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ONT- Oxford Nanopore Technologies
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1.INTRODUCTION

TheGrapevine Vitis viniferassp.vinifera) is one of the mosmportant andwidely grown
cropsin the world (Myles et al. 2011)It was domesticated at least .000 yearsago, and its
diversity has been expanded &00010,000 differentcultivars(This et al. 2007)Despite the
huge number otultivarsto choose from, over 50% of all vineyard surface is covertdonly 16
cultivars CarboneliBejerano et al. 2019Yhis is because viticulturistgt for varieties based on
their recognizablalesired characteristics, such as the size of the fruits, the reproduction method,
the contents of certain compounds, the flavor variety, or the c@ldris et al. 2007)his leads to
a bias towards some of theaditional elite cultivars as they possesedirable traits or cultivars
that are simplywidely present in their regiorGarbonelBejerano et al. 2019Puring the process
of domestication, as traits are being selectethanges accumulate at the genetic level,

occasionally giving rise to physiologilydifferent variants(Hancock 1992)

The most drastic change domesticated grapevine went through was the emergence of
hermaphroditism Most of the cultivars used in modern vineyards are offspring from individuals
that probably germinatedhundreds of years agdcGovern et al. 1996 arbonelBejerano et al.

2019) Grapevine udltivars arepropagatedvegetatively to prevent segregation and to allow for
selection of superior individual$n contrast,Vitis viniferassp.sylvestris the wild ancestor of
domesticated grapevines, reproduces sexually through seeds. The dioecy of wild grapevines
obligates br out-crossing, which leads to high heterozygosity of individual gend@iesu et al.

2019) These reproductive features maintain variability in wild populations and lead to a large
number of genetic polymorphisms, giving rise to offspring with a wideetyaof characteristics,

such as berries with different sizes, shapes, sweetness, juiciness, and colors (McGovern et al.
1996). Progenywith segregatingnherited parental traits is not desired in modern vineyards as it

is important to conserve harvestsf consistent qualityand uniformity Therefore, because
domesticated cultivars have inherited the high heterozygosity of their wild ancestors, they have

to be vegetatively propagated to keep their genotype and attributes.



1.1. Gapevine berry color

One of the most important grapevine traits is the color of its berries. Grapevine cultivars
are commonlydivided intothree groups based on their berry color, thos&en being blackred,
and white. Those three groups additionally have a wide spectrum of differently pigmented
variants(Fig. 1) High color variation within grapevine cultivars is attributechuman selection
(This et al. 2007)'he wild grapevine ancestor of modern cultivated gregeelieved to have had
berries with black skin (McGovern et al. 1996). Color diversity greatly expanded its spectrum

during domestication and color mutants exist for manyf Cduitivars (Galet 2000).

Berry olor of a cultivar to be grown is chas@&lepending on the purpose of cultivation
This choice determines the class of a product to be presented to the market and has had a cultural
significance throughout human historfzor instance, Acient Egyptians madblackand white
wines as they believed those were important for the after{iBuaschlaré et al. 2006)However,
no evidence supportinthe presence oWhite grape berries or white wines made from them have
been found from these ancient times. Origin of fineits with white berries is unknown, although

they have been mentioned by Pliny the EldaD 77XWalker et al. 2007).

1.1.1. Grapevine color pigment

The main difference between differently colored grapevine berries is the level and
composition of the expressed color pigments, anthocyanins, usually in berry skin cell layers

(Kobayashi et al. 2001; Walker et al. 2007), but exceptionally also in berrg&igstf teinturier
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cultivars (Rockel et a2020).In higher plants, the apicaheristems are stratified and are made

up of layers of dividing cells. As cell layers develop independently of each other, different plant
tissues develop within an orgdiNeilsonrJones 1969)The shoot apical meristem of grapevine
contains two differentdyers of cells, with L1 forming the epiderroisall the plants organand

L2 forming most of thenternal tissues(Thompson and Olmo 1963; Carborgdljerano et al.
2019).The grape very skin if formed by an epidermal layer derived from meristem L1 and by
several subepidermal cell layers derived from L2, while all berry flesh cells derive from the L2.
Depending on distribution of anthocyanmL1 and L2fthe grapevine berrpecause of different
genotype between the layemdue to chimeric somatic mutationg will have aspecific coloration

(Fig. 2) Exchange of cells between layevehile possibleis a rare occurrence, so each of them

keeps thespecificexpressed phenotypéCarbonelBejerano et al. 2019)
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1.1.2. Anthocyanibiosynthesis

Thecrucialstepin the anthocyanin biosynthesis pathwasas proven to be onef the last
ones in anthocyanin biosynthesis pathwaggulated by an enzyme calledJDP glucose
flavonoid:30-glucosyltransferase (UFGRobayashi et al. 2001), catalyzing the synthesreaf
to blue coloranthocyanins frontolorlessanthocyanidinprecusors(Ferreira et al. 2018Puring
the original researctperformed by Boss et al. (1996even genes involved in anthocyanin
biosynthesis pathway were analyzed. All of them wexpressedn most tissues, excepdFGT It
was only detected in berry skin, where anthocyanins can be fokmdddition, it was observed
that UFGTexpression isionexistentin all of the white cultivars observed, and the opposite was
found for the black and red cultivafBoss et al. 1996). It was determined, however, that there
were no significant differences betweeddFGTgenes from black and white grape cultivars
(Kobayashi et aR001) meaning that theresenceof UFGT is regulated on transcription lefgl
a trans factor that should be active only in colored genotypEer the UFGT to be present in a
cell, its expressn needs to be triggered with two transcription factokdYBA1(VviMYBA}Land
MYBAZ2 (VViIMYBAR (Kobayashiet al. 20@). UFGTgene is likely induced only bwYBA
transcription factors, and in a direct manner as they interact with the promotor region of the gene

and not trough other factorqPoudel et al. 2021).

1.1.3.MYBAtranscription factors

MYBAland MYBAZare a part of the berry color locus on chromosome 2 in grapevine
(Walker et al. 2007)They are located within a cluster BfYBgenes, which includes other genes
related to anthocyanin biosynthesis control (Fig. 3A) (Matus et al. 2Uhiglocusis respnsible
for a wide range dberry color found in grapevine cultivars and that variation is attributed to the
combined additive effects oMYBAalleles (Fournietevel et al. 2009)MYB genesprobably
appeared as a result @ rapid amplification, early in higher plant evolutigRabinowicz et al.
1999. It is suspected that this duplication occurred recently, in evolutionary sense, as there are
very few differences in sequence between thewith the purpose of secondary metalsrh

processes regulation (Walker et al. 200fhile blackberried and reeberried cultivars have at

4



least one functional copy dflYBAlor MYBAZ2 white-berried cultivars lack functional copies and
do notaccumulateanthocyanins (Kobayashi et al. 2004), consistent with the findings of Boss et
al. (1996) At which point in time white cultivars appeared is still unknown, but the evéinat

led to the rise of a white variant have been described.

Absence of anthocyanins in white cultivars are explained by a kmaicknutation of the
two MYBAgenes, which appears in all white grapes (Fig. BB)ker et al. (07) identified a
point mutation and aleletion of CA dinucleotide iMYBAZoding sequenceesulting in inactive

gene as the transcriptiopieldsa shortened protein due to frameshifFig. 3C)

A White allele
VVMYBA4 VWMYBA2w VVMYBA1w VVMYBA3w
iyl plepieais  piepteel py e
Black allele
R - T o oo
VWMYBA4 VVMYBA2b VWMYBA1b VWMYBA3r
retrotransposon CAPS C VVMYBAZb
B v marker \ I [ T [ -
L - 20D18ch9 5 53 5212 94 9 34
Al - | ——— 1
VWMYBA2w VWMYBAlw VVMYBA3w VVMYBA2w
[ *] I [ =
40 8
VVMYBA1
| [l




What led to the inactivation odMYBAIwas the insertion of Grapevine retrotransposon 1
(Gret]) upstream of the coding sequenaghich inhibits its expressioms it was discovered by
Kobayashi et al. (2004%ret1 additionallycanexcise itself from the geome, leaving behiné
single copy ofong terminal repeat(LTR sequenceleading to color recovery in red somatic

variantsfrom white-berried cultivars(Kobayashi et al. 2004zuma et al. 2009)

All these events led to a formation of a canonical null allele for the grapevine berry color
locus.These mutations are present in all the white cultivars observed, suggesting that they had a
single origin in @ommon ancestorCurrently there is neviderce to suggest which mutation
occurred first as there is no individual in existence with only one oMN&Agenes inactivated
except in the case of revertant somatic mutants. The white allele with BbtiBAsknocked out
should have emerged in a heterozymostate. Subsequent segregation of black and white color
locus alleles during sexual reproduction, would have generated the first white grapes in
individuals homozygous for the white allele as the KO mutations are recessive (Walker et al.
2007).

1.2. Sructural variation

Sructural varidions (S\$), such as copy number variants (CNVSs) or presence/absence
variants (PAVskre a genetic difference between individuals, which can result in gene loss,
duplications, and the generation of new genes, leadimga variation in phenotype within a
species. SVs have been definedhanges in length, copy numberjentation,or chromosomal
location of regions of DN@&scaramis et al. 2015; Yuan eR821). They are frequently the result
of mistakesoccurringduring replication or DNA breaking during mitosis, which are then repaired
illegitimately(CarboneliBejerano et al. 2019PolymorphicSVsare most often found in irgrgenic
regions of theplantgenome affecting chromatin loopgYang et al. 2019however, they can also
be found inproximity of genes as it is the case witretlinsertion in the regulatory region of
MYBAI1(Kobayashi et al. 2004There, theycanalter the activity of those gene®r cause CNVs
which can changéhe number ofgene opieswithin the genomeand possibly lead tdurther

functional innovationgMarroni et al. 2014).



For a longime, single nucleotide polymorphisms (SNPs) were thought to be the driving
force behind genetic variatiom*se A E 3$Z}uPzZ3 §} % ES }( N ]*% ve 0 P
needed for survival (Morgante et al. 2007), butrécent yearstheir central role inshaping the
genome landscapbecame apparen{Feuk et al. 2006; Marroni et al. 2012hou et al. 2019
Vondras et al. 2009 They differ fromSNPsas they are considered tgpan longer parts of the
genome and thuspotentiallyhave much bigger effects ohé expression of genes and protein
function (Chiang et al. 2017Vs usetb be specified as inversions, deletions, duplications, and
insertions thatspannedat least 1kb of DN/Feuk et al. 2006put as technology advanced, many
shorter alterations became apparent, so the original definition was modified to incorporate
smaller variants as we(Alkan et al. 2011)Eventually dtained capability to generateomplex
referencegenomescombined with thedecreasedosts forde novogenome assmbly, as well as
resequencing, havacceleratedhe study of SVs (Vo$®ls and Snowdon 2016; Gabur et al. 2018)

and our ability to define them

1.2.1. Transposable elements and structural variation

Transposable elements (TES) are the most prevalentecwssomatic polymorphisms in
plants (Mercenaro et al. 201And can have a high impact anphenotype(CarbonelBejerano
et al. 2017. Their relatively recent activity has been observed in all of angiosperms, so they could
presumably beconnected to many SVs present (Marroni et al. 2084)s can be caused by TE
insertion as a result aheir unorthodox transposition or homologous recombination, which is
often corelated with the repetitive sequences that TEs do poss€sgpsylike transpsable
elements, whichGretlis a part of, were shown to be most polymorphic, generating insertion

polymorphismsn grapevine genomeCarrier et al. 2012¥lercenaro et al. 201)7

The presence of TEs was found to be hightyetated with CNVs. When anraitd, they
were proven to overlap with a big percentage of CNVs, as well as insertions/deletions (INDELS)
(Mercenaro et al. 2017). TEs are able to cause relatively large INpEbS,0kpb in length, and
can further induce recombination events leadingdwen larger changes in genetic landscape
(Lisch 2013Marroni et al. 2014 CarbonelBejerano et al. 2017 Many of TEs have been found



around deleted polymorphic regions, suggesting their important role as deletion mediators
(Morgante et al. 2007Marroni et al. 2014.

Genes thatare inclose proximity to TEs were showo have lower expression level on
average compared to the rest of the genontie general, the increase in distance between them
was proven to haveraincreasingly positive effecinthe expression (Wang et al. 2018is could
be due to thechange in chromatin conformatiocaused byDNA methylation(Bird 2002)
associated wititransposable elementas DNA methylation i®ne of the ways TEs are alite
prevent their transposition Hgher rates of methylationfurther contribute to the rate of
mutations, which can be observed between the clones originating from the same initial plant
ExonSVswere shown to be deleterious ihigher ratewhen present inonly few individuals

suggesting that mutation accumulate increasingly with every new dfdgonadras et al. 2019).

1.22. Grapevine@maticvariation

Like it was mentioned previously, grapevine cultivars in modern vineyards are propagated
vegetativelyas it is desired to preserve some of the key characteristics they po&assg this
process, peservation ofgenotype is not possible in ientirety because of the accumulation of
somatic mutations throughout long cycles of vegetative @ogation. As the mutations
accumulate over time, individuals will increasingly differ from the ancestral seedling that
inaugurated the cultivar (McKey et al. 2010; CarboeBeljerano et al. 2017). In addition, clonal
propagation allows for functional or dekrious variants to hide as heterozygous recessives

(McKey et al. 2010).

Mutations an individual to be propagatestcumulatesn its somatic cellare passed on
to its progeny sincegermlineis not fully segregated in plants (Watson et al. 2014§. the
mutations accumulate over timédividualswill increasingly differ from the original parent plant

over time (McKey et al. 201,@CarboneliBejerano et al. 2017



1.2.3 Somatic structural iation in grapevine berry color diversity

SVs had bigrole in the rise of white berry coled grapevine. The mostotable event
was probablywith the aforementioned Gretl insertion into the MYBA1promotor region,
rendering the expression of the gene insufficient to maintain anthocyanin biosynthesis.
combination with the frameshift mutation iMYBAL these two gene variants form a canonical
null allele that was found to actually be heterozygaumanyof the blackberriedgrape cultivars
(FournierLevel et al. 2009)Those heterozygous, blatlerried cultivars indeedan occasionally
generate indivduals with white berry color through somatic mutatiddecauseof that, in some
cases, white cultivars do not emerge from segregation of the canonical white allele, but as a result

of somatic SV

White phenotype can beelated toloss of heterozygositilOH) where a spontaneous
somaticdeletion event for thefunctionalblack allele occurs in a meristem cell line. If the other
allele isa null variant asthe plant would be hemizygous for, the resulting phenotype is a white
berry, sinceanthocyanin biosynthesis cannot take pld€&y. 4 \Walker et al. 2006). The deletion
is possibly caused by a recombination event between two sequences flanking the color locus
(Schuermann et al. 2005; Walker et al. 2006)vas later shown that the del®n can be caused
in a much more complex manner via unbalanced genome rearrangements that emerge during
somatic growth CarbonelBejerano et al. 2017 Initially, aresulting individual would be a
chimera, as the mutation would happen in only L1 omleistem cell layerThe exchange of cells
between layers is possible if some form of tissue damage would occur and the invading cell could
take on the role specific for the invaded layer of cells (Kidner et al. 2000; Walker et al. 2006),

resulting in a bery that is completely white.

Smaller structural variations for grapevine have been descridsethe possible cause for
the different ripening time$etweengrapeindividuals (Xu et al. 201,6and some gene families
were show to be affected byduplicatiors, such as already mentionéddYBAgenesand gene
families related to berry sizenaturation,and seed formatior{Cardone et al. 2016}t was also
shown that it is possible for a whigerried cultivar to regain the ability to produeathocyanins

trough SVresulting in a colored bermutant phenotype(Azuma et al2009).
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1.3. Nanopore target enrichment sequencing

Second generation sequencing methods, such as Sanger sequegra@atly improved
study of genetic variation, however, sequences gaingidg these methods were only up to 500
bp long and thus inefficient in solving complex genomic structures, such as repetitive sequences,
CNVs or S{Magi et al. 2018)To study those, more complex, changes in the genome, methods
that enableprocurementof longersequencesiad to be developedlo that endOxford Nanopore
TechnologiegONT)has developed a DNA and RNA sequencing technology designed around the

use of nanopores.Protein nanopores are embedded intan electroresistant synthetic
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membrane |leated inside of the flow celhfter the £quencing adapterthat will ligate to the end
of moleculesand motor protein that binds to it are added to the DNRNA libraryit is loaded
onto a flow cell, andnotor protein leads the molecule to one of the used nanopores on the
membrane(Fig. 5)lonic current is passiniproughthe pores for the duration of the sequencing
process, and as molecules, DNA or RNA, pass through the pore, theyaa#igagption inthe

current (www.nanoporetech.com

Each pore within the flow cell has an electrode connected to a chaandl a sensor,
which measures the disruption caused by the molesul&isdisruption is recorded as signal that
can be further analyzed in retime, using basecalling algorithrns determine the sequences of
the DNA or RNA strands that have passed throlgie great advantage that this methodology
offers is the ability to directly analyze long fragments of nucleic aeiti®out the need for
reassembling the sequence. The only limitation is the length of the molecules themselves.

Therefore, this method enaé$ the analysis of structural variants and even repetitive regions.
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DNA and RNA are analyzed in their native state, which meand#sat modifications, such as
methylation, remain intact andcan also be detectedrom changes in the electrical signal

(www.nanoporetech.com

One limitation standard ONT sequencing has is the lack of the ability to provide results of
higher coverage that are needed in some cases, making targeted sequencing necessay.
enrichmentmethods desigadto alleviate the problem were developed, however, they required
longer preparation and special reagerftsovaka et al. 2021Kovaka et al. (2021) developed a
new Utility for Nanopore Current ALignment to Large Expans&NA (UNCALLEDPurpose of
this software is to map a streaming raw signal to a BE4uenceeferencein combination with
ReadUntil, an option provided by ONT devittest can selectively eject molecule that is being
red during the sequencing process. Polarity of the individual pores can be reversed for an
approximately @1s to eject the molecule passitigroughthe pore. This enables a new strand
of DNA/RNAhat could match the target referend® be sequencd sooner, & individual pores
became available more rapidiWhile sequencing with UNCALLED, reads that are unwanted are
identified and ejected using ReadUntil, which leads to the enrichment of the targeted regions
(Kovaka et al. 2021).

Target regions are provided as a referettedore the sequencing starts. Reads that are
being sequenced are compared to the reference sequences iftineaby means of identifying
k-mers from the electrical signaand any reads that do not map to refexmnare ejectedThe
cumulative effect is that there are more reads of interest being sequenoatpared to the rest

of the loaded DNA/RNA librarynlike in the regular nanopore ryKovaka et al. 2021).

Since it takes some time to compare the signahte teference, shorter strands may pass
through the pore without having a chance of being ejected. Some other reported problems
associated with thenethodare common pore blockageéelayed ejections, and lower yield at the

v }( ¢ <p v ]vPX dZ ackusby @sd worsens the larger and more repetitive the

reference is, as the chance to identify similar sequences incréieeska et al. 2021).
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UNCALLE®akime sequencingvas tested on human genome, where 148 human genes
were enriched with X overallincrease in coverageompared to the controflow cell, where

the UNCALLED was not activatad well as omicrobial communitiegKovaka et al. 2021).

1.4. Reliminary studies

Using ONT wholgenome sequencing, previous work at Max Planck Institute for
Developmental Biology noted three new SVs composing two SV patterns in the grapevine berry
colorlocusty AZ]o <3p C]JVvP « u% o0 < }((GB)&Eulivatorigmatingfom somatic
mutation of the black & & ] Ho3]A E Z'(GBNTh&e 8Ys wefe dubbed DEL, INV1
and INV2. DEL, standing for deletion, was characterizeoh &xcision event for theontinuous
segment of DNA, spanning 1,445,748 bp (chr02:15,479186®5,616 in the Garnacha genome
primaryde novoassembly)Fig. 6A)INV1 and INV2, standing for inversion 1 and inversion 2, were
characterized as a single SV pattazonsisting of two discontinuous segmentsvo inversia SVs
were noted of 826,345bp for the INVL (chr02:15,552,954.6,379,299 in the Garnacha genome
assembly), while for the INV2, 933,456 bp (chr02:16,0341%1368,269 in the Garnacha genome
assembly)The events leading to the origin &YV SV pattern wergroposed Aninversion of
1,415,315 bp (chr02:15,552,984,968,269)occurred first, with a sbsequent deletion of
approximately 1 Mbleaving onlyne segment of DNBetween the breakpoints (FigB).

A
chr2 | J
DEL (1.4 Mb)
B INV1 (0.8 Mb)
chr2 | ‘_]_l_’ |
INV2 (0.9 Mb)
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Z' Ev Z d]vd [ HOZ]A E ]* Z § E}ICP}arclifoiosoe BE % }0}C
of the alleles for the color locus they have corresponds to the white null allele, while the other
one has functionaMYBAgenes.tZ 3 o 38} 8Z %% @€ v }( AZ]13 % Z v}3C %o

ov [ *}Ju 8] A E] vse A - yppsity.}Deléted @yjdns associated to DEL and

INV1+INV2 SV mutations spanned the region of the genome vWi¥EAgenes are located. As
they were excised, only unfunctional copieswfYBAlandMYBAZXyenes remained, and thus the
grape berry coloration wasst. Independentappearancefor the INV1+INV2 variation was
recorded br white variants which is not the case for DEriants This opens a possibilitizat all
individuals possessing DEL mutat@ihhad a common ancestdn which this single somatic
mutation event occured

A sample of Garnacha cultivar, GT77, was sequenced for the whole genome with Illlumina
shortreads. What was seen from the obtained sequences is that even though it expresses a black
phenotype (Fig. 7), a decrease in coverage is apparent at locations of breakpoint sites
characteristic for INV mutants, meaning that it possibly has a predisposition for the appearance
of a white mutant if it is a chimeric plant. Indeed, a bud sfulent part morphologicaly different
from the rest of the plantpf GT77, GB77, has white berries, supporting this hypothesis. Some
other blackberried individuals may harbor newly detected SV patterns that go unseen in the

phenotype. GB77 was additionally semeed with nanopore.
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Single nucleotide polymorphism (SNFR)Hanalysis along chromosome 2 was conducted
(1 & }oo S]}v }( Z2' EGv Z ov | ee]}veX he]vP SZ]e "EWe S
noted SVs (DEL, INV1, INV2) was predicted for each santpkecollection.

N%}IVS V jue %% E v }( ZZ -bewidd @jvtArit[ddmatiEvariant was
recorded from the ancestral white EE] Z oA E]vZ}[ HOS]A E ~&]PX 6U v
the RNA sequencing analysis (unpublished work f@rnepe and Wine Research Institute (ICVV,
La Rioja, Spain)). Differences in individual gene expression were identified, compared to the
white- & E] v *3}EU v} 0C 8Z }v « JvA}oA ]v (o A}v}] ]}*CvsZ

oA E]vZ}[U g}the JovaEeipression oMYBAldetected in the RNAequencing it was

hypothesized that the cause of an intense red color reappearing was a recombination event
between LTRs @retlcausing it to excise itself from the genome and leading to a partial ezgov

of MYBAIgene expression.
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2. GOALS

The general goal of this research is to characterize the genomic landscape of somatic
variation for fruit color emerging during the vegetative propagation of grapesuttevars. To that

purpose, the following specific aims were established:

1. d} A o] 8 s A v3e o 5Z %E spu o }E]P]v }( Z' Ev Z o0 )

gain insight into how many independent events there may be in the origin of GB.

2. To assess thbypothesis that new whitderried GB clonal lines may emerge from black
EE] Z' &Gv Z d]vsS [ ~'de %0 vSe Z]Ju E] (}E& SZ % E * Vv

3. To determine if SVs in the origin of GB are deleterious for carrier gametes or if these alleles

could leal to new whiteberried cultivars through sexual reproduction.

4. To assess the hypothesis that a transposable element (TE) movement is in the origin of a
A4 oA EJvZ}[ }o}E E }A EC <}u 8] A E] X tatget %}3 v3]

enrichment methodor ONT sequencing to that aim will be tested.
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3. MATERIALS AND METHODS

3.1. Materials
3.1.1. Equipment

Commercial kits

DNeasy Plant Mini Kit (QIAGEN, Hilden, Germ&tmyt Read Eliminator Kit (<25kb) (Circulomics,
Baltimore, Maryland, USA); ONT liga Sequencing KstSQKt LSK110and LSK109Oxford
Nanopore Technologies, Oxford, YKPNT Wash Kit (EX®SHO004) (Oxford Nanopore
Technologies, Oxford, UK)

Buffers:
Q5 Reaction Buffer Pack (New England Biolabs, Ipswich, Massachusettsl XUSAgacetate
EDTA (TAE) buffer

Enzymes:

Q5HighFidelity DNA Polymerase (New England Biolabs, Ipswich, Massachusetts, USA)

Dyes:
Orange G 10X Loading diel g orange G + 49L Glycerol)

Other:
GenerulerlOkbDNA Ladder Migermentas, Waltham, Massachusetts, USA)

Devices
PCR thermal cyclergel electrophoresis apparatusNanodrop Spectrophotometer Qubit

Huorometer, MinlON sequencing device

Software:
Primer designing tool from NCBUNCALLEDGuppy v5 Minimap2 Medaka Megalodon

Integrativegenomicsviewer

17



3.1.2. DNA samples

Grapevine (Vitis viniferassp. vinifera) isolated DNA sample®f a collection of clonal
accessions of whitberried somatic varianarnacha BlandéGB)were provided bythe Institute
for Grape and Wine Sciences (ICVV, La Rioja, SpdamalGBaccessions were collected mainly
in the Ebro Valley region of Spain. 8iaf which come from plants found in the collection of
clones and biotypes of EVENA (Navarre Government, Spain), corresponding to samples from old
vineyards in Navarre and Alava provinaasin the ICV\germplasm bank at Finca de la Grajera
(samples fromLa Rioja). From 746arnachgdsamples, 5 of thenare blackberried Barnacha
Tinta[(GT)of different origins, 67 samplesere white-berried Barnacha BlanddGB) from La
Rioja, Navarre, Alava, Catalonia and France and two sampled-bérried Garnacha Gris from
Navarre Concentrations and purity of th®NAsvas measuredsing Nanodrop and Qubit devices
and44 samplesvere usedor SV genotypinghat had adequatguality (Supplementary tablé).
Additional seHcrossS1progeny samfes of GB77 and GB&8cessions of GBere also provided
from ICVV.For the SV segregation analysis, ten samples eame usedof GB77 and GB78
offspring(Supplementary tabl@). All of the mentioned DNA samples were stored24°C.

Leafsamples otlonal accessions of blablerried Barnacha Tintgancestor cultivathat
were used to search for possible ancestcilimeraSVs, were provided frorBVENA and ICVV
collections most of them belonging to accessions collected in La Rioja and Navarresegion
Spain, but also from other countrigSupplementary tableg) and their DNAs were extracted
131}V 00CU « u%o0 « }( ZZ s & i}[U AZ}e E -BG%EZEES ZJ}vl
* U%O0 U + A oo 227 oA E]vZ}[U A2} werdasedingenotpaligagu / s

well.

The grapevine DNA samples used for ONT sequencing target enrichment were provided
by ICVV. GB78 sample was taken from GB sample collection, described in section 3.2.1.
~"u% %0 U VS EC § 0 i*X Z DNA ZdipledathAexd@Ealcted ffom leaves
were obtained from ICVV (Supplementary table 5).
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3.2.Methods
3.2.1. SV validation

PCR primers were designed using Primer designing tool from NCBI

(https://www.ncbi.nlm.nih.gov) to validateSValetected by preliminary studigSupplementary

table 4) using Barnachgde novogenome assemblfassembly built from GT1608 accession at
Max Planck Institute for Biology, unpublished dada)a reference genom@®ne set of primers
was designed to amplilgnygrapevinesampleDNA (wtprimers), regardless of genotypelative

to the supposedSVs andthus serve as a positive contr@nd one primer paifor each mutation
(DEL, INV1 and INM&as designedo amplify DNA only ifiteyare present in a sampldreverse
DEL primer was designedaanealat the position of the breakpoint, as no specific prisieould

be found(Table 1Fig.9). Sequencesfor the forward primer usedn wt and DElprimer paiis (G
47678) as well as reverse primer for the wt primer pair4@86)were provided by Dr. Pablo
CarboneHlBejerang as they areknown to work forGT and GB samplemd were usedin

preliminaryresearch

Mixtures to load for PCRegere preparedby mixingl pL ofl:10 dilution of individual DNA
sampleswith the master mixper sample5 pL Q5 reaction buffer, 5 (ligh GC enhancer, 2.5 pyL
dNTPs, 1.2HL of each primein a pair 0.25 puL Q5 Polymeras€&pr the PCRsonditionsfor each

primer pairwere usedas described in Table

PRODUCT ELONGATION PCR mix
MUTATION ALIAS Tm (°C CYCLES (#
LENGTH (bp) m (°C) (sec) (#) Volume (pL)
wt Fu:G-47678 731 56 90 32 25
Rev:G-47686
DEL Fui:G-47678 477 61 60 34 25
Rev:G-47702
INV1 Fw:G-47666 433 57 60 32 25
Rev:G-47667
INV2 Fu:G-47682 566 54.5 60 40 25
Rev:G-47683 ’

19


https://www.ncbi.nlm.nih.gov/

DEL

chr2 | ]

— |NV1
[ 4 L |
chr2 |
| |4
INV2

After PCRamplification amplicon presencandsizewere checkedising electrophoresis.
1% agarose gel was made withh ofagarose powderl00 mLTAEbuffer and 3uL ofethidium
bromide (EtBr)Loading mixture was prepared by mixitiguL of amplified DNA witB pL of
autoclaved dHO andl pL orange GGenerulerlOkbDNA Ladder Mix was used as a lad@deg.

6E) Electrophoresis was run a2V for 20 minFinished gel was observed under UV light

3.22. GB collectiogenotyping

1:10 dilutions were made for Garnacb&Asamples that had concentrations higher than
100 ng/uL Samples selected for genotyping were prepared for PCR and electrophoresis, using the

same procedure as describedsaction3.2.2.

3.23. Testing wildype samples for possible chimeras

Wild-type Garnacha samples were prepared for PCR and electrophoresis, using the same
procedure as described isection3.2.2.Only primers designed for INV1 mutation were used.
DNAs from younger leaves were extracted ugdgpasy Plant Mini Kit from QIAGEN. To timat, e
frozen plant material was ground to a fine powder under liquid nitrogen, using mortar and pestle.
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The required amount of tissue powder was estimated the by filling the eppendorf tubem(ll)
half-way. Plant material was kept frozen under liquid nitacat all times between steps, as well
as all of the dishes used. To isolate DNA from the obtained powder, DNeasy Plant Mini Kit manual

from QIAGEN was followed. DNA samples were storefGat 4

3.24. Structural variation segregation analysis

GB77and GB7851selfcross progeny DNA samples were diluted 10 times. They were
prepared for PCR and electrophoresis, using the same procedure as described in section 3.2.2.
For GB77, primers for INV1 were usaddfor GB78DEL primer pair.

3.2.5. ONT seqgencing target enrichment

Files to be usedvhen runningUNCALLED were prepared according to the provided
instructions on the UNCALLED GitHub pddgég://github.com/skovaka/UNCALLEDrarget

sequencereference filehad to be prepared for the UNCALLED command to beGamacha
genome assemblfunpublished genome assembly, produced wiifiasm tool after sequencing
of Garnacha gDNA with PacBio Hifas usedas a reference genomimr GBB, while for the

Alvarinho[samplesPN4002412Xv2reference genoméhttps://urgi.versailles.inra.fywas used

(Jaillon et al. 2007; Canaguier et al. 20 )ist of 47 geneswas made mostly relatedto the
anthocyanin biosynthesis pathwa corresponding file containing their sequences was made by
extracting them from thecorrespondinggenome assemblysing Linux command lingo be

provided as target sequences to be enriched dusaguencing (Supplementary table 6)

In case of GB7®EL, INV1 and INV2 breakpoint sites waresenas targets as welllo
start, maskingwas performedusing UNCALLED dedicated scripts available from their GitHub

website fttps://github.com/skovaka/UNCALLKCas it is recommendedby the authors for

eukaryotic sequence®s inputs, fastdiles of the corresponding reference genome, depending
on the sample, was provided, as well as the fasta file containing all of the target sequences. For

GB78, 10k of sequenceaipstream and downstrearaf target genes waprovided, and the 30k
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of upstream and downstream sequence from DEL, INV1 and INV2 breakpoint sité&dvRonho[
samples, length of sequence surrounding the target genes was increased lbaup8tkeam and
downstream, while for theMYBALlregion, provided sequence was 8® kipstream ad

downstream of the gene.

For each sample, size selectiwas performedby following the Short Read Eliminator Kit
(<25kb)handbook (v2.0jrom CirculomicsThe following change was magdster adding 51 pL of
Buffer EB, the tube was not incubated at room temperature for 20 minutes. Insteadywas it
suggestedor longer DNA# the protocol,the samples were incubated at 8D, and additionally
they were incubated for 30 minute¥hen,Genomic DNA by Ligation (SQBK11Q}E Z oA E]vZ}
samples, SQKSK110 for GBY8brary preparation protocol provided by ONT was followed, as to

prepare samples for loading into a flow cell.

Flow cell wasnserted into the minlON device aft®dNA was load# as described in the
protocol. The sequencing processas startedand the UNCALLED commaneds runin Linux
command lineW “pv oo & oS]Ju Du e«port @0OQ-tES6 venkch-c 3 > <output
v u EXWwRere <masked reference> was substituteilh the name of the file created as
described in section 3.3.2. for each individual sample, that was sequenced at theNum#er
J(SZE « A e o« S33UI0EPUNEE 2 Aasitenableso keep reads that map
to the reference and thalecisiontime of 3 secondsA « PJA-v <%} Z | ]J( 8Z ]v ]JA]
reads being sequencadap to a reference or not. Filg, generatedmapping summaryile was
saved under the name <output name>.PSEquencing process was stoppghdenevernumber
of sequencingpores sequencingvas very low approximately 24 hourst00 ng ofGB78DNA
libraryand i11 v P RédAlvarinhgdDNA librarywere loaced once.600 ng of ¥hite Alvarinhg
DNA library was loadedand Wash Kit was usedfter the first run as described irthe
corresponding protool from ONTto prepare the flow cell for a second loadir@0 ng ofDNA

librarywas loadedagain,and sequencing started one more time.

Data processing was done in Linux command lister the raw sequencing data
files (fast5) were createftom sequencingMinKNOW softwargbasecallingvith Guppyv5 was

performed(https://github.com/LernerLab/GuPPto generate fastq filesf nucleotide sequence
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They were mapped t@ correspondingreference (GB78 to a Garnacha genome assembly,
Elvarinho[ samples to 12Xv2 PN40024 reference genompe with  Minimap2

(https://github.com/Ih3/minimap?), producing bamfiles, and afterwards, vcf files from

variant calling of the bam files comparing to the corresponding reference genome
assembly  were generated with Medaka  (medaka_variant command,

(https://github.com/nanoporetech/medakp as they wereneeded to run the Megalodon

program(https://github.com/nanoporetech/megalodoy Megalodon was run using the original

fast5 files obtained from sequencingcf files created withMedakaand the corresponding
reference genome assemlayg inputs As an output a final, bam file, was generabgdMegalodon

alongside with cytosinenethylation labelled reads, and they wearelexed using samtools index.

Generated files were used to visualize sequenced reads against the corresponding
reference genomén Integrative Genomics ViewgiG\j program.While runningMegalodon, an
option for methylation calling was activated for the Red and WiAtearinho[samples. Bam file
with methylation data was generated and observed in IGV. A second versMagaflodon was
run for Red Alvarinhg wherethe 12Xv2 PN4002#ference modified by Dr. Pablo Carbonell
Bejerano was usedt was modified by removirgj762 bp ofGretl TEequencdrom the promoter
of MYBA1leaving thepresumably remaining LTR regisaquence The rest of the process was

done thesame as in all other cases.
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4. RESULTS

4.1. Sructural variation validation

All three structural variation (SV) breakpoints bioinformatically previously identified form
ONT reads were confirmed by PCR amplification to be present in the white mutants of Garnacha
cultivar (Fig 10). All DNAs used were amplified when using wt positive control primer pair,
showing that DNA is suitable for PCR amplification. When analyzed with DEL primers, a clear signal
was only detected for GB1662 sample, which is indeed the GBsioa in which the DEL SV was
identified by ONT wholgenome sequencing. When using primers designed to amplify inversion
mutations, GB55, GB77 and GT77 DNA samples amplified in both cases, while GT1608 (wt) and
GB1662 did not, confirming again previoudTOsequencing results.

wt(G-47678_G-47686) B DEL(G-47678_G-47702)
wt GB1662 GB55 GB77 GT77 H20 W Wt GB1662 GB55 GB77 GT77 H20

bp ng/0.5 pg %

INV1(G-47666:G-47667) INV2(G-47682_G-47683)

c . wt GB1662 GB55 GB77 GT77 H20 wt GB1662 GB55 GB77 GT77 H20

- -
- -

o U
soﬂ' - & -
- '..

BI85 5508x5nemnm
]
o
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Primersusedproved to be unspecific, as they producenwanted bands in the geh all
three casesUnwanted amplicons for INV2 were much shorter than the desired PCR product and
can easilye distinguishedwWhen testing foDEL and INV1, there were unwanted signals roughly

the same length of the desired product, howewe signal is much weaker indbe cases.

4.2. Garnacha Blanca sample collection genotyping

To gain insight into how many independent mutation events there may be in the origin of
Z'Ev Z ovVv [ HOS]A EU P v}3C%]VvP }( v AoC & 3 E 1%}
accessions of GB was conduct&knotyping results for the individual Gacha sampleare

displayed in Table Most of the samples displayed the SV pattern expected from previous LOH
genotyping

SAMPLE DEL INV1 INV2 SAMPLE DEL INV1 INV2

GB17-2
GB31-1
GB50-1
GB54-2
GB56-2
GB61-2
GB63-2
GB/6-1
GB1608
GB1662
GB1657
GB428
GB177
GB75-1
GB51-1
GB84-2
GB5-2
GB36-1
GB71
GB78-2
GB3-1
GB84-2R
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Seven samples were positive for DEL genotype, INV1 and INV2 mutations were always
occurring together, and 32 samples were shown to have them. For four samples the results were
unclear, and one was proven to be negativeentgenotyped for any of the SVs (Fig. 11). With
unclear results, samples GB11GB311, GB54 and GB&, when tested for INV1 and INV2
mutations, their DNAs amplified in both cases. When tested for DEL mutation, it was unclear
whether the specific amplifation occurred or notGB177 did not have its DNA amplify in any of

the cases.

35

30

15

Number of samples

10

DEL INV1+INV2 Unknown None

Structural variation pattern

Figure 11. Number of samples psesing the specific individual structu
variation pattern(DEL, INV1+INVat of 44 total smples Made according 1
table 2.

4.3.Testing Z' E v Tihta[samplesfor possible chimeras

To assess the hypothesis that independent new whiteried GB clonal lines may emerge
from ancestor black E®E®] Z' E&v Z d]v3 [ pOoS]A U i6 'd « u%o « A &
SV. Except for GT77, none of tested blaekiied GT samples show a bandhe gel after PCR
amplification of INV1 breakpoint (Fig. 12). Only faint, unspecific bands can be seen in the gel for
all samplesther than GB77GB55 was confirmed as a positive control in which IN1 breakpoint

was identified from ONT sequencing and P&lRlation.
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GT1 GT2 GT3 GT4 GT5 GT6 wt EV007 EV21 EV31 RA7 EV32 EV12 EV35 ARA24 GB55

v

g

INV1(G-47666_G47667)

GT77 VR3 AR H20
v

.
5008 vy

4.4, Sructural variation segregation analysis

To determine if SVs in the origin of GB are deleterious for the presumably hemizygous
gametesand to sedf these mutations can segregate to produce novel alleles to give rise to new
white-berried cultivars through sexual reproducticegregation of DELna INV1 SV breakpoints
was analyzed in offspring of GB{#g. 13Aand GB7{Fig.13Baccessions, respectively. 70% of
GB78S1selfcross samples carry the DEL breakpoint, while for GB77 90% of the -Sfosel|f

samples carry the INV1 mutation.
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4.5.Nanopore target enrichment

4.5.1.Method Troubleshooting

d} Z & § E]l "s ]v AzZ]8 ups v }( Z' Evime&tdrget' 66U
enrichment method for ONT sequencing, using UNCALLED, was M&8ted.initiating a real
time target enrichment ONT sequencing rufieathe UNCALLED softwamasturned on,there
were fewernanoporessequencing at any given tinandthat drop can be noticed as soon as the
software is turned or(Fig. %,15). After 7 minutes of sequencing the UNCALLED command was
run and a substancial drop in the amount of reads being sequenced at same time can be seen. It
fell from 60% pores sequencing to aproximatley 30%ust 2 minutes and an imediate drop in
overall numler of available, healthpores can be seen, as indicated by the overall decreese in

green color and a coresponding increese in blue color, indicating darfidgeked pores, on the
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graphof sequencing datb1(Fig. #). The numbenf pores sequencing is dexased draticlyafter
12 hours however, there was no substencial decrese in the percentage of healthy porethafter

four hour markand it remained mostly consistent trough the rest of the sequencingFig b).

Figure 4. Screenshot oONT sequencing softwasequencing data for the first 14 minutes
sequencing. Light green indicates the percentage of pores that are currently reading the
darker green indicates percentage of pores that are waiting for a strar timtroduced t
the pore and blue indicates the percentage of pores that are damaged. The UNCALLED
was turned on aftesevenminutes. Overall decrease in tinemberof healthy pores and por
that are sequencing can be seen immediately aftergbeerminute mark.

Figure Bb. Screenshot of channel state panel from ONT sequencing softdariag the
sequencing rurStates of individual pores can be seen before the UNCALLED command i
on (leftside) and after it is turned on (righdide). Light green indicates pores that are curre
reading the stranddarker green indicates pores that are waiting for astréo be introduce
to the poreand blue indicates pores that are damagaéter the command was rythe numbe

of pores available for sequenciimgreased by-2.5X
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Figure B. Screenshot oONT sequencing softwaequencing data for the fir
loading of the flow cell. Light green indicates the percentage of pores thi
currently reading the strand, darker green indicates percentage of pores th
waiting for a strand to be introduced to the pore and blue dadés the percentac
of pores that are damaged\ rapid werall decrease in thaumber pores that ar:
sequencing can be smeahrough first 12 hours of sequencing. After 14 hour:
sequencing there is only aegligible percentage of pores sequencing. -
percentage of healthy pores remains mostly consistent afieur hours o
sequencing.

Most of the reads sequenced were not the ones in tar@ait of total 1.12 Gb sequenced
during the first trial run that was for GB78 sampl@8.@®5 Gb of sequence was trane in target
or 2.26%(Fig. TA). Mapping depth for the oftarget sequences wa2.4X while for the intarget
sequences-17.9X depth was achievedhe final enrichment was 7.4 times compared to the rest
of the genome (Fid.7B).Average length for the #arget reads sequenced was approximately 29

kb, while the average length of all reads sequenced was around 1.5 kb.
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Figure T. Nanopore target arichment data at the end of sequencing GB78 sample(A
Number of bases sequenced in gigabases comparttbtoumber of bases sequenced that w
in-target. Out of 1.2 Gb sequenced, 0.025 Gb were the ones in tag26% of the sequenc
bases). (B)Mapping depth compared between effrget (2.4X)and intarget (17.9X)sequence:
The enrichment of the Htarget sequences was 7.4X compared to the rest of the genome.

4.5.2. DEL mutation validation usldyCALLEDNT sequencing

tZ]8 upd vs }( Z' Ev Z [U ' 66U A « « cp v-timeutajgel v A
enrichment method for ONT sequencing, using UNCALLED, to characterize DEL SV and to confirm
its presence with ONT sequencingight at the position of the upstrearaxtreme of DEL
breakpoint, all the way through to thdownstream breakpoint positiorof GB78 samplethe
sequencing depth ikalf on averagecompared to the surrounding sequen¢Eig. B,19, and

thus the DEL mutatiowas confirmedo be present in the sample
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Figure B. Screenshot of the upstreamdELbreakpoint regionfor the sample GB7
visualized inntegrativegenomics vieweprogram A 50% drop in coverage can be s
right atthe supposed position of the breakpoint.

Figure B. Screenshot of the downstreadELbreakpoint region for the sample GB
visualized inintegrative genomics viewerprogram An immediate 100% drop

coverage can be seaight at the supposed position of the kakpoint, followed by
50% drop in coveragapstream of the breakpoint
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4.5.3.Gretlinsertion site analysis using UNCALLED ONT sequencing

Targetenrichment method for ONT sequencing, using UNCALLED was also used to assess
the hypothesis that the movement of a T&rétle ]« SZ & <}v (}E& ZZ oA E]JvZ}[ *}u
color recovery The potential to study associated DNA methylation variation alss assessed
No ONT reads mapping @retlsequence that is present in the promotor MY BAlof the 12Xv2
E (Ev Pvlu ACGE § § v §8Z e« «<pv E =~ }( 2z 0A E]v:
region. For the ancestral, whieerried White Alvarinb, read sequences that correspond to the

Gretl were present (Fig. 20).

Figure 20. Screenshot of theMYBAlpromotor regionof ¥hite Alvarinho[(above) and Rec
Alvarinho[(bellow), visualized inntegrativegenomics vieweprogram Gretljump is confirme
for the red cultivaras there is a noticeable difference in thember of sequenced readthat
containGretlsequenceL TR sequence is still present in tBed AA E v Z}|
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Thus, Gretl jonp was confirmed using ONT sequencing as the TE was not detected in the
color recovery somatic mutant, but it was present in the ancestral, whieied cultivar.No
clipping reads, continuous ones, spanning throtigdentire Gretlregion that wouldcorrespond
to the sequence wherésretl excisionis present, can be observed amongst the sequenced
fragments.The 12Xv2 reference was modifisdmatch the expected sequence more closely, to
possiblyprevent Megalodon from filtering out needed reads to study methylatdfihen using

the modified reference, no additional information was present after data processing (Fig. 21).

Figure2l. Screeshot of theMYBAIlpromotor region of RedAlvarinho[ processed ar
visualized irintegrativegenomics vieweprogramusing the modified referengenhere
the LTR region was removefinnotated TE map and genes are offset from the start c
LTR by50bp (Size of the remove@retlsequence)
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5. DISCUSSION

5.1. Sructural variation validation

Structural variations detected using ONT sequencing watielatedusing the designed
primers. All samples had their DNAsnplified as predicted bypreviousnanopore sequencing.
GB1662 was confirmed to possess DEL mutation. GB55 and GB77 carry HottwdNMV2
mutations. GT77, a bladderried individual andhe parent plant of GB7White berry bud sport
mutant, was also shown to possess INV mutations. Thiisgsissed in detail in section 5.3. Since
the deleted sections of the genome caused by DEL avitHiNIV2 mutations spanned the region
where MYBATFs are locateffom the haplophase carrying the only copy of functional alleles for
MYBAland MYBA2% E « v8 Jv Z' Ev Z d]Jv3 [ v «3CE o uoitld E ~D]P
apparent that those SMsere the cause of the appearance of white phenotype&sBsindeed,
deletionsspanning the region of chromosome 2 whé&fi&BAgenesare located were noted to be
appearing for many cultivars, and with high variation in deletion size, spanning f@8nMb
~ZEV Z oV [ HOS]|MD E-zZ5}vdl}o} Z}e [Migla®]et alE2017)With a
removal ofthe only functionalcopies ofMYBAland MYBA2genes, thatare present in GT

individualsthe GBplantshavelost the ability to produce anthocyanirend thustheir berry color.

Positive control primers (wt) were designed so that they would amplify all gDNA from any
grapevine sample (Fig. 8), except in the cases where DNA is not suitable for PCR amplification.
There was a risk that individual DNA samples may not have worked as they were extracted over
3 years agpeven though the concentratiorend qualitywere checked. Aged DNA is often highly
fragmented due to autolysis and other spontaneous events, reduttiagapabilityof PCRo
amplify the template strandsGolenberg et al1996) Considering all DNA samples amplified
when usingpositive controlprimers, they are expected to work with the rest of designed primers

if they possess the corresponding mutation

Designed primers showed some residual unspecific amplification for all three SV
breakpoints testedDEL primers were designedanvay that they would bindo a sequence that

is present only if DEL mutation is present. That was achieved by constractevgrse primer
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S§Z S Z « ]S+ i[tothelgstsixvp o }S] » (}E& §Z > HoeSE u E |%o}]Vv:
bind to the first20 nucleotides after the downstream breakpoirithe primer could bind fully only

if the sequence between the breakpoinssmissing. However, the primer could still bind partially

A18Z 18« i[ v 8} 8Z Ju%o u vs EC * <p Vv § SZ H%*SE u >
possess. Even though the binding is weaker, as there is a big part of the primer that is not
annealedsome amplification is still possible and thapisbablywhy there is always a faint signal

of the same size as the expected produncthe gel for all the samples, even the ones that do not

carry a DEL mutatiofror both INV mutations there seems to $@me unspecific binding, as there

are many fragments of different sizes always present. Those bands are quite weaker and so can

be easily distinguished from the wantesignals, except in a case for INV2, where there is an
additional strong unspecific sighdt can be discarded dalse positive as it is a too short of a
fragment, distinguishable from the expected amplicon for the confirmed presence of the
breakpoint Contamination is not the source of abundant unspecific bands as those do not appear

when the DNA sample is replacbkg water, so the unwanted amplification must be a result of
unspecific bindingwhich can be expected considering that breakpoint sigsvlthin repetitive

TE sequences (Migliaro et al. 2017).

The problem could be alleviated withe use of more specific primersbwever, since the
region of interest has high occurrence of TEs, and therefore repetitive re(fBypsylike TE are
much more abundant in the regions of the genome bordering deletion event sites compared to
the rest of the genome (Migliaro et al. 201,7)his goal would be hard to achieve. Additional
primers were designed for the purpose of thesearch, and none were specific enough for the
wanted bands to even be visible in the gel afeanplification, or simply did not workviore
stringent PCR conditions were also tested, but either they still yielded unspecific bands or were

not able to amplifyn samples carrying the SV breakpoints.
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5.2.Garnacha Blanca sample collection genotyping

Samples that carry a deletiegpe S\Wdid not carry inversiortype Svand both inversion
breakpointswere always appearingtogether for positive samplesThis is expected, as the
sequence that these two different SV patterns span overlap in most of the sequence. These
mutations would not be able to occur in a same plant, on the same chromosome, as parts of a
sequence needed for the ntations to happen (breakpoint sites) are eliminated with the first
mutation event, be it DEL or IN®ither DEL or INV1+INV2 SVs are the only two independent

origin for GBs in the genotyped collection.

Forclonalsamplesll-1, 3%1, 542 and 52 it was notclear whether they possess DEL
mutation or not. It is due to the fact that the primer pair designed to amplify samples with DEL
mutation were unspecific, as described in section 5.1. Presamcabsence of specific
amplification had tde estimatedfrom the strength of the signal in the gel after electrophoresis.

If the signal was faint, those samples were considered to be negative for DEL mutation, and if the
signal was much stronger, they were considered positive, as it can be seen in Bgbaenples

11-1, 311, 542 and 52 had an intermediate signal strengind therefore could not be classifie

as either positive or negativd®’CR and electrophoresis were done three times to eliminate the
possibility d a preparation error, however the regaslremained consistentSince DEL SV could

not be present for theaforementionedreasons further study of these samples would be required

to find out how does their genotype corelate with the results described here.

The sample GB177 that did not showant in any of PCR reactions, but still expresses a
white phenotype.This result was explained with the recent analysis of cultivar genotyping

microsatellitemarkersU v ]38 A « }v op §Z 8§ 'i66 } o v}S Su ooC o}vF

o v [ pounpdbl@Ehed work). With that in mind, the sample worked as it should have.

Overall, PCR reactions were generally reliable, despite the fact that primer combinations
used were not fully specific and the DNAs used were 3 yeardoiltiple repeats of PCRgere
required to get the results predicted by SNP analfgsisnost samplesEven though it is unlikely,
as the results discussed here match the E8Pianalysis completely, it gossible that there was

unspecific amplification happening during PC®#at could be done furtherto confirm the
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results is sequencing of the amplicons detected on the gel, to confirm they inteéch the
targeted sequencesA more detailed and precise analy$ the GB111, 311, 542 and 52

samplegsrequired todraw any dénite conclusions regarding their genotype.

53.TestingZ' Ev Z d3dmplek for possible chimeras

Garnacha Tintgaamples, those corresponding to the ancestral clonal lineage of Garnacha
showingblackberried phenotype, were genotyped fdahe presence othe two newly validated
SVpatterns as it was observe@B variantsvere appearing independently in somatic vatsof
Barnachad ] v Scdltivar. That could be explained if only one of the cell layers carries the
mutation, so that the deletion of this allele does not affect all cell layEngs mutation could go
unnoticed if the anthocyanin productidmasstopped in only a thin layer off cells, presumably L1
as it forms themonolayerepidermis of a berryWalker et al. 2006)Since anthocyanins are still
synthesized in the L. asall but themost external cell layer in the berry skin originate from the L2
(Thompson and Olmo 1963; Carborgdjerano et al. 2019)3ark phenotype of the pulp tissue
underneath the epidermis would overpower the white phenotype of epidermis, resulting in a
seemingy completelyblack berrylIf the opposite case would be true, where L2 would carry the
mutation wile L1 still produces anthocyanins, expected color of the berry warildd Barcel6
et al. 1994;Walker et al. 2006)as he thin layer of epidermal cells w not contain enough
anthocyanin to bring out black colorhis case of chimerism can be observeded cultivars
ZD o] v[ v ZWthafBoth@®refged as a result of somatic variat{gvalker et al. 2006).

The existence of ablack E&®] Z' EGv Z d]JvsS [ ZMYBEgendsi&tvas}ee }(
confirmed using PCR, as INV1 and INV2 mutations were proven to indeed be present in the GT77
sample in spite of its bladierried phenotype. Since GB77, a white vatiand sport, emerged
from the blackberried GT77 planfFig. 7) | conclude that the predisposition for that berry color
existed in its parental plant. What was further needed for a completely white berry phenotype to
appear was an additional cell migratievent caused by some form of damage done to meristem
tissue (Kidner et al. 2000; Walker et al. 2006Jd u% G v]oo} o vbérfied culfvai,s

originated trough LOH in L1 with subsequent colonization of mutated cells into L2 (Martinez et al.
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2007), and same events could describe the emergence of GB7iginalONT sequencing that
discovered the candidate INV1+INV2 SV events in GB77 also show that the coverage in the deleted
regions delimited bySVbreakpoints reach adrop of 50% of read depthwhich means that the
mutation should be present in all cell layers of GB77. This indicates that, instead of an
independent KO mutation in the L2, colonization of the L2 meristem cell layer by INV1+INV2
mutant cellsthat were already present in the L1 of GT77 should be in the asighre white berry
phenotype of GB77.

GT77 was the onlglackberried phenotype sample that was proven to be a chimera, as
other wild-type samples do not show a band when genotyped with prarier INV1As they were
negative for the amplification, they do not harbor undiscovered independenttylN® S\Mn the
grape color locughus no whiteberried mutants carbe expected tawriginate from then in the
manner GB77 dittom GT77In contrast, dditional white-berried bud sports could emerge from

the chimeric clonal line to which GT77 accession belongs to.

5.4.Sructural variation segregation analysis

Seltcross progeny of GB78 and GB77 was genotyped by PCR to check how DEL, INV1 and

INV2 mutaions segregate and to see if they are deleterious or lethal for sexual phase. Only INV1
breakpoint was checked for the INV mutants, as due to their proximity, it is likely that all the
samples that possess it will also possess the linked INV2 breakipoirtlendelian segregation,
it would be expected that three of every four seloss S1 offspring individuals would carry the
mutation, or 75%As 70% o$eltcrosses of GB78 carry the DEL mutation, and 90% of GBY7 self
crosses carry the INV1 mutation, Inotude that all detected SVs segregate and are not
deleterious for meiosis or lethal for haploid gamet@#is also means that the whitserried

00 0 ¢ }(SZ }o}E o} pe u EP C °}u 8] "s Jv Z' Eberriégd[ }puo

cultivars through segregation after sexual crossing.

70% of positive samples is very close to the expected rate of i®@&gver, 90% of self
crosses carrying the mutation is relatively higteverthelessthis higher numbershould not
matter because if the mutations were lethal for meiosis or haploid gametes, the percentage of
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progeny individuals with the mutation would ta@lly fall as the gametes carrying the mutation

would not be ablaindergo fertilizatiorto produce an offspring.

These conclusions could be confirmed with more certainty if more-ges samples
would be genotyped at the same time. The sample size bseglwas relatively small, as a single
sample equates to the 10% of the cases in the analysige analysisvould be repeated | would

recommenda bigger sample siz® be usedor genotyping

5.5. Nanopore target enrichment

5.5.1.Method Troubleshooting

After the UNCALLED commarfat reakttime target enrichments startedduring aONT
MinlONrun, pores were getting damagAdhavailablemore rapidly presumablydue to themore
frequentinitiation of sequencing, increasirtfpe chance of blckage,or pore clogging caused by
ssDNA selbinding Long term lifetime of individual pores does not decreageen UNCALLED
Realtime is activated, and g$be inactivity of the pores is most likely temporary (Kovaka et al.
2021).Nuclease fluslsolves thigproblem (Kovaka et al. 2021), however, more DNA is needed as
the library has to be reloaded onto a flow cell, and the problem will reoccur eventually, as the

sequencing process is progressing.

The number of available pores increased significantly throughibe entirety of
sequencing run as #re was a lot less sequencing done overall. This is because most of the pores
are ejecting unwanted fragments, those that do not map to the provided reference, and are
waiting for a new strand of DNA to be brought tg the pore and this increase the time each
individual pore is empty (Kovaka et al. 2024} any given momentthere were fewer pores
sequencing than it would be expectdoecause the requirement that the read must map to a
reference is very strict. Only a small percentage of the genome was given as a target, and thus,
the chance for a targeted sequence to be brought up to a tewercomparedto the entirety

of the gerome.
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These effects areumulative andcan be seen igreaterextent afterthe sequencing has

been running for a couple of hourlanopore flowcellswere designedin theory,to perform

sequencing runs lasting up @2 hours, in optimal conditiongwvww.nanoporetech.corp Here

however, there is practically no sequencing being done after only about 12 ,heves when
there are plenty of healthy pores available. Possible reason is that the loaded library is being

exhausted of target sequences and thawantedreads highly outnumber the ones that are left.

At the end, most of the reads sequenced were not the ones in target. This is because any
of the offtarget sequence that reaches a pore is still sequenced onrsts4b01,500 bp They
are passing through the pore with no chance of being ejectedsidering that~450 bp per
second are sequenced in a nanopore in the MinlON sequencer andtibuszindow of 13
seconds that UNCALLED needs for the comparison with the reference is long enough for them to
pass through the pore with their entire lengtfihe final enrichmenachievedwas about 7.4X,
however, the total sequence saved at the end igatbhalf than what would be expected in a
regularONTrun of the same durationasthe number of pores sequencirag any timedrops to
approximately 50%, when the UNCALLED Realtime command is actiVdtisdmakes the
effective enrichmenapproximately 4XCompared to the5.5Xenrichment achieved bi{ovaka et
al. (2021)using human genomeeffective enrichment described here is lower. In thaiiginal
comparison between human and bacterggnome, where enrichment was worse for the human
genome target enghment, they hypothesized that the possible causes are a more frequent
occurrence of repetitive regions and higher complexity of the genome. As the occurrence of
repetitive regions and complexity increase further in plants, this could be the reason flovike
enrichment noted hereThe features of the selected targets could also contribute to lower
enrichment as the SV targets were infidh regions and 130 kb upstream and downstream of

selected target genes might also involve repetitive elements.

In conclusion, while the enrichment does work, it is not very effeciwen used in
conjunction withplantsamples probably due to the very repetitive nature of their genomeéke
level of enrichmentchievedcould only be useful in some specific casatthough he method
could still be optimized Additionalruns were performed and as certain factors were changed

(loaded DNA concentration, DNase treatment duration, etitere was also variation in the
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quality of the end result. In particular, loadingush higher concentration of DNA seemed to be
quite beneficial forone ofthe runs. Thisobservationcannot be taken with certainty, however, as
the quality of the individual runsisovaried greatlywith the condition of the flow cell used. If

individualfactors are taken into considerati@nd are further optimized, there is a possibility that

the quality of this method used on plant samples could be increased to a more satisfactory level.

5.5.2. DEL mutation validation using UNCALLED ONT sequencing

GB78was validated to be a DEL mutant, as it was found that the region of genome
spanning between the DEL breakpoints is missing in one of the chromoshinsgsrobable that
the GB78 plant inherited the DEL mutation by vegetative propagation from a single GT plant in
which the deletion of 1.4 Mb originally emerged, as no new independent occurrences of white
berried bud sports with DEilype SV have been dmd to this date. White phenotype can be
explained if the other allele inherited from the last sexual reproduction was the canonical white

oo o U ¢ ]38 ] 8§Z e Jv Z' &v Z d]vd [ Vv 3 o HOS]A E }(

cultivar, thus leavig the plant with only unfunctional copies BfYBAgenes after deletion of the

functional copy.

tZ v ' 60 ¢ <p vV E « AE u %% 3} §Z ‘'didedbnato Ev Z
genome assembly and visualized in IGV, sequencing depth drops between the breakpsias
one of the two chromosome copies has been lost from this region of the genome in GB78. As that
part of the sequence is missing in the GB78 genome, when running nanopore, the chance of that
region to be sequenced is only half compared to the téghe target sequences. Other target
sequences provided are present in both chromosome copies, and as the result, their coverage is
double on average. This fact confirms that GB78 indeed does carry a deletion mutation in one

allele, so that it is hemizygs, as it was also proven by genotyping (See section 5.2).

In some locations on the genome, zero coverage can be seen, and it is quite apparent next
to a downstream breakpoint of the DEL mutation (Fig. 14). Those results are most likely not a
result of mutations in both chromosomes. Tlenergence of those gag®uldhave happened as

a result off difference between the sample genome and the reference genome provided for the
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analysis. One other possible explanation could be it eventual secondary forntens
enabled by the presence of specific sequenagerfered with the nanoporesystem and

prevented the sequencingrocess to be performed for the fragments containing those regions.

5.5.3.Gretlinsertion site analysis using UNCALLED ONT sequencing

Concerning the sequencing of tiiet1LTR TE that is found in the promotedYBA lof
§Z vivl o AZ]8 oo o0 }(3Z (E % }o}E o} pueU Jv §Z =« <u v
region can be found, but for the rest of the transposon the sequencing coverage is half throughout
its entire length, compared to the surrounding sequen@hat that means is that the whole 10
kb Gretl1TE is only present in one of the alleles and thus had 50% less chance of being sequenced,
E poS]vP Jv Z o( }( 8Z FE% 3 JAE P XtZv}e EAJVP 8Z =« <p
oA E]vZ}[W idzdverade}is not present confirming that it is homozygousGiatl TE
insertion. The conclusion is that Gretl sequence is missing in one of the alleles, leaving only one
copy of the LTR region behind, and it is how the phenotype was reverted to dhieerey color
A E]vs Jv 2Z 0A EJvZ}[ Ju% E -S}EXE] VZ eAEEJVEE[®S dZ]-
confirms the hypothesis that was previously establisf@dhe higherMYBAL A % & <]}V Jv ZZ
oA E]JvZ}[ Ju% E &} ZtZ]5 oA ba@ryskih[RNAedEehcing somparison
(ICVV, unpublished datafolor recovery was observed in othgwmatic variantcultivars, like
Z vVv]S & fedberried derivative cultivar of the white & ] 03] A wherd it3wad |
hypothesized that the colorecoverywas theresult of homologous recombination between
MYBAland MYBA3genes as they share identical parts of the promoter region and part of the
coding sequenceThe expressiorcould beinduced by the promoter sequence derived from
MYBA3Azuma etal. 2009). This is likely not the case here, as one copy of LTR sequence remains
in the promotor region, suggesting threcombination happened between two LTR regions of
Gretl Reports of intral TR recombination ofretl, resulting in color recovery of gpoevine
berries, do exist, as it was the case withZpu C KIpC u [U -besigd @nm@&ic variant
E]A (E}u Z/58 0] [ ~<} C «Z] &8 oX 11idU <} C «Z] & oX 1iifeX
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One of the goals was to check how methylation changed between variants, however, to
that end, softclipping reads, are needed, as those would be the ones containing relevant
information at sitef SV eventsThesoft-clipping reads would be the ones cosponding to the
sequences obtained from the chromosome copy in which Gretl was excised. In that chromosome
copy, the sequence upstreaof Gretlis followed immediately by th€ TRsequenceand then
sequencedownstream of theGretl Library fragments from it region, after they are sequenced
and mapped, would not map to a reference completely as one part of the sequence they possess
is located~8.8 kbfurther away in the reference. The result is a clipping read that annotates only

partially.

Soft-clipping eadswere not present because the Megalodon tool used performs the
methylation calling based on the presence of C nucleotides according to the reference used and
thus filters out soficlipping mapping readsAs he clipping part cannot benalyzedfor
methylation, no data could be gathered for most reads in the region. Providing Megalodon a
modified referencefor the analysisin which theGretl was removed leaving only one LTR
mimicking the TE jump, did not result in the appearance of relevant réddgabdon filters
those reads out, as they existéa the output reads and were useful to detect the deletion of
GretlTE beforedataprocessing with Megalodon. | conclude that Megalodon may not be a good
tool of choice to study methylation when large SVs aespnt, as the filtering for clipping aligned
reads seems to be too strict. Alternative tools would have to tested, such as Nanopolish, used by
Kovaka et al. (2021) in their original testings, where methylation was successfully detected, as to

enable the tudy of methylation in the context of plant genomes.

Methylation analysis using identical methodology did succeed in cases where large
genome rearrangements were not present. The grapevine sex locus region was one of the
providedtargets forthe enrichment While the results of the sex locus region analysis are out of
scope for thighesis it displays thatariation inmethylation status of DNA can be successfully
detected with ONT sequencing target enrichment, using UNCAREBLEImeand Megalalon
(Supplementary figure 1)
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6. CONCLUSION

Research described in this paper showed that structural variations (SVs), proposed during
% E oJu]l]v EC *3p ] U AE %E « v3 Jv 8Z ]v ]A] u -berbigad vSe }( :
PE % HO0S]A E E]JA (E}u }u 8] A E] 3Hése $Vsared@e cadsed]vs [X
for the white berry color phenotype. Deletion of functioMdYBAgenes, in combination with the
presence of a canonical null allele resulted with inability for the cells to synthesize anthocyanins,
rendering berry color white. Onlg A} §C% * }( *s A vie A & (}pv ]v Joo 3]}

ov []Jv] 8]vP §Z 8§ 8Z po3]A E ]Jv op - ee]}ve (E}u 3A} ]v

Both SV patterns segregate and are not deleterious for meiosis or lethal for haploid gametes.
White- EE&] Jv JAl poe }( Z' E&Gv Z [ }do 3Z Eberiad citivars<E § v A
through segregation of the SV alleles after sexual reproduc@adrv.7 was shown to kiae only
chimeiic plantout of all GT samples studiex it harbors an INV S\Us one of its cell layers,
despite itshlack phenotypelt was suspected that mutation occurred in the L1 cell monolayer
thus couldhave goneunnoticed. The appearance of GB7Bud sportof GT77,should then

explained bya cell migration event, where mutated cells colonized the L2 celrlaye

DEL SV was validated in GB78 using @ahgiEt enrichmentsequencingGretljump was
confirmedas the origin for berry color rgain Jv ZZ o A uSinpthz lsemeONTapproach
ONTsequencing target enrichmemhethod, using UNCALLED, was assessed in the context of a
plant genome. Effective enrichment achieved vmas very effective, proximatelgX The likely
reason is that due to the repetitive nature of a plant genomkichmakesecognition of targeted
sequences difficult as there is a higher chance they would appear throughout the genome. The
DNA methylatioranalysis pipelinesed involving Megalodon programas recognizeds flawed
as by the end of data processing importanformation was lost. The suspect for this loss is
Megalodon program, as its filtering eliminatedportant reads required for analgs of regions
involving SV between the sequenced sample and the mapping refer&gdy of methylation
was shown to be possible with the methodology and data processing used. Overall, the method
could be improved and brought to a more satisfactory levehwWwitther optimization and testing

of alternative tools.
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Supplementary table 4List of designed primers used for genotypasgwell as their sequenc
orientation, length, position in Garnacha genome assembly and GC content.
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spectrophotometer analysis.



Supplementary table 6Gene target list for ONT tarc
enrichment sequencing.



Supplementary figure 1The grapevine sex locus region variation in methylation sté@@)of DNA
between the wt (AE8, above) andex mutant (AF58, bellowjetected usingONT sequencing targ
enrichment, with UNCALLED Realtime and Megaladbtethylated cytosinesare colored grey, whi
unmethylatedcytosinesare colored blue. The change in methylation status is apparent close teet
locus regionas grey color substituted blue in many cases.
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