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ABSTRACT

Portuguese wild vine populations are in an apparent geographic fringe of the species distribution. Despite, Portugal offers a unique richness in
autochthonous cultivated varieties that contributes to the overall diversity of worldwide grapevine. In the different Portuguese agro-ecosystems,
grapevine plays an important role either as a border culture or an extensive crop. During the last years wild vine populations have been
identified but only in southern riverside ecosystems. To conclude if the local wild vine germplasm is involved in the origin of cultivated
grapevine we used the OIV recommend six nuclear and four chloroplastidial microsatellite loci to genotype and to established phylogenetic
relationships between wild plants and cultivated grapevines. Both native sylvestris and vinifera subspecies have a high genetic diversity and a
sizeable number of rare alleles. Portuguese wild vine populations showed a high level of intra-population diversity with most of the genetic
diversity conserved within each population. Wild vines seem to form a continuum and there is no clear population division. Despite, a low, but
still significant, genetic differentiation can be detected among the analyzed populations. There seem to be a close genetic relation between the
wild plants and cultivated varieties. Both subspecies mostly share the A and B chlorotypes, tipical of the Iberian germplasms. In some cases we
found a close genetic relation between cultivated varieties and wild plants. Finally, some native grapevine cultivars have a higher genetic
diversity that reveals introgression of foreign gene pool. This study contributes to establish the range of existing genetic variability in the
Portuguese native grapevine and wild vines germplasm. It also provides a baseline for future monitoring of the genetic diversity of the species
in Portugal and contributes with data to construct a core collection to preserve the existing variability and delineate conservation strategies for
the wild vines.

RESUMO

As populagBes portuguesas de videiras selvagens estdo numa aparente orla da distribuicdo geogréfica da espécie. No entanto Portugal apresenta
uma riqueza Unica em castas autdctones, as quais contribuem para a diversidade global da vinha. A vinha tem um papel importante quer
marginalmente, quer como cultura extensiva, nos diferentes agro-sistemas portugueses. Durante os Gltimos anos foram identificadas
populacdes de videiras selvagens mas sé nos ecossistemas ripicolas do Sul do pais. Para se concluir se o germoplasma selvagem local esta
envolvido na origem das castas portuguesas utilizdmos seis loci de microsatélites nucleares e quatro cloroplastidiais para estabelecer relagdes
filogenéticas entre as videiras selvagens e as castas cultivadas. Quer a subspécie sylvestris quer a vinifera apresentam uma diversidade genética
elevada e um numero apreciavel de alelos raros. As populagBes portuguesas de videiras selvagens apresentam um nivel elevado de
variabilidade intra-populacional, estando a maior parte da diversidade genética conservada dentro de cada populagdo. As videiras selvagens
parecem formar um continuo espacial e ndo existe uma clara divisdo entre as populagdes. No entanto, é possivel detectar uma baixa, mas
mesmo assim significativa, diferenciacdo genética entre as populacdes analisadas. Parece existir uma estreita relagdo genética entre as videiras
selvagens e as castas cultivadas. Ambas as subespécies partilham os mesmos clorétipos A e B, tipicos do germoplasma Ibérico. Em alguns
casos foram encontradas estreitas relagdes genéticas entre castas cultivadas e videiras selvagens. Finalmente algumas castas nativas tém uma
maior diversidade genética, revelando uma introgresséo de germoplasma estrangeiro. Este estudo contribui para definir a amplitude existente
da diversidade genética do germoplasma das duas subspécies de Vitis presentes em Portugal. Também fornece uma linha de base para a futura
monitorizagdo da diversidade genética da espécie em Portugal e contribui com dados para a construcéo de uma coleccao nuclear para preservar
a variabilidade existente e para delinear estratégias de conservagao para as vinhas selvagens.
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INTRODUCTION close morphological resemblance and free gene flow
between them (Heywood and Zohary, 1991). Wild
vine is a dioecious liana inhabiting flooded areas, on
screens (colluvial sites) of hilly humid slopes and
occasionally on coastal sheers and beaches from the
South Atlantic coast of Europe to the Western

The Eurasian Vitis vinifera L. comprise two
subspecies, the wild vine ssp sylvestris (Gmelin)
Hegi and the cultivated vine ssp vinifera L. Most
botanists consider the wild ancestral grape as the
primitive form of the cultivated grapevine due to the



Himalayas (Hegi, 1925). Today’s reduced habitat of
the subspecies is a result of the dramatic spread of
pathogens from North America (philloxera, oidium
and mildew) during the last 150 years, together with
the fragmentation of its habitat due to intensive river
management, forest cutting and removal of tutor
trees (Grassi et al., 2006) thus reducing the overall
diversity of this particular ecosystem. Even though it
is in the IUCN list of endangered species since 1995,
it has no special protection status in the majority of
the co untries where the subspecies is found. Wild
vine has been used by human since the early
Neolithic as shown by the amount of pips recorded
in prehistorically sites (Buxd, 2008) and until
recently, at least in the Iberian Peninsula, was used
to produce vinegar, enhance the colour of wine and
prepare folk medicines (Lopez Martinez et al.,
2001).

Archaeological and historical information indicate
the Near East or the Transcaucasian region as the
centre for grapevine domestication (Rivera and
Walker, 1989). Vitis vinifera spp vinifera is a
worldwide fruit crop that has been cultivated for
millennia for fresh and dried use as well as for wine
production. Grapevine cultivation in the original
range of the species played an important role in
establishing particular agro-ecosystems adapted to
local environment. Molecular analysis have revealed
that cultivated grapevines in different regions
harbour a high genetic diversity and heterozygosity
suggesting also that secondary domestication events
have taken place with the contribution of local wild
vine populations (Arroyo-Garcia et al., 2002).
Domestication of grape involved a shift in the mode
of reproduction from dioecious to hermaphrodite,
ensuring self-pollination without the need for
external pollen donor. Nevertheless all the
grapevines cultivars are highly heterozygous (Jaillon
et al., 2007) suggesting its origin from cross
pollination.  Traditionally, a single vineyard
comprised a number of varieties, but in the last two
centuries there was a shift to single variety vineyards
sometimes limited just to one clone. Currently a
great number of wines are made from an extremely
limited number of cultivars and clones, partially
because their agronomical traits and oenological
techniques are better known, partially due to pure
fashion. This trend contributes to reduce the
accumulated diversity of cultivated grapevine. The
efficient use of germplasm resources depends on the
adequate knowledge of genetic variations and of
genetic relationships  between populations or
genotypes (Wan et al., 2008).

Traditionally morphological descriptors were used to
characterize cultivars until the advent of molecular
markers. Presently these have been successfully used
in a wide range of applications such as assessing
genetic diversity (Sefc et al., 2000), for linkage
mapping (Doligez et al., 2002), -cultivar
identification and pedigree studies (Schneider et al.,

2001, Crespan 2004). Microsatellites (SSR) are used
to characterize grapevine cultivars and wild vines
(Sefc et al., 1999, 2000) and to carry out genetic
diversity analyses (Aradhya et al., 2003). Usually
six loci are sufficient for differentiating between
genotypes (This et al., 2004), but closely related
cultivars require larger number of pairs (Meredith et
al., 1999). Sequence variation at the chloroplastidial
loci is extensively used to assess phylogenetic
relationships among plant taxa, based on their low
rate of sequence evolution, the almost absent
recombination and single parent inheritance
(Vendramin et al.,, 1996). Chloroplastidial
microsatellites (cpSSRs) have been used to study
genetic relationships among grapevine cultivars
(Imazio et al., 2006), wild vines (Grassi et al., 2006)
and relations between both subspecies (Arroyo-
Garcia et al., 2006, De Mattia et al., 2008).

Portuguese wild vine populations are in an apparent
geographic fringe of the species distribution but the
country richness in cultivar diversity (Almandim et
al., 2007) and the importance in allele contribution
to the overall diversity of grapevine (Le Cunff et al.,
2008) tells another story. In the different Portuguese
agro-ecosystems, grapevine plays an important role
either as a border culture or an extensive crop.
Despite the wide distribution of grapevine
cultivation the wild vine populations identified to
date are restricted to southern riverside ecosystems.
The aim of this study is to determine how the local
wild vine populations contributed to the cultivated
grapevine diversity using the recommend six nuclear
microsatellites loci for genotyping (O1V, 2007) and
the four chloroplastidial microsatellite loci to
determine  the maternal relationships. The
establishment of the genetic diversity and the
phylogenetic relations between the two germplasm
pools will contribute to decide the best strategies to
preserve the Portuguese germplasm.

MATERIALS AND METHODS

Plant material

Wild Vines

Riverbanks are the present environment range of
Vitis vinifera ssp. sylvestris in south-western Europe.
The wild subspecies is dioecious as opposed to
cultivars that are mainly hermaphrodites. Its
propagation is either by seed or self rooting. To
sample wild plants we choose morphological distinct
male and female from each population. A population
is a group of plants inhabiting a section of a water
stream within 1 km of range and 10km apart from
the next group of plants. The number of plants per
population range from 5 to 50. From the twelve
already identified populations we choose to sample
four of them and collecting sixty plants. These four



populations represent the range of environments so
far identified in Portugal occupied by this
subspecies. Population 01 (Montemor-0-Novo) is
settled in the Almansor river margins (Tagus
southern tributary) and population 02 (Castelo
Branco) in the Pénsul river margins (Tagus northern
tributary), both belonging to the hydrographical
Tagus river basin. These populations are more than
100kms apart from each other. Population 01 is
surrounded by commercial vineyards and is less than
70km from the Atlantic coast. Population 02 is
located in a protected area (Parque Natural do Tejo
international) 200km from the Tagus river mouth.
Population 04 (Alcacer do Sal) is located in the Sado
river plain, 20Km from the sea and surrounded by
rice fields. Population 05 (Portel) is located in the
Corte rivulet, a tributary of the Guadiana river, just
near of the Alqueva dam. The location of all found
populations is shown in figure 1.

Young leaves from the sixty Vitis vinifera ssp.
sylvestris (Gmelin) Hegi plants were collected at
bloom to identify the plant sex.

(@) Montemor-o- Hove
Castelo Branco

. Aloacer do Sal
@ Portel

A other witd vine populations

Figure 1 — Map of Portugal with the locations of the wild vine
populations.

Mapa de Portugal com a localizacao das populacdes de videira
selvagem

Grapevine cultivars

Seventy six grapevine cultivars (fifty seven native
Portuguese and nineteen international) of Vitis
vinifera ssp. vinifera were collected from the
Portuguese National Ampelografic Collection (PRT
051), INIA Dois Portos, INRB I.P. (Quinta da
Almoinha). The Portuguese cultivars were chosen
among the ones traditionally planted in the wine
areas adjacent to the wild vine populations.
International cultivars were added for comparison
with similar studies. Table | lists all the accessions
used.

Nuclear microsatellite genotyping

Total DNA was extracted and isolated from leaves
as described by Almadanim et al. (2007) and
amplified using six pairs of primers flanking nuclear
SSR sequences, VVMD5, VVMD7, VVMD27,
VrZag62, VrZag79 and VVS2 which are suggested
by OIV for Vitis characterization (Table 1l). PCR
reactions from nuclear SSRs were performed in 20
pl volume and the reaction mixture contained 10 ng
DNA, 200 uM of each dNTP, 0.5U of Tag DNA
polymerase (MB Fermentas), 2ul of 10x PCR buffer
[(NH4)2S04 — Fermentas], 2.5mM MgClI2), 0.3 uM
of each primer except for VVVS2 which uses only
0.125uM. The amplification parameters used were:
initial denaturation at 95 C for 5 min, followed by
35 cycles with a temperature profile of 95 -C for 20
s, 55 °C for 30 s and 72 -C for 30 s for all loci
except for VVS2 which uses 50 -C for annealing
temperature and a final extension time of 5 min at 72
°C. one cycle at 95 °C for 5 min; 35 cycles at 95 °C
for 20s, annealing temperature for 30s, and 72 °C for
30s; followed by 05min at 72 °C Allelic size
determination was carried out through capillary
electrophoresis in a CEQ 8000 Genetic Analysis
System (Beckman Coulter).

Chloroplastidial Microsatellite genotyping

All the native Portuguese plants used in this study
were previously genotyped by us (Cunha et al.,
2009). Nineteen international grapevine cultivars
(Portuguese synonyms in brackets): Alicante
Bouschet; Farana/Damaschino (Alicante Branco),
Tempranillo (Aragonez), Trouseaux (Bastardo),
Mencia (Jaen), Malvasia di Lipari (Malvasia
Candida), Muller-Thurgau, Riesling,  Syrah,
Teinturier, Coarna Neagra, Ahmer Bou Amer
(Ferral), Aramon Noir, Cabernet Franc, Palomino
Fino (Malvasia Rei), Sauvignon, Semillon,
Trebbiano Toscano (Talia); and Verdello; were
genotyped for the chloroplastidial SSR sequences,
ccmp2, ccmp3, cemp5 and cempl0, using the pairs
of primers suggested by Weising and Gardner
(1999). Polymerase chain reactions (PCR) were
carried out following the protocol described by
Cunha et al. (2009). Each final amplification mix of
20 ul contained 10 ng DNA, 200 uM of each dNTP,
0.5U of Tag DNA polymerase (MB Fermentas), 2ul
of 10x PCR buffer, 2.5mM MgCl,, 25ng of 33P-
labeled primer, and 25ng of reverse primer. PCR
conditions were: initial 5 min at 94°C, followed by
35 cycles of 94°C for 45s, 52°C for 30s, and 72°C
for 1min, with a final extension of 7min at 72°C.
Allelic sizes determination was carried out through
capillary electrophoresis in a CEQ 8000 Genetic
Analysis System (Beckman Coulter).

To confirm the amplified sequences, the PCR
products were cloned into the Topo 4 vector
(Invitrogen) and sequenced.



TABLEI

List of grapevine cultivars and wild vines genotyped
Lista das castas e das plantas selvagens genotipadas
Vitis vinifera L.

subspecies vinifera subspecies sylvestris
Name Acronym Origin Name Acronym Origin Montemor

Alvaduréo B Alvadu PT NegraMole Rg NMolR PT 0101 0102 0103
Alfrocheiro Preto N APreto PT Perrum B Perr PT 0104 0105 0106
AlvaVerdia B AlVer PT Rabo de Ovelha B RabOvB PT 0107 0108 0109
Alvarelhdo N Alvah PT Rufete N Rufe PT 0110 0111 0112
Antéo Vaz B Avaz PT Samarrinho B Samar PT 0114 0115 0116
Arinto Douro B AriDou PT SearaNovaB SNov PT 0117 0118 0119
Arinto B ArintoB PT SiriaB Siria PT 0120 0121 0122
Avesso B Aves PT Tamarez B Tamar PT 0125
BarceloB Barc PT Terrantez B Terra PT
Bastardo Tinto N BastT PT TintaCaiadaN TCa PT Castelo Branco
Bical B Bica PT Touriga FrancaN TFran PT 0201 0203 0204
Boal Ratinho B BRati PT TourigaNaciona N TNac PT 0206 0207 0208
Camarate N Camar PT Tourigo do Douro N TDou PT 0209 0210 0212
Casteldo N Cast PT  Trincadeiradas Pratas B TPratas PT 0213 0214
Cerceal Branco B CercB PT Trincadeira PretaN TriN PT
CidreiroN Cidre PT UvaCéo B UCao PT Alcécer do Sal
CoracdodeGaloN  CorGa PT Uva Cavaco B UCav PT 0401 0402 0403
Cornifesto N Cornife PT UvaSalsaB UvaSa PT 0404 0405 0406
Corropio N Corr PT  VerdelhoB Verdelh PT 0407 0408 0409
Dedo de DamaB DDam PT Alicante Bouschet N AliBous FR 0410 0411 0412
DiagalvesB Diag PT Ahmer Bou Amer / Ferral Rg Ferral TN
Douradinha B Dour PT Aramon Noir N AramN FR Portel
Encruzado B Encru PT Cabernet Franc N CaberF FR 0502 0503 0505
Espadeiro MoleN  EspMol PT Coarna NeagraN CoarNea RO 0506 0507 0509
Fernao Pires B FPire PT Farana/Damaschino B AlicBr FR/IT 0511 0512
Folgasdo RoxoRg  Folg PT Malvasiadi Lipari B MalCand IT
Gouveio B Gouv PT MenciaN Jaen ES
GrossaN TGros PT Muller-Thurgau B Mul-ThuB  DE
Jampal B Jamp PT Palomino Fino B MRei ES
Larido B Laria PT Riesling B RieslB DE
LuzidioB Luzi PT Sauvignon B Sauvi FR
MalvasiaFinaB MFina PT Semillon B Semil FR
Manteldo PretoN ~ MantT PT  SyrahN Syrah FR
Mante(ido B MantB PT Teinturier N Teintur FR
Marufo N Maruf PT Tempranillo/ Aragonez N Arag ES/PT
Molar N Molar PT Trebbiano Toscano / Ugni Blanc B TrebTo IT/FR
Monvedro N Monv PT Trouseaux / Bastardo N Basta FR
Moreto N More PT VerdelloB Verll ES

Origin using two letter code | SO 3166 standard; N red cultivars; B white cultivars; Rg rosés cultivars

TABLE I
Source, locus denomination, repeat motifs, size ranges, accessions (n), number of alleles (Na), observed (Ho), expected heterozygosity (He)
and Polymorphism Information Content (PIC) for six analyzed nuclear microsatellite
Origem, denominag&o do locus, motivo repetido, gama de tamanhos, nimero do acesso (n), nimero de alelos (Na), heterozigocidade observada (Ho),
e esperada (He) e Informagéo do Conteido Polimérfico (PIC) para os seis microsatélites nucleares analisados.

Vitis vinifera L.

Source Locus Repeat motif Size range subsp. sylvestris subsp. vinifera

n Na Ho He PIC n Na Ho He PIC

Bower et al. 1996 VVMD5 (CT)3TA(CT)11ATAG(AT)3 222-268 53 10 0.585 0.588 0.569 57 8 0.947 0.849 0.831
Bower et al. 1996 VVMD7 (CT)145 231-265 53 9 0.547 0.651 0.621 57 8 0.789 0.728 0.702
Bower et al. 1999 VVMD27 (CT)n 171-219 53 8 0.509 0.707 0.677 57 8 0.877 0.767 0.736
Sefc et al. 1999 VRZag 62 (AG)9 174-220 53 7 0585 0.657 0.594 57 8 0.807 0.747 0.716
Sefc et al. 1999 VRZag79 (GA)19 (between 185-203) 235/236-261/262 53 8 0.642 0.653 0.623 57 8 0.667 0.693 0.646
Thomas and Scott 1993 VVS2 (GA)19 (between 236 - 260)  123/124-161/162 53 11 0.736 0.801 0.778 57 13 0.912 0.821 0.798
Mean 8.8 0.601 0.676 0.644 8.8 0.833 0.767 0.738

Min 7.0 0.509 0.588 0.569 8.0 0.667 0.693 0.646

Max 11.0 0.736 0.801 0.778 13.0 0.947 0.849 0.831




Data analysis

The MICROSAT program package (Minch et al.,
1997) was used to calculate the proportion-of-
shared-alleles distance between pairs of accessions
to exclude identical nuclear genotypes. In all
calculations, samples were considered as
homozygous instead of heterozygous with a null
allele when only one single allele was detected per
locus.

The PowerMarker v3.23 program package software
(Liu, 2002) was used to calculate the average
number of alleles per locus (Na), the observed
heterozygosity (Ho), the expected heterozygosity
(He) or gene diversity and the Polymorphism
Information Content (PIC) for each microsatellite
locus as well as the average number of alleles Nal,
Ho, He and inbreeding coefficient (f) in each
population across all loci.

FSTAT v2.9.3.2 program package (Goudet, 1995)
was used for calculating the allelic richness (Nar).

GenAlex6 program package (Peakall and Smouse,
2006) was used to assess the number of ‘private’
alleles (Npr); to calculate the pair wise standard
genetic distances (Nei, 1972) and the standard Fst
(via Frequency) values; to calculate the molecular
variance (AMOVA); and to determine the
hierarchical distribution of genetic variance within
populations and among  populations.  The
significance of the f statistics was tested non-
parametrically with 1000 permutations.

GENEPOP v3.4 program package (Raymond and
Rousset, 1995) was used for testing genotypic
frequencies in conformance to Hardy—-Weinberg
(HW) expectations, to test the loci for linkage
disequilibrium and to estimate the significance of
genotypic differentiation between population pairs.
All probability tests were based on the Markov chain
method (Rousset and Raymond, 1995) using 10.000
de-memorization steps, 100 batches and 5000
iterations per batch.

The NCSS 2000 program package (NCS, Kaysville,
UT) was used for the multiple discriminant analysis,
which first determines the average and the standard
deviations of the variable of each group and them,
determines the total correlation among variables,
among and within the groups. Discriminant score,
Eigenvalues, percentage and cumulative percentage
due to each discriminant score, and the appropriate
significant tests were also calculated.

The NTSYS-pc version 2.1 program package (Rohlf,
2000) was used for the Principal Coordinate
Analysis. A minimum spanning tree is superimposed
to represent the genetic relation among individual
plants. To make possible the use of the
chloroplastidial genotype data in this analysis we
assumed it to be diploid and homozygous.

RESULTS
Nuclear Microsatellite diversity

When genotyped, seven wild vine accessions
revealed to be clones, probably due to self rooting,
so only the remaining fifty three were further
analysed. A total of fifty three alleles were scored
across the six nuclear loci, the number of alleles
ranging from seven (VRZag62) to eleven (VVS2)
with a mean value of 8.8 alleles per locus. For all
loci most allele sizes varied in steps of more than
two nucleotides and only locus VVS2 showed alleles
that vary by steps of two. Allelic frequency ranged
from 0.009 (alleles present in a single accession) to
0.750. For a reduced number of locus allelic
frequencies are greater than 0.3 (Table 111 — in bold).
The observed heterozygosity ranged from Ho=0.509
to Ho=0.736, with a mean value of 0.601. The
expected heterozygosity was similar to the observed
heterozygosity, ranging from He=0.588 to
He=0.801, with a mean value of 0.676. All nuclear
microsatellite loci scored were polymorphic, as
anticipated, displaying values of PIC from 0.569 to
0.778.

In the fifty seven Portuguese native grapevine
cultivars a total of fifty three alleles were scored
across the six nuclear loci, thirteen alleles for locus
VVS2 and eight for all the others. The most frequent
allele was VVMD?7-235 with a frequency of 0.465.
The expected heterozygosity ranged from He=0.693
at locus VRZag79 to He=0.849 at locus VVMDS5,
with a mean value 0.767. With the exception of
VrZag79 the observed heterozygosity was higher
than the expected heterozygosity as a result of the
absence of null alleles in all studied loci. All nuclear
microsatellite loci scored were polymorphic,
displaying values of PIC between 0.646 and 0.831.

When analyzing both Portuguese subspecies a total
of sixty eight alleles were scored across the six
nuclear loci (Table ). Fifty six percent of the
alleles are present in both Portuguese subspecies.
Seven alleles in wild vines and five in grapevine
cultivars have frequencies above thirty percent. Both
subspecies have twenty two percent of single alleles.
In the wild vines the number of homozygosity by
locus range from 26.4% (VVS2) to 49.05%
(VVMD27) with an average of 40%. In the
Portuguese grapevine cultivars this percentage is
much lower, ranging from 5.26% (VVMD?5) to 33%
(VRZag79) with an average of 16.6%. In all loci,
with the exception of locus VVMDD5, there are
alleles scored in the foreign cultivars also found at
low frequencies in the Portuguese cultivars, but not
found in Portuguese wild vines (Table I,
underlined).



Chlorotype diversity

As for the portuguese cultivars (Cunha et al., 2009),
in the nineteen international cultivars analyzed no
polymorphisms were found for the ccmp2 locus.
Using the designations proposed by Arroyo-Garcia
et al. (2006) for the combination of the three
polymorphic chloroplastidial loci (Supplementary
Table 1) the following chlorotype (chl) distribution
was found in international cultivars analysed: 10

alleles per locus and per population ranged from 4.0,
in population 04, to 6.3, in population 01. The allelic
richness (number of alleles per locus independent of
sample size) ranged from 3.5, in population 04, to
4.8, in population 01. The rare alleles (alleles present
in less than 5% of the individuals per population)
ranged from zero in population 05, to 13, in
population 01. The number of private alleles present
per wild vine population is one or two. The observed

TABLE Il1.

Loci, allele’s sizes and frequencies in Portuguese (53 wild vines and 57 cultivars) and foreign accessions
Loci, tamanho dos al€elos e frequéncias nos acessos portugueses (53 plantas selvagens e 57 castas) e estrangeiros

VVMD 5
Id fS fvV ff Id

VVMD 7
S fV ff Id

3
°

S v

VVMD 27

ff

VR Zag 62
Id fS fv ff Id

VR Zag 79
S v

VVS 2

Id fS vV ff

222
226
228
230
232
234
236
238
9 240
242

0N OO WN P

0.019
0.066
0.104
0.038
0.623
0.019
0.075
0.028
0.009
a

0.114
0.228
0.035

a 0132
0.105
0.026
0.158
0.132
0.105
a 0.026

0.105
0.061
0.158
0.158
0.140

0.316

a 233
235
a 237
239
243
245
247
249
251
253

0.085
0.547
a
a
0.057
0.075

0.019
0.019

a
0.465
a
0.132
0.035
0.114
0.009
0.070
a
0.132

a 105
0342 179
0026 181
0079 183
0105 185
0211 187

a 189
0053 191

a 193
0158 195

a
0.028
0.057
0.009
0.113
0.170
0.481
0.123
0.019

a

0.009
0.132
0.377
0.061
0.105
a
0.228
0.009
a
0.079

250 0019 a a 257
259

261

0.009 a a
0.179 0.044 a
0.009 a 0.026

0.079
0.158
0.211
0.132
0.132
a
0.158
0.026
a
0.105

184
186
188
192
194
196
198
200
202
204

0.009
0.009
0.038
0.009
0.368
0.132

a

a

a
0.434

a
0.096
0.421
0.026
0.211
0.053

a
0.061
0.009
0.123

a
0.026
0.342
0.026
0.263
0.105
0.026
0.053

0.026

0.132

237
239
241
243
245
247
249
251
253
257

a
0.151
0.094

a
0.019
0.104
0.066
0.547
0.009

a

0.009
a
a
0.026
0.096
0.439
a
0.316
a
0.053

137
139
141
143
145
147
149
151
153

ff
a 135
a
a

0.075
0.009
0.009
0.038
0.151
0.123

a

a
0.057
0.349

0.158
0.018
0.061
a
0.009
0.219
0.140
0.018
0.018
0.281

259 0.009
261 a

0.044
0.018 a

155 a
157 0.009 0.009
159 0.170 0.053
161 0.009 a

173 _a  0.009

0.009 a

EUNEIEY

1d) identified alleles; a ) undetected alleles; fS) frequency subspecie sylvestris; fV) frequency subspecie vinifera; ff) frequency foreign cultivars

cultivars belonged to chl A, 1 cultivar to chl B; 1
cultivar to chl C; and 7 cultivars belong to chl D. As
in the case of the native Portuguese germplasm chl
A is the most frequent (Cunha et al., 2009). The
accession with chl B is Coarna Neagra, a native
cultivar from Romania and the one with chl C is
Ahmer Bou Amer a native from North Africa.

Wild vine intra-population diversity and Hardy-
Weinberg (HW) equilibrium

The total number of nuclear microsatellite alleles per
population ranged from 24, in population 04, to 38,
in population 01 (Table 1V). The mean number of

heterozygosity per population ranged from
Ho0=0.545 (population 02) to Ho=0.729 (population
05) and the expected heterozygosity per population
ranged from He=0.545 (population 04) to He=0.665
(population 01). A significant deviation from HW
equilibrium was found in the locus VVMD27 on
populations 02 and 04; in the loci VVMD5 and
VVS2 on population 01; and in the locus VVS2 of
population 01 (Table V - in bold). No consistent
patterns across loci and populations were observed.

Differentiation and genetic relationships among
native Portuguese subspecies

The Nei’s standard genetic distance and the pair

TABLEIV.

Population, sample size and genetic variability estimates based on data from six microsatellite
loci in four wild vines population
Populagao, tamanho da amostra e estimadores da variabilidade genética baseados na analise de
seisloci de microsatélites nucleares em quatro populagdes de vinha selvagem

No. Population n Nat Nr Nal Npr Nar Ho He

01 Montemor 22 38 13 6.3 2 48 0.598 0.665
02 Castelo Branco 11 25 7 4.2 1 38 0545 0.596
04 Alcécer do Sa 12 24 8 4.0 2 35 0569 0.545
05 Portel 8 26 0 4.3 2 43 0.729 0.660

n, number of acessions per population; Nat, total number of aleles per population; Nr
number of rare alleles (alleles present in fewer than 5% of the individuals) per population;
Nal, number of alleles per locus; Npr, number of private alleles per population; Nar, number
of aleles per locus independent of sample size (all€lic richness); observed (Ho) and expected

heterozygosity (He).




wise genetic differentiation values (FST) among the
four sylvestris populations are shown in Table VI.
The higher FST values observed are between

accessions could be assigned to other subspecies that
the one they belong to.

When using a 80% value of probability as the cut-off

TABLE V.

Expected heterozygosity (He) and Inbreeding coefficient f (Weir and Cockerham, 1984)
across six nuclear microsatellite loci in the four Portuguese wild vine populations.
Heterozigocidade esperada (He) e coeficiente de consanguinidade f (Weir e Cockerham, 1984)
detectados com os seis loci de microsatélites nucleares nas quatro populagdes portuguesas de vinha selvagem.

VVMD5 VVMD7 VVMD27 VRZag 62 VRZag79  VVS2
01 Montemor He 0.463 0.667 0.723 0.659 0.762 0.821
f 0.215 * 0.318 0.120 -0.034 0.045 0.115 **
0.591 0.609 0.554 0.718 0.510 0.791
-0.077 0.104 0.672 ** 0.240 0.107 -0.149 *
He 0.538 0.436 0.723 0.489 0.565 0.659

No. Population

02 Castelo Branco ::le

04 Alcacer f 0239  -0148 0539 ** -0023 -0329  -0.011
o5 Portel He 0.759 0679 0795 0643  0.545 0.795
orte f -0318 -0289 -0101 0222 0.082 0.213

Significant deviations from Hardy-Weinberg equilibrium: **, significance at the 1% nominal

level; *, significance at the 5% nominal level; no marking depicts non-significant values.

population 04 and populations 02 and 05,
respectively 0.106 and 0.101. A lower but still
significant value of FST is observed between the
populations 05 and 02. A similar pattern of
differentiation among populations is seen when
calculating the Nei’s genetic distance (Table VI).
The Analysis of Molecular Variance (AMOVA)
showed that most of the genetic diversity was
attributable to differences among individuals within
populations (93.0%) but f values among populations
are still significant (fst = 0.071; P, 0.001), showing a
low inter-population differentiation.

for incorrect assignment between the two subspecies
some accessions could be identified (Supplementary
table 1I): accession 0125, a male plant from
population 01, and accession 0411, a female plant
from population 04, have a probability of 81% and
87.3% respectively to belong to the vinifera
subspecies; Espadeiro Mole, Trincadeira das Pratas,
Antdo Vaz, Monvedro and Cornifesto are
attributable to the sylvestris subspecies by 98.1%,
93.0%, 87.3%, 86.2%, 81%, respectively.

A Principal Coordinate Analysis was used (with a

TABLE V1.

Nei’s standard genetic distance (upper diagonal) and pairwise FST values (lower diagonal) among four wild vine populations
Distancia standardizada de Nei (diagonal superior) e valores de FST (diagonal inferior) entre as quatro populacdes de vinha selvagem.

No. Population 01 Montemor 02 C.Branco 04 Alcacer 05 Portel

01 Montemor 0.18 0.17 0.29
02 C.Branco 0.054** 0.25 0.21
04 Alcacer 0.064*** 0.106*** 0.28
05 Portel 0.074*** 0.050* 0.100***

Pairwise significance after 1000 Permutations: ***, significance at the 0.1
% nominal level; **, significance at the 1 % nominal level; *, significance

at the 5 % nominal level

A multiple discriminant analysis was done to
evaluate if the plants belonging to the different
populations were correctly assigned. The first
dimension explain 75.4% of the total polymorphism
(Table VII), giving a good confidence to the
discrimination among the different populations
studied. This is stressed by the high significance (a =
0.0000) of Wilks” lambda statistics (0.171) for this
dimension. This analysis showed that some

minimum spanning tree superimposed) to find the
relationships between all the genotypes studied
(native Portuguese accessions from both subspecies
and foreign grapevine cultivars) combining nuclear
and chloroplastidial microsatellite data (Figure 2).
The first two axes describe 50.4% of the total
variance (31.3% and 19.1% respectively). The
inclusion of chloroplastidial data allowed the
separation of the accessions by maternal inheritance.
Along the two axes, four groups are formed



according to chlorotype. Chl A and B are subdivided
being most of vinifera accessions clustered together
and most of the sylvestris accessions forming sub-
clusters that establish connections between both
chlorotypes through accessions of the same

DISCUSSION

Using morphological traits as a sample strategy to
differentiate between individuals revelled to be an
efficient method to obtain a collection of wild vine

TABLE VII.

Discriminant analysis among 53 wild plants from four populations and 57 native grapevine cultivars
Tabela VIl - Andlise discriminante entre as 53 plantas das quatro populacdes selvagens e as 57 castas nativas de Portugal

Fn Eigenvalue Individual variance (%) Accumulate (%) F-Value Probability level A Wilks'

1 2142 75.4 75.4 4.4 0.0000 0.171531
2 0.343 12.1 875 20 0.0016 0.539030
3 0.250 8.8 96.3 17 0.0391 0.724084
4 0.105 3.7 100.0 11 0.3485 0.905013

Fn - function; Wilks' statistics (detects outliers in multivariate samples)

populations. Some grapevine cultivars (Espadeiro
Mole and Encruzado) are solely link to wild vines
plants. Wild vine 0125 is tied directly to Uva Céo
(figure 2, arrow). The wild vine 0107, a female
plant, establishes the connection between wild vine
population 01 and the larger group of grapevine
cultivars.

plants, since only seven were found to be clones.
Most of these clones were collected in the
population 05 (Portel) were the major vine tutor
were Robus sp. that difficult the observation of
morphological traits. The wuse of the six
recommended nuclear loci was sufficient to
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Figure 2 - Principal Coordinate Analysis of nuclear and chloroplastidial microsatellites data scored for Portuguese wild vines
and Portuguese cultivated and foreign cultivated accessions. Minimum spanning tree superimposed. Portuguese wild vines —
numbers; Portuguese and foreign grapevine cultivars — acronym; Portuguese accessions — open circles; foreign accession — closed

circles. A, B, C and D - Chlorotypes.

Andlise de componentes principais dos microsatélies nucleares e cloroplastidiais das videiras selvagens e das castas portuguesas e
estrangeiras em estudo. Sobreposicdo da arvore de expansdo minima. Videiras selvagens portuguesas — numeradas; Castas
cultivadas portuguesas e estrangeiras — acrénimos; Acessos portugueses — circulos abertos. Acesos estrangeiros — circulos

fechados. A, B, C e D - Clorotipos.



differentiate all genotypes. The large number of
alleles scored (Table Il) was anticipated from the
observed morphological variation in native
Portuguese Vitis vinifera (Cunha et al. 2009). An
overall high genetic diversity is revealed across the
native Portuguese accessions studied from both Vitis
vinifera subspecies. The observed and expected
heterozygosity values in wild vines (Ho = 0.601, He
= 0.676) are lower than those of native grapevine
cultivars (Ho = 0.833 and He = 0.767). These
differences are probably due to introgression with
foreign germplasm in the cultivated grapes, together
with the severe selection strain exercised by
introduced diseases in the nineteen century and the
human pressure in the wild populations.
Nevertheless the HW equilibrium observed at most
loci and in most of the populations indicates an
overall retained diversity in the existing wild vine
populations. The high level of allelic diversity in
these populations is most probably related to the
mating system of dioecious and out-breeding plants.

Positive values of inbreeding coefficient (f) in wild
vines populations might be due to geographic
isolation that result in the emergence of
homozygotic alleles and allele dropout. Loci
VVMD5, VVMD27 and VVS2 show a relatively
high deficit of heterozygosity in 01, 02 and 04
populations, possibly due to allele dropout.

To optimize the exploitation of natural diversity in
wild vine it is important to identify the rare alleles,
enabling the establishment of core collections for
conservation and the study of the genetic evolution
of this subspecies, as suggested by Le Cunff et al.
(2008). The low allelic richness within wild vine
populations 02 and 04 provides evidence for a
potential genetic bottleneck effect caused by the
stresses already referred. Allelic richness, being
more heavily influenced by rare alleles than
expected heterozygosity, is commonly regarded as
more relevant criteria for measuring loss of diversity
due to genetic bottlenecks (Nei et al., 1975).

The genetic diversity found in the native Portuguese
vinifera subspecies is consistent with the one from
other Portuguese vinifera samples (Lopes et al.,
2006, Almadanim et al., 2007). When Le Cunff et
al. (2008) determine the optimal size of a core
collection to represent the available germplasm
diversity of worldwide cultivated V. vinifera, two
Portuguese grapevine cultivars are included in a core
of twelve; two more in a core of forty eight and
another two in a core of ninety two, this last
collection representing 100% of total SSR diversity.
The inclusion of these Portuguese cultivars in these
core collections stresses the importance of the
Portuguese gene pool in the overall cultivated
grapevine gene pool.

Introgression with foreign gene pools in the
cultivated Portuguese cultivated grapevines (Table
I11) is reinforced by the presence of alleles scored at

low frequencies that are absent in the Portuguese
wild vine populations and present in the foreign
accessions studied. Also the Portuguese wild vines
do not contain chlorotype C and D. Assuming that
the origin of Portuguese cultivars was a result of the
domestication of autochthonous germplasm, the
presence of chlorotype C and D is a likely outcome
of crosses among foreign introduced cultivars and
local germplasm. An exclusive local domestication
of grapevine will have restricted the chlorotypes to
A and B in cultivated accessions. It is not obviously
the case since 21% of the native grapevine cultivars
have chlorotypes C and D (respectively 3.5% and
17.5%) attesting the contribution of foreign
genotypes to the Portuguese germplasm. Taken
together, the chlorotype analysis of the foreign and
of the autochthonous germplasm reinforce the
suggestion made by Arroyo-Garcia et al. (2006) that
the western Mediterranean region was a centre of
origin of the cultivated grapevines.

The AMOVA carried out in the Portuguese wild
vines populations showed a high level of intra-
population diversity and a low but still significant
genetic differentiation among populations. Most of
the genetic diversity was conserved inside each
population as is the case for woody perennial out-
breeding species that maintain most of their
variation within populations (Belaj et al., 2007). No
relation was found between geographic area and
population genetic diversity.

Multiple discriminant analysis performed with
nuclear microsatellites data from both subspecies
showed intermingle within wild vines populations
and among these and grapevine cultivars. Wild vines
appear to form a continuum and there is no clear
population division, reinforcing the idea that until
the recent biotic stresses and human intervention all
the populations were connected. The probability of
misclassification of accession 0125, a male wild
vine, may be attributed, taking into account the
genetic determinism of sex in Vitis vinifera
(Marguerit et al., 2009), either to a mutation on a
feral plant or the result of a cross between a
grapevine hermaphrodite cultivar and a male wild.
Theoretically wild male plants cannot be escapes
from the vinifera subspecies (either hermaphrodite
or female cultivars) and cannot result from
pollination between wild females and cultivated
hermaphrodite or female plants. Accession 0411, a
feminine wild vine plant classifiable as belonging to
the vinifera subspecies, is probably derived from a
cross between both subspecies.

The five grapevine cultivars attributable to the
subspecies sylvestris may be seen as prove that they
were locally domesticated.

The assignment of accessions of one subspecies to
the other one is also an indication of gene flow
among both subspecies which is also indirectly
observed by the presence of a Grapevine Ruspestris



stem pitting virus variants, transmitted by pollen, in
a number of infected female plants from wild vine
populations imbedded in a grapevine growing area
(Nolasco et al., 2006). It is notable that in the wild
vine populations studied male plants were not
infected with this virus.

Principal coordinate analysis using nuclear and
chloroplastidial data reinforce some of the results
obtained with multiple discriminant analysis using
nuclear microsatellites. Wild accession 0125, a male
wild plant assigned to the cultivated subspecies in
the multiple discriminant analysis, is directly link to
cultivar Uva Céo (Fig 2, arrow) in the principal
coordinate analyses, stressing the probability that
this accession could be a descendent of a feral form.
Espadeiro Mole, a cultivar assigned to a wild
population in the multiple discriminant analysis, is
directly link to the wild accession 0206, stressing the
probability that this accession could be a descendent
from plants of the wild subspecies.

CONCLUSION

This study establishes the range of existing
variability in the Portuguese native vine germplasm.
It also provides a baseline for future monitoring of
Portuguese vine genetic diversity. Intra-population
genetic variation was similar across the geographic
range, regardless of population size. While there
seem not to be an immediate danger of genetic
erosion in neither of the subspecies, some
precautions should be taken: the number of wild
populations is low and there is potential risk of
disappearance due to river bank cleanings; the
number of used cultivars is very low compared to
the number of autochthonous available cultivars, and
the loss of interest in their use may lead to their
rapid disappearance.

This study shows that the autochthonous grapevine
cultivars  probably derive from local wild
germplasm. This corroborates previous conclusions
that the Iberian Peninsula has been a secondary
centre for grapevine domestication. Nevertheless it
was also verified that a certain amount of
introgression from foreign germplasm can be found
in some of the Portuguese cultivated germplasm.

The genetic richness of both wild and cultivated
subspecies is a potential useful tool for breeding
purposes. Maintenance of allelic richness especially
rare alleles must be prioritized because these
genotypes may harbour rare characteristics being
potentially useful for breeding purposes or for the
identification of molecular markers associated to
particular environmental adaptations as well as some
resistances to crop diseases. To prevent the loss of
variability in the wild vine germplasm, we propose
the development of an in situ program of
conservation, together with a re-population of
similar ~ riparian wood environments.  The

implementation of a legal protected status for the
subspecies sylvestris will be fundamental to
guaranty the implementation of a meaningful
conservation strategy. A continuing effort is being
made to maintain collections of autochthonous
cultivated grapevines. This effort must be sustained
and amplified.
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TABLE S1

Vitis vinifera L. accessions their origin and chlorotype
Entradas de Vitis vinifera L. sua origem e clordtipos

Accession Acronym  Origin Chlorotype
Alicante Bouschet N AliBous FR A
Ahmer Bou Amer Rg Ferral TN C
Aramon Noir N AramN FR D
Cabernet Franc N CaberF FR D
Coarna Neagra N CoarNea RO B
Farana / Damaschino B AlicBr FR/IT A
Malvasia di Lipari B MalCand IT A
Mencia N Jaen ES A
Muller-Thurgau B Mul-ThuB DE A
Palomino Fino B MRei ES D
Riesling B RiesIB DE A
Sauvignon Blanc B Sauvi FR D
Semillon B Semil FR D
Syrah N Syrah FR A
Teinturier N Teintur FR A
Tempranillo /Aragonez N Arag ES/PT A
Trebbiano Toscano / Ugni Blanc B TrebTo IT/ FR D
Trouseaux N Basta FR A
Verdello B Verll ES D
Vitis vinifera sylvestris_0101 0101 PT A
Vitis vinifera sylvestris_0102 0102 PT A
Vitis vinifera sylvestris_0103 0103 PT A
Vitis vinifera sylvestris_0104 0104 PT A
Vitis vinifera sylvestris_0105 0105 PT A
Vitis vinifera sylvestris_0106 0106 PT A
Vitis vinifera sylvestris_0107 0107 PT A
Vitis vinifera sylvestris_0108 0108 PT A
Vitis vinifera sylvestris_0109 0109 PT A
Vitis vinifera sylvestris_0110 0110 PT A
Vitis vinifera sylvestris_0111 0111 PT A
Vitis vinifera sylvestris_0112 0112 PT A
Vitis vinifera s lvestris_0114 0114 PT A
Vitis vinifera sylvestris_0115 0115 PT A
Vitis vinifera sylvestris_0116 0116 PT A
Vitis vinifera sylvestris_0117 0117 PT A
Vitis vinifera sylvestris_0118 0118 PT A
Vitis vinifera sylvestris_0119 0119 PT A
Vitis vinifera sylvestris_0120 0120 PT A
Vitis vinifera sylvestris_0121 0121 PT A
Vitis vinifera sylvestris_0122 0122 PT A
Vitis vinifera sylvestris_0125 0125 PT A
Vitis vinifera sylvestris_0201 0201 PT A
Vitis vinifera sylvestris_0203 0203 PT B
Vitis vinifera sylvestris_0204 0204 PT A
Vitis vinifera sylvestris_0206 0206 PT A
Vitis vinifera sylvestris_0207 0207 PT B
Vitis vinifera sylvestris_0208 0208 PT A
Vitis vinifera sylvestris_0209 0209 PT A
Vitis vinifera sylvestris_0210 0210 PT A
Vitis vinifera sylvestris_0212 0212 PT A
Vitis vinifera sylvestris_0213 0213 PT A
Vitis vinifera sylvestris_0214 0214 PT A
Vitis vinifera sylvestris_0401 0401 PT B
Vitis vinifera sylvestris_0402 0402 PT B
Vitis vinifera sylvestris_0403 0403 PT B
Vitis vinifera sylvestris_0404 0404 PT B
Vitis vinifera sylvestris_0405 0405 PT B
Vitis vinifera sylvestris_0406 0406 PT B
Vitis vinifera sylvestris_0407 0407 PT B
Vitis vinifera sylvestris_0408 0408 PT B
Vitis vinifera sylvestris_0409 0409 PT B
Vitis vinifera sylvestris_0410 0410 PT A
Vitis vinifera sylvestris_0411 0411 PT B
Vitis vinifera sylvestris_0412 0412 PT B

Origin using two letter code ISO 3166 standard

Chlorotypes (ccmp 3, 5, 10, sizes in bp): A (106 105 114); B (106 105 115); C
(106 105 116); D (107 104 115).




TABLE S1

Continuation
Continuagdo
Accession Acronym  Origin Chlorotype
Vitis vinifera sylvestris_0502 0502 PT A
Vitis vinifera sylvestris_0503 0503 PT B
Vitis vinifera sylvestris_0505 0505 PT B
Vitis vinifera sylvestris_0506 0506 PT B
Vitis vinifera sylvestris_0507 0507 PT B
Vitis vinifera sylvestris_0509 0509 PT A
Vitis vinifera sylvestris_0511 0511 PT B
Vitis vinifera sylvestris_0512 0512 PT A
Alvadurao B Alvadu PT A
Alvarelhdao N Alvalh PT A
Alva Verdial B AlVer PT A
Alfrocheiro Preto N APreto PT A
Arinto Douro B AriDou PT A
Arinto B ArintoB PT A
Antdo Vaz B Avaz PT A
Avesso B Aves PT A
Barcelo B Barc PT D
Bastardo Tinto N BastT PT D
Bical B Bical PT A
Boal Ratinho B BRati PT A
Camarate N Camar PT A
Castelao N Cast PT A
Cerceal Branco B CercB PT A
Cidreiro N Cidre PT A
Coragio de Galo N CorGa PT A
Cornifesto N Cornife PT A
Corropio N Corr PT A
Dedo de Dama B DDam PT A
Diagalves B Diag PT A
Douradinha B Dour PT A
Encruzado B Encru PT A
Espadeiro Mole N EspMol PT A
Folgasiao Roxo Rg Folg - PT D
Fernao Pires B FPire PT A
Gouveio B Gouv PT A
Jampal B Jamp PT A
Laridao B Laria PT A
Luzidio B Luzi PT B
Mantetdo B MantB PT C
Mantetdo Preto N MantT PT D
Marufo N Maruf PT D
Malvasia Fina B MFina PT A
Molar N Molar PT A
Monvedro N Monv PT A
Moreto N More PT A
Negra Mole Rg NMolR PT A
Perrum B Perr PT A
Rabo de Ovelha B RabOvB PT A
Rufete N Rufe PT A
Samarrinho B Samar PT D
Siria B Siria PT A
Seara Nova B SNov PT A
Tamarez B Tamar PT D
Tinta Caiada N TCai PT A
Tourigo do Douro N TDou PT A
Terrantez B Terra PT D
Touriga Franca N TFran PT D
Grossa N TGros PT A
Touriga Nacional N TNac PT A
Trincadeira das Pratas B TPratas PT A
Trincadeira Preta N TriN PT D
Uva Ciao B UCao PT A
Uva Cavaco B UCav PT A
Uva Salsa B UvaSal PT D
Verdelho B Verdelh PT D

Origin using two letter code ISO 3166 standard
Chlorotypes (ccmp 3, 5, 10, sizes in bp): A (106 105 114); B (106 105 115); C
(106 105 116); D (107 104 115).






