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Abstract

Chimerism is the phenomenon when several genotypes coexist in a single individual. Used to understand plant
ontogenesis they also have been valorised through new cultivar breeding. Viticulture has been taking economic
advantage out of chimeras when the variant induced an important modification of wine type such as berry skin
colour. Crucial agronomic characters may also be impacted by chimeras that aren't identified yet. Periclinal chimera
where the variant has entirely colonised a cell layer is the most stable and can be propagated through cuttings. In
grapevine, leaves are derived from both meristem layers, L1 and L2. However, lateral roots are formed from the L2
cell layer only. Thus, comparing DNA sequences of roots and leaves allows chimera detection. In this study we used
new generation Hifi long reads sequencing, recent bioinformatics tools and trio-binning with parental sequences
to detect periclinal chimeras on ‘Merlot’ grapevine cultivar. Sequencing of cv.‘Magdeleine Noire des Charentes’and
‘Cabernet Franc, the parents of cv. ‘Merlot; allowed haplotype resolved assembly. Pseudomolecules were built with
a total of 33 to 47 contigs and in few occasions a unique contig for one chromosome. This high resolution allowed
haplotype comparison. Annotation was transferred from PN40024 VCost.v3 to all pseudomolecules. After strong
selection of variants, 51 and 53 ‘Merlot’ specific periclinal chimeras were found on the Merlot-haplotype-CF and
Merlot-haplotype-MG respectively, 9 and 7 been located in a coding region. A subset of positions was analysed
using Molecular Inversion Probes (MIPseq) and 69% were unambiguously validated, 25% are doubtful because of
technological noise or weak depth and 6% invalidated. These results open new perspectives on chimera detection
as an important resource to improve cultivars through clonal selection or breeding.
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Background

Chimera phenomenon

Individuals including cells with different genotypes are
called chimeras or genetic mosaics. They are formed
when a somatic genetic variation appears in a single cell
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either leaves, flowers or fruits [4]. In 1907, Winkler was
the first to use the term chimera while observing grafted
plants [5]. Then, the investigation of variegation led
Erwin Baur’s on the path of non-Mendelian inheritance
[6]. Later, colchicine treatment on Datura seeds revealed
periclinal chimeras [7] which allowed the understanding
of cell lineages and ontogenesis of plant organs [8—10].
Indeed, two main types exist: sectorial and periclinal chi-
meras. The differences between those are the complete
(periclinal) or incomplete (sectorial) colonisation of a cell
layer by the somatic variation [11-13]. Periclinal chime-
ras are the most stable and can propagate by vegetative
multiplication from cuttings [14]. Chimeras have already
highly contributed to plant ontogenesis comprehension
[10, 15]. In most cases these mutations are silent although
some may modify the plant’s phenotype on important
agronomic traits [16]. They can be used to study biosyn-
thetic pathways [17] but should also be considered as an
important source to improve current cultivars or breed
new ones [18, 19].

Viticulture has already been taking economic advan-
tage of grapevine chimeras by propagating the new phe-
notype as a new cultivar. For instance, genetic mosaics
explain the origin and the evolution between cv. ‘Pinot
Blanc’ and ‘Pinot Gris’ with a modification of berry skin
colour [20, 21] and between several teinturier cultivars
[22]. A somatic mutation in cv. ‘Meunier, derived from
‘Pinot Noir, was used to produce a microvine which
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strongly accelerates physiology, biology and genetics
studies [23].

For these reasons, grapevine is a good example to study
chimeras in woody plant species. While plant organs
generally originate from three meristematic cell layers,
grapevine organs come from only two functional cell
layers (L1 and L2) in the apical meristem [12]. Leaves
derived from L1 and L2 cell layers while other organs like
gametophytic tissues and lateral roots originate from L2
cell layer only [12, 24]. Indeed, lateral roots are formed
from the differentiation of the meristematic L2 cell layer
(Fig. 1). Comparing the whole DNA sequence obtained
through leaf samples (L1+L2) with lateral roots samples
(L2 only) could allow us to identify chimeras that may
not be visible but play an important role in intra-varietal
genetic diversity. In order to do this, a high quality whole
genome sequence to accurately validate a chimera against
sequencing mistakes is necessary. The assembly genome
also needs to be resolved per haplotype to distinguish
chimeras from grapevine heterozygosity.

Whole genome new generation sequencing

The first grapevine whole genome sequencing was pub-
lished in 2007 by the French-Italian consortium [25].
Since then, the ‘PN40024’ sequence obtained with a
nearly homozygous inbred ‘Pinot Noir’ plant has been
the reference genome for Vitis sp. The first version had
8X coverage and has been gradually updated through
the 12x.v0, the 12x.v2 [26] and the most recent one is
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Fig. 1 Cellular layers in grapevine roots and leaves. Schematic representation of a grapevine plant. Leaf and lateral root cross sections are enlarged in
order to present the different cell layers present in both organs. Leaves are derived from both L1 and L2 meristem cell layers, while lateral roots are only
formed out of the L2 layer
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PN40024.v4 which has 40X coverage (European Nucleo-
tide Archive - project PRJEB45423). Having a good qual-
ity whole genome reference has highly increased the
understanding of Vitis vinifera genome but the nearly
homozygous plant (PN40024 is homozygous on 93% of
the genome) can hardly be considered as representative
of cultivars used in grape production.

Short reads technology produces accurate genome
sequencing, but because of the highly repetitive
sequences of the grapevine genome they are difficult to
assemble, therefore producing a whole reference genome
with short reads can become very challenging [27]. Long
reads technology has allowed massive improvement in
genome assembly. The Falcon-Unzip phasing algorithm
was very successful on Arabidopsis but had more dif-
ficulty with the grape cv. ‘Cabernet-Sauvignon’ sample
because of the high rate of heterozygous position and the
amount of repetitive sequences [28]. Purging treatment
on haplotigs allowed to increase the assembly quality on
the ‘Chardonnay’ sequence [29]. The ‘Carmeneére’ phased
assembly was also improved by optimising coverage,
error correction, repeat masking methods and assem-
bly parameters of FALCON-UNZIP [30]. Since then
resolving haplotype phased assembly has become more

Table 1 Whole grapevine genome sequences published until today:
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accessible and numerous cultivars of the Vitis genus have
been sequenced (Table 1).

Third generation long reads sequencing with high accu-
racy brings us into a new perspective of whole genome
sequencing. Bioinformatics engineering is adapting to
these new sequencing technologies, long reads haplo-
type assembly is now possible for diploids through tools
like Hi-Canu and Hifiasm [34]. To increase accuracy and
have a better chance to resolve haplotype phasing, trio-
binning with parental sequences can be used to sort the
child’s reads in two groups [35]. Up to now different tech-
niques have led to chimera detection: (i) random ampli-
fied polymorphic DNA [36]; (ii) comparing phenotypes
of regenerated plants from different cell layers [14]; (iii)
comparing microsatellites markers in wood or roots tis-
sues (L2) against leaves (L14+L2) coming from the same
plant [37]; (iv) flow cytometry measurements on pericarp
and flesh fruit tissues in order to compare ploidy level
between L1 and L2 [38]; (v) Real Time PCR on regener-
ated transgenic plants in order to evaluate the amount of
chimeras and the uniformity of the transformation [39];
(vi) microsatellite (SSR) amplification by PCR when three
alleles are found on one loci and confirmed by compar-
ing different regenerated plants [40]; (vii) comparing

Authors Year  Technology Grapevine genotype Size Haplotigs Coverage N50 BUSCO
(mbp)  size (kbp)
(mbp)

[25] 2007 Sanger PN 40,024 (12x.v1) 487 8X 659

Jaillon et al.

[26] Cana- 2017 Sanger PN 40,024 (12x.v2) 12X

guier et al.

[28] Chinetal. 2017 PacBio RS Il Cabernet-Sauvignon 591 140X 72 80%

[29] Roach 2018  PacBioRSII Chardonnay 490 115X 9358 95%

etal.

[30] Minio 2019 PacBio RS || Carmenere 622 115X 1040 95%

etal.

[31] Girollet 2019 PacBio RS I Vitis riparia 500 225X 1000 95%

etal.

[32] Masson- 2020 PacBioRS I Muscadinia rotundifolia 460 364 115X 4761 97%

netetal. PacBio Sequel Il vitis arizonica b40-14 604 337 160X 1536 96%
Vitis vinifera subsp. sylvestris 034-16 678 252 85X 998 97%
Vitis vinifera subsp. sylvestris DVIT3603.16 667 314 82X 2661 97%
Vitis vinifera subsp. sylvestris DVIT3603.07 663 234 61X 1169  97%
Vitis vinifera subsp. sylvestris DVIT3351.27 670 31 77X 1778  97%
Zinfandel 591 306 94X 1062  97%
Merlot 606 244 64X 810 94%
Black Corinth 2.1 672 288 63X 1113 97%
Black Corinth seeded 650 357 75X 2309 97%
Cabernet-Sauvignon 449 444 147X 24161 97%

[33]1 Zouetal. 2021 PacBio Sequel | Carmenere 623 420 112x 1039 97%

PacBio Sequel | Riesling 742 323 118x 2970 98%

Each references, are sorted by authors and publication year. The sequencing technology used is specified as well as the genotype’s name. The following data allows
to compare sequencing quality by: the total size of the genome and the haplotig size, the average coverage, the N50 value which means that half of the genome is
formed with contigs bigger than this size and the percentage of gene detected from BUSCO analysis
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DNA sequences obtained from different tissues dissec-
tion of leaf or berry skin (L1+L2) against flesh or roots
(L2 only) [20, 22, 41]. This last method has also been
used in other species such as bananas by comparing
DNA from leaf, stem, rhizome and roots [42]. Although
all these experiments demonstrate the existence of chi-
meras in plants and sometimes their crucial impact on
agronomical traits, genome wide chimera detection has
yet not been possible. Validation of chimeras is also a
challenge because we expect low alternative allele fre-
quency since the variant will appears on only one haplo-
type and one cell layer representing a small proportion of
leaf tissue. Sanger sequencing has been found to be lim-
ited when alternative allele frequency is under 15-20%
[43] but other technologies such as Molecular Inversion
Probes (MIP) [44] has proven to be efficient in this par-
ticular condition [45]. Widely used in medical programs
to detect rare diseases [46—48] it has also been used in
plants to detect pathogens [49] or assist in genomic selec-
tion [50]. Because of repetitive sequences, it is also diffi-
cult to design specific target sequences that only capture
the identified SN'Vs, MIPs along with MIPGEN design-
ing software [51] is efficient on this specific criteria, it
also has the advantage of being performant with a small
amount of DNA (200ng) which also makes it useful in
forensic applications [52, 53]. According to this informa-
tion MIPs should be an interesting technology for chi-
mera validation.

Importance of ‘Merlot’ grapevine cultivar

‘Merlot; which is a cross between ‘Cabernet Franc’ and
‘Magdeleine Noire des Charentes’ [54], is the grape cul-
tivar used in this study. It was first mentioned in south-
western France in the late 18th century and expended
in Bordeaux area since the middle of 19th century; the
impressive spreading of this cultivar in other French
regions and worldwide only dates from the 1970s [54].
Today it is the fourth most planted cultivar in the world

Table 2 Sequencing quality information for the 4 samples

Number of Aver-  Se- Coverage
sequences age quence
length length
(bp) (bp)
Merlot leaf 1724709 13500 46t048 47x
499
Merlot root 1901058 13500 47t049 51x
695
Cabernet Franc 2310232 12500 48to45 58x
849
Magdeleine Noire 1876162 13500 44t049 51x

des Charentes 698

Sequencing quality is diagnosed for each sample through: the total number
of sequences, their average length, their minimal and maximal length and the
overall estimated coverage. Merlot leaf and Merlot root refer respectively to the
sequencing of DNA extracted from leaves or from lateral roots
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for table and wine grapes and the second cultivar for
wine, cultivated in at least thirty-seven countries on 266
000 ha [55]. It is also the most planted variety in France
with 114 578 ha in 2018 [56]. The international success
of cv. ‘Merlot’ is mainly explained by the high quality red
wines produced in renowned Bordeaux vineyards [57].
This cultivar is also one of the earliest black varieties to
be harvested and thus one of the most impacted by cli-
mate change. In some areas, cultivating ‘Merlot’ could
become inappropriate to produce high quality red wines
because of cooked aromas and too high alcohol content
[58]. Therefore, exploring ‘Merlot’ genome could open
new perspectives to better understand its genetic and
physiologic functioning as well as its intravarietal diver-
sity required for clonal preservation and selection. New
knowledge on ‘Merlot’ genome and chimeras could also
help future grape breeding in order to create improved
varieties with a similar fruit phenotype.

Throughout this study we take advantage of the latest
sequencing and bioinformatics technologies not only to
obtain a whole phased assembly ‘Merlot’ genome but also
to contribute to a better understanding of a complex bio-
logical phenomena. We used parental sequences of cv.
‘Cabernet Franc’ and ‘Magdeleine Noire des Charentes”
to bin 'Merlot’ reads in two groups, assemble the reads
per haplotype and build pseudo-molecules. We com-
pared root and leaf sequence to detect periclinal chime-
ras on each haplotype. We transferred gene annotation
from ‘PN40024’ Vcost.v3 [26] to our pseudo-molecules in
order to have a functional interpretation of the chimera’s
location. Finally, a subset of the chimeras was analysed
by MIP in order to validate them with an independent
technology.

Results

Building pseudo-molecules

DNA samples from ‘Merlot’ lateral roots and leaves and
from leaves only for ‘Magdeleine Noire des Charentes’
(maternal) and ‘Cabernet Franc’ (paternal) have been
sequenced using Pacific Bioscience Sequel II technology.
For each sample between 1.7 and 2.3 million HIFI reads
are obtained with an average length of 13 kb and 99.9%
phred score accuracy. Taking 500 Mb as Vitis genome
size we estimate a mean coverage between 47x and 58x
according to the sample (Table 2).

Hifiasm trio-binning resolved the raw assembly of each
haplotype with high confidence in regards to the statistics
presented below (Table 3). Using 500 Mb as the expected
genome size of Vitis vinifera, the mean N90 of 7,39 Mb
with the L90 of 27 allows us to consider these results as
being very good quality.

After two successful alignments, first on the PN40024.
v4 reference [43] then on the second haplotype (see
Material and Methods section), each contig was assigned
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Table 3 Assembly quality after trio-binning
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Sample name N50 (Mb) L50 N90 (Mb) L90 Number of contigs Total
length
(Mb)
Merlot-root-Hap-CF 18.67 10 7.50 26 509 530
Merlot-root-Hap-MG 14.95 12 767 30 1849 586
Merlot-leaf-Hap-CF 21.66 10 8.24 23 206 519
Merlot-leaf-Hap-MG 15.83 12 6.18 31 1254 550
Average for all samples 17.77 1 7.39 27 955 546

Assembly quality results are defined by N50, L50, N90, L90 statistics. They are completed with the number of contigs assembled and the total length of the assembly.
Merlot-root-Hap-CF refers to the root haplotype of Merlot genome transmitted by Cabernet Franc, Merlot-root-Hap-MG, the one transmitted by Magdeleine noire

des Charentes, and so on

to its chromosome, their order and orientation were
found. In fine, a unique contig to a maximum of 5 were
needed to shape chromosomes and between 33 and 47
were used for the whole genome (Table 4). Thus, “Mer-
lot haplotype Cabernet-Franc” (Merlot-hap-CF) is set to
486—490 Mb and “Merlot haplotype Magdeleine Noire
des Charentes” (Merlot-hap-MG) to 491 Mb. Because
of the sequencing technology and the high performance
of long read assembly, we obtain longer chromosomes
compared to PN40024.v4. Chromosome lengths are very
similar between leaves and roots but trio-binning which
correctly phase the assembly, there is a slight difference
between Merlot-hap-CF and Merlot-hap-MG (Fig. 2).

From 1,6% to 2,8% of the assembly can’t be accurately
placed in the pseudo-molecule. It is mainly small highly
repetitive sequences that are found in different places
throughout the genome. This proportion was not attrib-
uted to a specific location and couldn’t be associated to
a contig.

The results of Benchmarking Universal Single-Copy
Orthologs (BUSCO) using embryophyta lineage-specific
databases [59] are resumed in Table 5. Results show that
up to 98.7% of genes searched are found in the pseudo-
molecules and nothing is lost compared to the raw
assembly. Duplicated genes are reduced to 1.2-2.2%
while missing genes remain around 0.4—0.6%. Therefore,
those unplaced contigs were confidently ignored in the
further analysis.

The annotation ‘PN40024’ Vcost.v3 was transferred
to each pseudo-molecule using Liftoff tool [60]. In aver-
age 95% of the 42 413 genes were positioned throughout
the 19 chromosomes with difference of gene numbers
between chromosomes as expected (Fig. 3). BUSCO
analysis was also performed on protein sequences from
‘PN40024’ Vcost.v3 files and obtained a score of 97,3%
complete genes against 95,2% for Merlot-leaf-hap-CF and
95,1% for Merlot-leaf-hap-MG.

Haplotype comparison

‘Magdeleine Noire des Charentes’ haplotype (Hap-MG)
is slightly longer than ‘Cabernet Franc’ haplotype (Hap-
CF). Merlot-leaf-hap-MG has 111 more genes than

Merlot-leaf-hap-CF (Table 4). All six groups of reads
(Cabernet Franc, Magdeleine Noire des Charentes,
Merlot-root-hap-CF, Merlot-root-hap-MG, Merlot-leaf-
hap-CF, Merlot-leaf-hap-MG) are aligned on Merlot-
root-hap-CF pseudo-molecule and DeepVariant is used
to perform variant calling (see Material and Methods)
[61]. Mapping the reads from both Cabernet Franc hap-
lotypes back on the Merlot-root-hap-CF consensus pseu-
domolecule allows us to estimate the amount of potential
errors in sequencing or assembling. Merlot-root-hap-
CF and Merlot-leaf-hap-CF have respectively 3.2k and
3.7k variant sites, mostly in repeated sequences against
the pseudo-molecule (Table 6) which are thus poten-
tial sequencing errors but could also mean that mosaic
mutations appear more frequently in repetitive regions.
Mapping the reads from Merlot-MG haplotype and
from both ‘Cabernet Franc’ and ‘Magdeleine Noire des
Charentes’ lets us accurately compare haplotypes. We
identified about 3.5 millions of variants between Merlot-
leaf-hap-MG or Merlot-root-hap-MG and Merlot-root-
hap-CF pseudo-molecules. These variants are 89% Single
Nucleotide Variants (SNV), mainly located in repeated
sequences, around 30% are included in a gene region and
5% in a coding region (Table 6).

Chimera detection

Periclinal chimeras were detected by variant calling from
the alignment of Merlot-leaf-hap-CF reads on Merlot-
root-hap-CF pseudo-molecule. As presented in Fig. 1,
chimeras can be located on either L1 or L2 cell lay-
ers. The comparison of both haplotypes and parental
sequences allows to distinguish one case from the other.
When Merlot-root-hap-CF reads (L2) and some Merlot-
leaf-hap-CF reads (L1+L2) carry the same allele but all
other sequences carry an alternative one, also present
in Merlot-leaf-hap-CF reads, we considered that the L2
cell layer has mutated (Fig. 4). On the contrary, when
all sequences have the same allele but a variant is confi-
dently detected on Merlot-leaf-hap-CF, we consider the
variant allocated to the L1 cell layer. When these muta-
tions are confirmed by all root reads and are present
only in a subset but not in all leaf reads, it means that the
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Fig. 2 Chromosome length per haplotype compared to PN40024_12X.v4 genome. Chromosome length per haplotype in Mbp for each pseudomol-
ecule built (Merlot-Root-Hap-CF; Merlot-Leaf-Hap-CF; Merlot-Root-Hap-MG; Merlot-Leaf-Hap-MG) against PN40024.v4.

Table 5 Search for genome completion using BUSCO embryophyta odb 10

Merlot Hap CF Merlot Hap MG

Leaf Root Leaf Root

Raw Pseudo Raw Pseudo Raw Pseudo Raw Pseudo
Complete 98.7% 98.7% 98.6% 98.5% 98.2% 98.2% 98.2% 98.2%
Complete and single copy 93.2% 96.5% 94.2% 97.1% 96.0% 97.0% 95.1% 97.0%
Complete and duplicated 5.5% 2.2% 4.4% 1.4% 2.2% 1.2% 3.1% 1.2%
Fragmented 0.8% 0.9% 1.0% 0.9% 1.2% 1.2% 1.2% 1.2%
Missing 0.5% 0.4% 0.4% 0.6% 0.6% 0.6% 0.6% 0.6%
Total groups searched 1614

BUSCO was first performed on raw reads of each haplotype, just after trio-binning (Raw), second BUSCO was done on the pseudomolecules (Pseudo). Complete
means that the gene is entirely found, whereas fragmented is not. Single copy means the gene is only found once whereas duplicated means it is found several
times. Missing is the percentage of genes expected but not found on the genome. Total groups searched is the number of genes expected

entire L2 meristem cell layer carries the mutation and
can be called periclinal chimeras. To increase confidence
in detection, we focused on haplotype specific chimeras
when no variant is found in reads of the opposite haplo-
type. We also chose to only select ‘Merlot’ specific chime-
ras and therefore excluded variants if parental reads were
heterozygous. Grapevine DNA also has a lot of repeated
sequences known to evolve more rapidly (e.g. microsat-
ellites, transposable elements). In this study we focused
on periclinal chimera that are located in non-repeated
sequences because they are more stable and less prone
to mapping errors. Only SNVs were kept. The work was
executed on each haplotype separately. In total, 51 posi-
tions match the requirements on Merlot-hap-CF, and 53
on Merlot-hap-MG (Table 7).

Respectively 37 and 36 are found on L1 cell layer for
Merlot-Hap-CF and Merlot-Hap-MG and 14 and 17

respectively on L2 cell layer. A total of 19 and 16 on each
haplotype are located in a gene region, 9 and 7 chimeras
are in a coding region. The exact position of the chimeras
in the genome, the nucleotide and the number of reads
for each allele, the type of chimera and location in coding
region are presented in Tables 8 and 9.

Validation of chimeras by MIPs

Out of the 104 positions identified as chimeras, MIP-
GEN software was able to design a ligation and extension
probe for 95 target regions. MIPseq was performed on
Merlot_leaf and Merlot_root samples. Amplification was
obtained for 86 positions but only 32 had enough depth
to compare both samples (Table 10 and Additional files
2 and 3). 22 positions have the expected alleles on each
sample and validate with enough depth PacBio results. 8
positions have the expected alleles but also have a single
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Fig. 3 Number of genes per chromosome, for each Merlot sample and each haplotype. Number of gene per chromosome for each pseudomolecule

detected by transferred annotation from PN40024 Vcost.v3 using Liftoff

Table 6 Variant calling statistics when reads were aligned on Merlot-root-hap-CF pseudomolecule

Reads aligned on Filtered variant

% of SNV in

% of filtered variants % of variant sites % of variant

Merlot-root-Hap-CF sites filtered variants included in repeated  included in genes sites includ-

Sequences ed in coding
region

Merlot root hap CF (himself) 3207 71% 63% 28% 6%

Merlot leaf hap CF 3731 67% 67% 24% 5%

Merlot leaf hap MG 3561942 89% 60% 29% 4%

Merlot root hap MG 3490079 89% 60% 29% 4%

Cabernet Franc (paternal) 2730140 86% 52% 36% 5%

Magdeleine N. C. (maternal) 4987 693 89% 57% 31% 5%

This table contains the number of variants found by mapping each packet of reads to the Merlot-Root-Hap-CF pseudomolecule after processing quality filtering, the
percentage of these variants that are Single Nucleotide Variant, the percentage of variants included in repeated sequences, the percentage included in genes and

the percentage included in a coding region

read that is unexpected which makes them ambiguous.
One position is invalid because an allele is missing on
Merlot leaf sample (chr3-3419274 on MG haplotype).
Finally, one position is classified as ambiguous (chrl0-
22333673 on MG haplotype) because it has both alleles
on leaves and roots. This doesn’t necessarily invalid the
existence of the chimera but makes it unclear on which
cell layer it is located on.

Results of molecular inversion probes sequencing is
shown per haplotype; the location of the previously iden-
tified chimera is detailed. For both samples, first column
contains the alleles found by PacBio sequencing, the sec-
ond one the alleles revealed by MIP and the third one the
number of reads that support each allele separated by “/”
symbol. Valid positions have the expected alleles accord-
ing to PacBio results and ambiguous or invalid have
unexpected alleles.

Discussion

The combination of long reads high quality sequencing,
trio binning using parental sequences, and a long read
assembler gives the opportunity to resolve accurately
phased assembly. This new ‘Merlot’ genome encom-
passes a total length of about 500 Mbp, and was con-
structed with only 33 to 47 contigs. Some chromosomes
were resolved with a single contig, while others needed
up to 5. The number of contigs for each chromosome for
the 4 haplotypes were however different, therefore not
linked to a specific chromosome, but most probably to
sequence depth. Chromosome lengths and gene number
were slightly different between both haplotypes. The gene
numbers may however be underestimated since no de
novo annotation was done. In the objective towards the
definition of grape pangenome, precise de novo annota-
tion of ‘Merlot’ genome should be performed. Accord-
ing to Shumate and Salzberg [60], Liftoff can accurately
transfer 99.9% of the genes when working intra-species.
Here, PN40024 reference genome for Vitis vinifera has
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Fig. 4 Schematic genetic interpretation of L2 periclinal chimeras in grape cv. ‘Merlot”: Different allele configurations expected for L2 periclinal SNV
‘Merlot’ specific chimeras; a L2 periclinal chimera should be identified in Merlot leaf and root of the same haplotype but not found in either the opposite
haplotype nor in parental reads. Each cell layer is represented here as a“stick’, two for leaves and only on for roots. The SNV is represented as either A or G.

Cabernet Franc and Magdeleine noire des Charentes leaves are also represented

Table 7 Number of chimeras per haplotype and per cell layer

Merlot Haplotype CF Merlot Haplotype MG

L1 L2 L1+L2 L1 L2 L1+L2
SNV, Non-repeated sequences Merlot specific chimeras 37 14 51 36 17 53
Number of chimeras in non coding gene body 15 4 19 11 5 16
Number of chimeras in coding region 6 3 9 6 1 7

Chimeras are found by comparing root and leaves DNA. Results are shown per haplotype and per location on the cell layer: either L1 or L2, L1+L2 is the sum of both.
First line gives the total number of position detected, second line is the number of position included in a gene body region but not in a coding region and the last

line is the number included in a coding region inside the gene

been used to transfer genes on a Vitis vinifera cultivar.
Because of this intra specific design it is expected that
liftoff accurately transferred most of the genes, this is
confirmed by the close results of BUSCO analysis per-
formed on protein sequences, 97% of complete genes
for PN40024 against 95% for Merlot pseudomolecules.
Moreover, the program works by aligning the reference
genes on the target sequence, so although it can’t identify
new genes the mapping correspondence can be consid-
ered accurate.

The pseudomolecules obtained in this study were
compared to existent whole genome sequencing data

available in the literature, information is compiled in
“Additional file 1” The closest genome found in terms of
assembly quality is the ‘Cabernet-Sauvignon’ assembly
[32]. However, taking advantage of the newest technolo-
gies the pseudo molecules obtained in this work have
longer assemblies (~490 Mb), longer average sequence
lengths (~26 Mb), longer maximum lengths (~37 Mb),
longer N50 (~25 Mb) and higher Busco scores (~98%)
with less missing genes (~0.5%). Moreover, these tech-
nologies are time saving as the complete assembly and
pseudomolecule building can be done in a couple of
days. Liftoff offers a fast tool to transfer annotation, 96%
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of the genes from ‘PN40024’ Vcost.v3 were successfully
replaced on all four pseudo-molecules allowing a func-
tional interpretation of the results.

Advantage of having parental reads

The originality of this study was to not only sequence
the cultivar of interest but also its parents. Parental
sequences have allowed to discriminate ‘Merlot’ reads
from each haplotype. Each haplotype was then assembled
independently, as if we had two homozygous individuals.
This step increases confidence in haplotype comparison
statistics. Haplotype differences in a single individual
(~3.5 million of variant sites) are similar to what has
already been reported [41]. The pseudomolecule used as
reference for the variant calling is the Merlot-root-hap-
CF which shares half of the ‘Cabernet Franc’s DNA. This
explains why 2.7 million variants are detected for ‘Cab-
ernet Franc’ (difference for only one haplotype) whereas
‘Magdeleine Noire des Charentes’ displayed 4.9 million
variants, both haplotypes being different. In addition,
being able to retrace parental origin could make it pos-
sible to know what agronomic character comes from
each parent which increases possibilities in breeding
and cultivar improvement. Considering the difference
between both ‘Merlot’ haplotypes, ~60% variants are
located on repeated sequences, ~30% are located in gene
regions and ~6% in coding regions. These numbers align
with the apportionment of each of one in the genome
[25]. This suggests that the variants are not preferentially
located in coding or repeated sequences. However, this
doesn’t fit with previous publications on ‘Pinot Noir’ [62]
or ‘Nebbiolo’ [63] that found more variations in coding
regions between both haplotypes. This could be a speci-
ficity of ‘Merlot’ haplotypes since differences in variation
rates have already been noticed between ‘Nebbiolo’ and
‘“Zinfandel’ or it could also be explained by trio binning
technology that allows to rebuild each haplotype more
accurately and therefore have a better appreciation of the
comparison.

Chimera identification and their impact on the phenotype

Until now, chimera detection was only possible with PCR
sequencing when three alleles were found on the same
locus or by dissecting tissues derived from different meri-
stem cell layers as cited above. However, a genome wide
screening of chimeras was not yet possible with these
methods. Throughout this study we show that quantity
and high quality sequencing, long reads, trio binning and
organ comparison and strong selection open new doors
in chimera detection. Around 3 000 variants were found
when mapping Merlot-leaf-hap-CF and Merlot-root-hap-
CF reads to the Merlot-root-hap-CF pseudomolecule,
these are mainly SNVs (67-71%). The variants identified
by mapping Merlot-root-hap-CF reads on the consensus
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pseudomolecule most certainly correspond to sequenc-
ing, trio binning or assembly errors but it is also possible
that some of these variants are sectorial chimeras and
only located in a few cells. To detect chimeras, we remove
these 3 000 positions. In addition, we focused on variants
outside repeated sequences which are easier to map and
more likely to be stable during evolution and less prone
to errors. We also focused on variants that meet pericli-
nal chimera definition because they are the most stable.
They indeed meet very specific conditions but they are
also the fewest. Nevertheless, the very selective criteria
applied allow us to confidently identify these variants as
being chimeras. It is not excluded that other types of chi-
meras exist but were not selected in this work. Indeed, a
mutation can be present in a few cells of one or both cell
layers and appear as a variant site but it would need extra
experiments to truly validate them.

Similar amounts of SNV periclinal chimeras were
found on each haplotype (51 and 53). These results seem
to mean that they appear randomly and at the same fre-
quency on both haplotypes. Among those, 70% corre-
spond to mutations on L1 cell layer and 30% on L2 cell
layer. Some sequencing errors detected on leaf samples
and not on roots could explain this difference between L1
and L2 although such difference in frequency could also
make sense because L1 cell layer is located on the surface
of leaves and is more exposed to UV radiation. More-
over, L2 cell layer produces gametes and are probably
more protected [64]. Validation on independent reads is
needed the support this last theory.

The consequences of a chimera depend on its position
on the genome, in our study 33% are located in a gene
body region and 15% are located in a coding region and
could modify the protein which can be perceived on the
phenotype (Tables 7, 8, 9, 11 and 12). Although our data
confirms this possibility, the phenomena appears to be a
rare event.

MIP sequencing allowed to validate with confidence
a subset of positions which makes chimera detection
through hifi PacBio long reads and trio-binning reliable.
However, MIP sequencing results overall did not have the
depth expected compared to what is described in the lit-
erature leading to the loss of more than half of the posi-
tions tested. This means that either MIP target region
design or laboratory protocol should be optimised.
Having unexpected alleles only supported by a single
read makes conclusion ambiguous but could be due to
sequencing errors, mutation induced by PCR or it could
be due to the higher sensitivity of the MIP technology to
detect rare mutations. It appears that each technology
has its own pros and cons and only a cross result between
two sequencing technologies can bring a high confidence
in the detection of the chimeras. However, PacBio tech-
nology seems trustworthy to detect SNVs on one hand



Page 13 of 22

(2023) 24:396

Sichel et al. BMC Genomics

EVES ) v v 8l 4 4 b 4 V/9 0L4/S69'L1 €0 4
Sad> 6¢ D 6F BIN:/4 BINT4 BIN43 b /01 1/D SS€0870C yAR LS} 17
ON 05 D o D €€ D sE D /€ ) 6/97 1D 64470891 L1y 17
Sad 17 o 6r 9 ¥l o 0z o D) /€l V/9 69£/008'L L1y 17
ON /9 BINT4 D /I D 9l BIN:14 B) s LD vEL'99r' /L 9Ly 17
ON /C D 79 D w Dyl D 6C ) V44 1/D £87°905'G1 9Ly 17
ON IC B4 D/ D9 B4 b 907 LD €/4'69€'9 9Ly 17
ON (7 BIN4 D7 D7 D 9l ) 9/01 1/D L1L'S8ET SLIY 17
ON #§ v 09 v vl v 6 v 0 v 6/¢1 ON 706'951°0€ vy 17
ON 8¢ L /1 L9 L€ L 6l L [Vd4 V/L [Y9LSY'S vy 17

U f v 59 v 7€ v 6l v 07 v 01/81 IV 606'0£8'7C €Ly 17
ON 9§ L€ L /€ L€ L €€ 1 v1/91 V/L [S/€66'TT el 17

Quen /7 v §C v ¥ v £ 74 v 6//1 ON SLOSLYSL €Ly 17
ON ¥/ v 98 A4 v /T v 8l v Ul N L8101 el 17

QuaDH 69 v 9 v /£ N4 v oUE v s/ee IV ELYYELEL LIy 17
Sad 89 L 19 Lz L9l L €€ L /17 D/L S98'TELEL LLYd 17
ON 9! L 9l L9 L+ L€ 1 9/01 D/L LY8'E9SEL LY 17
ON 6F Lzt L€l L9l Lz L /51 D/L 660'L5€°0L L1y 17
ON ¥ v & v o1 v 6l v € v L8 DIV TET'BS00L LY 17

QuanH £9 L $8 Ll T4 L 8 1 9/81 v/l €/9'€e€'TT oLy 17

QusH g v 59 v &€ v /£ v 9f v /81 J/V €01'896'0L oLy 17
Sad s v v I v oLl A4 v 0L/91 O TELEE'S oLy 17

[uen [/ D I8 D 67 Bl D 6C b £1/00 VD LL£'81T'T oLy 17
ON 7€ D 0¢ o O 8z o 0¢ D) 8/07 V/9 067'1S¥L1 60142 17
ON ¢t v S v o€ v o€ v o1z v /91 ON 06695, 60442 17
ON [§ o 19 O ¥ o O ¥ 9 1/€C /9 5/9's8C'C 60142 17
ON € ALY v /I v 07 v 0l v 2/91 IV 6/£066'81 80442 17
Sad €9 B4 o Bl D €€ b 6/91 v/ 0061161 80442 17
ON €9 BIEY D o7 D 9l D /€ B) 1/€C LD ¥81'49€'91 L01yd 17

QU 7§ D/ D 9 BI74 D € ) oL/ze L1/ L0188l S0P 17

Quen [ L 0§ L oze L sz L+ 1 2/91 v/L 6v0'618°C1 S0P 17

Quen /7 D 6l D€ D8 D g ) 6/€7 V/D 985'/6/'8 S0IYP 17

QU  [# D 0z Dl D6 D /€ b 8//1 1D €0L'v6L'8 S0P 17

QusH g v 9 v SE v v/ v 2/81 IV 08£'SS0'LT POIYD 17
Sa> /v 1 99 19l 1€ L €€ 1 /21 V/L v/T6LYE €Oy 17
ON € 74 v /£ A4 v g€ v 1/9¢ ON  L¥P'L00'E 0y 17

DI dey
JOO01 101\
jouon 9 Eh LI
-ejouuy auepbepn vuiaqe) deHqiooylopd deHjestiopsly  deHqiooylopdy DN deH jesa o uonisod o 19he 19D

DN-dBY-10421A UO pUNOy SLISWIYD) SANS 6 d]qeL



Page 14 of 22

(2023) 24:396

Sichel et al. BMC Genomics

*(ON) J9Y312 Ul papn|duj Jou Jo (d3uab) uoibas bulpod e ufJou Ing
auab e u papndul ‘(sgDd) auab e apisul uoibal Buipod e Ul papNdUl JBYIL S uoilIsod Yl UWN|0D 1Se| 31 U] "] dABY 9 PUB 9PII03[2NU D dARY SPeaJ G| (657 LSE | uonisod ‘20 4yd) uoiisod 151y 9yl Jo4 ‘siaquinu Buipuodsaiiod
a1 Ag uaaIb Ajaanndadsal s1 auo yoes Huiioddns speas Jo Jaquinu 8yl punoy ale s3|a|je oml uaym ‘abisauod adAiojdey siyy Jo speai [je ‘9p1I0ajaNU U0 AJUO SI 319Y) §| 'OPIIO3|INU Y1 Bulwiyuod speal Jo JIsquinu ay)
Aq pa13jdwod ase (s)a|9||e ay1 ajdwes yoes 4oj usay] ‘djndajow opnasd H|-deH-1004-10149 | 9dUIa24 Y1 01 Buipiodde udAIb S| UOIIBDO| 10BXD DY) PUR SWOSOWOIYD dY] ‘pPaynuap! si JaAe| |93 3yl ‘eIaWIYd ydes 404

ON 79 L/t 16l Lzl L sz B 2/0¢ D Lv'Tes'LL JARIVE a1
Sad> o0s o 9 o If o /£ D 0f L sz O/L SLL'16£0T SLIYP 4
ON IS v o v v v o1z L 8/01 V/L TEVLLSOL vy 4
Quen [ O 8§ 9 67 O # o 9 v 2/5¢ ON 069'125'ST el 4
ON #7 o 0§ 9 57 O €l D 9l L /51 o/L 0LLYE0WL [4R0s} 4
Quan ¢ D 99 D 0¢ BN D 6l v L1/zz J/NV 8v0'658'/ 4R} 4
ON £9 L 08 L g L oce Loz B s/ce 1D 61l LLIYd 4
ON 86 1 s L€ L€ L o D) S//1 /9 ssy'eer's oLy 4
ON 7§ L 09 L/l L9 L €€ b s/ L/D £05'560'81 80142 4
ON 09 o 0§ 9 07 o € DEVAY v s/er ON /8911591 80142 4
ON Y L o€ 1 s 1L/ B) v//1 1D LL£'S0¥0L 80442 4
ON I§ D 9 BIN:/4 D € D 9 v 9/81 OV £11'599'8 80142 4
QueH 9¢ o I/ 9 /I 5 97 D 0f v 0L/07 ON 8YLLLE'S 80442 4
ON 99 v 9 v /£ AR v §C 9 2/5C v/9 [1E£8100C L0IYD 4
Quen &/ D £9 o ¢ o 8¢ O £ v 6/61 ON 800'6HE’S S0IYP 4
ON &¥ D §§ D Il D /I B4 L 8/01 J/L ¥E'ES/ L S04 a1
DI dey
100l 1019\
jouon 9 9 LI
-ejouuy auisepbep uidqe) deHiooylopd deHjesqiopsd|y  deHqiooyloud DA deH jesa 04N uonisod ayo 19he 19D

(PonunUOd) 6 3]qeL



Sichel et al. BMC Genomics (2023) 24:396

Page 15 of 22

Table 10 Chimera validation with molecular inversion probes sequencing

Merlot 343 Leaf Merlot 343 Root Validation
Cell Chro-mosome  Position Expected Mip validation Expected Mip validation conclusion
layer alleles ac- alleles ac-
cording to cording to
PacBio PacBio
Chimeras L1 chr04 23822 006 /G c/G 25/10 C C 11/0 Validated
on Merlot L1 chr05 25416770 /T /T 125/24 C C 45/0 Validated
haplotype 1 chrog 2606874 T/C T/IC 166 T T 13/0 Validated
Fcrzsi’met L1 chrl0 16298623  A/G AG 10110 A A 25/0 Validated
L1 chr12 8907103 C/A C/A 34/2 C C 10/0 Validated
L1 chr12 16700578 A/G A/G 47/15 A A/G MmN 1 unexpected read
L1 chr14 8620 581 T/C T/C 190/16 T T/C 73/1 1 unexpected read
L1 chr14 15844322 2 T 71/4 C C 19/0 Validated
L1 chr15 20162 161 G/A G/A 1/1 G G/A 111 1 unexpected read
L1 chr18 4105 052 T/C T/C 102/6 T T 15/0 Validated
L2 chr17 7610259 aT arT 6/29 arT aT 4/6 Validated
L2 chr18 12292 200 G/A G/A 56/67 G/A G/A/C 16/27/1 1 unexpected read
Chimeras L1 chr03 3419274 T/A T 75 T T 16 Invalid
onMerlot 1 chr05 8797 586 C/A C/A 35/5 @ @ 18 Validated
Haplotype chr05 12819049  T/A T/A 61/5 T T 21 Validated
d“gfg’ne L1 chro7 16367184 C/T T 16 C C 49 Validated
Noire des L1 chr08 13911900 C/A C/ANG  67/13/1 C @ 36 1 unexpected read
Charentes’ L1 chr09 7569 730 A/G A/G 20/1 A A 10 Validated by only
1 read
L1 chr10 2278377 C/A C/A 110/18 C C 47 Validated
L1 chr10 22333673 T/A T/A 53/26 T T/A 18/6 Confusion on cell
layer
L1 chri 10357 099 T/C T/C 26/10 T T 10 Validated
L1 chr13 22993757 T/A T/A 17/2 T T/C 101 1 unexpected read
L1 chr14 30 136 904 A/G A/G 25/5 A AT 10/1 1 unexpected read
L1 chr17 7 800 769 G/A G/A 73/4 G G 21 Validated
L1 chr17 20480 355 T arT 123/19 C @ 42 Validated
L2 chr07 20018317 G/A G/A 75/112 G/A G/A 18/45 Validated
L2 chr08 8665113 A/C A/C 64/132 A/C A/C 13/23 Validated
L2 chro8 18 095 503 T T 51/58 T aT 17/28 Validated
L2 chr12 14034710 T/G T/G 46/71 T/G T/G 20/15 Validated
L2 chr14 16511432 T/A T/A 62/179  T/A T/A 52/51 Validated
L2 chr15 20391775 T/G T/G 38/58 T/G T/G 8/13 Validated
L2 chr17 17 822477 /T /T 32/27 /T /T 12/22 Validated

and also makes it possible to determine on which haplo-
type and which cell layer chimeras are located on.

Throughout this study we have made a specific focus
on single nucleotide variant because they are more stable.
Yet some essential functions or characteristics of grape-
vine such as berry colour can be altered by structural
variants [20], studying these types of variants would also
be of interest.

Chimeras are rare but they can have a strong impact on
phenotype. If they are identified and selected, they can
lead to a new cultivar as it has already been reported with
‘Pinot Gris’ In a less obvious evolution, perennial plants
propagated over centuries only through cuttings, chi-
meras are most likely to accumulate over time and could
slowly induce genetic diversity among the cultivar. By

continuously selecting the best plant to fit specific char-
acteristics, breeders increase their chance to select and
propagate useful chimeras. When chimeras are stable
and conserved through several generations of cuttings,
they could also be used to trace and identify clonal lin-
eage. Since we have developed a tool for revealing chi-
meras, it would be interesting to analyse the presence of
a subset of the chimeric mutations in different ‘Merlot’
clone 343 plants in order to check how stable these chi-
meras might be. For grapevine, clonal identification is an
important issue because no low cost and rapid test can
guarantee clonal origin, although it is the economic unit
used today. Clonal lineage is only done by human trace-
ability which can contain errors especially after a long
period of time.
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Conclusion

Through this study, whole genome DNA sequence was
obtained using the latest genomic technologies and bioin-
formatics tools. Hifi long read sequencing, trio-binning,
long read assembler, have all together allowed to obtain
high quality, haplotype resolved pseudo-molecules. In
addition, repeat masker tools, mapping and deep vari-
ant calling opened new possibilities in chimera detec-
tion. By comparing root and leaf samples and through
severe selection it has been possible to identify hundred
chimeras based on SNVs on both haplotypes. MIP vali-
dation has confirmed the presence of these chimeras.
Other types of chimeras could be present, but we were
not able to identify them. A functional interpretation was
done through transferred annotation. Actual genomic
tools open new doors in chimera detection, representing
opportunities for perennial plant breeding. In addition,
this high quality ‘Merlot’ genome, could also open new
perspectives such as structural variants identifications,
but could also serve as a basis for a study of intra-varietal
variability for this cultivar.

Materials and methods

DNA sequencing

‘Magdeleine Noire des Charentes’ leaves were harvested
from INRAE Vassal-Montpellier grape collection (Mar-
seillan, FRANCE), while ‘Merlot’ clone 343 leafs and
roots as well as ‘Cabernet Franc’ were harvested from
IFV collection, Domaine de I'Espiguette (Grau du Roi,
FRANCE). Two young leaves about 10 cm wide were col-
lected, carefully rolled over and placed in a 13 ml tube.
Secondary lateral roots from the same ‘Merlot’ clone
343 plant were also collected on the same day. This
plant was not grafted and was destined to be pulled out
which made it possible to collect its roots. All samples
were conserved in a -80°C freezer until the DNA extrac-
tion process. DNA was extracted following the Tip 100
Qiagen Genomic kit with slight modifications. Lysis was
performed 3 hours at 50°C on 0.5 g of ground plant mate-
rial with 9.5 ml of G2 buffer supplemented with 1% PVP-
40, 19 pl of RNase A and 500 pl of proteinase K. After
tip filtrations, DNA was precipitated with isopropanol,
centrifuged 15 min a 5000 g, washed with Ethanol 70°
and re-suspended in 50 pl of TE buffer. DNA quality and
high molecular weight were controlled. DO 260/280 ratio
between 1.8 and 2.0 and DO 260/230 ratio between 2.0
and 2.2 were confirmed and an Agilent Genomic DNA
Screen Tape was performed. Fifteen pg of high quality
DNA were then used to carry out the sequencing. Sam-
ples were sequenced using Single Molecule Real Time
PacBio SEQUEL II hifi long reads at INRAE Clermont-
Ferrand GENTYANE platform (France).

Page 17 of 22

Assembly and building pseudo-molecules

DNA consensus call sequences obtained under BAM for-
mat were converted to fastq using bam2fastq tool from
SMRTLink v9.0.0 PacBio library. The HIFI sequencing
DNA quality was verified using FastQC version 0.11.7.

Figure 5 illustrates the whole bioinformatics work-
flow to build pseudo-molecules and transfer annotation.
Paternal and maternal kmers were identified using the
parental reads with yak-0.1 software. The outputs were
then used in hifiasm-0.13 with default parameters to bin
‘Merlot’ long reads and assemble both haplotypes. This
was done on both organs (leaf and root).

For each haplotype, contigs were aligned on PN40024-.
v4 using minimap?2 version 2.17 [65]. Best contigs align-
ments were used to build an AGP file and from there
reconstruct each pseudo-molecule. In order to refine the
pseudo-molecules, we then reexecuted the same process
starting with an alignment of each haplotype on the other
previously reconstructed.

The embryophyta_odb10 lineage from BUSCO 5.3.1
software was carried out in genome mode to estimate the
completeness of all assemblies [59]. BUSCO was also per-
formed on protein sequences using “prot” option, protein
sequences were obtained from the pseudomolecules by
using gffread tool version 0.12.6 with default parameters.

Liftoff 1.6.1 tool with default parameters was used to
transfer the annotation of PN40024 Vcost.v3 reference
genome to the pseudomolecules [60].

Chimera detection

Reads were mapped on Merlot-root-hap-CF and Merlot-
root-hap-MG pseudomolecules with Minimap2 version
2.17 [65] with the option —x map-hifi and variant calling
was performed with DeepVariant software version 1.1.0
[66] using PacBio model and default parameters. Finally
filtering variants was done with vcftools 0.1.16 version
[67].

Chimera detection was processed by filtering vcf from
Merlot-leaf on Merlot-root pseudomolecule. We only
conserved variants with more than 10 depth coverage,
“PASS” quality flag and genotype quality (GQ) over 20.
Non homozygous positions on all other sequences were
excluded. Repeated sequences were identified by building
a specific ‘Merlot’ library with repeatmodeler/2.0.2a-bin
[68] and then using repeatmasker/4.1.1 software [69], and
all chimeras in repeated sequences were excluded. Both
repeatmodeler and repeatmasker were used with default
parameters. Only single nucleotide variants were kept.
Finally, Tables 7, 8 and 9 were manually checked site per
site by visualisation in Integrative Genome Viewer (IGV
2.12.3) that allows a larger overview of the region on sev-
eral samples [70]. These sites were crossed with the anno-
tation file with intersect Bed function of BEDtools/2.30.0
[71] and Table 10 and 11. were completed.
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Step 1. Kmers selection in parental reads

Reads Cabernet franc Kmers Cabernet franc

Specific kmers selection in
Cabernet franc reads

Specific kmers selection in
Magdeleine reads

Reads Merlot-hap-CF

Cabernet franc

specific kmers **

Reads Merlot Reads Merlot-hap-MG

Step 3. Hifiasm assembly for each haplotype
Merlot contigs haplotype CF
Reads Merlot-hap-CF

Reads Merlot-hap-MG

Step 4. Building pseudo-molecule on chromosome scale for each haplotype
Merlot-hap-CF
Merlot contigs haplotype CF Chrl —sssm—s s s s s e

—— s —— NN

—— > Chr2

e —  — [\ —

Chr3
Merlot-hap-MG
Chr1—----——----—NN---—----—----——
_— Chr2 —=sr—rrss——sns—sss « NN oo
Chr3_ T

Step 5. Transfered annotation from reference with Liftoff software

Merlot haplotype CF annotation

- — -

Merlot haplotype MG annotation
Reference annotation PN40024 Vcost.v3 - . -_

Fig. 5 Bioinformatic workflow applied in this study. The workflow is described step by step. Step 1 is the kmers specific selection on each parent, these
are variable size sequences that allow to specifically recognize reads from on parent. In step 2 these kmers are used to sort child reads out in two haplo-
types that are each specific to one parent. If reads can't be attributed to one parent, they are considered to be in both. Step 3 is the assembly of several
reads into contigs for each haplotype. Step 4 is the building of pseudomolecules using multiple alignments. Step 5 is the transfer of annotation from the
reference genome to the pseudomolecules
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Chimera validation

MIPGEN software [51] was used to design mips spe-
cific target regions previously identified as chimeras
with following parameters: tag sizes 0.8 to introduce
UMI (Unique Molecular Identifiers) to filter out dupli-
cate reads and PCR errors, minimum ligature length 20,
extension minimum length 16, arm length sums 36, 37,
38, 39, 40, minimum capture size 120, maximum capture
size 150 and trf option was activated. DNA samples were
adjusted in quantity using the previous DNA extraction
and used in adapted MIP library protocol previously
described [72] with some modifications. 100 ng of DNA
template was added to a hybridization mix together with
the oligo MIP pool (final concentration of 0.025 pM per
probe) in 0.85x Ampligase buffer (Epicentre). Mix was
incubated in a thermal cycler at 95 °C for 10 min, fol-
lowed by a 60 °C cycle overnight. Products were mixed
with dNTPs (Jena Bioscience, 15 pM), Betaine (Sigma-
Aldrich, 375 mM), NAD+ (New England, Biolabs 1 mM),
additional Ampligase buffer (0.75x), Ampligase (Epicen-
tre, 1.25 U) and Klentaq (New England Biolabs, 0.16U).
Mixture was incubated at 56 °C for 60 min followed by
72 °C for 20 min. Enzymatic digestion of linear probes was
performed at 37 °C for 2 h, followed by 80 °C for 20 min
by adding Exonuclease I (New England Biolabs, 8 U)
and Exonuclease III (New England Biolabs, 50 U). Final
product was amplified using Q5 Hot start High-Fidelity
DNA Polymerase (New England Biolabs, 8 U) with differ-
ent index combinations. PCR cycling conditions were an
initial denaturation step for 2 min at 98 °C, followed by
20 cycles of 30 s at 98 °C, 20 s at 60 °C, and 20 s at 72 °C.
PCR Samples were pooled and clean up using AMPur-
eXP beads (BeckmanCoulter) at 0.8 ratio. Samples were
sequenced in 2x150 bp paired end mode using a MiSeq
(Ilumina) platforms with custom sequencing primers.
UMI were extracted from obtained reads using umi_tools
version 1.1.4 extract [73] with --extract-method=string
and --bc-pattern=NNNNNNNNNNNN. Adapters were
trimmed using cutadapt version 3.5 [74] with following
parameters: -q 30 -m 100 -e 0.10 -a ACACTACCGTC-
GGATCGTGCGTGT -A CTTCAGCTTCCCGATTAC-
GGATCTCGTATG. SNP calling was done using
process_reseq from VCFhunter version 2.2.0 with -s
acefg option [75]. Finally, variant calling file was filtered
when depth was below 10 for at least one sample.

Abbreviations

RTPCR  Real-Time Polymerase Chain Reaction
SSR Single Sequence Repeat
SNV Single nucleotide Variant
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Additional file 1: Additional_file_1.xls. Comparative data between whole
genome sequences already published and the pseudomolecules built in
this study.

Additional file 2: Additional_file_2.xIs. PacBio and MIP data for each
chimera found on Merlot-hap-MG.

Additional file 3: Additional_file_3.xls. PacBio and MIP data for each
chimera found on Merlot-hap-CF.
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