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Genealogy of wine grape cultivars: ‘Pinot’ is related

to ‘Syrah’

JF Vouillamoz and MS Grando
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Since the domestication of wild grapes ca 6000 years ago,
numerous cultivars have been generated by spontaneous or
deliberate crosses, and up to 10000 are still in existence
today. Just as in human paternity analysis, DNA typing can
reveal unexpected parentage of grape cultivars. In this study,
we have analysed 89 grape cultivars with 60 microsatellite
markers in order to accurately calculate the identity-by-
descent (IBD) and relatedness (r) coefficients among six
putatively related cultivars from France (‘Pinot’, ‘Syrah’ and
‘Dureza’) and northern ltaly (‘Teroldego’, ‘Lagrein’ and
‘Marzemino’). Using a recently developed likelihood-based
approach to analyse kinship in grapes, we provide the first
evidence of a genetic link between grapes across the Alps:
‘Dureza’ and ‘Teroldego’ turn out to be full-siblings (FS). For
the first time in grapevine genetics we were able to detect FS
without knowing one of the parents and identify unexpected

second-degree relatives. We reconstructed the most likely
pedigree that revealed a third-degree relationship between
the worldwide-cultivated ‘Pinot’ from Burgundy and ‘Syrah’
from the Rhone Valley. Our finding was totally unsuspected
by classical ampelography and it challenges the commonly
assumed independent origins of these grape cultivars. Our
results and this new approach in grape genetics will (a) help
grape breeders to avoid choosing closely related varieties for
new crosses, (b) provide pedigrees of cultivars in order to
detect inheritance of disease-resistance genes and (c) open
the way for future discoveries of first- and second-degree
relationships between grape cultivars in order to better
understand viticultural migrations.
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Introduction

Grape cultivars (Vitis vinifera L. subsp. vinifera) are
propagated vegetatively to preserve their characteristics,
and new cultivars only appear by sexual reproduction.
Until recently, kinship or genetic relationships between
cultivars were mainly deduced from leaf morphology
(Levadoux, 1956; Bouquet, 1982; Bisson, 1999), and the
origins of grape cultivars have been the subject of much
speculation. The advent of PCR-based microsatellite
markers in the 1990s revolutionized grape cultivar
identification and parentage analysis (Sefc et al, 2001).
Thomas and Scott (1993) were the first to distinguish
grape cultivars with microsatellite markers and to show
their Mendelian inheritance by following the segregation
of a single marker in recent deliberate crosses. Parentage
analyses based on exclusion, using 30 polymorphic
microsatellites allowed Bowers and Meredith (1997) to
identify the parents of a traditional cultivar for the first
time: ‘Cabernet Sauvignon’, the noble Bordeaux variety
that gives some of the world’s finest wines, was shown to
be a progeny of two other Bordeaux cultivars, ‘Cabernet
Franc’ and ‘Sauvignon Blanc’. Although a close relation-
ship between ‘Cabernet Sauvignon” and ‘Cabernet Franc’
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had already been suspected, the unexpected ‘Sauvignon
Blanc’ parentage came as a great surprise. With 32
microsatellites, Sefc et al (1998) reconstructed a
pedigree bringing together nine FEuropean grape
cultivars in five parentages, including ‘Silvaner’ =
‘Traminer” x ‘Osterreichisch Weiff’. With the same
number of microsatellites, Bowers et al (1999a) found
that the economically important ‘Chardonnay’ and
‘Gamay’ as well as 14 additional French grape cultivars
were the progeny of various crosses between ‘Pinot’, the
famous Burgundy red grape, and ‘Gouais Blanc’, an
almost extinct and poorly regarded European white
grape. In France, Bowers et al (2000) used the same
markers to provide evidence that ‘Gouais Blanc’ had two
progenies with ‘Traminer’ (syn. ‘Savagnin’) from Jura
and three progenies with ‘Chenin Blanc’ from Loire.
These authors also showed that ‘Syrah’, the famous
Rhone Valley red grape cultivar now planted worldwide,
is the progeny of ‘Dureza’ from Ardéche and ‘Mondeuse
Blanche’ from Savoy in south-eastern France. While
analysing a group of closely related Alpine cultivars with
32 microsatellites, Vouillamoz et al (2003) curiously
found four putative parents for ‘Cornalin du Valais’, an
ancient Swiss Valais variety, and up to 50 microsatellite
markers were necessary to identify both parents. The two
remaining candidates turned out to be offspring of
‘Cornalin du Valais’, the other parent being unknown.
Thanks to the presence of father-mother—offspring trios,
these parentages could be used indirectly to detect pairs
of full-siblings (FS) (120 in Bowers et al (1999a), four in
Bowers et al (2000), one in Sefc et al (1998)), half-siblings



(two in Sefc et al (1998), one in Vouillamoz et al (2003))
and grandparent-grandoffspring (six in Sefc et al (1998),
four in Vouillamoz et al (2003)). Yet, it is not always
possible to uncover both parents of a grape cultivar,
simply because most of them might have now disap-
peared as a result of frost, pests like phylloxera or lack of
interest. Nonetheless, parentage is most likely to be found
when two cultivars share at least one allele at each locus,
a pre-requisite for demonstrating a parent-offspring (PO)
relationship. Such allele sharing was observed at 14
microsatellites between ‘Gouais Blanc’ and 78 different
European varieties, suggesting genetic relationships and
thus emphasizing the importance of this grape in the
genesis of western European cultivars (Boursiquot et al,
2004). However, in order to demonstrate parentage, these
shared alleles would have to be identical by descent
(IBD), meaning that they are recently descended from a
single ancestral allele, and not simply identical by state
(IBS), which can happen by chance. Because all alleles
IBS are also IBD if we look back far enough into their
ancestry, the distinction between the two categories
depends on the meaning of the term ‘recently descended’.
It usually refers to a particular reference population,
going back just a few generations (Blouin, 2003). It
follows that alleles IBS might not be IBD if they coalesce
(have mutation-free ancestry tracing back to a common
ancestor) farther back than the reference pedigree, or
arose independently via mutation. In practice, we can
only score identity by state and must infer probabilities of
identity by descent (for a review, see Blouin, 2003).

Screening microsatellite genotypes in our database
comprised of over 1600 grape varieties out of the
6000-10000 existing worldwide (Alleweldt, 1997), we
suspected several putative first-degree (PO or FS)
and second-degree (grandparent-grandoffspring, half-
siblings or uncle-nephew) relationships among the red
grapes ‘Pinot’, ‘Syrah” and ‘Dureza’ from Eastern France
and ‘Teroldego’, ‘Lagrein’ and ‘Marzemino’ from north-
ern Italy. ‘Pinot’ and ‘Syrah’, two of the noblest wine
grape cultivars, each cover ca 65000ha worldwide and
yield some of the most renowned wines in the world.
‘Teroldego’ and ‘Lagrein’ are ancient cultivars from
Trentino and Alto-Adige, respectively. ‘Marzemino’ is
cultivated in Trentino, Lombardy and Friuli in northern
Italy but its origin is disputed: for Calo et al (2001), it
originated in Veneto; for Galet (2000), its name might
derive from Marzemin, a village in Slovenia; for Labra
et al (2003), ‘Marzemino’ is closely related to the Greek
‘Vertzami’. Grando ef al (1995) and then Scienza and
Failla (1996) have already detected close relationships
between ‘Teroldego’, ‘Lagrein’ and ‘Marzemino’. In
addition, Scienza and Failla (2000) suggested possible
genetic relationships between ‘Teroldego’, ‘Lagrein’ and
‘Syrah’. However, no genetic relationship between
‘Pinot’ and these varieties had ever been suspected.

In the present paper, we have analysed 89 grape
cultivars from Western Europe at 60 microsatellite
markers. Kinship analysis was carried out on ‘Pinot’,
‘Syrah’, ‘Dureza’, ‘Teroldego’, ‘Lagrein’, ‘Marzemino’ as
well as ‘Mondeuse Blanche’ and three deliberate ‘Pi-
not’ x ‘Syrah’ crosses. It was performed in three steps: (1)
computation of pairwise number of loci sharing at least
one allele IBS, (2) estimation of pairwise two-gene (&)
and four-gene (4) IBD coefficients as well as relatedness
coefficients (r) and (3) calculation of likelihood ratios
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(LRs) between competing relationship categories in order
to assign each pair (also called a dyad) to its most likely
relationship category (1°, 2° or 3° relatives). For the first
time in grape genetics, this kinship approach allowed the
detection of FS and 2° relatives without knowledge of
their parents and the detection of an unexpected genetic
relationship between ‘Pinot’ and ‘Syrah’.

Materials and methods

Plant material

A total of 89 grape cultivars were analysed in this study
(Supplementary Information 1), of which 10 were
selected for kinship analysis: ‘Pinot’, ‘Syrah’, ‘Dureza’,
‘Teroldego’, ‘Lagrein’, ‘Marzemino’ as well as ‘Mondeuse
Blanche’ and three deliberate ‘Pinot’ x ‘Syrah’ crosses.

Microsatellite analysis

Small leaves (ca. 1cm) of each cultivar were dried in
silica gel for subsequent DNA extraction with Qiagen
DNEasy Mini Kit. All cultivars were genotyped at 60
microsatellite markers (the list of markers is given in
Supplementary Information 2), including the six micro-
satellites chosen as a core set for grape cultivars
identification by the GENRES#81 European research
project (This et al, 2004). Primer pairs for most of the
VMC microsatellite markers are unpublished (except
VMCY7E?2 in Pellerone et al, 2001) and belong to the Vitis
Microsatellite Consortium (www.agrogene.com). Primer
pairs for VVMD microsatellites were published in
Bowers ef al (1996) and Bowers et al (1999b); for ViZAG
in Sefc et al (1999); for VVS in Thomas and Scott (1993)
and Thomas et al (1998). All 60 markers were already
mapped (Grando et al, 2003; Riaz et al, 2004) and they
have been chosen in 18 out of the 19 linkage groups of
the grape genome (Adam-Blondon ef al, 2004), so that
they are evenly distributed throughout the genome
(average distance between the markers is 12cM). The
PCR mix was prepared in 10-pl volumes containing 0.2—
3.0ng of template DNA, 2—4 pmol of each forward and
reverse primers, 1 x PCR buffer, 2mM MgCl,, 0.2mM
dNTPs and 0.5U of HotStar Tag polymerase. Three
different fluorescent dyes (6-FAM, HEX and NED) were
used to label the forward primers. All PCR reagents were
supplied with the Qiagen HotStar Tug DNA polymerase
kit, with the exception of dNTPs (Promega). PCR
amplifications were performed in Biometra Tgradient
Thermocycler with the following conditions for all
markers: 15min at 95° (HotStar Taq activation step)
followed by 35 cycles consisting of 60s at 94°C
(denaturation), 30s at 52°C/56°C (annealing tempera-
tures detailed for each marker in Supplementary
Information 2), 90s at 72°C (extension). In the last cycle,
extension time at 72°C was increased to 10 min. Every
individual was amplified at least twice to correct possible
mistyping or amplification errors. PCR products were
size-separated by capillary electrophoresis performed on
a genetic analyser (ABI Prism 3100; Applied Biosystems,
Inc.) using Performance Optimised Polymer 4 (POP 4,
Applied Biosystems, Inc.). Samples were prepared with
9.6ul of deionised Formamide, 0.1ul of GeneScan
500 ROX size standard (Applied Biosystems, Inc.) and
0.3pul of 10 x diluted PCR product. Mixture was heat
denaturated (95°C for 3min) and placed 5min on ice
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before injection in the ABI 3100. Alleles were then
separated at 15000V for approximately 45min with a
run temperature of 60°C. Resulting data were analysed
with Genescan 3.7 (Applied Biosystems, Inc.) for internal
standard and fragment size determination. Allelic
designations were ascertained using Genotyper 3.7
(Applied Biosystems, Inc.).

Kinship analysis

Kinship analysis was carried out on all 15 possible pairs
among the six cultivars showing putative relationships
(‘Pinot’, ‘Syrah’, ‘Dureza’, ‘Teroldego’, ‘Lagrein’ and
‘Marzemino’). For comparison, we also included 22 pairs
with known genetic relationships: eight pairs of PO (the
three ‘Pinot’ x ‘Syrah’ crosses with their parents as well
as ‘Syrah’ with its parents ‘Dureza’ and ‘Mondeuse
Blanche’), three pairs of FS (‘Pinot’ x ‘Syrah’ crossings),
six pairs of 2° relatives (‘Pinot’ x ‘Syrah’ crossings with
their grandparents ‘Dureza’ and ‘Mondeuse Blanche’)
and five pairs of supposedly unrelated cultivars (‘Mon-
deuse Blanche” with ‘Pinot’, ‘Dureza’, ‘Teroldego’,
‘Lagrein’” and ‘Marzemino’). Analysis was divided in
three steps by estimating: (1) the pairwise number of loci
with at least one allele identical by state (IBS), (2) the IBD
and relatedness coefficients and (3) the LRs between
competing hypothetical relationships.

Pairwise number of loci with at least one allele IBS: The
number of loci with at least one allele IBS was calculated
in an MS Excel sheet for every pair of cultivars. In
comparison with established parentages, this provided a
first conditional assignment of pairs to their possible
relationship categories.

IBD and relatedness coefficients: The probability that
shared alleles are IBD can be estimated by three
coefficients: @, 4 and r (Lynch and Ritland, 1999; Wang,
2002). The two-gene (®) and four-gene (4) coefficients of
IBD estimate the probabilities that a dyad of a particular
relationship shares one or two alleles, respectively, that
are identical by descent at any locus. The relatedness (r)
between two individuals (also coefficient of relatedness
or coefficient of relationship) can be interpreted as the
expected fraction of alleles that are shared identical by
descent (Blouin, 2003). These coefficients were calculated
using the relative allelic frequencies of 89 cultivars
from Western Europe (Supplementary Information 1)
genotyped at 57 microsatellite markers (three markers,
VVMDS8, VMC8G9 and VrZAG64, were not included in
the calculation because data were missing for too many
cultivars) using MER (Moment Estimate of Relatedness)
software developed by Wang (2002). For comparison, we
also calculated these coefficients with the relative allelic
frequencies of 445 cultivars (236 grape cultivars from
France, Italy, Switzerland, Germany, Turkey, Georgia,
Armenia, etc. and 209 samples of wild grapevines from
the same countries) at 20 microsatellites (VMC2AD5,
VMC2C3, VMC2H4, VMC5A1, VMC5H2, VrZAG62,
VIZAG79, VIZAG83, VVMD5, VVMDe, VVMD?,
VVMD21, VVMD24, VVMD25, VVMD28, VVMD31,
VVMD32, VVMD36, VVS2 and VVS4). These allelic
frequencies were also used to calculate the genetic
distance (proportion of shared alleles, PSA) between
some related cultivars using the program MICROSAT
(Minch et al, 1995). Standard deviation of the estimates
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was calculated with 1000 bootstraps over loci. The
most likely relationship of a dyad can be presumed
by comparing the IBD and relatedness coefficients
estimated from the observed genotypes to the
theoretical values of these coefficients for standard
relationship categories. Theoretical values of @, 4 and r
(k1, k2 and r in Blouin, 2003) are, respectively, 0, 1
and 1 for self (or clones), 1, 0 and 0.5 for PO, 0.5, 0.25
and 0.5 for FS, 0.5, 0 and 0.25 for 2° relatives, 0.25, 0 and
0.125 for 3° relatives and null for unrelated. This
approach is meant to generate hypotheses, as several
genealogical relationships can have the same coefficients
(Blouin, 2003).

LRs: LRs were calculated using the relationship that
had been inferred by considering the pairwise number of
alleles IBS, the IBD and relatedness coefficients as the
primary hypothesis (for example, PO). The likelihood of
a specified alternative relationship (for example full-sibs,
2° or 3° relatives) of the null hypotheses was obtained by
simulation. Individual pairwise LRs were assessed in
KINGROUP v. 1.0 (Konovalov et al, 2004) following
Goodnight and Queller’s (1999) algorithm with the same
relative allelic frequencies as for IBD and relatedness
coefficients. Alleles with discrepancies in PO pairs (bold
alleles in Supplementary Information 1) were input as
missing data. The rates of Type I errors (rate of false
positive) and Type II errors (rate of false rejection of the
primary hypothesis) were calculated using 3000
simulations at p<0.01 significance level as described in
KINGROUP manual.

Results and discussion

Genotypes at 60 microsatellite markers for the 10 selected
cultivars are reported in Supplementary Information 2.
Our data strongly confirmed the ‘Syrah’ parentage
(‘Dureza’ x '‘Mondeuse Blanche’) established by Bowers
et al (2000) with 32 microsatellites.

Relationship category assignment

The number of loci with at least one allele IBS, the
coefficients of IBD and relatedness and the LRs between
competing relationship categories are reported in Table 1
for each pair of established or putative relationships
among the 10 cultivars selected for kinship analysis. A
first estimation of the possible relationship category of
putative pairs was provided by comparison with the
number of alleles IBS of established relationships.
Pairwise identity by descent (two-gene ¢ and four-gene
A) and relatedness (r) coefficients of established and
putative genetic relationships were then compared to
theoretical values in order to conditionally assign each
dyad to its most likely relationship category. To our
knowledge, no other values for these coefficients are
available for grape cultivars in the literature. The
proposed categories of relationship were then assessed
versus their closest competing relationship category by
calculating LRs. We selected the category with the
highest likelihood. This unprecedented approach to
grape parentage detection revealed several putative
first-degree (PO, FS) and second-degree (grandparent-
grandoffspring, uncle-nephew, half-siblings) relation-
ships.



Table 1 Relationship categories assignment
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Pairs of cultivars Coefficients LRs Relationship category assignment®
IBS ) A r IBS IBD LRs
Established PO POJFS
Pinot-P x S1° 60 1.093 (0.083)  —0.081 (0.071) 0.466 (0.037) 9.7 x 10° PO PO PO
Pinot-P x S2 60 0.768 (0.084) 0.187 (0.084) 0.571 (0.046) 3.9 x 10° PO PO-FS? PO
Pinot-P x S3 60 1.005 (0.085)  —0.007 (0.078) 0.495 (0.042) 3.6 x 10° PO PO PO
Syrah-P x S1 60 0.856 (0.104) 0.198 (0.091) 0.626 (0.044)  3.5x10° PO PO-FS? PO
Syrah-P x S2 60 0.861 (0.096) 0.138 (0.095) 0.569 (0.050) 7.2 x 10’ PO PO-FS? PO
Syrah-P x S3 60 1.061 (0.085)  —0.034 (0.076) 0.496 (0.040) 3.4 x10° PO PO PO
Syrah-Dureza 60 1.060 (0.062)  —0.120 (0.051) 0.410 (0.028) 8.8x10° PO PO PO
Syrah-Mondeuse Bl. 60 1.011 (0.071) ~ —0.060 (0.064) 0.446 (0.035)  6.5x10* PO PO PO
Putative PO
Teroldego-Lagrein 60 0.740 (0.091) 0.237 (0.088) 0.607 (0.047) 1.6 x 10° PO PO-FS? PO
Teroldego—Marzemino 58 0.821 (0.076) 0.103 (0.076) 0.513 (0.043) 1.9 x 10? PO PO PO
Established FS FS/)2°
P x S1-P x S2 58 0.689 (0.114) 0.236 (0.090) 0.580 (0.058)  2.1x10° FS FS FS
P xS1-P x S3 55 0.728 (0.123) 0.120 (0.090) 0.484 (0.064) 1.8 10’ FS PO-FS? FS
P x S2-P x S3 52 0.470 (0.136) 0.245 (0.086) 0.480 (0.072) 5.8 x 10? FS FS FS
Putative FS
Teroldego-Dureza 55 0.680 (0.123) 0.064 (0.075) 0.404 (0.059) 1.1 x10° FS FS FS
Lagrein—-Marzemino 53 0.483 (0.143) 0.140 (0.077) 0.382 (0.071) 2.7 x10° FS FS FS
Established 2° 2°/3°
Dureza-P x S1 52 0.570 (0.157)  —0.023 (0.059) 0.262 (0.064) 9.0 x 10° 2° 2° 2°
Dureza-P x 52 58 0.849 (0.104) 0.051 (0.072) 0.475 (0.049)  1.5x10° 2° PO 2°
Dureza-P x S3 52 0.684 (0.161)  —0.047 (0.061) 0.295 (0.062) 6.9 x 10° 2° 2° 2°
Mondeuse Bl.-P x S1 49 0.635 (0.158)  —0.070 (0.056) 0.247 (0.067) 8.7 x 10° 2° 2° 2°
Mondeuse Bl.-P x S2 42 0.262 (0.176)  —0.036 (0.052) 0.094 (0.072) 4.0x1072 2° 3° 3°
Mondeuse BL-P x S3 45 0.199 (0.172) 0.031 (0.060) 0.130 (0.073) 1.4 x10° 2° 3° 2°
Putative 2°
Teroldego-Pinot 53 0.672 (0.148)  —0.089 (0.053) 0.247 (0.059) 1.2 x 10 FS 2° 2°
Pinot-Dureza 53 0.519 (0.156) 0.028 (0.062) 0.287 (0.069) 1.1 x 10" FS 2° 2°
Lagrein—Pinot 53 0.649 (0.146)  —0.047 (0.060) 0.278 (0.060) 1.4 x 10’ FS 2° 2°
Marzemino-Dureza 49 0.377 (0.151) 0.055 (0.064) 0.243 (0.070) 3.5x 107" 2° 2° >3°
Teroldego-Syrah 49 0.526 (0.144) 0.016 (0.060) 0.279 (0.060) 4.5 x 10° 2° 2° 2°
Lagrein—Dureza 48 0.602 (0.157)  —0.089 (0.046) 0.212 (0.061) 2.4 x10° 2° 2° 2°
Pinot-Syrah 47 0.414 (0.159)  —0.041 (0.053) 0.166 (0.068) 5.4 x 107" 2° 2°-3° >3°
Marzemino-Pinot 45 0.314 (0.164) 0.021 (0.058) 0.178 (0.072) 2.9x 107" 2° 2°0-3° >3°
Lagrein-Syrah 43 0.318 (0.176)  —0.027 (0.059) 0.132 (0.075) 1.0x 107" >2° 2°-3° >3°
Marzemino-Syrah 43 0.102 (0.171) 0.082 (0.064) 0.133 (0.083) 1.0x10°? >2° >3° >3°
Marzemino-Mondeuse Bl. 43 0.172 (0.173)  —0.053 (0.045) 0.032 (0.067) ND >2° >3° >3°
Pinot-Mondeuse Bl 34  —0.050 (0.196) —0.046 (0.042) —0.071 (0.076) ND >2° >3° >3°
Dureza-Mondeuse Bl. 34 —0.291 (0.165) —0.009 (0.041) —0.155 (0.063) ND >2° >3° >3°
Lagrein-Mondeuse Bl 37  —0.028 (0.175) —0.013 (0.045) —0.028 (0.067) ND >2° >3° >3°
Teroldego—Mondeuse BI. 35 —0.152 (0.170) —0.004 (0.048) —0.080 (0.070) ND >2° >3° >3°

The number of alleles identical by state (IBS) out of 60 microsatellite markers, the mean values of two-gene () and four-gene (4) coefficients
of identity by descent (IBD) and of coefficients of relatedness (r) of all putative pairs of cultivars were compared to the values of established
relationships (PO = parent-offspring, FS=full-siblings, 2°=second-degree relatives, 3°=third-degree relatives). These relationship
categories were then assessed for each pair by calculating the likelihood ratios (LRs) between the proposed relationship and the next
competing category. This made possible the assignment of the most likely relationship category.

“A hyphen denotes intermediate values between possible relationship categories. The sign >denotes a more distant relationship category.

Almost unrelated pairs are denoted ND.
PP x S: ‘Pinot’ x ‘Syrah’ deliberate crosses.

PO pairs: As expected, the established PO pairs
between ‘Pinot’ x ‘Syrah’ crosses (denoted here P xS)
and their progenitors shared at least one allele IBS at
each of the 60 microsatellites analysed. Among all
possible pairs, only “Teroldego’—‘Lagrein’ also shared at
least one allele at each locus. ‘Teroldego’—‘Marzemino’
shared 58 alleles IBS out of 60 loci (97% of the loci), the
two discrepancies being 14bp at VMC6E10 and 4bp at
VVS2. This pair might therefore be excluded as PO;
however, it is known that using a great number of

markers increases the chances of encountering
discrepancies owing to mutations, genotyping errors
or null alleles (Jones and Ardren, 2003). As both
discrepancies involved at least one homozygote (bold
alleles in Supplementary Information 2), we suggest that
they could be explained by the presence of null alleles, as
it has already been shown for other cultivars at one locus
in Vouillamoz et al (2004). With 55 alleles IBS out of 60
loci (91.6%), the pair ‘Teroldego’—‘Dureza’ can most
probably be ruled out as putative PO, as it would seem
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improbable that five discrepancies could be explained by
mutations, mistyping or null alleles. All other pairs
showed lower numbers of alleles IBS. Coefficients @, 4
and r were close to theoretical values for ‘Pinot’-P x S1,
‘Pinot’-P x S3 and ‘Syrah’-P x S3, but they were in-
between theoretical PO and FS values for the other
three established PO pairs. Such intermediate values
were also observed for ‘Teroldego’—‘Lagrein’. Therefore,
based on IBD coefficients alone, it would be difficult to
assign those pairs either to the PO or the FS category, and
they have consequently been classified as PO-FS? in
Table 1. ‘“Teroldego’—'‘Marzemino’ had r =0.513 (+0.043),
close to the theoretical value for PO; @ had a lower value
and 4 a higher value than that predicted by the theory.
The established PO dyads displayed various LRs. With
PO as primary hypothesis and FS as a null hypothesis,
the LRs of established PO pairs ranged from 3.47 for
‘Syrah’-P x S1 to 9.6 x 10° for ‘Pinot’-P x S1. In other
words, it is less than four times more likely that ‘Syrah’
and P x S1 have these genotypes because they are PO
instead of FS (in the absence of other evidence). Likewise,
the LRs for both putative PO pairs were low for
‘Teroldego’—'Lagrein” (LR=1.55) and moderate for
‘Teroldego’—'Marzemino’ (LR =185.05). In other words,
it is less than twice as likely that ‘Teroldego’ and
‘Lagrein’ have these genotypes because they are PO
instead of FS. The pairs with low PO/FS LRs consistently
had IBD and relatedness coefficients in-between the
theoretical values for PO and full siblings. However,
‘"Teroldego’—'Lagrein’ share at least one allele IBS at each
of the 60 loci analysed and their LR values are as low as
LRs of established PO pairs like ‘Pinot’-P xS2 and
‘Syrah’-P x S1. Thus, it is reasonable to consider both
‘Teroldego’—'Lagrein’ and ‘Teroldego’—'Marzemino’ as
very likely PO pairs.

FS: The established P x S FS shared at least one allele at
52 (87%) to 58 (97%) loci. The pair P x S1-P x S2 showed
allele-sharing level similar to PO pairs, which was
surprising because FS are not expected to share at least
one allele at each locus when their parents are unrelated
(Blouin, 2003). Indeed, this suggested that ‘Pinot’ and
‘Syrah’ could be somehow genetically related, as they
share 47 alleles IBS out of 60 microsatellites. Within
the range of 52-58 loci sharing at least one allele IBS,
we detected five putative FS: ‘Teroldego’—'Dureza’,
‘Teroldego’—'Pinot’, ‘Lagrein’'—'Marzemino’, ‘Lagrein’-
‘Pinot’, ‘Pinot’—'Dureza’. Coefficients @&, 4 and r were
close to theoretical values for only one pair of established
FS (P x S2-P x S3), the other two pairs differing from the
theory, again suggesting that ‘Pinot” and ‘Syrah’ could be
genetically related. Among putative FS, only ‘Lagrein’—
‘Marzemino’ had coefficients consistent with theoretical
FS values, although with rather low 4 and r. Coefficients
for ‘Teroldego’—'Dureza’ laid in-between the values of FS
and 2° relatives, but such coefficients were also found for
the established FS pair P x S1-P x S3, so that ‘Teroldego’
and ‘Dureza’ are likely to be FS as well. Coefficients for
‘Pinot’—'Dureza’ corresponded to theoretical values of 2°
relatives and so did ‘Teroldego’—'Pinot’ and ‘Lagrein’—
‘Pinot’, although with @ clearly over 0.5. LRs of FS versus
2° relatives were relatively high for established FS
dyads, with the exception of P x S§1-P x S3 (LR =18.13).
For putative FS dyads, FS/2° relatives LR were >1
only for ‘Teroldego’—'Dureza’ (LR=1.17) and ‘Lagrein’-
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‘Marzemino’ (LR =2.65). Thus, our data suggest that
‘Lagrein’—'Marzemino’ and ‘Teroldego’—'Dureza’ could
be FS and that “Teroldego’—Pinot’, ‘Lagrein’—'Pinot’ and
‘Pinot’—'Dureza’ might be 2° relatives instead of FS.

2° relatives: Established 2° relatives shared at least one
allele at 42 (70%) to 52 (87%) loci, with the exception of
‘Dureza’-P x 52 with 58 (97%) loci, an extremely high
number for 2° relatives. For comparison, we calculated
that the five pairs of 2° relatives detected in the pedigree
reconstruction of Vouillamoz et al (2003) shared at least
one allele IBS at an average of 41.8 out of 50 (83.6%)
microsatellite markers (data not shown), which is similar
to most of the established 2° relatives in the present
study. Thus, the high percentage (98%) observed in
‘Dureza’-P x 52 could be explained by the highly likely
relationship between ‘Pinot’ and ‘Syrah’ along with a
possible relationship between ‘Pinot’ and ‘Dureza’.
Within the range of 42-52 loci sharing at least one
allele IBS, we detected eight putative 2° relatives or more
distant relationships. Coefficients @, 4 and r were very
similar to theoretical values for ‘Dureza’-P xS1 and
‘Mondeuse Blanche’-P x S1, whereas the other pairs had
very variable ¢ and r values. Consistent with its number
of alleles IBS, ‘Dureza’-P x S2 had coefficients close to
theoretical PO values. On the opposite, coefficients of
‘Mondeuse Blanche’-P xS2 and ‘Mondeuse Blanche’-
P x S3 were closer to theoretical values of 3° relatives
or even more distant relationships. These examples
illustrate the limitations of IBD and relatedness
coefficients for discriminating between some 2° versus
3° relatives. Among putative 2°, 3° or more distant
relatives, only two pairs had values close to the expected
coefficients for 2° relatives: ‘Teroldego’—'Syrah’ and
‘Lagrein’—Dureza’. All other pairs had coefficients
either in-between theoretical values for 2° and 3°
relatives or close to theoretical values of 3° or more
distant relatives. LRs for established 2° relatives versus 3°
relatives ranged from 0.04 for ‘Mondeuse Blanche’-P x S2
to 1458.91 for ‘Dureza’-P x S2. In other words, it is less
likely that P xS2 and ‘Mondeuse Blanche’ have these
genotypes because they are 2° relatives instead of 3°
relatives. Again, this shows the limitations of likelihood
approach for discriminating between 2° and 3° relatives.
The three pairs reclassified as putative 2° relatives
were then reanalysed. Only ‘Teroldego’—'Pinot’,
‘Lagrein’—'Pinot’, ‘Pinot’—'Dureza’, ‘Teroldego’—'Syrah’
and ‘Lagrein’—'Dureza’ had an LR>1 (12.38, 14.4, 11.1,
4.53 and 2.41, respectively). All other putative 2° relatives
actually appeared to be 3° or more distant relatives.

Reliability of relationship categories assignment

IBS: The number of alleles IBS ranged from 96.6% (58/
60 loci) to 100% for PO, 86.6% (52/60 loci) to 96.6% (58/
60 loci) for FS and 70% (42/60 loci) to 96.6% (58/60 loci)
for 2° relatives. To check if a high percentage of alleles
IBS could exceptionally be observed between random
cultivars, we tested 20 random pairs of a priori unrelated
cultivars among the 89 selected in this study (data not
shown). We did not observe any such exception; rather
we found percentages such as 56.6% with ‘Syrah’-
‘Gouais Blanc” (34/60 loci), 60% with ‘Pinot’—'Nebbiolo’
(36/60) or 65% with ‘Teroldego’—'Barbera’ (39/60), for
an average of 59.3% (35.6/60 loci). This comparison
demonstrates that although a high percentage of alleles
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Table 2 Variation of IBD and relatedness coefficients of established relationships with sample size and microsatellites number

(0] A r
PO 0.06 (min 0.002, max 0.12) 0.01 (min —0.09, max 0.1) —0.03 (min —0.09, max 0.04)
FS 0.04 (min 0.02, max 0.09) —0.02 (min —0.12, max 0.01) —0.07 (min —0.16, max 0.03)
2° 0.09 (min 0.04, max 0.13) 0.01 (min —0.05, max 0.08) —0.02 (min —0.07, max 0.04)

Mean @, 4 and r coefficients were calculated for all pairs of established parent-offspring (PO), full-siblings (FS) and 2° relatives (2°) with allele
frequencies of 89 cultivars at 60 microsatellite markers (¢4r89 for 60) and with allele frequencies of 445 cultivars at 20 microsatellite markers
(947445 for 20). Standard deviation (SD) was calculated with 1000 bootstraps over loci. Variation of the coefficients is reported as the average
value of SD®Ar445 for 20—(P4r89 for 60—PArd45 for 20) for each relationship category.

IBS (80% and above) is not sufficient to determine
relationship categories, it does indicate possible kinship.

IBD and relatedness: IBD and relatedness (r)
coefficients showed some limitations in discriminating
among 2° and 3° relatives. Increasing the number of
microsatellites up to several hundred might significantly
reduce misclassification rates, but the chances of
mistyping, mutations or null alleles would be greater.
Using allele frequencies calculated from an increased
number of samples could also improve our statistical
resolution. To test this hypothesis, we assessed the
variation of these coefficients using allele frequencies at
20 microsatellite markers from 445 individuals (recorded
as ®Ar445 for 20) compared to that for allele frequencies
at 60 microsatellite markers from 89 individuals
(recorded as @A4r89 for 60) (Table 2). The estimated
standard deviation (SD) of ®445 was always higher than
the difference between ®89 (for 60) and @445 (for 20) in
every category. The SD of 4 and r were either positive or
negative in each category, but divergence was small.
However, minimum and maximum values of the
difference were never enough to cause a change in the
category assignment. These results are consistent with
Wang (2002) who showed that his new moment
estimator has low sensitivity to small sample sizes,
even when relatives are included in the sampling.

LRs: As the LR of some established relationships were
hardly >1 or even lower (0.04 for ‘Mondeuse Blanche’-
P x S2), we assessed the LRs of each weakly supported
pair in Table 1 with the first 27, 37 and 47 microsatellites
in Supplementary Information 1 and then with all 57
markers in order to determine the minimum number for
significant category assignment (Table 3). For each
relationship category, we estimated the rates of Type I
(false positive) and Type II (false rejection of the primary
hypothesis) errors (Table 4). Most pairs had LR>1
irrespective of the number of microsatellites used,
with the exception of the PO pairs ‘Pinot’-P x 52 and
‘Teroldego’—"Lagrein’, the FS pair ‘Lagrein’—'Marzemino’
and the 2° relatives ‘Mondeuse Blanche’-P xS2 and
‘Mondeuse Blanche’-P x S3 that required 47, 57, 27 and
27 microsatellites, respectively, to have LR>1. For PO/
FS LRs, the rates of Type I and Type II errors with P <0.01
(ie the ratio excluding 99.9% of the simulated pairs) was
close to 0 with 57 microsatellites but increased
appreciably at smaller samples sizes (47, 37 and 27
microsatellites). For the FS/2° relatives LRs, the rates of
Type I and Type II errors were low with 57 microsatellites
(18.08 and 7%, respectively), but they became much
higher with fewer microsatellite markers. For 2°/3°
relatives LRs, the rates of Type I and Type II errors

Table 3 Variation of the likelihood ratios of weakly supported pairs
with the number of microsatellites

Pairs Category Number of microsatellites

57 47 37 27
Pinot-P x S2 PO 388 022 025 0.04
Syrah-P x S1 PO 347 988 395 5.72
Teroldego-Lagrein PO 1.55 159 073 082
Teroldego-Marzemino PO 185.05 44.8 6.9 2.13
P x S1-P x S3 FS 1813 239 654 43.68
Teroldego-Dureza FS 117 11 7.22 1.46
Lagrein-Marzemino FS 265 599 258 095
Dureza-P x S1 2° 9.05 229 1.63 1.61
Dureza-P x S3 2° 6.88 382 541 3.75
Mondeuse BL-P x S1 2° 869 304 21 1.77
Mondeuse BL-P x S2 2° 0.04 0.03 0.05 0.12
Mondeuse BL.-P x S3 2° 136 093 095 035
Teroldego-Pinot 2° 1238 1191 1832 14.13
Teroldego-Syrah 2° 4.53 3.06 2.53 4.03
Lagrein-Dureza 2° 241 1.43 541 3.3
Pinot-Dureza 2° 1.1 24.38 737 694
Lagrein-Pinot 2° 14.4 6.94 947 11.89

Pairs having low likelihood ratios (LRs) with 57 microsatellites in
each relationship category (PO = parent-offspring, FS= full-sib-
lings, 2° =second-degree relatives) were tested by decreasing the
number of markers by tens in order to determine when LR>1.

Table 4 Rates of false positive (Type I errors) and false rejection of
primary hypothesis (Type II errors) in likelihood ratios calculation

POJFS FS[2° 2°/3°
Typel  Typell  Typel  Typell  Typel  Typell
57SSR 0.04 0.00 18.08 7 30.20 84
47SSR  35.04 4.50 36.30 16 35.20 88
37SSR  54.46 11.00 57.29 29 44.08 92
27SSR 9497 35.00 76.20 42 54.50 94

These rates are correlated to likelihood ratios of Table 3, decreasing
by tens from 57 to 27 microsatellites for each relationship category:
parent-offspring (PO) versus full-siblings (FS), FS versus 2° relatives
(2°) and 2° versus 3° relatives (3°). Errors of Type I and II are almost
nonexistant for PO/FS with 57 microsatellites.

were high, even with 57 microsatellites (30.2 and 84%,
respectively). As a result, with 57 microsatellites only
PO/FS and FS/2° relatives LRs are significant (P <0.01),
but 2°/3° relatives LRs are not. This could explain why
the established pair of 2° relatives, ‘"Mondeuse Blanche’-
P x 52, were consistently classified as 2°/3° relatives (ie
LR <1), as the Type Il error rate indicates a 84% of chance
of false primary hypothesis rejection. With 47 or less
microsatellites, none of the LRs are significant. We
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therefore suggest that 57 microsatellite markers should
be a minimum for the detection of PO and FS pairs in
grapes (without knowledge of both parents). As linkage
maps are already available for grape cultivars (Grando
et al, 2003; Riaz et al, 2004), the use of linked loci might
help elucidating some competing relationship categories
as their meiotic segregation patterns differ, but the power
of these tests is low (see Blouin, 2003). Joint likelihood for
trios of individuals might also help elucidating some
relationships, but this method is rapidly computationally
intensive.

Reconstruction of the most likely pedigree

We detected two pairs of PO, two pairs of FS and five
pairs of putative 2° relatives summarized in Figure 1. The
reconstruction of the most likely pedigree that was
consistent with our data (Figure 2) started from the
established parentage ‘Syrah’=‘Dureza’ x ‘Mondeuse
Blanche’ and with the unexpected full-sibship between
‘Teroldego’ (Italy) and ‘Dureza’ (France). This FS pair
is consistent with ‘“Teroldego’—'Syrah” as 2° relatives (in
this case uncle-nephew) and ‘Teroldego’—'Mondeuse
Blanche’ as 3° or more distant relatives (Table 1).
‘Teroldego’ also showed PO relationships with both
‘Lagrein’ and ‘Marzemino’, themselves FS. Yet, LRs of
‘Teroldego’—"Lagrein’ being PO instead of FS were very
low (1.55). False rejection of primary hypotheses of PO is
not expected (Table 4), but we could argue that
‘Teroldego’ and ‘Lagrein’ are FS. In that case, as ‘Lagrein’
and ‘Marzemino’ are FS, ‘Teroldego’ and ‘Marzemino’
would have to be FS too, yet that is not supported by our
data. In consequence, ‘Teroldego” must be the parent of

e Parent-offspring
= == = FKull-siblings
----- 2° relatives

Teroldego Dureza

Marzemino

Lagrein

Figure 1 Genetic relationships. First-degree (PO and FS) and
second-degree relationships discovered in this study.

e P arent-offspring
= = = Full-siblings
----- 2° relatives

Dul"ezal— - -I Tem;dego

Figure 2 Pedigree reconstruction. Most likely pedigree recon-
structed from the relationship category assignment in Table 1.

Mondeuse
Blanche

I Marzemino | I Lagrein |
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both ‘Lagrein” and ‘Marzemino’, the other parent being
unknown (or extinct). This parentage is consistent with
‘Lagrein’—'Dureza’ having a 2° relationship (in this case
avuncular) and ‘Lagrein’—’Syrah’ having a 3° relation-
ship, as suggested by our data. However, it is not
consistent with ‘Marzemino’—'Dureza’ being 3° relatives.
As this pair had IBD and relatedness coefficients in-
between 2° and 3° relatives, as some established 2°
relatives showed typical 3° relatives values (Table 1) and
as rate of false rejection of primary hypothesis for 2°/3°
LR is high (Type II error of 84%), it is reasonable to place
‘Marzemino’ and ‘Dureza’ as 3° relatives instead of 2°
relative in our pedigree. Likewise, ‘Pinot’ showed 2°
relationships with both ‘Teroldego” and ‘Lagrein’: this is
impossible, as “Teroldego” and ‘Lagrein” are supported as
PO. This could be explained by inbreeding in their
common ancestors, as suggested by the relatively high
relatedness coefficient for the pair ‘Teroldego’—‘Lagrein’
(r=0.61). Taking this suggestion into account, we
hypothesized that “Teroldego” and ‘Lagrein’ could share
the same unknown parent (marked as ‘?” in Figure 2),
which could be a descendant of ‘Pinot’. Thus, ‘Pinot’
must be a 2° relative of “Teroldego’ and 3° relative of
‘Lagrein’. This hypothesis has the great advantage of
being consistent with ‘Pinot’—'Lagrein’ as 2° relatives in
our pedigree. Our data also supported ‘Pinot’ as 2°
relative of both ‘Teroldego’” and ‘Dureza’, thus ‘Pinot’
could be their grandparent, grandson, uncle, nephew or
half-sibling. Is ‘Pinot’ a descendant or an ancestor of
‘Teroldego” and ‘Dureza’? ‘Pinot’ could not be grandson
of ‘Dureza’ or “Teroldego’, because this would imply a 3°
relationship with “Teroldego’ or ‘Dureza’, respectively.
‘Pinot’ could be a nephew of ‘Dureza’ and ‘Teroldego’,
but in this case our hypothesis that ‘Teroldego’ and
‘Lagrein’ share a descendant of ‘Pinot’ as unknown
parent would not be valid anymore. As a consequence,
‘Pinot’ is more likely to be a 2° ancestor of “Teroldego’
and ‘Dureza’, a grandparent, an uncle or a half-sibling.
Interestingly, our data and pedigree reconstruction
suggest that ‘Pinot’ and ‘Syrah’ are 3° relatives, which
has never been suspected before. These genetic relation-
ships between ‘Pinot’ and ‘Dureza’ and between ‘Pinot’
and ‘Syrah’ could explain the high number of allele IBS
observed among some ‘Pinot’ x ‘Syrah’ crosses. This is
consistent with the genetic distance between ‘Pinot” and
‘Syrah’ (PSA=0.5) and between Pinot’ and ‘Dureza’
(PSA =0.452). This pedigree is consistent with our data,
but it contains several unknown cultivars. Yet, as most
of them are likely to be extinct now (Scienza and
Failla (1996) list more than 20 extinct cultivars in
Trentino), it is possible that this pedigree will never be
further improved.

Historical grape migrations

Being propagated vegetatively, the genotype of a grape
cultivar can often be hundreds or even thousands years
old, but it is usually impossible to know the age of a
cultivar. The literature on each cultivar in our pedigree
provides some indications of the seniority of one over the
other. As suggested by our data, ‘Pinot’ most likely has
2° relatives in both France (Ardeche with ‘Dureza’) and
northern Italy (Trentino with ‘Teroldego’). ‘Pinot’ is
thought to originate from North East France (Bowers
et al, 1999a) and to have been subsequently spread over



Europe by the Romans. It is considered one of the
most ancient western European cultivars still in
cultivation today, as suggested by its numerous syno-
nyms and clones. Coincidentally, the first written
record of ‘Pinot’ as a grape date back to 1394 in both
Burgundy as ‘Pinoz’ (Rézeau, 1997) and Austria as
‘Blauer Burgunder’, introduced allegedly by Cistercian
monks. As Trentino, today bordering Austria, has
been under diverse historical influences (successively
Celts, Romans, Goths, Lombards, Franks, Austrians,
etc.), ‘Pinot’ is likely to have been also cultivated in this
area before ‘Teroldego’, mentioned in the 15th century.
The first mentions of ‘Lagrein’ (in Alto Adige, North of
Trentino) and ‘Marzemino’ (in Veneto, South of
Trentino) both go back to the 16th century (Calo et al,
2001), that is, later than their neighbour and most
likely parent ‘Teroldego’. Little is known about the
history of ‘Dureza’, but cultivation of ‘Pinot’ almost
certainly predates ‘Dureza’s, as well as any other
cultivar in the pedigree. Obviously, ‘Dureza’ must
predate its offspring ‘Syrah’. In consequence, historical
data are consistent with setting ‘Pinot’ at the top of
our pedigree. One of the most surprising results of this
study is the unprecedented support of a 3° relationship
between two of the noblest grape cultivars in the world,
‘Pinot’ and ‘Syrah’. According to our pedigree, ‘Pinot’ is
a 3° relative ancestor of ‘Syrah’ (either great-grandfather,
great-uncle or cousin). Among the eco-geographic
groups (or sortotypes) established by Levadoux (1948)
and Bisson (1999), ‘Pinot’ is a member of Noiriens
(‘Gamay’, ‘Chardonnay’, ‘Melon’, etc.) located in north-
eastern France and ‘Syrah’ is a member of Sérines
(‘Mondeuse Noire’, ‘Roussanne’, “Viognier’, etc.) located
in the Rhone Valley. Our findings provide evidence of
unexpected genetic relationship between these two eco-
geographic groups. Combined with previous studies
showing PO relationships of ‘Pinot’ with many impor-
tant cultivars (Bowers et al, 1999a; Regner et al, 2000;
Boursiquot et al, 2004), our pedigree underlines the
importance of ‘Pinot” in the genesis of several economic-
ally important modern cultivars. Our results will
help grape breeders to avoid choosing closely related
varieties for new crosses and will open the way for future
studies to better understand viticultural migrations.
However, the ‘Holy Grail’ of reconstructing the whole
pedigree of all major cultivars is almost certainly
unachievable, mainly because most missing links might
now be extinct.
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