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ABSTRACT

In the 1940s, the Agronomic Institute (IAC) started a grapevine breeding program to develop
new cultivars adapted to the tropical and subtropical regions of Brazil. More than 2,000 crosses
were carried out over 50 years, using 850 varieties as parents. However, among the thousands of
hybrids developed by the program, only 130 are still maintained in the IAC grapevine
germplasm. Little is known about their genetic makeup and usefulness for current breeding
programs. In this study, we obtained genotypes of 130 Brazilian grape hybrids at 17 polymorphic
microsatellite markers to evaluate the genetic diversity and population structure of the hybrids
and verified their disclosed pedigrees. The results showed that the hybrid collection is highly
diverse, with an expected heterozygosity (Hg) of 0.81 and an observed heterozygosity (Ho) of
0.79. A strong structure in three subgroups based mainly on the usage and combination of
parental groups was revealed by STRUCTURE software and confirmed by discriminant analysis
of principal components (DAPC). Through molecular profiling analysis, fifteen synonyms, one
homonym and one duplicate were identified. Parentage analysis confirmed 22 full parentages, as
well as 34 half-kinships. In addition, 14 pedigrees were invalidated, and eight mislabeling events
were identified. No compatible parent was identified for 32.30% of the IAC hybrids, highlighting
the severe genetic erosion that occurred in the IAC germplasm. The molecular characterization
of the breeding hybrid bank collection contributes to our understanding the genetic basis of the
varieties, guiding the efficient utilization of available genetic diversity. Together, our results
could be applied to other breeding programs and assist in the selection of parents, management

of the breeding collection, and conservation of grapevine genetic resources.
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1. Introduction

Brazil has diverse types of viticulture associated with different climatic conditions, soils and
grapevine management strategies (Pereira et al., 2020). The great socioeconomic importance of
viticulture in Brazil and the considerable environmental variation of production zones located in
temperate, subtropical, and tropical regions, required the development of a genetic breeding
program with the aim of developing varieties adapted to the various growing conditions
throughout the nation (Ferri and Pommer, 1995).

The Agronomic Institute of Campinas (IAC) grape breeding program was initiated in
1943 to obtain varieties of wine grapes, table grapes, and rootstocks (Neto and Almeida, 1955).
In the beginning, a collection of European and American cultivars and French hybrids of the
Seibel, Seyve Villard, and Couderc series was established. This material was evaluated, and the
varieties that exhibited the best characteristics in terms of production, vine vigor, taste qualities,
and resistance to biotic and abiotic factors were selected to be used as parents in the first set of
crosses (De Santos Neto, 1971). To expand the genetic base, fourteen wild Vitis species were
used for their resistance to major pests and diseases, such as Vitis rupestris, V. riparia, V.
cinerea, V. caribaea, V. lincecumii, and V. labrusca. Based on the results of the first crosses in
the IAC breeding program, the hybrids with outstanding characteristics were used as parents
(Pommer, 1993).

Over 50 years, since the beginning of the program, approximately 2,400 crosses have
been performed using 850 different parental genotypes (Ferri and Pommer, 1995), leading to the
release of varieties of wine grapes, table grapes, and rootstocks by the IAC. Among the
thousands of hybrids developed by the program, only 130 are still maintained in the 1AC

grapevine germplasm; most of them were lost due to a variety factors, such as resource
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limitations. The IAC hybrids are characterized by their complex pedigrees derived from crosses
among three or more species, with a combination of alleles from different species of Vitis.
Molecular characterization of these grapevine resources can help identify the genotypes that
should be preserved and partially prevent or delay genetic erosion (Snoussi et al., 2004).
Knowledge about the genetic diversity of germplasm resources is not only important for species
protection but also necessary for the development and utilization of germplasm resources for
crop improvement (Lassois et al., 2016).

The use of molecular markers has become an efficient method for genetic
characterization and the determination of genetic relationships between germplasm accessions
since the markers are not influenced by the environment and can be used in the early stages of
plant development (Roychowdhury et al., 2014). Among the molecular markers identified in
recent decades, microsatellites or simple sequence repeat (SSR) markers are highly polymorphic,
abundant, reliably reproducible, relatively inexpensive to genotype, and transferable among
several species of the genus Vitis, advantages that make them suitable and efficient for genetic
analyses of grapevines (Cipriani et al., 2010; Lamboy, 1998; This et al., 2004). In addition, SSRs
provide unique fingerprints for cultivar identification. They are inherited by Mendelian
codominant segregation, confirming their suitability for genetic resource characterization,
genome mapping, assisted selection, and parentage analysis (Karastan et al., 2018; Khadivi et al.,
2019; Mihaljevi¢ et al., 2020; Saifert et al., 2018; Vezzulli et al., 2019).

Prior to the use of molecular markers, the putative parentage of new grape cultivars was
recovered from breeders’ notes, which could be incomplete or inaccurate (Raimondi et al.,
2017). Several studies have used microsatellite markers to clarify the parentage relationships

between grape cultivars, allowing for more accurate retrieval of breeding information by
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90 confirming or invalidating declared pedigrees and identifying new genetic relationships (Aliquo
91 etal., 2017; Migliaro et al., 2019; Mihaljevi¢ et al., 2020).
92 Little is known about the genetic makeup of IAC grape hybrids and their usefulness for
93  current breeding programs. Success in grapevine breeding depends on the understanding and use
94  of the available gene pool of varieties and breeding clones (De Oliveira et al., 2020). Currently,
95 there is great interest in understanding the genetic basis of complex traits and in discovering new
96 germplasm traits to leverage them for efficient tropical grapevine breeding. IAC grape hybrids
97 are thought to have high genetic value as a source of diversity. This valuable genetic resource
98 can play an important role in the development of new varieties with favorable traits, such as
99 adaptability to climate change, disease resistance, or an original flavor.
100 The goal of this study was to investigate, at the molecular level, the grapevine hybrids
101  developed over 50 years of breeding by the IAC Grapevine Breeding Program to assess their
102  genetic diversity and population structure. Another aim was to clarify pedigree information to
103  enable better categorization and understanding of the remaining interbreeds for use in future
104  cross-breeding programs and the development of genetic conservation strategies.
105
106 2. Material and Methods
107
108  2.1. Plant material and DNA extraction
109 A total of 130 accessions of grapevine hybrids were analyzed in this study
110  (Supplementary Table 1). The accessions were developed by the IAC Grapevine Breeding
111  Program and belong to the Grapevine Germplasm Bank of the IAC located in Jundiai, Sdo Paulo

112  (SP), Brazil. Each accession consisted of three clonally propagated plants, sustained in an
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113  espalier system and pruned in August every year, leaving one or two buds per branch. For
114  sampling, young leaves of a single plant were collected from each accession.

115 Total genomic DNA was extracted from the young leaves homogenized in a TissueLyser
116  (Qiagen, Valencia, CA, USA) following the cetyltrimethylammonium bromide (CTAB) method
117  previously described by Doyle (1991). The DNA concentration was quantified by using a
118 NanoDrop 8000 (Thermo Scientific), and the quality was checked using 1% agarose gel
119  electrophoresis.

120

121  2.2. Microsatellite analysis

122 A set of 17 microsatellites was selected to genotype the IAC hybrids in the study,
123  including the international set of seven SSR loci recommended by the International Organization
124  of Vine and Wine (OIV) for universal grapevine identification (OIV, 2001): VVS2 (Thomas and
125  Scott, 1993), VVMD5, VVMD?7 (Bowers et al., 1996), VVMD25, VVMD27 (Bowers et al.,
126 1999), VrZAG62, and VrZAG79 (Sefc et al., 1999). Ten additional markers previously
127  developed to assess grapevine diversity were also included: VVIn74, VVIr09, VVIp25b,
128  VVIn56, VVIn52, VVIg57, VVIp3l, VVIp77, VVIv36, and VVIr21 (Merdinoglu et al., 2005).
129  Additional information about the loci is available in Supplementary Table 3.

130 PCR was performed using forward primers labeled with fluorescent dyes (6-FAM, PET,
131 VIC, or NED), and amplification was conducted as described by De Oliveira et al. (2020).
132  Capillary electrophoresis was conducted in an ABI 3500 (Applied Biosystems, Foster City, CA,
133  USA). Allele calling was performed with Geneious software v. 8.1.9 (Kearse et al., 2012) using
134  the internal GeneScan-600 (LI1Z) Size Standard Kit (Applied Biosystems, Foster City, CA,

135 USA).
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136

137  2.3. Genetic diversity and population structure analysis

138 Descriptive statistics based on the genotyping data were generated using GenAlEX v. 6.5
139  (Peakall and Smouse, 2012) to indicate the number of alleles per locus (Na), effective number of
140 alleles (Ne), observed heterozygosity (HO), expected heterozygosity (HE), and fixation index
141 (F). The null allele frequency (r) and the polymorphism information content (PIC) were
142  estimated using CERVUS 3.0.7 (Kalinowski et al., 2007). Discriminating power (Dj) values
143  were estimated to compare the efficiencies of microsatellite markers in varietal identification and
144  differentiation (Tessier et al., 1999).

145 A model-based Bayesian analysis implemented in the software package STRUCTURE v.
146  2.3.4 (Pritchard et al., 2000) was used to determine the approximate number of genetic clusters
147  (K) within the full dataset and to assign individuals to the most appropriate cluster. All
148  simulations were performed using an admixture model, with 100,000 replicates for burn-in and
149 1,000,000 replicates for Markov chain Monte Carlo (MCMC) processes in ten independent runs.
150  The number of clusters (K) tested ranged from 1 to 10.

151 A DAPC analysis as implemented in the R package adegenet was also performed, using a
152  nonparametric approach, free from Hardy—Weinberg constraints (Jombart et al., 2010). The
153  find.clusters function was used to detect the number of clusters in the germplasm, running
154 successive K-means clustering with increasing numbers of clusters (K). We used 20 as the
155  maximum number of clusters. The optimal number of clusters was estimated using the Bayesian
156  information criterion (BIC). The DAPC results were presented as multidimensional scaling plots.
157

158  2.4. Parentage and identity analysis
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159 A search for compatible trios (parents and offspring) and duos (parent-offspring)
160 combinations among the SSR profiles was carried out using a likelihood-based method
161 implemented in CERVUS v.3.0.7 software (Kalinowski et al., 2007). The analysis was
162  performed with molecular data from the IAC grapevine genetic database, including 280
163  additional genotypes (De Oliveira et al., 2020). Most of these accessions were European and
164  American cultivars that were used as parents over the years by the IAC Grapevine Breeding
165  Program.

166 The likelihood of each detected trio and duo was determined based on the natural
167  logarithm of the overall likelihood ratio (LOD) score. The CERVUS program calculates allelic
168  frequencies using a simulation approach and determines the confidence in parentage assignments
169 by calculating critical values of the LOD score. One hundred thousand offspring were simulated
170  with a proportion of 0.01 sampled parents, including the possibility of self-fertilization and the
171  existence of relatives among potential parents. The maximum number of mismatching loci for
172  trios and duos was set to 1, and the parentage relationship was considered significant when the
173  trio or pair confidence was represented by a probability greater than 95%. Last, the results of the
174  analysis were compared with the IAC historical records to verify declared parents.

175 To identify possible synonyms (different names for the same genotype), homonyms
176  (common name for different genotypes) and duplicates, an individual identity analysis was also
177  carried out using the CERVUS software. The minimum number of matching loci was set to 10,
178 and 1 fuzzy match was allowed.

179

180 3. RESULTS

181
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182  3.1. Genetic diversity

183 One hundred thirty IAC grape hybrids were analyzed at 17 SSR loci, and a total of 202
184  alleles were detected (Table 1). The number of alleles per SSR locus (Na) ranged from 4
185  (VVIg57) to 15 (VVMD?25), with an average of 11.88. The number of effective alleles per locus

186  (Ne) varied from 2.12 (VVIg57) to 9.93 (VVIp31), with a mean value of 6.11.

L ocus Na Ne Ho He PIC Dj r
VVin74 12 5.72 0.76 0.83 0.80 0.83 0.04
VVIr09 13 5.30 0.81 0.81 0.79 0.82 -0.01
VVIp25b 11 3.29 0.57 0.70 0.65 0.70 0.10
VVIn56 6 2.57 0.62 0.61 0.54 0.62 -0.01
VVIn52 12 7.89 0.69 0.87 0.86 0.88 0.12
VVigs7 4 2.12 0.57 0.53 0.47 0.53 -0.04
VVip31l 14 9.93 0.88 0.90 0.89 0.91 0.01
VWVip77 14 7.87 0.73 0.87 0.86 0.88 0.09
VVIv36 10 4.50 0.79 0.78 0.75 0.78 -0.01
VVIr21 14 5.49 0.81 0.82 0.80 0.82 0.00
VVS2 14 7.08 0.85 0.86 0.84 0.87 0.01
VVMD5 12 7.80 0.85 0.87 0.86 0.88 0.01
VVMD7 14 9.22 0.92 0.89 0.88 0.90 -0.02
VVMD25 15 5.03 0.85 0.80 0.78 0.81 -0.04
VVMD27 13 6.44 0.85 0.84 0.83 0.85 -0.01
VIZAG62 12 7.11 0.93 0.86 0.85 0.87 -0.04
VIZAGT79 12 6.54 0.88 0.85 0.83 0.86 -0.02
Total 202 103.90

Mean 11.88 6.11 0.79 0.81 0.78 0.81

SE® 0.71 0.53 0.03 0.02 0.03 0.02

187 Table 1. Genetic parameters of the 17 microsatellite loci obtained from 130 grapevine

188  accessions. Na, number of alleles; Ne, number of effective alleles; Ho, observed heterozygosity;
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189  Hg, expected heterozygosity; PIC, polymorphic information content; Dj, discrimination power; r,
190 estimated frequency of null alleles.

191  “Standard error of mean values.

192 The mean observed heterozygosity (Ho) and mean expected heterozygosity (Hg) were
193  very similar (0.79 and 0.81, respectively). A significantly high (>0.20) probability of null alleles
194  (r) was not detected in any of the analyzed loci. The PIC had a mean value of 0.78, and the
195 discrimination power (Dj) was greater than 0.80 for 13 of the 17 loci, with a mean value of 0.81.
196  When the PIC and Dj of each locus were analyzed together, 11 loci exhibited high values for
197  Dboth indexes (>0.80).

198 Of the 202 SSR alleles found, 49% displayed a frequency greater than 5% and were
199 classified as common alleles, 37.6% had frequencies between 1% and 5% and were considered
200  less-common alleles, and 13.4% had a frequency less than 1% and were rare alleles, suggesting
201 that this collection, despite originating from the same breeding program, includes great
202  biodiversity.

203

204 3.2. Population structure analysis

205 The STRUCTURE analysis indicated relatedness among the 130 accessions, with the
206  highest AK value for K = 3, suggesting that three genetic clusters were sufficient to interpret our
207  data (Supplementary Fig. 1). Based on a membership probability threshold of 0.70, 28 hybrids
208  were assigned to cluster SV, 45 hybrids were assigned to cluster MG, and 44 hybrids were
209  assigned to cluster TV. Thirteen hybrids were not assigned to defined clusters and were assigned

210  to the admixed group (Fig. 1).

10


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1.0 —

nI5 =—

050 —

! ! [ |
sV MG Y Admixture

211

212  Fig. 1. Bar graph of the estimated membership coefficient (q) for each of the 130 individuals.
213  Each genotype is represented by a single vertical line, which is partitioned into colored segments
214 in proportion to the estimated membership in each cluster. Cluster SV: genetic predominance of
215  wine hybrids obtained by crossing Seibel hybrids with wine grape cultivars of V. vinifera; cluster
216  MG: genetic predominance of table hybrids obtained by crossing fine table muscat grapes with
217  other varieties (mainly interspecific hybrids); cluster TV: genetic predominance of hybrids
218 originated from crosses that used wild Vitis (tropical vines) as one of the base parents;
219  Admixture: interspecific hybrids with a membership of g < 0.70.

220 The clustering level (K = 3) was mainly based on the use and combination of parental
221  gene pools. Cluster SV was formed primarily by wine hybrids originating from crosses between
222  Seibel hybrids and wine grape cultivars of V. vinifera. Cluster MG was composed of table
223  hybrids originating from crosses with Muscat grapes. In the TV cluster, there was no clear
224 discrimination based on human use, and hybrids for wine, table and rootstock were found in this
225  group. However, all these hybrids were developed from crosses with tropical vines (wild Vitis).
226 The hybrids in the admixed group exhibited a more complex origin, and some of them had

227  associations with the three clusters simultaneously.

11
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Additionally, DAPC was performed with no prior information about the groupings of the
evaluated accessions. Inspection of the BIC values revealed that the division of the accessions
into three clusters was the most likely scheme to explain the variance in this set of genotypes
(Supplementary Fig. 2). In the preliminary step of data transformation, the maintenance of 90
principal components (PCs) allowed DAPC to explain 99% of the total genetic variation. The
DAPC scatter plot, based on the first and second discriminant functions, showed the distribution

of the three groups (Fig. 2) with great genetic differentiation between them and low variance

within the groups.
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Fig. 2. DAPC scatterplots based on the K-means algorithm used to identify the proper number of
clusters. Dots represent individuals, and the clusters are presented in different colors. The
individuals were allocated into three clusters: 1 (red), wine hybrids obtained by crossing Seibel
hybrids with V. vinifera wine cultivars; 2 (blue), table hybrids obtained through crosses with fine

muscat grapes; 3 (green), hybrids obtained through crosses with wild Vitis.
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242 The allocation of individuals into clusters according to the DAPC showed several
243  similarities to that resulting from STRUCTURE, and both analyses showed the same pattern of
244 clustering. Essentially, Clusters 1 (red), 2 (blue), and 3 (green) of the DAPC reflected the
245  subgroups SV, MG, and TV detected by STRUCTURE, respectively. By the DAPC grouping, 20
246  hybrids were allocated to Cluster 1, 53 to Cluster 2, and 57 to Cluster 3. Despite the similarities
247  between the analyses, the DAPC analysis proved to be more discriminating. Individuals in the
248 STRUCTURE admixed group were distributed among the DAPC clusters, and no cases of
249  overlap between clusters were observed, indicating a more delineated genetic structure.

250

251 3.2.1 Parentage analysis

252 To improve the search for possible first-order kinship relationships, the genetic profiles of
253 280 accessions stored in the IAC grapevine genetic database were added to parentage analyses,
254  completing a total of approximately 410 genotypes.

255 The critical LOD values determined by simulation for strict confidence (95%) of
256  parentage were 20.00 and 6.16 for trios (offspring and two inferred parents) and duos (parent-
257  offspring), respectively. Offspring resulting from self-pollination were not detected. A total of 31
258  compatible trios were identified with a high confidence level using a maximum of one
259  mismatched locus as the threshold, with LOD values ranging from 23.15 to 46.49 (Table 2). The
260  complete pedigrees of 22 IAC hybrids reported in the IAC records were validated, while for four
261 trios identified, one parent was validated and the other was not (Supplementary Table 1). For
262  seven IAC hybrids, both declared parents were invalidated, and for two of them, no other
263  possible parent (consistent with the offspring’s SSR profiles) was found in the IAC grapevine

264  genetic database.

13
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Italia

Moscatel Rosado
Highland

Seibel 7053

IAC 501-06 (Soraya)
IAC 501-06 (Soraya)
IAC 501-06 (Soraya)
IAC 501-06 (Soraya)
Seibel 7053

Muscat Hamburg
IAC 21-14 (Madalena)

Muscat Hamburg
Moscato Giallo
Muscat Hamburg
Syrah

Syrah

Pinot Noir
Semillon

Muscat Hamburg
Vitis cinerea
Vitis cinerea
Vitiscinerea
IAC 82-01

Vitis cinerea
Sultanina
Gewurztraminer
IAC 544-14

IAC 544-14

IAC 544-14

IAC 544-14
Pinot Noir
Niagara Branca

Italia

16
15
16
15
17
17
17
17
16
16
17
17
17
14
16
17
17
16
17
17
16
17

O B P O O O O O OO OO0 O kb OO0 o o o +— +—» o

25.35
23.15
27.88
26.88
27.08
37.46
33.95
32.95
46.49
38.79
42.93
30.86
43.79
27.55
3451
38.41
38.41
39.75
36.09
31.37
26.45
30.26
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266
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268

121
122
123
124
126
127
128
129
130

SR 496-09

SR 496-15 (Dr. Jualio)

SR 496-25

SR 5010-08

SR 501-17 (IAC Ribas)
SR 5012-34 (Dona Emilia)
SR 501-33

SR 507-38

SR 507-08

Seibel 7053
Seibel 7053
Seibel 7053
Seibel 7053
Seibel 7053
Seibel 7053
Seibel 7053
Seibel 7053
Seibel 7053

Gewurztraminer
Gewurztraminer
Gewurztraminer
Seibel 10096

Syrah

Cabernet Sauvignon
Syrah

Semillon

Cabernet Sauvignon

16
12
17
16
17
16
17
16
17

N = = =)

[E=Y

36.50
25.42
31.94
27.24
41.10
26.68
33.77
25.11
29.89

Table 2. Putative full parentages of 31 IAC grapevine hybrids inferred based on the maximum likelihood approach.
* A maximum of only one locus mismatch was allowed, and the parentage relationship was considered significant when the trio

confidence probability was greater than 95% (LOD > 20).
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16
269 A total of 39 compatible duos were also identified, and all of them were recognized as
270  cases of putative direct (first-degree) relationships (Table 3). The partial pedigrees of 34 1AC
271  hybrids reported in the IAC records were validated, while for eight IAC hybrids, the identified
272  parent did not correspond to any of the declared parents. Moreover, no reliable trios or duos

273  within the IAC grapevine genetic database were found for the other 42 genotypes.

NI otringname  Canomopaan Farios PTIoS 710D
10 IAC 138-22 (Méximo) Ravat 34 15 1 8.6
11 IAC 141-51 Sémillon 17 0 14.05
12 IAC 158-12 Muscat Hamburg 12 0 8.77
14 IAC 202-28 Muscat Hamburg 16 0 10.96
15 IAC 202-43 Muscat Hamburg 17 0 11.26
20 IAC 274-21 Ravat 34 15 1 7.36
23 IAC 338-04 Vitis cinerea 9 0 13.01
30 IAC 393-04 Muscat Hamburg 15 0 11.03
31 IAC 393-05 Muscat Hamburg 17 1 11.71
32 IAC 403-01 Sultanina 15 0 17.82
34 IAC 408-01 Vitis cinerea 14 0 21.93
36 IAC 457-11 (Iracema) Sultanina 17 0 13.05
39 IAC 486-03 Italia 16 0 12.51
52 IAC 574-01 IAC 74-1 (lara) 14 0 9.72
53 IAC 583-03 Ruby Cabernet 12 0 11.03
54 IAC 584-53 Sauvignon Gris 16 0 16.81
55 IAC 589-02 Sémillon 17 0 11.70
56 IAC 592-01 Ruby Cabernet 13 0 12.16
61 IAC 720-01 Carignane 13 1 8.51
63 IAC 733-39 IAC 544-14 12 0 11.98
69 IAC 768-02 IAC 457-11 (Iracema) 17 1 6.18
70 IAC 772-41 IAC 514-6 (Maria) 14 0 11.51
72 IAC 778-04 IAC 544-14 16 0 11.23
73 IAC 804-13 IAC 583-03 15 1 8.33
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75 IAC 822-21 IAC 405-06 17 0
76 IAC 842-04 (Eugenio) IAC 501-06 (Soraya) 12 0
77 IAC 860-05 IAC 514-6 (Maria) 11 0
86 IAC 901-01 IAC 457-11(Iracema) 16 1
88 IAC 903-47 IAC 457-11(lracema) 17 1
89 IAC 904-11 IAC 514-6 (Maria) 12 0
90 IAC 904-30 IAC 544-14 16 0
92 IAC 904-47 IAC 514-6 (Maria) 16 0
95 IAC 915-02 IAC 457-11 (Iracema) 17 1
97 IAC 960-11 IAC 138-22 (Mé&ximo) 16 1
101 IAC 1025-17 IAC 904-30 15 0
102 IAC 1117-06 IAC 768-02 15 1
108 IAC 1410-08 (Ezequiel) IAC 501-06 (Soraya) 17 0
113 IAC 1726-03 (Roberta) IAC 871-18 16 0
120 Jd 930 (Moscatel de Jundiai) Seyve Villard 5276 16 1

16.25
9.98
8.06
6.21
7.90
9.67
15.22
11.61
6.42
9.39
15.55
6.48
18.20
18.48
11.19

Table 3. Possible direct (first-degree) relationships of 38 IAC grapevine hybrids based on the

maximum likelihood approach.

* A maximum of only one locus mismatch was allowed, and the parentage relationship was

considered significant when the pair confidence probability was greater than 95% (LOD > 6.16).
The two most common varieties that emerged as a parent in 17 proposed trios and five

duos were ‘Seibel 7053’ (syn. Chancellor) and ‘Muscat Hamburg’. The next most recurrent

parent in seven crosses (four trios and three duos) was the hybrid IAC 544-14, which had an

unverifiable pedigree, as its declared parents were IAC hybrids that are now extinct.

3.2.2 Genotype identity

Among the 130 IAC hybrids analyzed, 15 synonyms were identified, with hybrids having
the same molecular profile but identified with different names (Supplementary Table 4). In
addition, one case of duplication and one case of homonymy were detected. The two hybrids
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287  labeled IAC 746-03 showed the same molecular profile, while the molecular profiles of the two
288  hybrids labeled IAC 514-6 were different.

289 Through pedigree validation, eight synonyms were identified as possible mislabeling, and
290  their correct identification is proposed in Supplementary Table 4. It is possible that the other
291  seven synonyms identified in this study were also due to mislabeling; however, it was not
292  possible to propose a correct identification in these cases either because no parent was identified
293  in the parentage analysis or because both hybrids of the synonym group had the same pedigree.
294

295 4. DISCUSSION

296

297  4.1. Genetic diversity

298 The results of this study revealed high levels of heterozygosity among the evaluated
299  genotypes, with a high percentage of less-common and rare alleles (51%). Since heterozygosity
300 is an indicator of genetic variability in a population and is related to the polymorphic nature of
301 each locus, these results highlight the potential of this genetic material as a source of genetic
302  diversity. The wide abundance of parents used in the crosses and the different purposes of the
303  breeding program were probably the factors responsible for the high genetic diversity we
304  observed. Among the 850 genotypes used as parents by the IAC breeding program, there were
305  \Vitisvinifera cultivars from different countries, wild species and intra- and interspecific hybrids.
306  Approximately 2,400 combinations were performed using these parents to obtain wine, table and
307  rootstock grape varieties adapted to conditions in Brazil (Ferri and Pommer, 1995).

308 We detected an He of 0.81 across the entire hybrid set in the 17 evaluated loci (Table 1).

309  This result is similar to those found in other grapevine collections characterized by an abundance
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310  of interspecific hybrids (Migliaro et al., 2019; Schuck et al., 2009) but greater than that of
311  collections composed only of V. vinifera accessions (Boz et al., 2011; De Lorenzis et al., 2014).
312  Laucou et al. (2011) and Emanuelli et al. (2013) showed that the genetic diversity found in non-
313 vinifera varieties was higher than that in the V. vinifera sector, indicating that taxonomically
314  Dbroader genotypes contribute to an increase in genetic diversity, as expected by the heterogeneity
315  of IAC hybrids, since most have wild Vitis in their genealogy.

316 The high number of alleles obtained by the 17 SSR primer set positively impacted the
317  PIC and discrimination power (Dj). No locus was identified with a high frequency of null alleles
318 (> 0.20). According to the classification of Botstein et al. (1980), all the loci in the study can be
319  considered highly informative (PIC > 0.50), except for VVIg57 (0.47). This locus also presented
320 the lowest Dj value, certainly due to its reduced number of alleles (4), which limits the power to
321  distinguish genotypes. All 16 other SSR loci analyzed proved to be adequate for grape cultivar
322  discrimination and it can be considered an efficient set for genetic diversity studies.

323

324  4.2. Cluster analysis and genetic structure

325 The genetic structure was impacted by the different objectives and strategies adopted by
326  the IAC breeding program, such as the development of grape varieties for wine, table and
327  rootstock adapted to the climatic conditions in Brazil through crosses between V. viniferas
328 cultivars, complex hybrids and wild Vitis species known as tropical vines. Population structure
329  analysis using STRUCTURE software revealed the presence of three primary clusters in our set
330  of hybrids (Fig. 1), two of which were strongly based on human usage and the other had no clear

331  distinction regarding use but had a strong influence of tropical vines.
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332 Most of the hybrids developed for use as wine grapes were concentrated in the SV
333  cluster. Based on the analysis of the genealogy of the hybrids of this cluster, there was a clear
334  direction in the use of Seibel series hybrids crossed with wine grape cultivars of V. vinifera.
335  Seibel series hybrids were widely used in the state of S&o Paulo from the 1930s through the
336  1950s, and they exhibited good productivity, good affinity with the rootstocks used in the region,
337  and satisfactory resistance to the main pests and diseases. However, they had some problems
338 regarding the quality of the wine produced (Ribas, 1967). On the other hand, the V. vinifera
339 cultivars known for producing high-quality wines had low adaptation to the climatic conditions
340 in Brazil. The SV cluster reflects one of the strategies used in the breeding program to develop
341  cultivars capable of producing high-quality wines in the tropical and subtropical conditions in
342  Brazil. Basically, all hybrids in this cluster were obtained from crosses of the Seibel series with
343 V. vinifera cultivars, except SR 5010-08 and SR 5010-21, which were obtained by crossing two
344  Seibel hybrids.

345 The MG cluster was formed by table grape hybrids with a predominance of genealogies
346  based on crosses with Muscat grapes. In the 1950s, there was a high market demand for muscat-
347  flavored table grapes in Brazil, for which high prices were paid. Most of the Muscat grapes used
348 in the country had adaptability problems, such as cluster rot, berry splitting, and susceptibility to
349  fungal diseases, mainly downy mildew and powdery mildew. Given this scenario, one of the
350 focuses of the breeding program was to obtain new varieties resistant to the main fungal diseases,
351 having satisfactory development in the conditions in Brazil, with fruits of high palatability, high
352  sugar content, low acidity, and muscatel flavor (Neto and Almeida, 1955). Most of the hybrids in
353 the MG cluster were the result of this approach, arising mainly from crosses with ‘Moscatel

354  Branco’ (Moscato Giallo), ‘Moscatel Rosado’, “Muscat Hamburg’, and ‘ltalia’. The ‘ltalia’
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355  cultivar, an offspring of the ‘Muscat Hamburg’, was widely used as a parent in the IAC breeding
356  program, probably because it is one of the most cultivated table grapes in Sdo Paulo due to its
357  characteristics traditionally appreciated by consumers and farmers (Ferri and Pommer, 1995).
358 Unlike previous clusters, there was no clear discrimination based on usage in the TV
359 cluster, and hybrids for wine, table, and rootstock were found in this group. However, all hybrids
360 have the presence of wild Vitis in their genealogy in common. The use of tropical vines was
361 intense in the IAC breeding program to promote climate adaptability and disease resistance.
362 These vines have small-sized fruits with a low percentage of pulp and their chemical
363  composition is without a satisfactory balance, not meeting the requirements for table or wine.
364  However, their characteristics related to vigor, resistance, productivity, and adaptation to regions
365  with high humidity and temperature during the summer led these species have an important role
366 in the search for the expansion of the genetic base of the new Brazilian varieties (Ferri and
367 Pommer, 1995).

368 A small number of the hybrids remained admixed, with evidence of a greater genetic
369  complexity of these genotypes. The intra- and interspecific crossings carried out during breeding
370  cycles in search of novelties and hybrid vigor promoted the miscegenation of grapevine cultivars,
371  resulting in hybrids with a heterogeneous genetic composition (De Oliveira et al., 2020). The
372  admixed group hybrids certainly carry alleles from different gene pools; they occupy an
373 intermediate position and belonging simultaneously to more than one cluster. The hybrids IAC
374  339-03, IAC 393-04, and IAC 192-54 are examples. IAC 339-03 and IAC 393-04 were the result
375  of crosses between the cultivar ‘Muscat Hamburg® with the tropical vines V. smalliana and V.
376  shuttleworthii x V. rufotomentosa, respectively. The mixture of gene pools was detected by

377  STRUCTURE, which assigned a membership probability threshold of approximately 0.5 to the
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378 MG and TV clusters, representing the genetic clusters of the two parental cultivars (Muscat
379 grapes and tropical vines). A similar situation was observed for the hybrid IAC 192-54
380  developed from the cross between ‘“Muscat Hamburg’ and “Seibel 8712’, assigned to the MG and
381 SV clusters, respectively. This hybrid also presented an intermediate membership of 0.5 to the
382  two groups. The other hybrids from the Admixture group exhibited a similar or even more
383  complex origin than these examples, and some of them had associations with the three clusters
384  simultaneously.

385 The clustering performed by DAPC resulted in the same clustering pattern found by
386 STRUCTURE but with a greater distinction between genotypes. Since the DAPC minimizes
387  within-group genetic variance and maximizes between-group genetic variance, individuals in the
388 STRUCTURE admixed group were distributed among the DAPC clusters. The genotypes in this
389  study are the result of human manipulation of cultivars (displacements, breeding, clonal
390 propagation); therefore, deviations from Hardy-Weinberg equilibrium (HWE) are expected. This
391 feature can lead to greater accuracy in the DAPC results since this method does not assume the
392  absence of linkage disequilibrium or specific models of molecular evolution to identify genetic
393  clusters (Jombart et al., 2010). Cluster 1 formed by DAPC exhibited a more precise separation of
394  the hybrids; only wine hybrids remained in this cluster, and the few table hybrids present in the
395 STRUCTURE SV cluster were assigned to Cluster 2 in DAPC analysis, where the hybrids of this
396  class were concentrated.

397 Knowledge about the genetic structure of IAC hybrids will certainly help to minimize the
398 use of closely related genotypes as parents in breeding programs, avoiding the risk of inbreeding

399  depression and the reduction of genetic variation. Information regarding genetic diversity,
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400  population structure, and molecular markers may facilitate the selection of desirable traits in
401  grapes and is important for ensuring the conservation of genetic resources.

402

403  4.3. Parentage analysis and its use in genotype identity

404 Among the IAC hybrids analyzed in this study, only 30 (23.07%) were actually released
405 as varieties. The others remained exclusively in the IAC grapevine germplasm without any
406  published genealogy information. In this study, we made available the genealogy information of
407  all 130 hybrids (Supplementary Table 1) recovered through research carried out in the breeder's
408 notes and institution's internal records. We also performed the parentage analysis of these
409  hybrids with molecular data for the first time and used the results to validate the parentage
410  declared in the historical records.

411 Nine trios and eight duos had their declared pedigrees invalided by parentage analysis. In
412  all IAC hybrids examined, ‘Seibel 11342’ was invalidated as a parent, with ‘Ravat 34’ being the
413  true parent. The correct identification of this cultivar in the IAC germplasm was suggested
414  previously in a recent study (De Oliveira et al., 2020), and was confirmed in this study as a
415  mislabeling that likely occurred beginning with the first crosses in 1944, indicating that Seibel
416 11342 was not introduced in the IAC grapevine breeding program. The use of ‘Ravat 34’ instead
417  of “‘Seibel 11342’ in a substantial number of crosses increased the inaccuracy of the breeder’s
418 data, since important hybrids such as IAC 21-14 Madalena and IAC 138-22 Maximo were
419  released with incorrect genealogy information and were later used as parents in new crosses.

420 Some hybrids with invalidated pedigrees were identified as synonyms by identity
421  analysis (Supplementary Table 4). Since most of the IAC hybrids were never released and were

422  kept exclusively in the IAC germplasm, the synonyms found were probably “internal
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423  synonyms”, originating from cases of misnaming that occurred over the years. Misidentification
424 in breeding programs is common, especially for ancient clonal species such as Vitis spp., and it
425  can occur during material propagation, during the planting and duplicating of collections, or even
426  during seedling selection (Raimondi et al., 2017). Through pedigree validation, we proposed the
427  correct identification of eight synonyms. In these cases, the synonym presented the same genetic
428  profile as a hybrid with a validated pedigree. For the other seven synonyms, correct identification
429  was more complex, since some had extinct parents and others had the same parents. Further
430 ampelographic and passport data are necessary for these synonyms to check for true synonym
431  status (not yet known), to identify possible somatic mutations not detected with a small number
432  of SSR markers (Cipriani et al., 2010; Liang et al., 2015) and to discard false synonymy resulting
433  from grafting errors or erroneous former morphological identification (De Andrés et al., 2007;
434  Lassois et al., 2016).

435 In addition to these synonyms, one case of homonymy was also found. The hybrids IAC
436  514-6 (ID: 46) and IAC 514-6 (Maria) (ID: 47) shared the same name but not the same genetic
437  profile. In the literature, this variety has been described as a seedless white table grape (Pommer,
438  1993; Pommer et al., 1995), and according to IAC phenotyping data (unpublished), only the IAC
439  514-6 (Maria) (ID: 47) genotype matches these descriptions. Both genotypes corresponded to
440  white table grapes, but only IAC 514-6 (Maria) (ID: 47) was a seedless grape, and the other
441  presented well-developed seeds. This evidence points to the hybrid IAC 514-6 (Maria) (ID: 47)
442  as the correct variety. IAC 514-6 (ID: 46) was another genotype that could not be identified,
443  likely another result of mislabeling.

444 In this study, no compatible parent was identified for 42 IAC hybrids (32.30%) within the

445  IAC grapevine genetic database, and for another 39 (30%), only one compatible parent was
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446  detected. The low number of reconstructed trios (both parents and offspring) points to the severe
447  genetic erosion of the IAC germplasm since the late 1980s. Most hybrids with unverifiable
448  parents were the result of crosses between genotypes developed by the IAC breeding program
449  that became extinct. At the beginning of the breeding program, a large volume of crosses was
450  carried out, and numerous hybrids were obtained. Many of these hybrids were not released as
451  cultivars but played an important role as intermediaries in the use of wild species, often being
452  used as parents (Ferri and Pommer, 1995). The importance and justification for the preservation
453  of this large volume of local genotypes was overlooked, since most of them were not
454 economically interesting at the time; the lack of financial support resulted in the loss of a large
455  part of the IAC genetic resources.

456 The proposed parentages were not confirmed for IAC 282 or IAC 1319, nor were other
457  possible genitors found in the IAC grapevine genetic database. This might be due to the mistaken
458 identity of both parents or, more likely, to a mistake in seedling labeling, or even in material
459  propagation from mother plants during field collection establishment or duplication.

460 Several grape cultivars have previously been reported to have an important role in the
461  establishment of local genetic networks, such as ‘Muscat Hamburg’, ‘Seibel 7053’, ‘Italia’, and
462  ‘Niagara Rosada’ in southeastern Brazil (Ferri and Pommer, 1995; Neto and Almeida, 1955;
463  Ribas, 1967). Data analysis showed the significant contribution of ‘Seibel 7053” and ‘Muscat
464  Hamburg’ to the generation of IAC grapevine diversity; they were involved as progenitors in 12
465  and 10 identified pedigrees, respectively.

466 The species Vitis cinerea was validated as a parent in six pedigrees (Tables 2 and 3). This
467  species was introduced in the breeding program, along with other tropical vines, to introduce

468  characteristics of disease resistance and adaptability to tropical climates (Neto and Almeida,
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469  1955). The genetic profiles of the other tropical vines used as parents by the breeding program,
470  such as Vitis gigas, V. shuttleworthii x V. rufotomentosa, and Vitis caribaea, were not found in
471  the IAC grapevine genetic database. These species were probably lost along with many other
472  1AC hybrids due to severe genetic erosion that occurred in the germplasm.

473 Declared pedigrees are not necessarily a reliable tool, either because they are often too
474 generic (such as V. shuttleworthii x V. rufotomentosa) or the declared parents do not match the
475  true parents due to mislabeling issues (Migliaro et al., 2019). Therefore, genetic data analysis is
476  essential to verify the consistency of declared parents, and it can help correct mislabeling and
477  ensure true variety identification (Raimondi et al., 2017). Microsatellite markers are among the
478  most commonly used molecular markers for genetic analysis in grapevines, since the alleles are
479  inherited via Mendelian codominant segregation, confirming their suitability for investigating
480 hereditability and cultivar parentage (Aliquo et al., 2017; De Lorenzis et al., 2014; Mihaljevi¢ et
481 al., 2020; Sefc et al., 2009). In this study, the 17 SSRs used were valuable for drawing robust
482  conclusions regarding first-degree relationships, supporting or questioning known information,
483  suggesting new possible parentage, and identifying probable cases of misidentification.

484

485 5. CONCLUSIONS

486 Despite the serious genetic erosion that occurred in the IAC grapevine germplasm, this
487  study revealed that there is still a high level of genetic diversity present in the set of conserved
488  hybrids developed by the breeding program. However, this loss of genetic resources made it
489  impossible to fully validate the pedigrees of most individuals, since many IAC hybrids used as

490  key parents were no longer present in the collection.
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The combination of the results obtained by the parentage and identity analyses allowed us
to identify cases of genotype mislabeling, information that is extremely useful for curating the
collection. Additional phenotypic and passport data checking is necessary to address pending
identification questions. The overall diversity structure was shown to be rather strong and
coincided with the usage of the varieties and the strategies adopted by the breeding program
based on combinations of parental groups.

Many of the hybrids in this study were not properly recognized as cultivars and can be
considered a source of genetic diversity with the potential for utilization; they could be used to
obtain new varieties that may exhibit crucial features for developing sustainable viticulture in
tropical and subtropical areas. All these data point to the importance and justification of

preserving these genotypes in germplasm repositories.

CRedi T author ship contribution statement

Geovani Luciano de Oliveira: Conceptualization, Data curation, Methodology, Formal
analysis, Visualization, Investigation, Writing - original draft; Writing - review & editing.
Guilherme Francio Nieder auer: Methodology, Writing - original draft. Fernanda Ancelmo
de Oliveira: Conceptualization, Visualization, Writing - review & editing. Cinthia Souza
Rodrigues. Writing - review & editing, Investigation. José L uiz Her nandes: Methodology,
Writing - review & editing. Anete Pereira de Souza: Funding acquisition, Project
administration, Resources, Supervision. Mar a Fernandes Moura: Conceptualization,
Visualization, Writing - review & editing, Funding acquisition, Project administration,

Resources, Supervision.

27


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which

514

515

516

517

518

519

520

521

522

523

524

525

526

927

528

529

530

531

532

533

534

535

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Declaration of Competing I nterest
The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgments
The authors are grateful to the Sdo Paulo Research Foundation (FAPESP) (grant 2018/13539-9)
and Coordination for the Improvement of Higher Education Personnel (CAPES) for supporting

the project and its researchers.

References

Aliquo, G., Torres, R., Lacombe, T., Boursiquot, J.M., Laucou, V., Gualpa, J., Fanzone, M., Sari,
S., Pefia, J.P., Prieto, J.A., 2017. Identity and parentage of some South American
grapevine cultivars present in Argentina. Aust. J. Grape Wine Res. 23, 452-460.
https://doi.org/10.1111/ajgw.12282.

Botstein, D., White, R.L., Skolnick, M., Davis, R.W., 1980. Construction of a genetic linkage
map in man using restriction fragment length polymorphisms. Am. J. Hum. Genet. 32,
314-331.

Bowers, J.E., Dangl, G.S., Meredith, C.P., 1999. Development and characterization of additional
microsatellite DNA markers for grape. Am. J. Enol. Vitic. 50, 243-246.

Bowers, J.E., Dangl, G.S., Vignani, R., Meredith, C.P., 1996. Isolation and characterization of
new polymorphic simple sequence repeat loci in grape (Vitisvinifera L.). Genome 39,

628-633. https://doi.org/10.1139/g96-080.

28


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

536 Boz, Y., Bakir, M., Celikkol, B., Kazan, K., Yilmaz, F., Cakir, B., Aslantas, S.,

537 Soylemezogcaron, G., Yasasin, A., Ozer, C., Celik, H., Ergul, A., 2011. Genetic
538 characterization of grape (Vitisvinifera L.) germplasm from Southeast Anatolia by SSR
539 markers. Vitis - J. Grapevine Res. 50, 99-106.

540  Cipriani, G., Spadotto, A., Jurman, I., Di Gaspero, G., Crespan, M., Meneghetti, S., Frare, E.,

541 Vignani, R., Cresti, M., Morgante, M., Pezzotti, M., Pe, E., Policriti, A., Testolin, R.,
542 2010. The SSR-based molecular profile of 1005 grapevine (Vitisvinifera L.) accessions
543 uncovers new synonymy and parentages, and reveals a large admixture amongst varieties
544 of different geographic origin. Theor. Appl. Genet. 121, 1569-1585.

545 https://doi.org/10.1007/s00122-010-1411-9.

546  De Andrés, M., Cabezas, J.A., Cervera, M.T., Borrego, J., Zapater, J., 2007. Molecular

547 characterization of grapevine rootstocks maintained in germplasm collections. Am. J.
548 Enol. Vitic. 58, 75-86.

549  De Lorenzis, G., Casas, G.L., Brancadoro, L., Scienza, A., 2014. Genotyping of sicilian

550 grapevine germplasm resources (V. vinifera L.) and their relationships with Sangiovese.
551 Sci. Hortic. 169, 189-198. https://doi.org/10.1016/j.scienta.2014.02.028.

552  De Oliveira, G.L., De Souza, A.P., De Oliveira, F.A., Zucchi, M.l., De Souza, L.M., Moura,

553 M.F., 2020. Genetic structure and molecular diversity of Brazilian grapevine germplasm:
554 management and use in breeding programs. PLoS One 15, e0240665.
555 https://doi.org/10.1371/journal.pone.0240665.

556  De Santos Neto, J.R.A., 1971. O melhoramento da videira no Instituto Agrondmico. Ciénc. Cult.

557 23, 700-771.

29


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

ST

578

579

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Doyle, J., 1991. DNA protocols for plants. Mol. Tech. Taxon. 57, 283-293.
https://doi.org/10.1007/978-3-642-83962-7_18.

Emanuelli, F., Lorenzi, S., Grzeskowiak, L., Catalano, V., Stefanini, M., Troggio, M., Myles, S.,
Martinez-Zapater, J.M., Zyprian, E., Moreira, F.M., Grando, M.S., 2013. Genetic
diversity and population structure assessed by SSR and SNP markers in a large
germplasm collection of grape. BMC Plant Biol. 13, 39. https://doi.org/10.1186/1471-
2229-13-39.

Evanno, G., Regnaut, S., Goudet J., 2005. Detecting the number of clusters of individuals using
the software STRUCTURE: A simulation study. Mol Ecol. 14, 2611-2620.
https://doi.org/10.1111/j.1365-294X.2005.02553.x

Ferri, C.P., Pommer, C.V., 1995. Quarenta e oito anos de melhoramento da videira em Sao
Paulo, Brasil. Sci. Agric. 52, 107-122. https://doi.org/10.1590/S0103-
90161995000100019.

Jombart, T., Devillard, S., Balloux, F., 2010. Discriminant analysis of principal components: a
new method for the analysis of genetically structured populations. BMC Genet. 11, 94.
https://doi.org/10.1186/1471-2156-11-94.

Kalinowski, S.T., Taper, M.L., Marshall, T.C., 2007. Revising how the computer program
CERVUS accommodates genotyping error increases success in paternity assignment.
Mol. Ecol. 16, 1099-1106. https://doi.org/10.1111/j.1365-294X.2007.03089.x.

Karastan, O.M., Muliukina, N.A., Papina, O.S., 2018. Verification of grape pedigree by
microsatellite analysis. Cytol. Genet. 52, 331-342.

https://doi.org/10.3103/S0095452718050031.

30


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S.,
Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes, P., Drummond,
A., 2012. Geneious basic: an integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics 28, 1647-1649.
https://doi.org/10.1093/bioinformatics/bts199.

Khadivi, A., Gismondi, A., Canini, A., 2019. Genetic characterization of Iranian grapes (Vitis
vinifera L.) and their relationships with Italian ecotypes. Agrofor. Syst. 93, 435-447.
https://doi.org/10.1007/s10457-017-0134-1.

Lamboy, W.F., 1998. Using simple sequence repeats (SSRs) for DNA fingerprinting germplasm
accessions of grape (VitisL.) species. J. Am. Soc. Hortic. Sci. 123, 182-188.
https://doi.org/10.21273/JASHS.123.2.182.

Lassois, L., Denance, C., Ravon, E., Guyader, A., Guisnel, R., Hibrand-Saint-Oyant, L., Poncet,
C., Lasserre-Zuber, P., Feugey, L., Durel, C.E., 2016. Genetic diversity, population
structure, parentage analysis, and construction of core collections in the French apple
germplasm based on SSR markers. Plant Mol. Biol. Report. 34, 827-844.
https://doi.org/10.1007/s11105-015-0966-7.

Laucou, V., Lacombe, T., Dechesne, F., Siret, R., Bruno, J.P., Dessup, M., Dessup, T., Ortigosa,
P., Parra, P., Roux, C., Santoni, S., Vares, D., Péros, J.P., Boursiquot, J.M., This, P.,
2011. High throughput analysis of grape genetic diversity as a tool for germplasm
collection management. Theor. Appl. Genet. 122, 1233-1245.
https://doi.org/10.1007/s00122-010-1527-y.

Liang, W., Dondini, L., De Franceschi, P., Paris, R., Sansavini, S., Tartarini, S., 2015. Genetic

diversity, population structure and construction of a core collection of apple cultivars

31


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

from Italian Germplasm. Plant Mol. Biol. Report. 33, 458-473.
https://doi.org/10.1007/s11105-014-0754-9.

Merdinoglu, D., Butterlin, G., Bevilacqua, L., Chiquet, V., Adam-Blondon, A.F., Decroocq, S.,
2005. Development and characterization of a large set of microsatellite markers in
grapevine (Vitisvinifera L.) suitable for multiplex PCR. Mol. Breed. 15, 349-366.
https://doi.org/10.1007/s11032-004-7651-0.

Migliaro, D., De Lorenzis, G., Di Lorenzo, G.S., De Nardi, B., Gardiman, M., Failla, O.,
Brancadoro, L., Crespan, M., 2019. Grapevine non-vinifera genetic diversity assessed by
simple sequence repeat markers as a starting point for new rootstock breeding programs.
Am. J. Enol. Vitic. 70, 390. https://doi.org/10.5344/ajev.2019.18054.

Mihaljevi¢, M.Z., Maleti¢, E., Preiner, D., Zduni¢, G., Bubola, M., Zyprian, E., Peji¢, 1., 2020.
Genetic diversity, population structure, and parentage analysis of croatian grapevine
germplasm. Genes (Basel) 11, 737. https://doi.org/10.3390/genes11070737.

Neto, S., Almeida, J.R., 1955. Melhoramento da videira. Bragantia 14, 237-258.
https://doi.org/10.1590/S0006-87051955000100023.

OlV, 2001. OIV Descriptor List for Grape Varieties and Vitis Species. OIV, Paris.

Peakall, R., Smouse, P.E., 2012. GenAlEXx 6.5: genetic analysis in Excel. Population genetic
software for teaching and research--An update. Bioinformatics 28, 2537-2539.
https://doi.org/10.1093/bioinformatics/bts460.

Pereira, G.E., Tonietto, J., Zanus, M.C., Pessoa, H., Santos, D., Da Silva, J.F., Loiva, P., De
Mello, M.R., 2020. Vinhos no Brasil: Contrastes na Geografia e no Manejo das Videiras

nas Trés Viticulturas do Pais. Embrapa Uva e Vinho, Bento Gongalves, RS.

32


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Pommer, C.V., 1993. Uva, in: Furlani, A.M.C. (Ed.), O Melhoramento de Plantas No Instituto
Agrondmico. Instituto Agronémico, Campinas, pp. 489-524.

Pommer, C.V., Terra, M.M., Pires, E.J.P., Picinin, A.H., Da Silva Passos, I.R., 1995. Influéncia
do anelamento e do &cido giberélico em caracteristicas do cultivar apireno de uvas Maria.
Bragantia 54, 151-159. https://doi.org/10.1590/S0006-87051995000100017.

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of population structure using
multilocus genotype data. Genetics 155, 945-959.
https://doi.org/10.1093/genetics/155.2.945.

Raimondi, S., Carlomagno, A., Ruffa, P., Oglietti, S., Novello, V., Schneider, A., 2017. Pedigree
reconstruction of wine and table grape crossbreeds created in Italy by Giovanni
Dalmasso. Sci. Hortic. 219, 125-130. https://doi.org/10.1016/j.scienta.2017.02.044.

Ribas, W.C., 1967. Comportamento de videiras Seibel na regido de Sdo Roque, no Estado de Séo
Paulo. Bragantia 26, 265-286. https://doi.org/10.1590/S0006-87051967000100020.

Roychowdhury, R., Taoutaou, A., Hakeem, K.R., Gawwad, M.R.A., Tah, J., 2014. Molecular
marker-assisted technologies for crop improvement, in: Crop Improvement in the Era of
Climate Change. IK International Publishing House, New Delhi, pp. 241-258.

Saifert, L., Mora, F.S., Assumpcdo, W., Zanghelini, J., Giacometti, R., Novak, E., Dal Vesco, L.,
Nodari, R., Eibach, R., Welter, L., 2018. Marker-assisted pyramiding of resistance loci to
grape downy mildew. Pesqui. Agropecu. Bras. 53, 602-610.
https://doi.org/10.1590/s0100-204x2018000500009.

Schuck, M., Moreira, F., Guerra, M., Voltolini, J., Grando, M., Silva, A., 2009. Molecular

characterization of grapevine from Santa Catarina, Brazil, using microsatellite markers.

33


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Pesqui. Agropecu. Bras. 44, 487-495. https://doi.org/10.1590/S0100-
204X2009000500008.

Sefc, K.M., Peji¢, 1., Maleti¢, E., Thomas, M.R., Lefort, F., 2009. Microsatellite markers for
grapevine: tools for cultivar identification & pedigree reconstruction, in: Roubelakis-
Angelakis, K.A. (Ed.), Grapevine Molecular Physiology & Biotechnology. Springer,
Dordrecht, pp. 565-596.

Sefc, K.M., Regner, F., Turetschek, E., Glossl, J., Steinkellner, H., 1999. Identification of
microsatellite sequences in Vitisriparia and their applicability for genotyping of different
Vitis species. Genome 42, 367-373. https://doi.org/10.1139/g98-168.

Snoussi, H., Slimane, M.H., Ruiz-Garcia, L., Martinez-Zapater, J.M., Arroyo-Garcia, R., 2004.
Genetic relationship among cultivated and wild grapevine accessions from Tunisia.
Genome 47, 1211-1219. https://doi.org/10.1139/g04-072.

Tessier, C., David, J., This, P., Boursiquot, J.M., Charrier, A., 1999. Optimization of the choice
of molecular markers for varietal identification in Vitisvinifera L. Theor. Appl. Genet.
98, 171-177. https://doi.org/10.1007/s001220051054.

This, P., Jung, A., Boccacci, P., Borrego, J., Botta, R., Costantini, L., Crespan, M., Dangl, G.S.,
Eisenheld, C., Ferreira-Monteiro, F., Grando, S., Ibafiez, J., Lacombe, T., Laucou, V.,
Magalhdes, R., Meredith, C.P., Milani, N., Peterlunger, E., Regner, F., Zulini, L., Maul,
E., 2004. Development of a standard set of microsatellite reference alleles for
identification of grape cultivars. Theor. Appl. Genet. 109, 1448-1458.

https://doi.org/10.1007/s00122-004-1760-3.

34


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.30.502144; this version posted July 30, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

668 Thomas, M.R., Scott, N.S., 1993. Microsatellite repeats in grapevine reveal DNA
669 polymorphisms when analysed as sequence-tagged sites (STSs). Theor. Appl. Genet. 86,
670 985-990. https://doi.org/10.1007/bf00211051.

671  Vezzulli, S., Malacarne, G., Masuero, D., Vecchione, A., Dolzani, C., Goremykin, V., Mehari,

672 Z.H., Banchi, E., Velasco, R., Stefanini, M., Vrhovsek, U., Zulini, L., Franceschi, P.,
673 Moser, C., 2019. The Rpv3-3 haplotype and stilbenoid induction mediate downy mildew
674 resistance in a grapevine interspecific population. Front. Plant Sci. 10, 234.

675 https://doi.org/10.3389/fpls.2019.00234.

35


https://doi.org/10.1101/2022.07.30.502144
http://creativecommons.org/licenses/by/4.0/

