40 29-Aug 75 77 61 79.22
43 1-Aug 50 57 15 26.32
64 29-Aug 185 254 234 92.13
65 1-Aug 33 22 14 63.64
101 1-Aug 109 108 82 75.93
104 14-Aug 164 189 180 95.24
116 1-Aug 89 81 32 3951
123 29-Aug 130 131 98 74.81
197 1-Aug 166 186 76 40.86
201 1-Aug 204 196 127 64.80
219 1-Aug 86 65 21 32.31
220 1-Aug 118 150 113 75.33
226 1-Aug 142 139 77 55.40
344 14-Aug 65 63 45 71.43
389 29-Aug 226 235 226 96.17
410 1-Aug 174 217 63 29.03
424 14-Aug 73 73 50 68.49
463 29-Aug 118 110 89 80.91
467 1-Aug 111 120 43 35.83
500 14-Aug 194 196 97 49.49
TOTAL: 3204 3380 2183 Average: 61

In 2019 open pollinated fruits from these 25 individuals selected were harvested and the seeds
were extracted and germinated. In total we obtained, 3204 fruits. An average of 128.16 fruits
were obtained per family, with, only four that produced less than 50 fruits (included) and nine
that produced more than 150 fruits. The number of seedlings obtained by family was between
nine and 241 individuals with an average of 87.32. Only seven families produced less than 50

seedlings, and four more than 150.
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In the first selection stage, the 2183 individuals resulting from BC1 selfing were genotyped
with the 9 SSRs mentioned above to select the individuals that presented a recombination
between the markers surrounding the different target genes. The genotype of each marker
was annotated, based on the emitted florescence of the PCR product. The electropherogram
generated by GeneMapper and GeneMarker softwares shows the fluorescence peaks
corresponding to each amplified allele, as represented on figures 13, 14 and 15 for the M12a
SSR marker.

Texas (186)

Figure 12. Screenshot of the GeneMapper software showing the electropherogram generated for the Alf region, screened with

the marker M12a, for ‘Texas’.

- Earlygold (175/194)

Figure 13. Screenshot of the GeneMapper software showing the electropherogram generated for the Alf region, screened with

the marker M12a, for ‘Earlygold’.

- MB1.37 (186/194)
] | “
: I
. |

\1 W‘I‘ “‘i I‘l ‘l‘l“,.‘ﬁ‘

Figure 14. Screenshot of the GeneMapper software showing the electropherogram generated for the Alf region, screened with
the marker M12a, for the hybrid MB 1.37.
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Marker M12a presented the genotypes 186, 175/194 and 186/194 for T, EG and MB1.37, that
were the almond parental, the peach and F1 hybrid respectively. We can observe that the
hybrid MB1.37 presented one allele coming from ‘Texas’ (186) and another one coming from
‘Earlygold’ (194). The genotyped individuals were scored as homozygous for 186 or 194 or as
heterozygous. Based on the electropherograms generated for each marker we identified the
individuals that were recombinants in the genomic region containing each gene of interest
(Table 10).

Table 10. Representation of the fluorescence emitted by each marker chosen for the screening of Alf, Jui and DBF2 and the

respective annotation to identify recombinants.

- Example of
Marker Group Position Texas Earlygold MB1.37 Recombinats
M12a 4 9.208.608 [L14861 175/194 |S/IBONNIEEE/MOANN 186, 1i86/194)
Alf 7cM
SSR15662 4 11.228.933
EPPCU2000 4 12.467.623
CPPCTO026 1 32.766.347
EPDCU3489 1 33.027.380 170  [JiSSJA70)
Jui 9cM
BPPCTO016 1 36.075.308 96 96
CPPCTO029 1 40.195.426 190 190
DBF2 8cM
SSR6125 1 42.723.336 280 280 [}260/2800
BPPCTO028 1 45.685.797 163

In the almond x peach crossing population Alf and Jui are recessive genes in the peach
genome, whereas DBF2 is dominant and the responsible allele comes from the almond. For
Alf, the individuals were selected as recombinants if for one marker were homozygous for the

almond allele and for the other were heterozygous or homozygous for peach.

For DBF2 the almond allele is dominant, therefore the individuals were selected as
recombinants if one marker was homozygous for the peach allele and for the other was

heterozygous showing the genotype of almond or hybrid in the upper part or heterozygous.

For Jui, the peach allele is the recessive and we selected the recombinant if one of the markers

was homozygous for peach and the other was heterozygous for peach and almond alleles.

Table 11 summarizes the efficiency of the markers used in detecting recombinants and the

number of recombinant individuals determined for each genome region.
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Table 11. Summary of the efficiency of each marker during the screening, and number of recombinants selected for each
genome region, that will proceed to the second round of selection.

N° Individuals N° Individuals N° Recombinants  N° Individuals

Marker Group Position (Analyzed) (Failed Analyzis) Selected Discarded
M12a 4 9.208.608 1831 330
Alf 7cM
SSR15662 4 11.228.933 1427 758 239 1944
EPPCU2000 4 12.467.623 164 204
CPPCT026 1 32.766.347 370 182
EPDCL{3489 1 33.027.380 1621 587 199 1984
Jui 9cM
BPPCT016 1 36.075.308 2009 163
CPPCT029 1 40.195.426 1810 373
DBF2 8cM
SSR6125 1 42.723.336 1722 461 112 207
BPPCT028 1 45.685.797 55 37

For Alf the marker M12a has the one that allow us to analyze the higher number of individuals
and for Jui and DBF2 was the BPPCT016 and CPPCT029 respectively. The marker that
showed the higher number of analysis failed was the SSR15662 from Alf.

In the first round of selection a total of 2183 individuals were genotyped with three to nine
SSRs depending on the number of target genes that were heterozygous in the parental line.
In total we identified 550 recombination events with 239 possible recombinants for Alf, 199 for
Jui, and 112 for DBF2. In total, 1633 plants were dismissed.

4.2.Second round of selection

The second round of selection was done with the 550 recombinant individuals described in
the previous section. To further narrow down the positions of these recombination events we
used 4 SSRs, 30 Indels and 12 SNPs depending on the target gene of each plant. The SSRs
were visualized as described before using GeneMapper and GeneMarker software’s through
the electropherograms, the InDels were visualized and analyzed in agarose gels (Figure 16).

Figure 15. Portion of an agarose gel that shows the genotype of 31 samples (four missing 22,29,35 and 36) for the Indel11175,
downstream of Alf gene. The molecular weight marker is on the first column (1) on the left and the rest of the columns show
both peach (3, 21 and 26) and almond (2, 5, 8, 10, 11, 14, 17, 18, 23, 27 and 31) homozygous states and heterozygous
individuals (4, 6, 7, 9, 12, 13, 15, 16, 19, 20, 24, 25, 28, 30, 32, 33 and 34).
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The SNP genotyping was performed by PACE genotyping through a LightCycler 480 device
(Roche Diagnostics, Spain) using the PACE Genotyping program, as described before
(section 3.8). And the results were analyzed using the program Endpoint Genotyping (Figure
17).

Endpoint Fluorescence Scatter Plot
P B

Fluorescence (533-580)
~

0500 B

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11.000 12000 13.000
Fluorescence (465-510)

Figure 16. Screenshot of the Endpoint Genotyping program layout result. Three theoretical groups can be distinguished. The

bottom group made up of blue dots, represents those genotypes that were homozygous for peach allele. The red group
represents heterozygous genotypes, and the green almond homozygous individuals. The dots in pink were classified as

unknown and the grey one is the negative control classified as ‘non parental allele present’.

In total we identified 20 new recombinant individuals, 13 for Alf, 4 for Jui and 3 for DBF2, that
were planted in the fields of IRTA Torre Marimon until they will be phenotype the next years.
More details about the markers genotyped are present in the next section separately for the
three target genes.

Alf, Jui and DBF2 traits were identified and mapped by Donoso et al. (2016). Alf segregated
on G4 between the markers M12a and EPPCU2000, corresponding to the physical position
32.8. Jui was mapped to the distal position of G1 between the markers CPPCT026 and
BPPCTO16, in the physical position 41.5 and DBF2 to the end of G1 between the markers
CPPCT029 and BPPCTO028, in the physical position 53.0. (Table 12 and Figure 18).
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Table 12. Description of the genes and their segregation in the interspecific almond x peach progenies T x E and T1E. Adapted

from: Donoso et al. (2016).

Trait Symbol Texas® Eulygold*  FI* Map®  Expected  Observed P Map Closest marker’  Physical
segregation  segregation position position”
(LG:eM)
Almond fruit — Alffalf  Almond Peach Peach (Alfal) T xE 31 30 Alf:14 alfalf 013 4328 SNP_IGA_412380  4:10922662
type (alfalf) (AIALN (LN 12523245
Juiciness Juiljui  Non-juicy  Juicy (juijui) Non-juicy TIE Ll 65 juijui:64 008 1415 SNP_IGA_107417  1:35198093
(Jui-) (Juijui) Judjui 0.3) 35398680
Blood flesh DBF2 - (DBF2-) Yellow Red TIE 11 73DBF2db2:57 197  1:53.0 sop_1_41535285 1:41709139
dbf2 (dbf2dbf2) (DBF2dbf2) dbf2db2 0.1) 42754924
G1 G4
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Figure 17. Map with the physical positions of the genes mapped by Donoso et al. (2016). In red is marker de name of the genes
under study responsible for fruit traits. Source: Donoso et al. (2016).
On the years before this master project more recombinant individuals were already selected
and some of them were phenotyped. These individuals were TxE059, TxXE085, TxE004,
TxE202, T1E724, 25P15-32, T1ES8, T1E183, T1E694, T1E62, 21P15-27, T1E197, T1E343
and T1E464. To narrow down the region where the target genes are located, molecular
markers (Indels and SSRs) were developed in the past. In the present work we also applied
SNPs with the same objective as the other markers previously tested. The genotyping and
phenotype results for the recombinant individuals for Alf, Jui and DBF2 are presented in tables

13, 14 and 15 respectively.
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Table 13. Genotypes of individuals with a possible recombinant breakpoint near Alf. A, B and H represent the alleles responsible for ‘Texas’, ‘Earlygold’ and hybrid ‘MB1.37’ genotypes respectively.

C represents the genotype when ‘Earlygold’ and hybrid are not distinguished by the marker and the numbers correspond to the size of the pics for the electropherograms resulting from the analysis

of the SSRs. The red lines surround the region were the breakpoint is believed to be.

Controls Genotype Individuals Genotype Controls Genotype

MB1.37 | TXE059 | TXE085

Distance Marker Position
~ N 9203608
SSR15636 11058333
SSR15639 11066811
Indel11067 11067236
Indel11120 11119850
Phenotype
Indel11147 11147190 B
Indel11163 11153064 B
Indel11172 11162651 B
183 Kb Indel11175 11165424 B
Indel11191 11181771 B
Indel11196 11186338 B
Indel11206 11195658 B
Indel11210 11210804 B
Indel11254 11254057 B
Indel11303 11303223 B
Indel11330 11330342

12467623
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Table 14. Genotypes of individuals with a possible recombinant breakpoint near Jui. A, B and H represent the alleles responsible for ‘Texas’, ‘Earlygold’ and hybrid ‘MB1.37’ genotypes respectively.

The numbers correspond to the size of the pics for the electropherograms resulting from the analysis of the SSRs. The red lines surround the region were the breakpoint is believed to be.

Distance  Marker

Indel34972
Indel35000
Indel35036
Indel35085
Indel35147
Indel35173
SNP35183

SNP35194
SNP35200
Phenotype
SNP35204
SNP35211
69Kb  SNP35224
SNP35244
Indel35245
SNP35247
SNP35252
SNP35264

Position Controls Genotype Individuals Genotype Controls Genotype
EG |MB1.37 | T1E724 [25P15-32] [102P19-21[165P19-215[131P19-142]104P19-93| | T1E8 | T1E183 | T1E694 |
31,792,329 176 176 176 176 176 176 176 176
33,027,380 170 170 170 170 170 170 170 170
33,998,283 B B B B B
34,026,756 B B B B B B
34,062,108 B B B B B B
34,111,389 B B B B B B
34,173,520 B B B B
34,199,641 B B B B B B
_34,209.841 __B__ __BE__DE. B______ B ___ B ____EN
34,221,098 B B B B B
34,226,652 B B B B B
B B B
34,230,699 B B B B B
34,237,359 B B B B B
34,250,624 B B B B B
34,256,057 B B B B B
34,256,978 B B B B B
34,273,606 B B B B
34,278,504 B B B B
34,290,349 B B B B

SNP35269
Indel35271
Indel35336
Indel35351

34,295,319
34,297,238
34,363,000
34,377,195
36,075,308

[vsllve RRvelplvs]
T T ®
[vslve v lplus]

©
(o))
©
()]
©
(o))
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Table 15. Genotypes of individuals with a possible recombinant breakpoint near DBF2. A, B and H represent the alleles responsible for ‘Texas’, ‘Earlygold’ and hybrid ‘MB1.37’ genotypes

respectively. The numbers correspond to the size of the pics for the electropherograms resulting from the analysis of the SSRs. 0The red lines surround the region were the breakpoint is believed to

be.
. . Controls Genotype Individuals Genotype Controls Genotype
Distance Marker Position T EG |MBL.37] T1E62 [21P15-27] [149P19-18|104P19-96[103P19-211] [T1E197 | TLE343 | T1E464 |
40195426 190 190 190 190 h 190 190

SSR_5939 40502945 B
Indel41927 40953671 B
Indel42115 41142482 B
Indel42311 41338395 B B B
Indel42525 41551835 B
Indel42584 41610491 B B B
SSR_6105 41665544 300

___________ Indel42666 ____ 41693407 B
SNP42675 41702598 B B
Phenotype

1.4Kb .
reseq rec point 062 41703992
________ reseq rec point 062 41703993

Indel42718 41744798
41750304
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The markers surrounding the target genes in the genetic map presented by Donoso et al.
(2016), covered a genomic region of 7, 9 and 8 cM for Alf, Jui and DBF2 respectively. In the
past years the saturation with molecular markers allowed the reduction of the region were Alf
is inserted to 183 Kb, for Jui to 132 Kb and for DBF2 to 377 Kb. Through the fine mapping in
the present work we were able to narrow down the region of Jui and DBF2 to 69 Kb and 1.4Kb
respectively. For Alf we have to wait to phenotype the new recombinants found to narrow

down the region.

The region where Alf is localized contain 29 annotated genes (Table 16). With the reduction
of the region where Jui and DBF2 are located we were also able to decrease the number of
candidate genes responsible for these two traits. Before this year’s fine mapping we had a
total of 37 candidate genes for Jui and 13 candidate genes for DBF2. The final number of
candidate genes for these two traits after this approach is 11 candidate genes for Jui and 1
candidate gene for DBF2 (Table 17 and 18).

Table 16. Alf candidate genes after this year’s fine mapping.

Position . .

Gene Location Start Stop Predicted Function
Prupe.4G187100.1 Pp04 11138518 11140641 NAC transcription factor 25 (Arabidopsis thaliana)
Prupe.4G187200.1 Pp04 11145857 11146604 n/a
Prupe.4G187300.1 Pp04 11147111 11151935 Peroxisomal membrane protein 2 (Bos taurus)
Prupe.4G187400.1 Pp04 11153240 11158321 Peptidyl-prolyl cis-trans isomerase CYP37, chloroplastic (Arabidopsis thaliana)
Prupe.4G187500.1 Pp04 11161053 11175010 Trafficking protein particle complex subunit 10 (Dictyostelium discoideum)
Prupe.4G187700.1 Pp04 11178009 11180316 n/a
Prupe.4G187800.1 Pp04 11184964 11190022 PAP-specific phosphatase HAL2-like (Arabidopsis thaliana)
Prupe.4G187900.1 Pp04 11192916 11193704 n/a
Prupe.4G188000.1 Pp04 11206310 11210427 Receptor-like protein kinase THESEUS 1 (Arabidopsis thaliana)
Prupe.4G188100.1 Pp04 11211569 11213268 n/a
Prupe.4G188200.1 Pp04 11215309 11217498 n/a
Prupe.4G188300.1 Pp04 11218458 11219376 n/a
Prupe.4G188400.1 Pp04 11220112 11220971 n/a
Prupe.4G188500.1 Pp04 11220929 11222217 n/a
Prupe.4G188600.1 Pp04 11223366 11227007 Lysine-specific histone demethylase 1 homolog 2 (Arabidopsis thaliana)
Prupe.4G188700.1 Pp04 11227089 11228967 Protein ULTRAPETALA 2 (Arabidopsis thaliana)
Prupe.4G188800.1 Pp04 11232893 11238310 Uncharacterized protein YnbB (Bacillus subtilis (strain 168))
Prupe.4G188900.1 Pp04 11238694 11241828 Transmembrane protein 184C (Pongo abelii)
Prupe.4G189000.1 Pp04 11242310 11245089 n/a
Prupe.4G189100.1 Pp04 11244108 11247472 n/a
Prupe.4G189200.1 Pp04 11247548 11249911 n/a
Prupe.4G189300.1 Pp04 11250220 11252990 Monodehydroascorbate reductase, seedling isozyme (Cucumis sativus)
Prupe.4G189400.1 Pp04 11254886 11256301 n/a
Prupe.4G189500.1 Pp04 11271534 11272507 n/a
Prupe.4G189600.1 Pp04 11274431 11275614 n/a
Prupe.4G189700.1 Pp04 11278755 11285726 Probable ADP-ribosylation factor GTPase-activating protein AGD5 (Arabidopsis thaliana)
Prupe.4G189800.1 Pp04 11289619 11292044 n/a

Prupe.4G189900.1 Pp04 11294659 11299414 Cytochrome c-type biogenesis ccda-like chloroplastic protein 1 (Oryza sativa subsp. japonica)
Prupe.4G190000.1 Pp04 11300877 11316907 B3 domain-containing transcription repressor VAL2 (Arabidopsis thaliana)
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Table 17. Jui candidate genes after this year’s fine mapping.

Position . .
Gene TocationBiStart Stop Predicted Function
Prupe.1G397400.1 Pp01 35195006 35196774 Peroxidase 18 (Arabidopsis thaliana)
Prupe.1G397500.1 Pp01 35196836 35199864 Putative pentatricopeptide repeat-containing protein At3g25970 (Arabidopsis thaliana)
Prupe.1G397600.1 Pp01 35202922 35205915 Protein ASPARTIC PROTEASE IN GUARD CELL 2 (Arabidopsis thaliana)
Prupe.1G397700.1 Pp01 35206904 35208871 Protein ASPARTIC PROTEASE IN GUARD CELL 2 (Arabidopsis thaliana)
Prupe.1G397800.1 Pp01 35217508 35218879 n/a
Prupe.1G397900.1 Pp01 35229142 35231096 Protein ASPARTIC PROTEASE IN GUARD CELL 1 (Arabidopsis thaliana)
Prupe.1G398000.1 Pp01 35233176 35237006 Protein ASPARTIC PROTEASE IN GUARD CELL 1 (Arabidopsis thaliana)
Prupe.1G398100.1 Pp01 35243497 35245491 Protein ASPARTIC PROTEASE IN GUARD CELL 2 (Arabidopsis thaliana)
Prupe.1G398200.1 Pp01 35247719 35251222 Protein ASPARTIC PROTEASE IN GUARD CELL 1 (Arabidopsis thaliana)
Prupe.1G398300.1 Pp01 35253708 35254845 Protein ENHANCED DISEASE RESISTANCE 2-like (Arabidopsis thaliana)
Prupe.1G398500.1 Pp01 35259778 35267247 Uncharacterized protein sll0005 (Synechocystis sp.) (strain PCC 6803 / Kazusa)
Table 18. DBF2 candidate genes after this year’s the fine mapping.
Position . .
Gene Location  Start Stop Predicted Function
Prupe.1G519800.1 Pp01 42674777 42677556 UDP-glycosyltransferase 85A2 (Arabidopsis thaliana)




FCUP | 43
Marker assisted selection, fine mapping and identification of candidate genes

for three major trait of Prunus persica L. (Batsh)

To compare the three methods of extraction and verify the purity and quality of the DNA we used Nanodrop spectrophotometer and agarose gel
analysis. The average of the results for each group of samples and extraction method obtained in the Nanodrop are presented in Table 19.

Table 19. Representation of the average results obtained in the Nanodrop spectrophotometer for the DNA extractions using alkaline lysis, CTAB and SILEX extraction methods. In red are marked

the lower values of DNA concentration (ng/pl)(under or closer to 20 ng/ul) and for the A260/280 and A260/230 ratios (under 1.5).

Species Rec Pc P P old M Al A old © S S octo G Ap As As Pr Pr old B B old Average
young young vesca Leaf Spear young young
Alkaline lysis extraction
ng/ul 422.0 2964 181.8 494.6 330.3 362.1 5243 276.1 200.6 302.5 254.8 406.0 308.1 696.4 4405 3221 2212 2950 334.9
260/280 1.6 1.5 1.7 11
260/230 0.7
CTAB extraction
ng/ul 439 1028 2029 681 393.6 2527 1236 66.9 390.6 1745 2285 380.7 50.0 65.0 1059.0 3175 955 1359 835 222.9
260/280 1.9 1.9 1.7 2.2 2.0 1.9 1.8 2.3 21 1.8 2.0 2.0 1.9 1.5 21 1.9 2.0 1.8 1.9 1.9
260230 B 17 M 10 20 15 [ o7 23 JEEE 15 19 15 S 22 20 20 [ is 1.6
SILEX extraction
ng/ul 61.6 61.3 2322 899 339.0 1443 957 67.6 1225 869 339.1 2815 535 67.1 6929 1014 428 87.7 55.4 159.1
260/280 2.3 2.2 1.9 2.3 2.1 2.1 2.0 2.4 2.2 1.9 1.9 2.0 2.4 2.1 2.1 2.2 2.3 2.1 2.1 21
260/230 02 02 05 02 08 04 03 02 04 03 03 07 02 02 12 03 02 03 02

0.4
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Observing the table, we can see that for the alkaline lysis method the values of the DNA
concentration are all above 20 ng/ul. The only value that was closer to this number was the
one from apple, the higher value of concentration obtained was 696.4 ng/ul for the asparagus
spear. For the CTAB and SILEX the DNA concentration values are all above 20 ng/ul, for
these two protocols the higher DNA extraction value was also observed for the asparagus
spear the lowest were 43.9 from the recombinants and 42.8 from pear, respectively, for each

protocol.

For the A260/280 and A260/230 ratios we can clearly see that the values obtained in the
alkaline lysis protocol were the worst in the generality of the results. The lower value obtained
in this protocol for A260/280 ratio was -2.2 for apple and for A260/230 ratio -0.8 from the
strawberry octoploid. The only considerable values (under 1.5) were observed in cannabis,
asparagus leaves and spear. In the CTAB and SILEX extraction method all the values for the
A260/280 ratio are equal or superior to 1.5, with the higher value observed in the apricot old
leaves (2.3) and the lowest (1.5) in the asparagus leaves for the CTAB method, and the
highest value (2.4) in the apricot old leaves and apple and the lower (1.9) for peach young
leaves and both strawberry samples in the SILEX method.

In the A260/230 ratio the values were all under 1.5 with the lower number (0.2) for the majority
of the samples and the highest (1.2) for asparagus spear. The values for the CTAB were all
above 1.5 or very closer to it with the exception of the value obtained for the asparagus leaves
(0.6).

To assure the Nanodrop results, three agarose gels were performed with the DNA samples
that resulted from each protocol of extraction (Figure 18 and 19), the samples were loaded in
the same order as in the 96-well plate (notice that for the table 19 we used average results of
the samples, in the gel we have a band representing every sample extracted) and the A/Hind
IIl Eco Rl was used to confirm the DNA concentration. For the alkaline lysis method, the bands
were not visible in the resulting gel, probably due to the high levels of impurity’s in the samples
provided, as we can see also by the values given by the Nanodrop for the A260/280 and
A260/230 ratios. For the CTAB some operational mistakes were made but through the

resulting gel we can confirm the concentration of the DNA extracted (Figure 18).
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Figure 18. Agarose gel that shows the genotype of the samples used to test the three DNA extraction protocols, as result of the
CTAB extraction method. In the first 4 wells is the DNA ladder A/Hind 11l Eco R | in the concentrations of 1, 2, 4 and 6 pl.

Through the DNA ladder A we can know the DNA concentration of each sample on the agarose
gel, 1 pl of the ladder correspond to a concentration of 50 ng, 2 ul to 100 ng, 4 pl to 200 ng
and 6 pl to 300 ng. This way we can see that the general results observed in the gel are
accordingly to the ones obtained with the Nanodrop, the lower concentration value was
obtained for the recombinants (43.9 ng/ pl) and we can see by the intensity of the bands in the
gel corresponding to the recombinants that they match with the intensity of the DNA ladder at
1 pl, which means that the samples have less than 50 ng/ul. The samples with the higher DNA
concentration in the Nanodrop for the CTAB protocol are the ones from the asparagus spear
(1059 ng/ul) as we can confirm in the second, third and fourth sample walls present in the gel
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in the asparagus section, in the Nanodrop results the concentration for this sample was higher
than the rest and in the gel we also see a very intense band, although is not possible to
compare it with the DNA ladder once we only have a representation from the ladder until 300
ng.

Figure 19. Agarose gel that shows the genotype of the samples used to test the three DNA extraction protocols, as result of the
SILEX extraction method. In the first 5 wells is the DNA ladder A/Hind Il Eco R | in the concentrations of 1, 2, 4, 6 and 8 pl.

Comparing the results for the SILEX (Figure 19) extraction method not all the samples seam
so clear as the ones extracted with the CTAB, but again we see the lower concentration for
the pear samples and that is also showed in the gel with very light band corresponding to the
1 pl of the DNA ladder, the higher concentrations are again for the asparagus spear samples
represented again in the gel by the band with the higher intensity corresponding to 500 ng of
the DNA ladder.
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We estimated the expected number of recombinant individuals according to the genetic

distance between the two markers that were used in the first round of screenings (Table ).

Table 20. Results for the expected and observed number of recombinant individuals in the first screening.

First round of selection
Gene Distance (cM) Expected n° Observed n°

Alf 7 153 239
Jui 9 196 199
DBF2 8 175 112

The expected number was calculated using the distance between the two markers used in the
first round of selection for each trait. One centimorgan means that there is one recombination
each 100 individuals. Therefore, when the genetic distance is 7 cM we expect 7 recombinant
individuals each 100 individuals analyzed. In the present study we should obtain a lower
number of recombinants because we only selected a subgroup of the total number of
recombinations that occurred because some of them were not informative for the fine mapping
depending on the genetic behavior of each gene (dominant or recessive). Hear we obtained
2183 individuals that were analyzed for the three traits. For Alf and DBF2 we observed a
number of recombinants considerably different, that was higher for Alf and lower for DBF2.

This can be explained because in same plates that were not working with the closer marker
were performed with the next marker known available in the laboratory, and as the distance
between the markers increases the number of possible recombinants to for Alf. This can also
be explained because the resolution of this approach is not so high as is for the fine mapping
or because the markers, PCR or GeneMapper and GeneMarker softwares didn’t work

properly. For Jui the expected and observed numbers are very close.

Focusing on the molecular markers used, we know that SSRs, SNPs and InDels are
considered to be very valuable, and this kind of markers appear in large number in model
crops as Prunus persica, covering a big part of the genome. SSRs are repeats of up to 100

times of simple sequences of 1-8 base pairs "4, while with SNPs and its associates InDels
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are a variation in the DNA sequence that affects only one base in the genome sequence

between individuals of a specie or between pairs of chromosomes of an individual 1%,

From the user point of view, SSRs methodology takes time, which makes its efficiency lower
when the objective is to analyze a large number of samples. The main reason why we used
them is because we can genotype them in our laboratory, which make them cheaper for us.

They were used mainly in the first round of selection when we had to analyze 2183 seedlings
corresponding to 24 plates of 96-wells, for two or three makers, when needed, of the three
traits under study, which makes at least a total of 12 PCR plates for each one of the 24 initial
plates, although the PCR plates have often been repeated to correct operators or machinery
errors. Beyond this the preparation of the master mix and the PCR on the thermocycler for a
SSR primer with a tag takes more than 3 hours, which is an inefficient time for a day of work,
without counting the time dispend in the ABI Genetic Analyzer and analyzing the samples in
the GeneMarker and GeneMapper software’s. The markers fulfilled their goal since they
allowed the selection of only 550 possible recombinants reducing the initial sample number
almost 75%.

To produce the InDels and SNPs we need to send them to a proper service that construct
them, and all this process is expensive and time consuming. InDels methodology was not an
option for the first round of selection for the reason referred previously and because InDels
need agarose gels that is very time consuming for such a big number of samples. The
preparation of the master mix and the PCR were also needed to amplify the DNA quantity
although the protocol used for the InDels was the same one as for the markers with a
fluorochrome so less cycles were needed to increase the same amount of DNA. The next step
was the agarose gel electrophoresis which was also very time consuming because after
loading the samples the gel always as to run at least 45 minutes before it can be analyzed in

the QuantumCapture software.

In the end the most efficient protocol was the one performed for the SNPs, despite the fact
that we cannot produce them. The PACE genotyping master mix was always prepared in the
laboratory, because its common, we only mixed it with the DNA samples and let it to run in the
LightCycler 480 device for 2 hours. In the end it takes 10 minutes to analyze the results in the
Endpoint Genotyping. These two last markers described allowed us the saturation with many
different markers in different positions and reduction of the number of possible recombinants

to 20 in the total of the three traits.
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As referred previously almond and peach can be crossed and produce fertile offspring. But
they are distinct species in many aspects: they have been selected under domestication in
different environments and for different characteristics, peach is a fleshy fruit while from
almond we select the seed (core) to eat. Almond is self-incompatible, highly variable, adapted
to hot and dry conditions while peach is self-compatible, with a narrow gene pool and requiring
optimal growing conditions for production (temperate climate). It has been shown that almond
could be a good source of genes for peach breeding, particularly those related with disease
resistance and abiotic stress, which are scarce in the peach commercial germplasm 143, Alf
and Jui are two major genes that determinate crucial differences between peach and almond
fruits and introgressing these two genes could be a good way to engineer plants that have the
most of almond variability and produce an edible fleshy fruit 13334, For Alf and Jui the direct
application in breeding programs is not so clear as for DBF2. But there is a project called
‘ALMELO’ running in the same group where this research is being developed. These genes
also seam extremely interesting to further understand the domestication process and the

differences between peach and almond.

For Alf there are 37 candidate genes. One of them is annotated as NAC gene. NAC
transcription factors are involved in fruit growth, development, senescence, ripening, stress
response, and secondary cell wall and vascular development 44, In an approach conduced
with Fragaria x ananassa fruits, six strawberry NAC proteins were found to play different
important regulatory roles in the process of development and ripening of the fruit, providing
the basis for further functional studies 4%, PAP-specific phosphatase HAL2-like and Receptor-
like protein kinase THESEUS 1 were also annotated candidate genes found trough fine
mapping of a major locus controlling maturity date in peach %], so these three genes seem to

be the best candidate genes for this trait.

Exploring the list of candidate genes annotated for Jui it was not possible to find any
bibliography refereed to them as responsible for fruit development or texture, so we have to
wait for the phenotyping of the recombinants found this year to narrow down the target region

or do a candidate gene validation through the approaches explained below.

Anthocyanins are flavonoid pigments that are responsible for the red, blue, and purple
pigmentation of fruits, flowers, foliage, seeds, and roots 46, The accumulation of anthocyanin

pigments in fruit and vegetables is also an important determinant of ripeness and quality.
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Anthocyanin-rich fruits and vegetables are brighter and more attractive to consumers, making
them more marketable. Recently, anthocyanins have attracted even more interest from the
public and the research community due to their potential to positively impact human health
based on their antioxidant properties. It has also been suggested that anthocyanins can
reduce the incidence of certain cancers, coronary heart diseases, oxidative stress, and other
age-related diseases 7151, Their association with human health, particularly their capacity
for pigmentation, has led to an increased demand among consumers for anthocyanin-
containing products and to plant breeders doubling their efforts to identify natural foods,
especially fruits that are rich in anthocyanins. For these reasons, the investigation of
anthocyanin biosynthesis in fruit has become a popular area of research, with the aim of

developing novel fruit cultivars with a higher anthocyanin content 152,

Some peach cultivars exhibit an intensely pigmented fruit mesocarp with a red-violet color,
referred to here as blood-flesh peach, that represented an attractive starting point for the
development of novel fruit varieties with a high anthocyanin content. Three different genes
have been identified for red flesh in peach. Werner et al. (1998) demonstrated that the blood-
flesh phenotype of ‘Harrow Blood’ cultivar was controlled by a single recessive locus,
designated bf (blood-flesh) and Gillen and Bliss (2005) mapped the bf locus to the top of G4.
Shen et al. (2013) results are in agreement with a model based on a single dominant gene
controlling the blood-flesh trait and the trait was been referred after that as DBF (Dominant
Blood-Flesh) and located on G5. Our gene of interest, DBF2, was mapped in the G1 3. The
first two genes described have been mapped but there are no candidate genes available. For
DBF2, we were able to fine mapped it to a region with only one candidate gene annotated as
UDP-glycosyltransferase 85A2. As far as we know this was the first time that fine mapping in
trees was performed to this level of resolution. It takes a lot of years and work, but is possible

to get to this level of specificity with fine mapping in trees.

Glycosyltransferases are found in all living organisms, catalyzing the transfer of a glycosyl
moiety from an activated donor to an acceptor molecule, forming a glycosidic bond. These
glycosyl transfer reactions have been highlighted as the most important biotransformation on
earth, since in quantitative terms they account for the assembly and degradation of the bulk
of biomass %3 A unique signature motif has been identified in the amino acid sequence of
many of these glycosyltransferases, leading to their classification into a single UDP-
glycosyltransferase 54, Anthocyanins are major secondary metabolites that are responsible
for color variation in plants and that exhibit health-promoting properties %1, several recent
studies have demonstrated the involvement of UDP-glycosyltransferases in the coloration of

different species, Peng et al. (2020) found 8 UDP- glycosyltransferases (UDP-
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glycosyltransferase 88B1, UDP-glycosyltransferase 73C3, UDP-glycosyltransferase 90A1,
UDP-glycosyltransferase 76F1, UDP-glycosyltransferase 88B1, UDP-glycosyltransferase
89A2, UDP-glycosyltransferase 73E1, UDP-glucose iridoid glucosyltransferase) expressed
genes encoding biosynthetic enzymes potentially involved in the Kiwifruit flavonoid and
anthocyanin pathway. Ni et al. (2018) also reported that the activity of UDP-glucose flavonoid-
3-0O-glycosyltransferase enzyme was significantly higher in all red-skinned cultivars, of
Japanese apricot, suggesting that it is the potential vital regulatory gene for biosynthesis of
anthocyanin, in this work the UDP-glycosyltransferase 85A2 was reported as a potential
candidate gene for this characteristic. In Vitis vinifera the same candidate gene (UDP-
glycosyltransferase 85A2), was reported as one of the responsible for the red leaf coloration
(1561 All of these works strengthen the idea that the gene that we found is responsible for the
Dominant Blood Flesh trait in peach and in the future, it can be used to develop new

commercial varieties with red flesh.

Functional validation in peach is difficult because peach transformation is very inefficient. For
this reason, we should reduce the number of candidate genes as much as possible. An
alternative to peach transformation is to analyze the effect of the polymorphism available in
the candidate genes between the two parentals, using the SNPeffect software. The genes with
no polymorphisms could be discarded as candidates. Another approach is expression analysis
to see if candidate genes are expressed in the appropriate tissues and developmental stages

according to the phenotypes produced.

The information produced by new recombinant individuals helps to trace down a gene by
shortening the region known to contain it. Nevertheless, this process reaches a point where

the expected number of recombination is low due to the small size of this genomic region.

To overpass this situation, the SnpEff software can be used to identify all the different
polymorphisms between parental almond’s and peach’s using genomes by comparing two
genomics regions. The output of this program predicts the impact of the nucleotide difference
observed, classifying its effect in an increasing scale of modifier, low, moderate and high

impact.
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SNPeffect analysis was done previously in the group were this work was developed for Jui
and DBF2. For Jui three candidate genes with high impact variants were annotated as
aspartic-type endopeptidase activity enzymes. Specifically, as xylanase inhibitor. These
enzymes degrade the linear polysaccharide xylan into xylose, part of the hemicellulose, a
major component of plant cell walls. Through this previous approach, we concluded that
peach’s alleles are longer than the ones from almond because of the loss of a stop codon
(gained 23 bp later) and the appearance of an early starting codon (448 bp earlier than in
almond). This can lead to an incorrect fold of the final protein and therefore result in the loss
of function of the xylanase inhibitor protein. This could mean that even when expressed and
receiving the proper activation signaling, the inhibitor does not work and consequently
xylanases are free to degrade the hemicelluloses present in the cell wall. If this is true, while
almond can regulate and stop softening of the mesocarp when needed, peach cannot and

continues to degrade the hemicellulose present in its cell walls.

SNPeffect also allowed in the past to predict and explore the presence of anthocyanins in the
flesh and the role of DBF2 in the synthesis pathway of red-pigments in a critical step that
transforms anthocyanidins in anthocyanins. Allowing the discovery of several intervenient in
the process, as the enzyme UDP-glucose: flavonoid-3-O glucosyltransferase (UFGT), Leu-
rich-repeat receptor-like kinase and MYB transcription factors.

Expression analysis is used for determining gene functions and interactions among genes in
the development and life cycles of organisms. The majority of experiments aiming to identify
gene function or structure and the dynamics of gene regulatory networks have been conducted
on a few model species, such as Arabidopsis thaliana or Drosophila melanogaster. Then, the
obtained data are applied to other organisms. However, even for model species, only 20%—
30% of genes have been the subjects of genetic experiments 1157 thereby, the utilization of
additional data is essential for, at the very least, the indirect characterization of gene function.
Detailed profiles of gene expression can be used for this purpose %8, This approach is being
applied in the group where this study was caried out through the extraction of RNA from peach

fruits in different developmental stages.

Almost 30 years have passed since the first published report on the regeneration of
transformed peach plants %9, Nevertheless, the general applicability of genetic transformation

to this species has not yet been established. In the absence of an efficient peach
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transformation system, progress in determining gene function will remain slow. As an
alternative, a highly efficient transformation method in European plum (P. domestica L.) has
shown to be a useful tool for functional genomics studies in Prunus spp 2%, However, peach
genetic engineering is not only significant for gene function studies. The lack of efficient peach
genetic transformation protocols precludes the application in peach of new biotechnological
tools such as RNA interference (RNAI), trans-grafting, cisgenesis/intragenesis, or genome
editing in peach breeding programs, as are currently being applied in other fruit tree species

(61 and can be applied in futures approaches to validate candidate genes.

In terms of practicality comparing the three extraction methods, the alkaline extraction method
seems to be very fast and low-cost which is a big advantage if we are dealing with a big volume
of samples. Even though the DNA concentration is very high, its quality was not good, once
we got the worst results for the A260/280 and A260/230 ratios in this protocol which means
that the samples have big amounts of contaminants (proteins and organic compounds). For
genotyping this protocol is very suitable, if we want to use it in fast screenings with PCR-based
markers as SSRs or InDels (used in the materials and methods 3.2.), but might not work in

species that were not exemplified in this work such as rice or wheat.

The CTAB method is one of the most extensively used worldwide for the DNA extraction in
plants. Again, in this report, it seems to be the one that produced better results. In the
generality of the samples, there was an equilibrium between the concentration of the DNA
extracted and the amount of proteins and organic acids that can cause contamination in the
samples. Taking into account the performance, the CTAB protocol takes a more time to be
executed, and in general the groups that work in the laboratory have a large amount of
samples to work with, which makes this protocol less efficient. However, DNA purity is much
higher than in the alkaline lysis method, a characteristic that is sometimes necessary for

procedures that will be performed after DNA extraction, such as DNA sequencing or
genotyping.

The authors of the SILEX extraction method claim that this new approach is faster and
inexpensive, and that works for different NGS applications, combining the advantages of
commercial kits (high-quality DNA, fast and broad range of species spectrum) with those of a
CTAB-based method (high yield and inexpensive) being suitable for routinely DNA screening.

Although we did not obtain good results, we did only few extractions and perhaps the
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methodology could be further improved, since the CTAB protocol was not providing quality
DNA in some species under research in the laboratory.

From the point of view of the operator the initial steps of the SILEX compared with the CTAB
are simpler. We prepared a big amount of all the reagents and buffers to be used in this
extraction method in the beginning, and they can be saved for several months without
deterioration. Other advantages are the fact that no toxic salts such as guanidinium
thiocyanate or sodium iodide at high concentrations are used and the total cost of all the
reagents and consumables is only 0.12 € per sample and for multiple simultaneous manual
extractions, each sample requires less than 2 min per person. In this respect, in the SILEX
method, the silica matrix used for each extraction cost less than 0.001 € and the washing
buffer is only water and ethanol, a common non-toxic reagent in most molecular biology

laboratories [281.

The reason why this protocol is faster is the absence of the precipitation step required in the
CTAB. And it is indeed faster, and for us is practicality is in fact bigger than the one from the
CTAB, but it also can be improved. For example, the original SILEX protocol is performed in
Eppendorf’s, which is suitable in the case of a few samples. To be applicable in our laboratory
it should suit the extraction in a 96-well plate, because we always work with a big number of
samples, and this is the reason why we adapted it. This way, the adaptations that we made
could be one of the main reasons why the results obtained are not so good as the ones from
the original protocol. We can see by the results that the DNA concentration value is between
the optimal values and it is not contaminated with proteins, but the contamination with organic
compounds was very high, which means that for example this DNA is not enough pure to be

used in sequencing for example.
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In this work we fine mapped the Alf, Jui and DBF2 genes already described by Donoso et al.
(2016), that provided a first survey on the almond variability available for peach breeding. The
search on these three major genes has been done for several years and some remarkable

conclusions were achieved in this report.

e The use of SSRs was extremely useful and cost efficient in first round of selection for
the analysis of a large number of samples. The InDels and SNPs have also showed to
be very effective markers due to their abundance in genomes. SNPs were the most
efficient markers in terms of hand labor.

e Atotal of 12, 4 and 3 new possible recombinants for Alf, Jui and DBF2 respectively
was found after the fine mapping with SSRs, Indels and SNPs. In the future their
phenotype will allow to narrow down the regions of Alf and Jui major genes.

e After the phenotyping and marker saturation of recombinants already available in the
laboratory from previous years, the target regions containing Jui and DBF2 decreased
form 132 and 377 kb to 69 and 1.4 kb respectively;

¢ The number of candidate genes for Jui droped thanks to the study of the SNPs present
in almond and peach, and the number of candidate genes was reduced from 37 to 11.

o For DBF2 the number of candidate genes also droped, from 13 to 1. And as far as we
know we are facing the first case of fine mapping in trees that get so far in the resolution

level.

The second experiment was a side project that emerged during the development of my work
at CRAG as an opportunity to contribute with some valuable information that could streamline
the work of all the research groups working in the same laboratory as me. All the species
tested in this section, with the exception of blueberry, are species under study in the
laboratory, and while testing and comparing the three protocols | wrote an adapted SILEX

protocol to a 96-well plate (Annex 1) to be used by all the researchers when needed.

The main conclusions that we reached are based on the fact that the CTAB extraction method
remains the best to be applied in the generality of the species that we tested, but we also
tested the SILEX in the first place because for some species, as plum and apricot, the quality
of the DNA extracted with the CTAB is not the best for the needed applications. Although we
didn’t obtain good results for the SILEX, we did only few extractions and perhaps the
methodology could be further improved or better adapted to the species where the CTAB

doesn’t work so well.
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DNA Extraction SILEX (SlLica matrix Extraction) protocol

10.

11.

12.

13.

14.

15.

Collect leaf material (= 15-25 mg) and place it in to the tubes;

Add tungsten beads prior to DNA extraction;

Handle the tubes vertically to keep the plant material at the bottom of the tube. Add
437 ul of extraction buffer;

Add 6 ul of B-marcaptoethanol and gently mix the tube until complete
homogenization;

Grind the samples using the tissue lyser ( 30 HZ, 1:30 secs each side);

Add 2 pl of Rnase (10 mg/ml) and incubate in a termoblock for 30 min at 65 °C
[OPTIONAL]J;

Put the samples on ice for 5 min. Add 306 pl of protein precepitation buffer and
gentely vortex;

Centrifugate at 3 000 rpm for 15 min at room temperature;

Recover around 297 pl of the supernatant phase and transfer it to a new 2 ml tube;
Add 178 pl of binding buffer and gentely invert the tube by hand until complete
mixing;

Add 267 pl of absolute ethanol and gentely invert the tube again for a few seconds
until complete mixing;

Add 8 ul of silica matrix buffer and mix gentely during 5 min by hand;

Spin down the silica for 5 min and discard the supernatant by decantation;

Add 700 pl of washing buffer (Fresh prepered ethanol 70%) and shake gentely by
hand until a uniform dispertion of the silica is obtained;

Spin down the silica for 5 min, gentely discard the supernatant by decantation and
let dry at room temperature over night (make sure the ethanol is completly

evaporated);
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16. Add 100 pl of elution buffer, shake gentely by hand util the pellet is resuspended and
incubate 5 min at 65 °C;

17. Centrifugate at 3 000 rpm for 20 min at room temperature and transfer 90 ul of
supernatant to a new tube;

18. Quantify the DNA using Nanodrop.

Reagent preparation

e Extraction buffer

2% (w/v) CTAB, 2% (w/v) PVP-40, 20 mM EDTA, 100 mM Tris HCI (pH 8.0) and 1.40 M Nacl)
(critical step: Avoid sample thaw before adding the extraction buffer. The buffer my be stored

for several months at room temperature.
e Protein precipitation buffer

24 parts of chloroform and 1 part of isoamyl alcohol. It may be stored for several months at

room temperature.
e Binding buffer

2.5 M NaCl and 20% PEG 8000. It may be stored for several months at room temperature.
e Silica matrix buffer

Mix 5 g of silicon dioxide with 50 ml of MiliQ water and let stand for 24 h, discard the
supernatant and resuspend the pellet in 50 ml of MiliQ water and let stand for another 5 h.
Discard the supernatant and resuspend the pellet in 1:1 (v/v) MiliQ water. Add 10 pl of HCI
36% per ml of silica matrix solution obtained. It may be stored for several months at room

temperature.
e Washing buffer

Fresh prepered ethanol 70%. It may be stored for several months at room temperature.
e Elution buffer

10 mM Tris HCI (pH 8.0) and 1 mM EDTA (pH 8.0). It may be stored for several months at room

temperature.
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