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Abstract 19 

The management of germplasm banks is complex, especially when many accessions are 20 

involved. Microsatellite markers are an efficient tool for assessing the genetic diversity 21 

of germplasm collections, optimizing their use in breeding programs. This study 22 

genetically characterizes a large collection of 410 grapevine accessions maintained at 23 

the Agronomic Institute of Campinas (IAC) (Brazil). The accessions were genotyped 24 

with 17 highly polymorphic microsatellite markers. Genetic data were analyzed to 25 

determine the genetic structure of the germplasm, quantify its allelic diversity, suggest 26 

the composition of a core collection, and discover cases of synonymy, duplication, and 27 

misnaming. A total of 304 alleles were obtained, and 334 unique genotypes were 28 

identified. The molecular profiles of 145 accessions were confirmed according to the 29 

literature and databases, and the molecular profiles of more than 100 genotypes were 30 

reported for the first time. The analysis of the genetic structure revealed different levels 31 

of stratification. The primary division was between accessions related to Vitis vinifera 32 

and V. labrusca, followed by their separation from wild grapevine. A core collection of 33 

120 genotypes captured 100% of all detected alleles. The accessions selected for the 34 

core collection may be used in future phenotyping efforts, in genome association 35 

studies, and for conservation purposes. Genetic divergence among accessions has 36 

practical applications in grape breeding programs, as the choice of relatively divergent 37 

parents will maximize the frequency of progeny with superior characteristics. Together, 38 

our results can enhance the management of grapevine germplasm and guide the efficient 39 

exploitation of genetic diversity to facilitate the development of new grape cultivars for 40 

fresh fruits, wine, and rootstock. 41 

 42 
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Introduction 43 

Grapevine (Vitis spp.) is considered to be a major fruit crop globally based on 44 

hectares cultivated and economic value [1]. Grapevines are exotic species in Brazil but 45 

have become increasingly important in national fruit agriculture in recent years, 46 

transitioning from exclusive cultivation in temperate zones to a great alternative in 47 

tropical regions. 48 

European grapevine, or V. vinifera, cultivars stand out in terms of their economic 49 

importance, being the most commonly planted worldwide and characterized by having 50 

fruits of excellent quality with wide morphological and genetic diversity. They are 51 

widely used for the production of fresh fruits, dried fruits, and juice and in the global 52 

fine and sparkling wine industry [2]. 53 

In Brazil, the American V. labrusca varieties and hybrids (V. labrusca x V. 54 

vinifera) thrive because of their vegetative characteristics, which are best adapted to the 55 

country's environmental conditions, with generally high humidity. In addition, due to 56 

their relatively high robustness, they are resistant to many diseases that affect grapevine 57 

in the country, resulting in production of relatively high volume, although of low 58 

quality, and have become dominant on Brazilian plantations [3,4]. 59 

The wild species of the genus Vitis have contributed evolutionarily through 60 

interspecific crossings, accidental or planned, to the adaptation of grapevine to the 61 

highly different conditions that its expansion has demanded. Hybrid varieties are 62 

characterized by greater resistance to pests and diseases than V. vinifera and by 63 

producing fruits with better organoleptic characteristics than American grapes. Crosses 64 

and natural mutations have greatly benefited from the possibility of vegetative 65 

propagation among grapevines, enabling the exploitation of different characteristics 66 
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over time, with noticeable variations in berries, flowers, and leaves, further increasing 67 

the number of cultivars planted [2,5]. 68 

The starting point of any breeding program of a species is genetic variability, 69 

whether spontaneous or created. The manipulation of this variability with suitable 70 

methods leads to the safe obtainment of superior genotypes in relation to agronomic 71 

characteristics of interest [6]. Germplasm banks have a fundamental role in preserving 72 

this genetic variability but require the maintenance of accessions [7]. The quantification 73 

of the magnitude of genetic variability and its distribution between and within the 74 

groups of accessions that constitute germplasm banks is essential to promote its rational 75 

use and adequate management [8]. 76 

Most germplasm is derived from seeds, but for highly heterozygous plants, such 77 

as grapevines, this method is not suitable, with conservation most commonly occurring 78 

through the use of ex situ field collections. The germplasm banks involved in breeding 79 

programs are fundamental to the development of new materials. These collections 80 

generally have a large number of accessions, but only a small proportion of these 81 

resources are used in practice. The management of such collections becomes complex 82 

when many accessions are involved. Redundancy should be reduced to a minimum, the 83 

use of “true-to-type” plant material must be ensured, and the introduction of new 84 

accessions should be optimized [9]. Therefore, it is essential to identify and correct 85 

errors related to synonyms, homonyms, and mislabeling that can occur during the 86 

introduction and propagation of plant material [10,11]. The genetic characterization of 87 

available genetic resources may permit the optimization of the use of these resources by 88 

grouping a sufficient number of accessions in a core collection to maximize the genetic 89 

diversity described in the whole collection [12]. 90 
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Information on the genetic diversity available in germplasm banks is valuable 91 

for use in breeding programs because such information assists in the detection of 92 

combinations of accessions capable of producing progenies with maximum variability 93 

in characteristics of interest, guiding hybridization schemes [13]. 94 

The identification of grapevine cultivars has traditionally been based on 95 

ampelography, which is the analysis and comparison of the morphological 96 

characteristics of leaves, branches, shoots, bunches, and berries [14], but as this process 97 

is carried out on adult plants, a long period is necessary before accession identification 98 

can be completed. Since many synonyms or homonyms exist for cultivars [2], passport 99 

data are not always sufficient to certify identities, mainly in terms of the distinction of 100 

closely related cultivars, and errors can arise. Thus, the use of molecular markers has 101 

become an effective strategy for this purpose due to the high information content 102 

detected directly at the DNA level without environmental influence and in the early 103 

stages of plant development, allowing for faster and more accurate cultivar 104 

identification [15]. 105 

Microsatellites, or simple sequence repeats (SSRs), are among the most 106 

appropriate and efficient markers for genetic structure and conservation studies [16]. 107 

SSRs are highly polymorphic and transferable among several species of the genus Vitis 108 

[17]. Since SSRs provide unique fingerprints for cultivar identification [18], they have 109 

been used for genetic resource characterization [19,20], parentage analysis [21,22], 110 

genetic mapping [23,24], detection of quantitative trait loci (QTLs) [25], and assisted 111 

selection [26]. 112 

Because SSRs are highly reproducible and stable, they have allowed the 113 

development of several reference banks with grapevine variety genetic profiles from 114 

around the world. Access to these reference banks allows the exchange of information 115 
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between different research groups, significantly increasing international efforts related 116 

to the correct identification of grapevine genetic resources [27]. 117 

Considering the importance of viticulture and winemaking in Brazil, the 118 

Agronomic Institute of Campinas (IAC) has a Vitis spp. germplasm bank including wild 119 

Vitis species, interspecific hybrids, and varieties of the main cultivated species (V. 120 

vinifera, V. labrusca, V. bourquina, V. rotundifolia) and varieties developed by the IAC. 121 

Our objective in the present study was to describe the diversity and genetic 122 

structure of the Vitis spp. available in this germplasm bank using microsatellite markers. 123 

The accessions were characterized, and their molecular profiles were compared with the 124 

use of different literature and online databases. Here we quantify the genetic diversity of 125 

this Brazilian germplasm and describe its genetic structure, and we suggest the 126 

composition of a core collection that would capture the maximum genetic diversity with 127 

a minimal sample size. We discuss perspectives related to the use of this information in 128 

germplasm management and conservation. 129 

 130 

Materials and Methods 131 

Plant material 132 

A total of 410 accessions from the Vitis spp. Germplasm Bank of the IAC in 133 

Jundiaí, São Paulo (SP), Brazil, were analyzed. This germplasm encompasses more than 134 

ten species of Vitis, including commercial and noncommercial varieties of wine, table, 135 

and rootstock grapes. Each accession consisted of three clonally propagated plants, 136 

sustained in an espalier system and pruned in August every year, leaving one or two 137 

buds per branch. For sampling, were collected young leaves of a single plant from each 138 

accession. Detailed data on the accessions are available in S1 Table.  139 

 140 
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DNA extraction 141 

Total genomic DNA was extracted from young leaves homogenized in a 142 

TissueLyser (Qiagen, Valencia, CA, USA) following the cetyltrimethylammonium 143 

bromide (CTAB) method previously described by Doyle (1991) [28]. The quality and 144 

concentration of the extracted DNA were assessed using 1% agarose gel electrophoresis 145 

with comparison to known quantities of standard λ phage DNA (Invitrogen, Carlsbad, 146 

CA, USA). 147 

 148 

Microsatellite analysis 149 

A set of 17 grapevine SSR markers well characterized in previous studies 150 

[22,29–31] were used, including ten developed by Merdinoglu et al. (2005) [32] 151 

(VVIn74, VVIr09, VVIp25b, VVIn56, VVIn52, VVIq57, VVIp31, VVIp77, VVIv36, 152 

VVIr21) and seven suggested by the guidelines of the European scientific community 153 

for universal grapevine identification, characterization, standardization, and exchange of 154 

information [33,34]: VVS2 [35], VVMD5, VVMD7 [36], VVMD25, VVMD27 [37], 155 

VrZAG62, and VrZAG79 [38]. One primer in each primer pair was 5’ labeled with one 156 

of the following fluorescent dyes: 6-FAM, PET, NED, or VIC. Additional information 157 

about the loci is available in S2 Table. 158 

Polymerase chain reaction (PCR) was performed using a three-primer labeling 159 

system [39] in a final volume of 10 μl containing 20 ng of template DNA, 0.2 μM of 160 

each primer, 0.2 mM of each dNTP, 2 mM MgCl2, 1× PCR buffer (20 mM Tris HCl 161 

[pH 8.4] and 50 mM KCl), and 1 U of Taq DNA polymerase. PCR amplifications were 162 

carried out using the following steps: 5 min of initial denaturation at 95°C followed by 163 

35 cycles of 45 s at 94°C, 45 s at 56°C or 50°C (VVS2, VVMD7, VrZAG62 and 164 

VrZAG79), 1 min 30 s at 72°C, and a final extension step of 7 min at 72°C. 165 
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Amplifications were checked with 3% agarose gels stained with ethidium bromide. The 166 

amplicons were denatured with formamide and analyzed with an ABI 3500 (Applied 167 

Biosystems, Foster City, CA, USA) automated sequencer. The alleles were scored 168 

against the internal GeneScan-600 (LIZ) Size Standard Kit (Applied Biosystems, Foster 169 

City, CA, USA) using Geneious software v. 8.1.9 [40]. 170 

 171 

Genetic diversity analyses 172 

Descriptive statistics for the genotyping data were generated using GenAlEx v. 173 

6.5 [41] to indicate the number of alleles per locus (Na), effective number of alleles 174 

(Ne), observed heterozygosity (HO), expected heterozygosity (HE), and fixation index 175 

(F). GenAlEx software was also used to identify private (Pa) and rare alleles (frequency 176 

< 0.05).  177 

The polymorphism information content (PIC), discriminating power (Dj), and 178 

null allele frequency (r) were calculated to evaluate the efficiency and discriminatory 179 

potential of each microsatellite marker. Polymorphism information content (PIC) was 180 

calculated using Cervus 3.0.7 [42] according to the expression ��� � 1 �  ∑ 	�
� ��

���181 

 ∑ ∑ 2	�
�	�

��
�����

�
��� , where n is the number of alleles, and pi and pj are the frequencies 182 

of the ith and jth alleles [43]. Discriminating power (Dj) values were estimated to 183 

compare the efficiencies of microsatellite markers in varietal identification and 184 

differentiation. This parameter was calculated in accordance with the formula as 185 

follows: �� � 1 � �� � 1 � ∑ 	�
�
���

	
���

	��
 , where Dj is the probability that two 186 

randomly selected samples have different and distinct banding patterns, pi is the 187 

frequency of the ith pattern revealed by each marker, N is the number of samples 188 

analyzed, and I is the total number of patterns generated by each marker [44]. 189 
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The null allele frequency (r) was estimated using Cervus 3.0.7. By definition, a 190 

microsatellite null allele is any allele at a microsatellite locus that consistently fails to 191 

amplify to detectable levels via the polymerase chain reaction (PCR) [45]. Cervus 3.0.7 192 

uses a iterative likelihood approach [46], in which the presence of null allele 193 

homozygotes is not taken into consideration initially but is added in later optimization 194 

rounds. This method avoids overestimating the frequency of a null allele if samples fail 195 

to amplify for reasons other than the presence of nulls [45]. 196 

  197 

Genetic structure analysis 198 

To assess the overall germplasm structuring, three approaches with different 199 

grouping criteria that do not require a priori assignment of individuals to groups were 200 

used: a Bayesian model-based approach, a distance-based model using a dissimilarity 201 

matrix, and discriminant analysis of principal components (DAPC). 202 

The model-based Bayesian analysis implemented in the software package 203 

STRUCTURE v. 2.3.4 [47] was used to determine the approximate number of genetic 204 

clusters (K) within the full dataset and to assign individuals to the most appropriate 205 

cluster. STRUCTURE can identify subsets of individuals by detecting allele frequency 206 

differences within the data by assigning individuals to sub-populations based on 207 

analysis of likelihoods. The process begins by randomly assigning individuals to a pre-208 

determined number of groups, after which variant frequencies are estimated in each 209 

group and individuals re-assigned based on those frequency estimates. This process is 210 

repeated many times in the burn-in process that results in a progressive convergence 211 

toward reliable allele frequency estimates in each population and membership 212 

probabilities of individuals to a population. During each analysis, membership 213 

coefficients summing to one are assigned to individuals for each group. If admixture is 214 
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considered, membership coefficients are generated across multiple clusters. The 215 

assumptions are that loci are unlinked and populations are in Hardy-Weinberg 216 

Equilibrium (HWE) [48]. Additionally, a “hierarchical STRUCTURE analysis” [49] 217 

was applied in this study by running STRUCTURE subsequently for each identified 218 

cluster separately to reveal any underlying structure, as suggested by Pritchard et al. 219 

(2007) [50]. 220 

All simulations were performed using the admixture model, with 100,000 221 

replicates for burn-in and 1,000,000 replicates for Markov chain Monte Carlo (MCMC) 222 

processes in ten independent runs. The number of clusters (K) tested ranged from 1 to 223 

10. 224 

The online tool Structure Harvester [51] was used to analyze the STRUCTURE 225 

output, and the optimal K values were calculated using Evanno’s ΔK ad hoc statistics 226 

[52]. The optimal alignment over the 10 runs for the optimal K values was obtained 227 

using the greedy algorithm in CLUMPP v.1.1.2 [53], and the results were visualized 228 

using DISTRUCT software v.1.1 [54]. Based on the posterior probability of 229 

membership (q), we classified individuals who showed q ≥ 0.70 as members of a given 230 

cluster. In contrast, accessions with a membership of q < 0.70 were classified as 231 

admixed. This procedure was performed to avoid individuals constrained to belong to 232 

any of the given number (K) of clusters. 233 

Distance-based methods proceed by calculating a pairwise distance matrix, the 234 

entries of which provide the distance between every pair of individuals. This matrix 235 

may then be represented using some convenient graphical representation, such as a 236 

dendrogram, and clusters may be identified by eye [47]. Genetic distances between 237 

accessions were estimated on the basis of Rogers' genetic distance [55], and the 238 

resulting distance matrix was used to construct a dendrogram with the neighbor-joining 239 
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algorithm [56], with 1,000 bootstrap replicates implemented in the R package poppr 240 

[57]. The principle of this method is to find pairs of operational taxonomic units that 241 

minimize the total branch length at each stage of clustering starting with a star-like tree 242 

[56]. The final dendrogram was formatted with iTOL v. 5.5 [58].  243 

DAPC as implemented in the R package adegenet 2.1.2 [59,60] was also 244 

performed. DAPC is a multivariate analysis that does not rely on the assumption of 245 

HWE, the absence of linkage disequilibrium, or specific models of molecular evolution 246 

to identify clusters within genetic data. In DAPC, data are first transformed using a 247 

principal components analysis (PCA), after which a discriminant analysis (DA) is 248 

performed for the retained principal components. This process ensures that variables 249 

submitted to DA are perfectly uncorrelated and that their number is less than that of the 250 

analyzed individuals [61]. The find.clusters function was used to detect the number of 251 

clusters in the germplasm, which runs successive K-means clustering with increasing 252 

numbers of clusters (K). We used 20 as the maximum number of clusters. The optimal 253 

number of clusters was estimated using the Bayesian information criterion (BIC), which 254 

reaches a minimum value when the best-supported assignment of individuals to the 255 

appropriate number of clusters is approached. DAPC results are presented as 256 

multidimensional scaling plots. 257 

  258 

Accession name validation 259 

To verify the trueness to type and identify misnamed genotypes, the molecular 260 

profiles obtained in this study were compared with the data contained in the following 261 

online databases: Vitis International Variety Catalogue (VIVC, www.vivc.de), Italian 262 

Vitis Database (http://www.vitisdb.it), “Pl@ntGrape, le catalogue des vignes cultivées 263 

en France” (http://plantgrape.plantnet-project.org/fr) and the U.S. National Plant 264 
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Germplasm System (NPGS, https://npgsweb.ars-grin.gov/gringlobal/search.aspx). For 265 

this comparison, the molecular profile of seven microsatellite loci (VVS2, VVMD5, 266 

VVMD7, VVMD25, VVMD27, VrZAG62, VrZAG79) adopted by the databases was 267 

used. 268 

The allele sizes were first standardized for consistency with various references 269 

[62]. If an accession was not listed in these databases, it was verified in other scientific 270 

papers. 271 

  272 

Core collection sampling 273 

The R package corehunter 3.0 [63] was used to generate the core collection to 274 

represent the maximum germplasm genetic variability in a reduced number of 275 

accessions. Different samples were generated by changing the size parameter of the 276 

desired core collections to identify the subset of genotypes that could capture the entire 277 

diversity of alleles. The sizes ranged from 0.1 to 0.3 for all datasets. For each sample, 278 

the genetic diversity parameters were determined with GenAlEx v. 6.5 [41]. 279 

 280 

Ethics statement 281 

We confirm that no specific permits were required to collect the leaves used in 282 

this study. This work was a collaborative study performed by researchers from the IAC 283 

(SP, Brazil), São Paulo's Agency for Agribusiness Technology (APTA, SP, Brazil), and 284 

the State University of Campinas (UNICAMP, SP, Brazil). Additionally, we confirm 285 

that this study did not involve endangered or protected species. 286 

 287 

Results 288 
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Genetic diversity 289 

Four hundred and ten grapevine accessions of Vitis spp. were analyzed at 17 290 

SSR loci (S1 Table), and a total of 304 alleles were detected (Table 1). The number of 291 

alleles per SSR locus (Na) ranged from 10 (VVIq57) to 24 (VVIp31), with an average 292 

of 17.88. The number of effective alleles per locus (Ne) varied from 2.39 (VVIq57) to 293 

11.40 (VVIp31), with a mean value of 7.02. 294 

 295 

Table 1. Genetic parameters of the 17 microsatellite loci obtained from 410 grapevine 296 

accessions. 297 

Locus Na Ne HO HE PIC Dj r 

VVIn74 18 5.32 0.65 0.81 0.79 0.81 0.10 

VVIr09 21 8.33 0.83 0.88 0.87 0.88 0.02 

VVIp25b 21 4.15 0.48 0.75 0.73 0.76 0.21 

VVIn56 12 3.27 0.60 0.69 0.65 0.69 0.06 

VVIn52 13 7.87 0.58 0.87 0.86 0.87 0.20 

VVIq57 10 2.39 0.56 0.58 0.52 0.58 0.00 

VVIp31 24 11.14 0.88 0.91 0.90 0.91 0.01 

VVIp77 23 8.22 0.76 0.87 0.86 0.88 0.06 

VVIv36 15 4.74 0.79 0.78 0.76 0.79 0.00 

VVIr21 17 6.74 0.83 0.85 0.83 0.85 0.01 

VVS2 20 8.25 0.86 0.87 0.86 0.88 0.00 

VVMD5 18 8.80 0.76 0.88 0.87 0.88 0.07 

VVMD7 17 9.18 0.87 0.89 0.88 0.89 0.00 

VVMD25 19 5.91 0.75 0.83 0.81 0.83 0.04 

VVMD27 22 7.99 0.87 0.87 0.86 0.87 0.00 

VrZAG62 18 8.32 0.84 0.88 0.86 0.88 0.01 

VrZAG79 16 8.74 0.85 0.88 0.87 0.88 0.01 

Total 304 119.42           

Mean 17.88 7.02 0.75 0.83 0.81 0.83   

SE* 0.93 0.57 0.03 0.02 0.02 0.02  
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Number of alleles (Na), number of effective alleles (Ne), observed heterozygosity (HO), 298 

expected heterozygosity (HE), polymorphic information content (PIC), discrimination 299 

power (Dj), estimated frequency of null alleles (r). 300 

*Standard error of mean values. 301 

 302 

Across all the accessions, the mean observed heterozygosity (HO) was 0.75 303 

(ranging from 0.48 to 0.88). The expected heterozygosity (HE) was higher than the 304 

observed heterozygosity (HO) for most loci, except for VVIv36. Among these loci 305 

(HO<HE), the probability of null alleles (r) was significantly high (>0.20) only for 306 

VVIp25b and VVIn52. The analysis revealed a high HE level, ranging from 0.58 307 

(VVIq57) to 0.91 (VVIp31), with a mean of 0.83. 308 

The PIC estimates varied from 0.52 (VVIq57) to 0.90 (VVIp31), with a mean 309 

value of 0.81. The discrimination power (Dj) was greater than 0.80 for 13 of the 17 loci, 310 

with the highest value for the VVIp31 locus (0.91). The Dj values were high for 76.5% 311 

of the SSR markers used (>0.80). When the PIC and Dj of each locus were analyzed 312 

together, 12 loci presented the highest values for both indexes (>0.80). In this study, the 313 

largest amount of information was provided by VVIp31, for which 24 alleles were 314 

detected showing a PIC and a Dj ≥ 0.90. 315 

 316 

Evaluation of genetic relationships and germplasm structure 317 

  318 

The STRUCTURE analysis indicated the relatedness among the 410 accessions, 319 

with the highest ΔK value for K = 3, suggesting that three genetic clusters were 320 

sufficient to interpret our data (Fig 1). 321 

 322 
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Fig 1. STRUCTURE Harvester results. The most probable number of genetic clusters 323 

(K) within the full data set of 410 individuals based on the method described by Evanno 324 

et al. (2005) [51]. Delta K graph determined the maximum value at K = 3. 325 

 326 

Based on a membership probability threshold of 0.70, 207 accessions were 327 

assigned to cluster 1, 54 accessions were assigned to cluster 2, and 51 accessions were 328 

assigned to cluster 3. The remaining 98 accessions were assigned to the admixed group. 329 

The level of clustering (K = 3) is related to the main accession species. Cluster 1 was 330 

formed by accessions with the greatest relation to V. vinifera. Cluster 2 contained the 331 

accessions most related to V. labrusca. Accessions linked to wild Vitis species were 332 

allocated to cluster 3. All accessions assigned to the admixed group were identified as 333 

interspecific hybrids (Fig 2A). 334 

 335 

Fig 2. Genetic structure of the Vitis germplasm accessions obtained on the basis of 336 

17 microsatellite markers. Bar graphs of the estimated membership proportions (q) for 337 

each of the 410 accessions. Each accession is represented by a single vertical line, 338 

which is partitioned into colored segments in proportion to the estimated membership in 339 

each cluster. [A] First round of STRUCTURE analysis, inferred genetic structure for K 340 

= 3. Cluster 1 (C1): genetic predominance of the species V. vinifera; cluster 2 (C2): 341 

genetic predominance of the species V. labrusca; cluster 3 (C3): genetic predominance 342 

of wild Vitis species; Admixture: interspecific hybrids with a membership of q < 0.70. 343 

[B] Second round of STRUCTURE analysis. WG: wine grape accessions related to V. 344 

vinifera; TG: table grape accessions related to V. vinifera; NG: ‘Niagara’ accessions; IS: 345 

‘Ives’ and ‘Isabella’ accessions; L1 and L2: Others V. labrusca hybrids; WV: accessions 346 
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related to wild Vitis species; VR: V. rotundifolia accessions; SS: accessions related to 347 

the Seibel series; OH: complex interspecific hybrids. 348 

 349 

Of the 304 observed alleles, 227 were shared among the groups; the remaining 350 

77 represented private alleles (Pa) in different groups of accessions (Fig 3). The 351 

VVMD27 locus had the largest number of private alleles of the 17 SSR markers used in 352 

this study (9). Clusters 1 and 2, constituted by accessions related to the most cultivated 353 

species of grapevine, V. vinifera and V. labrusca, respectively, had the smallest number 354 

of private alleles (5 and 1, respectively). The largest number of private alleles was found 355 

in cluster 3 (53), constituting 72.60% of the total private alleles. 356 

 357 

Fig 3. Private allele (Pa) frequencies obtained from the genotyping of 410 358 

grapevine accessions on the basis of 17 microsatellite loci. X-axis: Private alleles 359 

frequencies; Y-axis: groups identified by STRUCTURE analyses at K = 3. The dashed 360 

line indicates the cutoff for the occurrence of rare alleles (frequency = 0.05). 361 

 362 

A subsequent round (second round) of STRUCTURE allowed the identification 363 

of secondary clusters within the three main genetic clusters (Fig 2B). In Cluster 1, the 364 

accessions were divided into two subgroups (K = 2), one formed mainly by wine grapes 365 

(WG) (n = 115) and the other by table grapes (VT) (n = 92). This finer-scale clustering 366 

divided Cluster 2 into 4 subgroups (K = 4). The NG subgroup (n = 15) was composed of 367 

‘Niagara’ and its mutations. In the IS subgroup (n = 11), the cultivars Ives, Isabella, and 368 

Isabella mutations were found. The remaining V. labrusca hybrids were allocated to 369 

subgroups L1 (n = 18) and L2 (n = 10). In cluster 3, the second round also divided the 370 

accessions into two subgroups (K = 2), the V. rotundifolia accessions were assigned to 371 
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the VR subgroup (n = 11), and the others accessions related to wild Vitis species were 372 

allocated to the WV subgroup (n = 40). 373 

Although the Admixture group contained a large number of heterogeneous 374 

accessions, a subsequent round of STRUCTURE was also performed on this set to 375 

identify possible clustering patterns. As a result, the analysis revealed the presence of 376 

two subgroups (K = 2). Accessions of the Seibel series and hybrids including cultivars 377 

of this complex in their genealogy were separated from the other hybrids and assigned 378 

to the SS subgroup (n = 31). The remaining 67 accessions of the Admixture group were 379 

in the OH subgroup.  380 

Additionally, DAPC was performed with no prior information about the 381 

groupings of the evaluated accessions. Inspection of the BIC values (S1 Fig.) revealed 382 

that the division of the accessions into nine clusters was the most likely scheme to 383 

explain the variance in this set of accessions. In the preliminary step of data 384 

transformation, the maintenance of 120 principal components (PCs) allowed the DAPC 385 

to explain 94% of the total genetic variation.  386 

Initially, the DAPC scatterplot based on the first and second discriminant 387 

functions showed the formation of three main distinct groups, with great genetic 388 

differentiation of clusters 8 (dark green) and 9 (green) from the others (Fig 4A). In a 389 

subsequent DAPC, outlier clusters 8 and 9 were removed to improve the visualization 390 

of the relationship of the other clusters (Fig 4B). In this second scatterplot, clusters 1 391 

(magenta) and 7 (purple) showed greater genetic differentiation, with low variance 392 

within the groups, as well as no case of overlap with another cluster, indicating a strong 393 

genetic structure. The maintenance of 250 principal components (PCs) allowed the 394 

second DAPC to explain 100% of the total genetic variation. 395 

 396 
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Fig 4. DAPC scatterplots based on the K-means algorithm used to identify the 397 

proper number of clusters. Dots represent individuals, and the clusters are presented 398 

in different colors. The accessions were allocated into nine clusters: 1 (magenta), related 399 

to the Seibel series; 2 (yellow), related to table grape accessions of V. vinifera; 3 400 

(orange) and 5 (red), related to wine grape accessions of V. vinifera; 4 (brown), 401 

predominance of IAC hybrids; 6 (blue) and 7 (purple), related to the species V. 402 

labrusca; 8 (dark green), related to wild Vitis species; and 9 (green), V. rotundifolia 403 

accessions. [A] DAPC with all samples included. [B] DAPC excluding clusters 8 and 9. 404 

 405 

The allocation of individuals into clusters according to the DAPC showed 406 

several similarities to those achieved in the second round of STRUCTURE, and both 407 

analyses showed the same pattern of clustering. Essentially, clusters 1 (magenta), 2 408 

(yellow), 8 (dark green), and 9 (green) of the DAPC reflected the subgroups SS, TG, 409 

VR, and WV detected by the STRUCTURE second round, respectively, and the WG 410 

subgroup corresponded to DAPC clusters 5 (red) and 3 (orange).  411 

In the case of the V. labrusca hybrids, the analyses resulted in a slightly different 412 

division. DAPC separated these accessions in clusters 6 (blue) and 7 (purple), basically 413 

assigning ‘Niagara’ accessions in cluster 6 and the other V. labrusca hybrids in cluster 414 

7. The STRUCTURE second round also identified ‘Niagara’ accessions as a separate 415 

group (NG); however, a more refined division was performed in the other hybrids, 416 

separating them into 3 subgroups. DAPC cluster 4 (brown) did not correspond to any 417 

subgroup identified by the STRUCTURE second round; this cluster was formed mostly 418 

by hybrids developed by the IAC breeding program used as table grapes. 419 

Finally, we constructed a dendrogram using the neighbor-joining method from 420 

the distance matrix based on Rogers’ distance to confirm the relationships among the 421 
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accessions (Fig 5). The dendrogram showed a pattern that was consistent with those 422 

from the above-described two analyses. The group formed by the V. rotundifolia 423 

accessions and the other wild species was clearly separated from the cultivated Vitis 424 

species, as seen in the DAPC. There was also a strong separation between accessions 425 

related to V. labrusca and other accessions. The wine grape accessions of V. vinifera 426 

were mainly concentrated at the top of the dendrogram, while the table grape accessions 427 

of this species were found at the bottom. However, the other hybrids (IAC, Seibel 428 

series, and others) were scattered among all the groups formed by the dendrogram. 429 

 430 

Fig 5. Neighbor-joining dendrogram based on Rogers' distance calculated from the 431 

dataset of 17 microsatellite markers across 410 grapevine accessions. Accessions 432 

colored according to species group. 433 

 434 

Validation analysis of molecular profiles 435 

The identification of 145 accessions was validated through matches with data 436 

available in the literature and databases. The results also confirmed matches to reference 437 

profiles of clones based on somatic mutations. Another 42 accessions showed molecular 438 

profiles that matched a validated reference profile of a different prime name, indicating 439 

mislabeling (S1 Table). 440 

 The molecular profiles of the remaining 223 accessions did not match any 441 

available reference profile. This accession group included wild species and cultivars 442 

from grapevine breeding programs in Brazil (the IAC and Embrapa), the United States, 443 

and France (Seibel series). The molecular profiles of more than 100 hybrids developed 444 

by the IAC were reported for the first time. 445 
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The accessions ‘101-14’, ‘Bailey’, ‘Black July’, ‘Carlos’, ‘Carman’, ‘Castelão’, 446 

‘Catawba Rosa’, ‘Elvira’, ‘Moscatel de Alexandria’, and ‘Regent’ showed a different 447 

profile than the reference profile of the same name and did not match any other 448 

available reference profile. However, additional morphological and source information 449 

is needed to validate their identification. To avoid possible confusion, these accessions 450 

were indicated as “Unknown”. 451 

After correcting the mislabeling, 22 cases of duplicates were identified, all with 452 

accessions of the same name and the same molecular profile. Accessions identified with 453 

different names but having the same molecular profile were classified as synonyms. 454 

Thirty-one synonymous groups were elucidated in this study (S3 Table). Some 455 

accessions classified as “Unknown” showed genetic profiles identical to accessions that 456 

did not match any available reference profile; examples can be seen in synonymous 457 

groups 1, 2, 5, and 6 in S3 Table. 458 

 459 

Core collection 460 

Three independent sampling proportions were constructed with a size ranging 461 

from 10 to 30% of the entire dataset to identify the smallest set of accessions that would 462 

be able to represent as much of the available genetic diversity as possible (Table 2). 463 

Core 3, composed of 120 accessions, managed to capture 100% of the 304 detected 464 

alleles, while the smallest sample (Core 1) managed to capture 243 alleles, 465 

approximately 20% less than the total number of alleles detected. The genetic diversity 466 

index values obtained for the samples were similar to or higher than those for the entire 467 

germplasm. The HO values ranged from 0.64 (Core 1) to 0.70 (Core 3); the value for 468 

Core 3 was similar to that detected for all 410 accessions (0.75). The three samples 469 

showed HE and Ne values higher than those observed for the entire dataset. The HE 470 
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values for all samples were 0.85, while Ne ranged from 134.53 (Core 2) to 137.69 (Core 471 

3). The values of Ne and HE are related to allele frequencies, and low values of allele 472 

frequencies generate even lower values when squared. With a reduction in the number 473 

of accessions (N), the low-frequency alleles (allele frequency between 0.05 to 0.25) and 474 

rare alleles (frequency less than 0.05) showed an increase in frequency, resulting in an 475 

increase in Ne and HE. 476 

 477 

Table 2. SSR diversity within each core collection compared with that of the entire 478 

dataset (IAC collection). 479 

Sample Name Size N Na Ne HO
* HE

* Total SSR diversity 
captured (%) 

Core 1 0.1 41 243 136.22 0.64 (0.03) 0.85 (0.01) 79.93 

Core 2 0.2 82 275 134.53 0.69 (0.04) 0.85 (0.02) 90.46 

Core 3 0.3 120 304 137.69 0.70 (0.03) 0.85 (0.01) 100 

IAC collection 1.0 410 304 119.42 0.75 (0.03) 0.83 (0.02) 100 

Number of accessions (N), number of alleles (Na), number of effective alleles (Ne), 480 

observed heterozygosity (HO), expected heterozygosity (HE) 481 

*Standard error in parentheses. 482 

 483 

Core 3 sample was the only one that managed to capture 100% of the alleles, 484 

being the best option for use in breeding as a core collection. All clusters detected in the 485 

STRUCTURE analysis and DAPC are represented in Core 3. In particular, in the 486 

STRUCTURE analysis at K = 3, 49 accessions were in cluster 1, 12 were in cluster 2, 487 

29 were in cluster 3, and 30 were in the admixture group, representing 41, 10, 24, and 488 

25% of Core 3, respectively. 489 

 490 
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Discussion 491 

Genetic diversity 492 

The results of this study revealed high levels of genetic diversity among the 493 

evaluated accessions. The observed high genetic diversity was expected since the grape 494 

germplasm from the IAC includes varieties with very diverse origins, wild species, and 495 

different intra- and interspecific hybrids.  496 

We detected a HE of 0.83 across the entire accession set in the 17 evaluated loci 497 

(Table 1). This result is similar to those found in other Brazilian germplasm banks 498 

characterized by containing European and American cultivars and an abundance of 499 

interspecific hybrids [64,65]. However, this value was higher than that in the Iranian 500 

[11] (0.72), Turkish (0.75) [66], and Spanish (0.71) [67] collections, which possessed 501 

only V. vinifera accessions. 502 

The large number of alleles per locus identified (~18) was likely due to the 503 

taxonomic amplitude of the germplasm since a relatively large number of low-504 

frequency alleles were found in wild species accessions. Lamboy and Alpha (1998) 505 

[17], when analyzing the diversity of 110 accessions belonging to 21 species of Vitis 506 

and 4 hybrids, detected 24.4 alleles per locus, a greater quantity than that observed in 507 

this study, showing that taxonomically broader accessions contribute to a greater 508 

number of alleles. 509 

Most loci had lower HO values than those expected from the randomized union 510 

of gametes (HE), except for VVIv36. For these loci, the probability of null alleles was 511 

positive but significantly high (> 0.20) for only VVIp25b and VVIn52. This finding 512 

suggests that at these loci, some of the apparent homozygotes could be heterozygous, 513 

with one allele being visible and the other not. Such null alleles can occur when 514 

mutations prevent the linking of primers to the target region [68]. 515 
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The high number of alleles obtained by the 17 SSR primer set positively 516 

impacted the PIC and discrimination power (Dj). PIC is an indicator of a marker’s 517 

informative ability in genetic studies (segregation, population identification, and 518 

paternity control), and its value reflects the polymorphism of the marker in the 519 

population studied. According to the classification of Botstein et al. (1980) [43], all the 520 

loci used can be considered highly informative (PIC > 0.50). The high Dj values 521 

demonstrate that the microsatellite markers used in this study can be considered very 522 

effective for grape cultivar discrimination and could be valid to distinguish other 523 

accessions that could be introduced into the collection. 524 

 525 

Structure and genetic relationship of accessions 526 

The genetic structure was mostly impacted by two factors that are difficult to 527 

separate: clear discrimination based on species and human usage as wine, table, or 528 

rootstock grapes, as previously noted by Laucou et al. (2018) [69] and Emanuelli et al. 529 

(2013) [70]. A population structure analysis using the software STRUCTURE revealed 530 

the presence of three primary clusters in our set of accessions based on the species V. 531 

vinifera, V. labrusca, and wild Vitis. This first structural level is also evidenced in the 532 

DAPC analysis and neighbor-joining dendrogram, where it is possible to observe a clear 533 

distinction of the accessions associated with V. labrusca and wild species. 534 

However, a large number of accessions were not assigned and remained in a 535 

large admixed group, evidencing the genetic complexity of the analyzed plant material. 536 

Many of these accessions are crossbreeds between native vine species found in North 537 

America such as V. riparia Michaux, V. rupestris Scheele Michx, and V. labrusca L., 538 

and a number V. vinifera L. cultivars from Europe. The intra- and interspecific crossings 539 

carried out during breeding cycles in search of novelties and hybrid vigor promote the 540 
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miscegenation of grapevine cultivars, resulting in hybrids with a heterogeneous genetic 541 

composition. 542 

  The assignment of these hybrids to groups based on species is often difficult, as 543 

these individuals certainly carry alleles from different gene pools, being in an 544 

intermediate position and belonging simultaneously to more than one cluster. The 545 

accessions ‘Campos da Paz’ and ‘IAC 0457-11 Iracema’ are examples of this condition. 546 

‘Campos da Paz’ is an interspecific hybrid resulting from the cross between the 547 

cultivated species V. vinifera and the wild species V. ruprestris. The mixture of two 548 

genomes was detected by STRUCTURE, which assigned a membership probability 549 

threshold of 0.55 and 0.45 to clusters 1 and 3 respectively, representing the genetic 550 

clusters of the two parental species. A similar situation was observed for the accession 551 

‘IAC 0457-11 Iracema’ developed from the cross between the species V. vinifera and V. 552 

labrusca, represented by genetic groups 1 and 2, respectively. The hybrid presented an 553 

intermediate membership of 0.5 to the two groups. The other accessions from 554 

Admixture group exhibited a similar or even more complex origin than these examples, 555 

and some of them were derived from crosses between more than three species, having 556 

associations with the three clusters simultaneously.  557 

Our results demonstrated the largest number of private alleles in cluster 3 558 

composed of the wild germplasm (Fig 3). This finding confirms that wild accessions are 559 

important reservoirs of genetic variation, with the potential for incorporating new 560 

materials into breeding programs in response to the demand for the development of 561 

cultivars with different characteristics. Wild grape germplasm is a potential source of 562 

unique alleles and provides the breeder with a set of genetic resources that may be 563 

useful in the development of cultivars that are resistant to pests and diseases, tolerant to 564 
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abiotic stresses, and even show enhanced productivity, which makes their conservation 565 

of paramount importance [71]. 566 

The second round of STRUCTURE (Fig 2B) identified similar DAPC clustering 567 

patterns (Fig 4), in which the genotypes from V. vinifera were separated according to 568 

their use. The WG subgroup was composed mainly of wine grapes, such as the 569 

accessions ‘Syrah’, ‘Merlot Noir’, ‘Chenin Blanc’, ‘Petit Verdot’, and ‘Cabernet 570 

Sauvignon’, which showed associations with a membership greater than 0.95, 571 

corresponding to DAPC clusters 5 (red) and 3 (orange). The V. vinifera accessions of 572 

table grapes as ‘Centennial Seedless’, ‘Aigezard’, ‘Moscatel de Hamburgo’, and ‘Italia’ 573 

and their mutations ‘Benitaka’, ‘Rubi’, and ‘Brazil’ were found in the TG subgroup. 574 

This subgroup corresponded to cluster 2 (yellow) in the DAPC. In the neighbor-joining 575 

dendrogram, the V. vinifera accessions were also completely separated in terms of use; 576 

the wine grapes were located at the top, and the table grapes were located at the bottom. 577 

This result showed that the strong artificial selection based on human usage with wine 578 

or table influenced the genetic structure within the cultivated compartment of grapevine, 579 

as previously identified in previous studies [69,72]. 580 

In the DAPC and neighbor-joining dendrogram, two groups were differentiated 581 

to a greater extent than the others (Fig 4 and Fig 5), with these groups being formed 582 

mainly of wild grapes that are often used as rootstocks. This phenomenon likely 583 

occurred because few rootstocks used worldwide contain part of the V. vinifera genome 584 

[9], while practically all table and wine grape hybrids present in this germplasm contain 585 

a part of it. In DAPC analyses, the V. rotundifolia accessions constituted the most 586 

divergent group. This species is the only one in the germplasm belonging to the 587 

Muscadinia subgenus, which contains plants with 2n = 40 chromosomes, while the 588 

others belong to the Euvitis subgenus, with 2n = 38 chromosomes. A high genetic 589 
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divergence between V. rotundifolia and the species in the Euvitis subgenus was also 590 

observed by Costa et al. (2017) [73] through the use of RAPD molecular markers and 591 

by Miller et al. (2013) [74] through SNPs. The species V. rotundifolia is resistant to 592 

several grapevine pests and diseases [75] and is an important source of genetic material 593 

in the development of cultivars and rootstocks adapted to the most diverse 594 

environmental conditions and with tolerance and/or resistance to biotic and abiotic 595 

factors. 596 

The DAPC cluster 1 was formed by only accessions of the Seibel series and 597 

hybrids with varieties of this series in their genealogy. The Seibel series is in fact a 598 

generic term that refers to several hybrid grapes developed in France at the end of the 599 

19th century by Albert Seibel from crosses between European V. vinifera varieties and 600 

wild American Vitis species to develop phylloxera-resistant cultivars with 601 

characteristics of fine European grapes [76]. As these hybrids are derived from crosses 602 

among three or more species, most of them were identified as Admixture in the first 603 

round of the STRUCTURE. A second round of STRUCTURE was carried out in the 604 

Admixture group to confirm the structure of these accessions as shown by DAPC. As a 605 

result, the Seibel series accessions were separated from the other hybrids to form a 606 

subgroup, confirming the existence of a distinct gene pool. The combinations of alleles 607 

of different Vitis species clearly created unique genetic pools, with many related 608 

accessions, since they were developed using the same breeding program, which explains 609 

the grouping and genetic distinction. 610 

The V. labrusca hybrids formed distinct groups in the three analyses. In the 611 

DAPC, this accession group was subdivided into two clusters (6 and 7) indicating the 612 

presence of a secondary structure between them (Fig 4). Cluster 6 contained only table 613 

grape cultivars, including ‘Eumelan’, ‘Niabell’, ‘Highland’, ‘Niagara’, and their 614 
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mutations, while grape cultivars for processing, including ‘Isabella’, ‘Ives’, and 615 

‘Concord Precoce’ were included in cluster 7. In the STRUCTURE second round, these 616 

accessions had a more pronounced division (Fig 2B), and the cultivars Niagara and 617 

Isabella together with their mutations were assigned to subgroups NG and IS, 618 

respectively, while the other accessions were distributed between subgroups L1 and L2. 619 

This refined secondary structuring was probably due to the hierarchical STRUCTURE 620 

method, since the sensitivity of the program is increased when using a primary cluster in 621 

isolation that allows for more detailed subdivisions [49]. 622 

The IAC breeding program started in 1943 with the aim of obtaining varieties of 623 

wine grapes, table grapes, and rootstocks. The first introductions in the Germplasm 624 

Bank constituted V. viniferas cultivars and Seilbel series hybrids originating in France. 625 

Subsequently, wild species and V. labrusca hybrids from North America were 626 

introduced. Varieties developed around the world continued to be introduced into the 627 

IAC germplasm (Table S1) over time, which currently has a large number of accesses 628 

originating mainly from the United States, France, and Italy, which correspond to 629 

19.51%, 18.04%, and 8.78% of the germplasm, respectively. In smaller quantities, 630 

varieties from Argentina, Germany, Armenia, Spain, Japan, Portugal, and other 631 

countries are also found. 632 

Many of the V. vinifera cultivars of the IAC germplasm originating in France, 633 

Italy, and Spain are common among grapevine germplasms worldwide, and their use in 634 

other studies of genetic diversity has been reported [67,69,77–80]. The American and 635 

Brazilian hybrids present in the germplasm are more restricted to collections in North 636 

and South America, being rarely reported in European studies [10,65,68]. 637 

With the results of the first crosses in the IAC breeding program, the hybrids 638 

with outstanding characteristics started to be used as parents [81]. Since the beginning 639 
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of the program, more than 2,000 crosses have been performed over 50 years, using more 640 

than 800 parents [82]. Currently the germplasm has 134 accessions developed from 641 

these crossings, corresponding to 32.70% of the entire germplasm. Most of these 642 

hybrids are exclusive to this germplasm, and the molecular profiles of 109 are described 643 

for the first time in this study.  644 

The broad genetic base and different objectives of the IAC breeding program 645 

were responsible for the development of hybrids with a wide genetic diversity, as 646 

evidenced in the three analyses revealing IAC hybrids in practically all the clusters. In 647 

the dendrogram, the IAC hybrids were highlighted to facilitate this perception (Fig 5). 648 

Over time, there has been a decrease in the importance of the wine industry in the State 649 

of São Paulo, and the search for table grape varieties has become predominant [82]. 650 

Some of these table grape hybrids developed by the IAC formed cluster 4 of the DAPC. 651 

The clustering of these hybrids is similar to the case of the Seibel series accessions, 652 

where the combinations of alleles from different crossings were probably responsible 653 

for the creation of a unique gene pool. 654 

The analyses grouped most of the hybrids with one of their parents; however, 655 

cases in which the hybrids were not grouped with any of the parents occurred. Hybrids 656 

originating from the same crosses were not always grouped with the same parent. For 657 

example, the hybrids ‘IAC 0871-41 Patrícia’ and ‘IAC 0871-13 A Dona’ both resulted 658 

from the same crossing between hybrids ‘IAC 0501-06 Soraya’ and ‘IAC 0544-14’ 659 

located in DAPC clusters 2 and 3, respectively, hybrid ‘IAC 0871-41 Patrícia’ was 660 

grouped with its parent ‘IAC 0501-06 Soraya’, while ‘IAC 0871-13 A Dona’ was 661 

grouped with ‘IAC 0544-14’. These findings are easily explained when we consider the 662 

genetic biology of the grapevine. In general, grapevine cultivars are highly 663 

heterozygous, and crossing between divergent parents results in a highly segregating 664 
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progeny. In the same progeny, the hybrids are heterogeneous, and they can present 665 

characteristics similar to both parents, similar to only one parent, or even different from 666 

both parents [83].  667 

Since many of the accessions were introduced from different parts of the world 668 

and some others have a complex pedigree, it can be difficult to determine their true 669 

relationship. In the absence of information on the genetic relationships among most 670 

genotypes, it is not possible to determine the most accurate method of grouping. 671 

Although the use of multivariate techniques in the recognition of genetic diversity 672 

imposes a certain degree of structure in the data, and it is important to use different 673 

grouping criteria and the correct structure resulting from most of them to ensure that the 674 

obtained result is not an artifact of the technique used. The use of more than one 675 

clustering method, due to differences in hierarchization, optimization, and ordering of 676 

groups allows the classification to be complemented according to the criteria utilized by 677 

each technique and prevents erroneous inferences from being adopted in the allocation 678 

of materials within a given subgroup of genotypes [84]. 679 

The STRUCTURE grouping method could be contested because human 680 

manipulation of cultivars (displacements, breeding, clonal propagation) can generate a 681 

deviation from Hardy-Weinberg equilibrium; however, in our study, STRUCTURE 682 

analysis provided a very consistent attribution of genotypes to clusters. The Admixture 683 

group reflects the crossing among genotypes of the three groups identified in the first 684 

round of STRUCTURE corresponding to breeding activities in search of novelties and 685 

hybrid vigor. Furthermore, this analysis provides important information regarding the 686 

genetic composition of the hybrids, providing information about the proportion of each 687 

species in their genome. The three primary genetic groups of STRUCTURE were easily 688 

distinguished in the other analyses; however, in the DAPC analysis, new levels of 689 
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structure were revealed within these primary groups. The DAPC analysis also provided 690 

information about the genetic divergence between the clusters, allowing the 691 

identification of related ones.  692 

The STRUCTURE second round was carried out to investigate the presence of 693 

subclusters within the primary clusters and simultaneously validate the levels of 694 

structure obtained in the DAPC analysis. Most of the subgroups found in the 695 

STRUCTURE second round corresponded to the division obtained by the DAPC 696 

analysis, although some structural levels were different. These differences between 697 

analyses do not invalidate their results but rather bring complementary information that 698 

enhances understanding of the genetic structure and genetic relationship of germplasm 699 

accessions. The grouping based on the species of accessions was also evidenced by 700 

neighbor-joining dendrogram, but the differential of this analysis further provided visual 701 

information on the genetic relationship of the accessions within the groups. In the 702 

dendrogram, the genetic distance between two specific individuals was easily verified, 703 

providing a useful tool in breeding programs, mainly for the selection of divergent 704 

parents. 705 

The information obtained by the STRUCTURE, DAPC, and neighbor-joining 706 

dendrogram provides important knowledge for the management of germplasm diversity. 707 

The identification of divergent groups guides crossings in breeding programs, 708 

facilitating the appropriate combination of parents to obtain progeny with wide genetic 709 

variability, allowing the maximization of heterosis and making it possible to obtain 710 

individuals with superior characteristics. Information about the available genetic 711 

diversity is valuable because if properly explored, it can reduce vulnerability to genetic 712 

erosion through the avoidance of crosses between genetically related genotypes while 713 
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also accelerating genetic progress related to characteristics of importance to grape 714 

growth [85]. 715 

 716 

Identification analysis: misnamed and synonymous cases 717 

Considering the vast diversity of names for the different varieties of grapevine, 718 

standardization is necessary. Errors due to homonyms, synonyms, differences in 719 

spelling, and misnamed accessions impede estimation of the real number of different 720 

accessions that are present in grapevine collections, with a negative impact on grapevine 721 

breeding programs. Therefore, the verification of true-to-type accessions is 722 

indispensable [33]. For grapevine, a 7-SSR genotyping system has been established as a 723 

useful tool for identification and parentage analysis, allowing the allele length of 724 

varieties to be comparably scored by different institutions [34,62]. 725 

In this study, 42 cases of misnaming were found by comparing the molecular 726 

profiles obtained with the information available in the literature and databases (S1 727 

Table). The molecular profile of the accession ‘Cabernet Franc’ corresponded to the 728 

cultivar Merlot Noir, and the molecular profile of the accession ‘Merlot Noir’ 729 

corresponded to the cultivar Cabernet Franc, clearly indicating an exchange of 730 

nomenclature between these accessions. ‘Cabernet Franc’ is one of the parents of 731 

‘Merlot Noir’, and some morphological traits of these two cultivars are quite similar 732 

[86], which certainly contributed to the occurrence of this mistake. 733 

The molecular profile of the accession ‘Magoon’ matched that of ‘Regale’ in the 734 

present study, and ‘Regale’ had a similar molecular profile to those obtained by Schuck 735 

et al. (2011) [87] and Riaz et al. (2008) [88], indicating that ‘Magoon’ was misnamed at 736 

the time of introduction and that both accessions were the cultivar Regale. In Brazil, the 737 

same case of misnaming was also reported by Schuck et al. (2011) [87]. A misspelling 738 
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case was observed for the accession ‘Pedro Ximenez’, corresponding to ‘Pedro 739 

Gimenez’; both cultivars are classified by the VIVC as wine grapes with white berries. 740 

However, despite the similar names and some comparable characteristics, the 741 

genealogies of these cultivars are completely different, being easily distinguished by 742 

microsatellite marker analysis due to the different molecular profiles generated. 743 

The accessions ‘Armenia I70060’ and ‘Armenia I70061’ were labeled according 744 

to their country of origin, Armenia, during their introduction. Through microsatellite 745 

marker analysis, these accessions were identified as ‘Aigezard’ and ‘Parvana’, 746 

respectively. A similar situation was observed for the accession ‘Moscatel Suiça’, 747 

corresponding to ‘Muscat Bleu’ from Switzerland; this accession was likely also labeled 748 

according to its country of origin. 749 

Additionally, 31 synonymous groups were identified (S3 Table). Cases of 750 

synonymy could correspond to clones of the same cultivar that show phenotypic 751 

differences due to the occurrence of somatic mutations [89,90]. Mobile elements are 752 

known to generate somatic variation in vegetatively propagated plants such as 753 

grapevines [91,92]. Carrier et al. (2012) [91] observed that insertion polymorphism 754 

caused by mobile elements is the major cause of mutational events related to clonal 755 

variation. In grape, retrotransposon-induced insertion into VvmybA1, a homolog of 756 

VlmybA1-1, is the molecular basis of the loss of pigmentation in a white grape cultivar 757 

of V. vinifera due to the lack of anthocyanin production [93]. 758 

The detection of somatic mutations is very difficult with a small number of 759 

microsatellite markers, especially when they are located in noncoding regions of the 760 

genome [94]. This was the case for synonymous groups 19, 20, 21, 22, in S3 Table, 761 

such as the cultivar Italia and its mutations ‘Rubi’, ‘Benitaka’, and ‘Brasil’, which differ 762 

in terms of the color of berries, with white, pink, red, and black fruits, respectively, and 763 
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are cultivated as distinct cultivars in Brazil. This was also the case for 'Pinot Gris’, a 764 

variant with gray berries arising from ‘Pinot Noir’, which has black berries. The 765 

mutations that occurred in the cultivar Niagara can be distinguished in terms of the 766 

color, size, and shape of the berries, and they may even lead to a lack of seeds, such as 767 

the apyrenic accession ‘Niagara Seedless’ or ‘Rosinha’ [95]. 768 

The accession ‘Tinta Roriz’ was identified as a synonym of the cultivar 769 

Tempranillo Tinto in this study; this synonym is already registered in the VIVC and is 770 

widely used in regions of Portugal [96]. The wild species V. doaniana and V. 771 

berlandieri have the same molecular profile, indicating a case of mislabeling; certainly, 772 

some mistake was made during the acquisition of these materials, and the same 773 

genotype was propagated with different names. 774 

The occurrence of misidentification is common, especially for old clonal species 775 

such as Vitis spp., and it can occur during any stage of accession introduction and 776 

maintenance. It has been observed that 5 to 10% of the grape cultivars maintained in 777 

grape collections are incorrectly identified [97,98]. In a new place, a certain genotype 778 

may receive a new name, confusing samples and the maintenance of accessions in 779 

germplasm banks [99]. The correct identification of accessions is fundamental to 780 

optimize germplasm management and for the use of germplasm in ongoing breeding 781 

programs since related genotypes will not be chosen for field experiments or controlled 782 

crosses. The identification of the existence of synonyms, homonyms, and misnamed 783 

accessions is essential to prevent future propagation and breeding errors [87] and in 784 

helping to reduce germplasm maintenance costs without the risk of losing valuable 785 

genetic resources. Since morphological descriptors are highly influenced by 786 

environmental factors, molecular analyses can support identification. SSR markers have 787 

often been considered very efficient at the cultivar level since they can be easily used to 788 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted September 14, 2020. ; https://doi.org/10.1101/2020.05.05.078865doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.05.078865
http://creativecommons.org/licenses/by-nd/4.0/


34 

 

distinguish different cultivars; however, they are less effective in differentiating clones 789 

[9]. The results of molecular analysis should not replace ampelographic observations 790 

but should be integrated with such observations, mainly for the identification of somatic 791 

mutations. 792 

In this study, 223 accessions with molecular profiles did not match any available 793 

reference profile. The largest subset of accessions was from the Brazilian grapevine 794 

breeding program of the IAC, with 109 molecular profiles described for the first time. 795 

The identification and description of unreported molecular profiles is important for 796 

regional and national viticulture and ensures the institution's intellectual property rights 797 

over these cultivars. The information obtained in this study will contribute to 798 

international cooperation to correctly identify grape germplasm and will allow the 799 

inclusion of new molecular profiles of Brazilian grapevine cultivars in the database. 800 

 801 

Development of a core collection 802 

The intention for the development of a core collection is to represent the genetic 803 

diversity of the entire germplasm in a reduced set of accessions that is feasible to 804 

handle. The efficiency of the approach based on SSR profiles in identifying a core 805 

collection was already demonstrated for grapevine by Le Cunff et al. (2008) [100], 806 

Cipriani et al. (2010) [101], Emanuelli et al. (2013) [70] and Migliaro et al. (2019) [29]. 807 

In this study, 120 accessions (Core 3) were necessary to capture all the allelic 808 

diversity of the whole collection, which is equivalent to approximately 30% of all 809 

accessions (Table 2). In V. vinifera subsp. sativa core collections, the same result was 810 

obtained with smaller percentages of individuals, from 4 to 15% [70,100,101]. 811 

According to Le Cunff et al. (2008) [100], the use of only cultivated genotypes of V. 812 

vinifera subsp. sativa is one of the reasons for the small number of individuals in the 813 
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core collection since cultivated genotypes tend to be less diverse than wild counterparts 814 

[12,102]. 815 

Migliaro et al. (2019) [29] analyzed 379 grapevine rootstock accessions and 816 

managed to represent their full allelic richness with a core collection containing 30% of 817 

the accessions, a result similar to that observed in this study. According to these authors, 818 

the large number of individuals in the core collection can be related to the number of 819 

varieties belonging to different Vitis species and the high genetic variability detected. 820 

These are likely the same reasons for the need for a high number of genotypes in our 821 

core collection, since the Vitis spp. Germplasm Bank of the IAC also includes 822 

accessions belonging to different Vitis species and many interspecific hybrids that have 823 

complex pedigrees (derived from crosses among three or more species). The 824 

comparison of different methods used to form core collections is not easy, as the 825 

analyses are rarely performed in the same way, and the original collections rarely 826 

include the same global diversity of species [100]. 827 

Among the 120 genotypes in Core 3, 82 were identified as interspecific hybrids, 828 

with 13 being non-vinifera varieties. This large number of interspecific hybrids in the 829 

core collection can be explained by their predominance in germplasm; in addition, many 830 

of them have a complex pedigree, which certainly combines alleles of different species 831 

of Vitis. Regarding the other genotypes in Core 3, 31 were identified as V. vinifera 832 

cultivars and seven as wild Vitis. 833 

The core collection was constructed to provide a logical subset of germplasm for 834 

examination when the entire collection cannot be used. Complementary criteria, such as 835 

phenotypic, agronomic, and adaptive traits, should be associated with the core 836 

collection to make it more fully representative. Finally, this core collection will be 837 
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useful for the development of new breeding strategies, future phenotyping efforts, and 838 

genome-wide association studies. 839 

 840 

Conclusions 841 

A wide range of genetic diversity was revealed in the studied germplasm, 842 

ensuring the conservation of a large portion of grapevine genetic resources. The genetic 843 

diversity showed a pattern of structuring based on the species and use of accessions, as 844 

evidenced in a manner similar to the three structuring analyses. In addition, each of the 845 

analyses provided different information that was be complementary and equally 846 

valuable for breeding.  847 

Taken together, our results can be used to efficiently guide future breeding 848 

efforts, whether through traditional hybridization or new breeding technologies. The 849 

obtained information may also enhance the management of grapevine germplasms and 850 

provide molecular data from a large set of genetic resources that contribute to 851 

expanding existing database information. 852 
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