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Abstract We have developed an integrated map from five
elite cultivars of Vitis vinifera L.; Syrah, Pinot Noir, Gre-
nache, Cabernet Sauvignon and Riesling which are parents
of three segregating populations. A new source of markers,
SNPs, identified in ESTs and unique BAC-end sequences
was added to the available IGGP reference set of SSRs. The
complete integrated map comprises 1,134 markers (350
AFLP® 332 BESs, 169 ESTs, 283 SSRs) spanning
1,443 cM over 19 linkage groups and shows a mean dis-
tance between neighbouring loci of 1.27 cM. Marker order
was mainly conserved between the integrated map and the
highly dense Syrah x Pinot Noir consensus map except for
few inversions. Moreover, the marker order has been vali-
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dated through the assembled genome sequence of Pinot
Noir. We have also assessed the transferability of SNP-
based markers among five V. vinifera varieties, enabling
marker validation across different genotypes. This inte-
grated map can serve as a fundamental tool for molecular
breeding in V. vinifera and related species and provide a
basis for studies of genome organization and evolution in
grapevines.

Introduction

Tree breeding is a time-consuming process due to long
reproductive cycles, large plant size and an evaluation
period for productivity and quality of between 7 and
20 years. Molecular tools may overcome these difficulties
and open the way for new efficient breeding strategies
(Staub et al. 1996; Morgante and Salamini 2003). In fact,
marker applications to assist breeding are reported both for
herbaceous (Huang et al. 1996) and woody plants (Gianf-
ranceschi etal. 1994; Akkurt etal. 2007) as concerns
disease resistances. In addition to accelerating the charac-
terization of the genetic basis of complex traits, research
activities in the development of molecular markers and
methodologies have facilitated the construction of genetic
linkage maps. In plants, genetic markers provide the frame-
work in breeding programs via marker-assisted selection
(MAS, Mazur and Tingey 1995), map-based cloning
(Tanksley et al. 1995), and anchoring physical maps (Mun
et al. 2006; Troggio et al. 2007). Among the wood plants
poplar (Populus trichocarpa Torr. & Gray) has been the
first to have its genome sequenced (Tuskan et al. 2006),
while among the fruit trees a draft genome sequence of
grapevine (Vitis vinifera L.) has been published for both a
near-homozygous line (Jaillon et al. 2007) and a highly
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heterozygous clone (Velasco et al. 2007) of the Pinot Noir
variety.

Grapevine is a major fruit tree widespread in temperate
climates. Among all species within the Vitaceae family, V.
vinifera (2n = 38) is the only species extensively used in the
wine industry. Thousands of V. vinifera cultivars exist but
the global market for wine production is dominated by only
a few cultivars, such as Chardonnay, Cabernet Sauvignon,
Syrah (Shiraz) and Merlot, which has resulted in the
decline of cultivars or landraces that represent an important
source of genetic variability for traits of interest (This et al.
2006). During the last decade, the effort of the international
grape community has been focused on the development of
microsatellite or simple sequence repeat (SSR) markers and
the construction of several genetic maps (Lodhi et al. 1995;
Dalbo et al. 2000; Doligez et al. 2002, 2006; Grando et al.
2003; Adam-Blondon et al. 2004; Doucleff et al. 2004; Fis-
cher et al. 2004; Riaz et al. 2004, 2006; Fanizza et al. 2005;
Lowe and Walker 2006; Di Gaspero et al. 2007; Welter
et al. 2007; Xu et al. 2008) covering most of the grapevine
genome. In contrast, only few single nucleotide polymor-
phism (SNP) applications have been reported in the grape-
vine literature (Owens 2003; Salmaso etal. 2004;
Lijavetzky etal. 2007; Pindo et al. 2008; Troggio et al.
2008). Along with insertion/deletion (In/del) events that
provide reliable locus PCR-based genetic markers, SNPs
represent the most frequent genetic differences within vari-
ous species including plant species (e.g., Rafalski 2002;
Batley etal. 2003). Recently, a large set of SNPs was
developed from expressed sequence tag (EST) sequences
and BAC-end sequences (BESs) and mapped onto a
Syrah x Pinot Noir population, providing a comprehensive
grapevine genetic map (994 loci; Troggio et al. 2007). Of
these SNP-based markers, 95 were also mapped on an
interspecific grapevine cross between the Merzling hybrid
and the Teroldego variety (246 loci; Salmaso et al. 2008).
Moreover, the Syrah x Pinot Noir map by Troggio et al.
(2007) has been implemented with 773 SNP markers,
developed “ad hoc” based on the heterozygous Pinot Noir
genome contig sequence to support the finishing of the
genome assembly (1,767 loci; Velasco et al. 2007).

Here we report the inclusion of the SNP-based markers,
derived from BESs and ESTs by Troggio et al. (2007), into
a novel integrated reference grapevine genetic map based
on segregation data from three different crosses derived
from five important winegrape varieties ‘Syrah’ (S), ‘Pinot
Noir’ (P), ‘Grenache’ (G), ‘Cabernet Sauvignon’ (CS) and
‘Riesling’ (R). The linkage analysis was performed simul-
taneously on these three segregating populations with a
novel mapping software tool taking into account genotyp-
ing errors. The marker order was validated through the
assembled genome sequence of Pinot Noir (accession num-
bers AM423240-AM489403 at the EMBL/Genbank/DDBJ
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databases; Velasco et al. 2007). The main objective of this
study was to obtain a saturated “species consensus” map, as
an improved genetic tool for landrace and evolution studies,
quantitative trait loci (QTL) fine mapping and association
studies, enabling the bridging from QTL studies to the
genome sequence. We also assess the transferability of
SNP-based markers among five elite V. vinifera varieties,
providing basic information for MAS and future breeding
programs in grapevine.

Materials and methods
Mapping populations

The S x P (94 individuals at TASMA) and S x G (94 indi-
viduals at INRA) full-sib populations are as described in
Troggio etal. (2007) and Adam-Blondon etal. (2004),
respectively. The third population was derived from a
CS x R cross (87 individuals at CSIRO).

DNA extraction

Genomic DNA was extracted from young leaves for S x G
and S x P progeny according to the method described in
Adam-Blondon et al. (2004) and in Troggio et al. (2007).
Given a low quantity of template, for the CS x R cross
DNA extraction was followed by whole genome amplifica-
tion (WGA). DNA was extracted from young leaf material
using the DNeasy 96 Plant Kit (Qiagen). WGA was done
using Phi 29 DNA Polymerase (New England Biolabs,
USA) with Phi29 Random Hexamer Primers (Fidelity Sys-
tems, USA). The WGA involved two steps, the first
involved mixing together 1 pl of template DNA (1-40 ng),
1wl of Phi 29 random hexamer primer, 2.5 ul of
2x annealing buffer (80 mM Tris—HCI, pH 8.0; 20 mM
MgCl,) and sterile deionised water to 5 pl total volume.
This reaction was heated to 94°C for 3 min and then cooled
on ice. In the second step 2 pl of Phi 29 10x Buffer, 2 pl of
4 mM dNTPs, 0.5 pl of Phi 29 DNA Polymerase (5 units)
and sterile deionised water were mixed in a 15 pl total vol-
ume. Mixtures from steps 1 and 2 were combined and incu-
bated at 30°C for 12 h and heat inactivated for 15 min at
65°C. WGA DNA was stored at —20°C.

Genetic markers: development and analysis

SSR analysis

The core of the integrated map was based on the marker-
rich S x P map (Troggio et al. 2007) and the SSRs already

mapped on S x G were used to provide the framework
(Adam-Blondon et al. 2004). For the purpose of this study,
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only the CS x R population was screened with microsatel-
lite markers. Available segregation information about het-
erozygous SSRs in CS and R parental genotypes was
exploited (Riaz et al. 2004) and in total 143 SSRs were
tested on CS and R. SSR nomenclature and primer
sequences have already been reported by Thomas and Scott
(1993; VVS), Bowers et al. (1996, 1999; VVMD); Sefc
etal. (1999; VRZAG), Scott et al. (2000; SCU), Di Gasp-
ero etal. (2000; VMC), Adam-Blondon etal. (2004,
VMCO), Arroyo-Garcia and Martinez-Zapater (2004; VMC),
Decroocq etal. (2003; VVC), Merdinoglu et al. (2005;
VVI), Doligez et al. (2006; A, B, C, GB, GT and TT), Wel-
ter etal. (2007); VMC). Most of these markers are
described in the NCBI databases dbSTS and UniSTS (http://
www.ncbi.nlm.nih.gov/).

SNP development and analysis

Four hundred and forty-four SNP-based markers polymor-
phic in S x P were derived from 332 BESs and 112 ESTs.
All were analyzed on both S x G and CS x R (two parents
and six progeny) following the multiplex minisequencing
protocol described in Troggio et al. (2008). In addition, 192
regions identified as monomorphic in S x P (Troggio et al.
2007) were re-sequenced in G, CS and R parental geno-
types in order to potentially saturate additional regions
along the chromosomes with cross-specific SNP markers.
Finally, five coding regions involved in metabolic pathway
of interest (VwBURPI, VvSP2, VvHBI3, DFR, LDOX2)
were sequenced in S, P, CS, and R to identify gene specific
SNP markers for mapping. The identified SNPs were then
genotyped on the S x P progeny using the multiplex min-
isequencing protocol. SNP nomenclature is reported in
Troggio etal. (2007). SNP marker information has been
deposited into the NCBI SNP database (dbSNP accession
numbers from 79088086 to 79088470, Build 130).

Integration strategy

In order to merge linkage groups (LGs) between the S x P,
S x G and CS x R maps pairwise “bridges” were built and
to expand a non-redundant number of SNP markers, the
loci common to all three crosses were split into two groups,
distributed equally along each of the 19 S x P LGs. One
group was extended to S x G only and the other one to
CS x R. Unique (cross-specific) markers were screened
against the respective populations.

Construction of the three consensus maps
The observed genotypic frequencies in the progeny were

tested against the expected segregation ratio using a y” test.
A consensus map was built for each progeny using TMAP,

a novel mapping software package taking into account
genotyping errors (Cartwright etal. 2007; http://
math.berkeley.edu/~dustin/tmap). First, phase was inferred
using the Phasing algorithm. Second, the groupings and
order were determined by the lowest LOD value, which
reduced the number of erroneous linkages to a minimum
with a maximum distance of 35 cM Kosambi. Finally, LGs
were visualized with MapChart v2.1 (Voorrips 2002).

Construction of the integrated map
Comparison of parental recombination rates

Heterogeneity of recombination rates between marker pairs
was tested among all three mapping populations using the
“Join-combine groups for map integration” function of
JoinMap 3.0 (Van Ooijen and Voorrips 2001). This func-
tion lists all the pairs of common markers, their recombina-
tion frequencies, LOD values, and calculates which pair is
showing significant differences in recombination frequency
based on a ? test.

Dataset integration and linkage analysis

The observed genotypic frequencies in the whole dataset
were tested against the expected segregation ratio using a >
test. The construction of the integrated map was carried out
by means of TMAP (Cartwright etal. 2007; http:/
math.berkeley.edu/~dustin/tmap). First, the three cross
outputs from Phasing were merged into a single dataset.
Second, groupings were determined using a minimum LOD
threshold of 8.0 and a maximum distance of 35 cM Kos-
ambi. Finally, the LGs were visualized with MapChart v2.1
(Voorrips 2002).

Map validation through the grapevine genome sequence

The 11.2x shotgun sequence of the Pinot Noir genome
assembled into a total of 2,093 metacontigs covering 504.6
Mbp (Velasco et al. 2007) was used for the map validation.
All the sequence-based mapped markers were aligned
along the Pinot Noir assembled genome sequence to vali-
date their order.

Results

Genetic markers: development, analysis and integration
strategy

Of 143 SSRs tested on CS and R, 104 were found to be

polymorphic in at least one parental genotype and were
scored on the CS x R population.
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Out of 444 SNP markers (327 BES-based and 117 EST-
based) segregating in the S x P population, 289 (65.0%)
were also informative for the S x G population and 246
(55.4%) for the CS x R population. Within the 327 BES-
based SNP markers tested in S x G, 240 (73.4%) were
informative, 76 (23.2%) were monomorphic and 11 (3.4%)
failed to amplify, whereas within the 117 EST-based SNP
markers, 49 (41.9%) were informative, 30 (25.7%) were
monomorphic and 32 (27.4%) failed to amplify. Screening
the CS x R population found that of the 327 BES-based
SNP markers tested, 191 (58.4%) were informative, 116
(35.5%) were monomorphic and 20 (6.1%) failed to
amplify, whereas within the 117 EST-based SNP markers,
55 (47%) were informative, 44 (37.6%) were monomorphic
and 18 (15.4%) failed to amplify. In total, 190 of the 246
informative SNP markers could be scored for either the
S x G progeny or the CS x R progeny that resulted in a
non-redundant set of 95 SNP markers well scattered along
the 19 LGs for each population.

Furthermore, the 192 BES regions that were previously
found monomorphic (129) or failed (63) in both S and P by
Troggio et al. (2007) were sequenced in other cultivars: 12
new SNPs were identified in G, 27 in both CS and R, and
19 in G, CS and R genotypes making a total of 58 new
SNPs for these varieties. Finally, a SNP was found in each
of the VWBURPI, VvSP2, VvHBI13, LDOX2 and DFR genes,
allowing their mapping in the S x P population with the
majority (63.8%) of the observed nucleotide variations cor-
responded to transitions (A/G or C/T). In addition, only one
(0.2%) of the SNPs (1076L08F; dbSNP accession number
79088251) was found to be a triallelic polymorphism (A/C/
T) across the three mapping populations. The segregation
type of all SNP markers analysed in the present study are
reported in Table S1.

In conclusion, our integration strategy has led to 33.3%
of the markers being common to at least two of the crosses
(Table 1).

Consensus maps
S x P genetic map

Five SNP markers derived from VvBURPI, VvSP2,
VvHBI13, DFR and LDOX?2 genes were added to the dataset
of 1,006 markers already available (Troggio et al. 2007) for
a total of 1,011 loci. During the phase analysis by means of
Phasing, automatic trials with the parameter 7' showed that
T = 3.1 was the lowest value for which the algorithm could
find a solution. The genes were found to be linked to the
markers of LGs 1, 3, 8 and 18 at the minimum LOD of 8.0
and the maximum distance of 35 cM Kosambi and there-
fore only these four LGs were rebuilt.

S x G genetic map

An additional 166 SNP markers (30 EST-based and 136
BES-based) were added to the already available dataset of
251 SSR markers (Adam-Blondon et al. 2004) for a total of
417 loci. The phase analysis was conducted at 7= 2.4 and
the linkage analysis was performed at the minimum LOD
of 6.0 and the maximum distance of 35 cM Kosambi. Fifty
markers were unlinked but the remaining 367 markers (22
EST-based SNP markers, 100 BES-based SNP markers,
and 245 SSRs) were ordered in 19 LGs, with a total map
length of 1,062 cM.

CS x R genetic map

The linkage analysis included 247 markers consisting of 35
EST and 110 BES-based SNP markers, and 102 SSRs.
After the Phasing step (7= 2.0), the linkage analysis was
performed at a minimum LOD of 3.0 and a maximum dis-
tance of 35 cM Kosambi. Five markers were found to be
unlinked whereas the remaining 242 markers (35 EST-
based SNP markers, 106 BES-based SNP markers, and 101

Table 1 Number and type of molecular markers screened in each mapping population

Markers S xP* Sx G’ CSxR°® Fully SxPand S xPand S x Gand S xP SxG CS xR Totalin the
shared S x G CS xR CS xR unique  unique  unique integrated
common common common dataset
SSRs 133 251 102 70 31 0 32 32 125 2 292
BESs 316 136 110 0 130 84 0 103 14 35 366
ESTs 179 30 35 0 29 34 0 124 1 2 190
AFLPs 383 0 0 0 0 0 0 383 0 0 383
Total 1,011 417 247 70 190 118 32 642 140 39 1,231

# Syrah x Pinot Noir
b Syrah x Grenache

¢ Cabernet Sauvignon x Riesling
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SSRs) generated a genetic map with 19 LGs covering
1,157 cM.

Integrated map

Three datasets that were merged into one consisted of the
segregation of 1,231 markers characterized in up to 275
individuals (Table 1). In only few instances, there were
significant differences in recombination rates of marker
pairs between two or three populations (data not shown).
Thirty markers showing a highly distorted segregation
(P < 0.001) were discarded from the linkage analysis. The
remaining set of 1,201 markers consisted of 284 SSRs,
351 BES-based SNPs, 183 EST-based SNPs and 383
AFLPs. For each cross, the number of markers based on
segregation type and the marker class are reported in
Table 2.

The complete integrated map (minimum LOD = 8.0 and
maximum distance =35 cM Kosambi), is comprised of
1,134 loci (350 AFLPs, 332 BES-based SNP markers, 169
EST-based SNP markers and 283 SSRs) spanning
1,443 cM across 19 LGs which corresponds to the haploid

number of chromosomes in grapevine (Fig. 1). Sixty-seven
markers were discarded because they were linked at lower
LOD, affecting the neighboring marker order, or because
they significantly increased the LG-end distances.

The mean distance between adjacent loci was 1.27 cM
and the largest gap was 18.4 cM found in LG 16. Further
linkage analysis with the same parameters was performed
without the AFLP markers resulting in the map length of
1,487 cM Kosambi with the mean inter-locus distance of
1.90 cM covering 19 LGs.

Alignment of all maps

Initially, for the three consensus maps we considered
microsatellite markers as multi-allelic codominant. The
55 common SSRs showed that the marker order was well
conserved: for 53 loci (96.3%) the order of the SSR mark-
ers was the same and for two other markers the order was
slightly different within an interval <6 cM. Since S x G
and CS x R did not share any screened SNP-based mark-
ers, their consensus maps were compared through the
SNP-rich framework of S x P, with 166 and 145 SNP-

Table 2 Marker segregation

type in the three mapping Heterozygous state present in Total
populations Marker type Syrah Pinot Noir Syrah and Pinot Noir
ab x aa aa x ab ab x ab ab x a0 ab x ac ab x cd
EST 67 70 39 0 3 0 179
BES 99 100 117 0 0 0 316
SSR 22 13 21 0 54 23 133
AFLP 124 164 95 0 0 0 383
Total 310 347 269 0 57 23 1,011
Marker type Syrah Grenache Syrah and Grenache Total
ab x aa aa x ab ab x ab ab x a0 ab x ac ab x cd
EST 17 4 10 0 0 0 31
BES 75 20 41 0 0 0 136
SSR 43 51 15 3 72 66 250
AFLP 0 0 0 0 0 0 0
Total 135 75 66 3 72 66 417
Marker type Cabernet  Riesling Cabernet Sauvignon and Riesling Total
Sauvignon
ab x aa aa x ab ab x ab a0 x ab ab x ac ab x cd
EST 8 18 9 0 0 0 35
BES 41 38 31 0 0 0 110
SSR 19 18 1 43 21 102
AFLP 0 0 0 0 0 0 0
Total 68 74 40 1 43 21 247
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Fig. 1 The integrated map (IM) from 5 elite grape cultivars represented by 1,134 mapped loci covering 19 linkage groups

based markers, respectively. Marker order was generally
consistent and LG lengths of the three consensus maps
were comparable to each other when taking into account
the regions covered by homologous markers (Fig. 2 and
S1).

Subsequently, the integrated map was compared to the
dense consensus map of S x P and the marker distance and
order were also consistent between homologous LGs. Com-
pared to the S x P dense map, the integration resulted in
similar LG lengths when saturating already covered
regions, and only in few cases (LGs 3, 9, 14, and 19) it pro-
vided a larger map when covering previously unmapped
LG-ends. For few markers, order discrepancies occurred at
the end regions of LGs 2, 3, 7, 12, and 16. All pairwise
comparisons between the S x P LGs and the integrated
LGs are shown in Fig. 3 and S2.

Lastly, the complete integrated map was compared with
the integrated map built without AFLP markers. The
marker order and distances were generally very well con-
served. All pairwise comparisons between LGs built with
and without AFLPs are shown in Fig. 3 and S2.
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Map validation

The sequences of 671 sequence-associated markers present
in the integrated map were aligned to 623 contigs ordered
into 178 metacontigs which cover about 360.4 out of 504.6
Mbp of assembled genome sequence (Table S2). This is in
a good agreement with independent studies of Lodhi and
Reisch (1995) and Thomas et al. (1993) estimating the size
of the entire grapevine genome as 475-511 Mbp, which
give the range of mapped genomic sequence as high as
70.5-75.9%. The marker order was mainly consistent with
the order of genomic contigs (http://genomics.research.
iasma.it). Of the 671 sequenced-based markers, 314
belonged to adjacent regions dispersed along the LGs. For
23 pairs of comapping markers, both markers matched to
the same genomic contig, which allowed accurate estima-
tion of the physical distance between markers from 9,000 to
79,000 bp. For other 268 pairs, comapping markers
matched the sequences of different contigs from the same
metacontig. Because of variability in clone sizes used for
ordering contigs in metacontigs, the physical distance
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Fig. 1 continued

between markers can be estimated only approximately with
an average error of 10% or lower.

Discussion

In this study we report a dense integrated SSR and SNP-
based map for five elite cultivars of V. vinifera. Mapping
based on multiple segregating populations provides several
advantages over mapping based on only a single popula-
tion. In particular, the map integration results in an
increased loci density and effective population size, provid-
ing a stronger framework for precise mapping of QTLs,
association studies based on linkage disequilibrium estima-
tion and for alignment with a genome sequence.

Our composite integrated map of 1,134 loci densely cov-
ered all 19 LGs of grapevine with the mean distance of
1.27 cM between the adjacent loci. This high marker den-
sity is comparable to that of barley where an average dis-
tance of 1.3 cM between markers was reached (Qi et al.
1996; Hori et al. 2003). The dense linkage maps are the
basis of the fine QTL analysis, map-based gene isolation
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and integration of physical and genetic maps of genomes
(Causse et al. 2004). Moreover, they facilitate comparative
study of genomes between distant taxa (Salse et al. 2002).
As 250 markers (22% of all mapped loci) corresponded to
coding regions, this map has an additional value as a func-
tional integrated map and represents an important genetic
tool for future candidate gene studies in grapevine.

Our integration strategy, consisted of extending to the
S x G and CS x R populations a non-redundant set of
SNP-based markers identified in the S x P population, has
led to the construction of pairwise bridges, reducing both
costs and time. We also assessed the transferability of SNP-
based markers among five V. vinifera varieties, enabling
marker validation across different genotypes and creating
an important background for future applications in marker
assisted breeding.

Development and analysis of SNP markers
Until now, microsatellites have represented the basis for

cross-talk between maps, due to their multi-allelic nature
and abundance. Here, a new source of markers based on
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Fig. 1 continued

SNPs, identified in expressed sequences and unique BESs,
has been added to the IGGP reference set of SSRs. At the
moment, various techniques are available for SNP discov-
ery and genotyping (Gupta et al. 2001). In this study, SNP
identification was performed by sequencing and SNP geno-
typing by multiplex minisequencing (Troggio et al. 2008).
This affordable methodology provides up to 7 SNP charac-
terisations per genotype and proved to be highly effective
for the transfer of 444 markers previously mapped in SxP
together with an additional 58 new markers. The polymor-
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phism detected was mostly due to base transitions which is
consistent with previous results in grapevine (Salmaso et al.
2004) and in other organisms (Garg et al. 1999).
Transferability of SNP markers from S x P to S x G
(65.0%) was more efficient than for CS x R (55.4%). Since
S x P and S x G shared one parental genotype, whereas
CS x R did not this difference was expected. Of interest
was that the SNP markers from BESs were found to be
transferable among mapping populations with a higher
efficiency (73.4% in S x G and 58.4% in CS x R) than for
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consensus map for linkage group
1. Homologous loci identified.
Remaining linkage groups 2—-19
are shown in Fig. S1
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EST-based SNP markers (41.9% in S x G and 47.0% in
CS x R). Furthermore, the number of loci that failed to
amplify was similar in S x G (9.7%) and CS x R (8.5%).
In particular, the EST-based SNPs showed in both crosses
(27.4% in S x G and 15.4% in CS x R) an increased rate
of unsuccessful amplification compared to the BES-based
SNPs (3.4% in S x G and 6.1% in CS x R). Possible
explanations of the higher PCR failure of ESTs could be
due to the putative presence of large introns within the PCR
amplicons, which would effectively inhibit the amplifica-
tion, or the positioning of the primer at the intron-exon
junctions as was observed in Troggio et al. (2007).
Additionally, among 129 monomorphic BESs of S x P,
re-sequencing in G, CS and R identified 58 new SNP mark-
ers, while 71 other markers remained monomorphic. Sixty-
three problematic BES-based SNP markers identified in
S x P also failed in G, CS and R. The monomorphic
regions corresponded to the coding sequences which are
usually more conserved, whereas the failed sequences were
derived from non-coding regions which are mostly variable
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(Gaafar et al. 2005). Grapevine is a perennial crop which
has a high level of heterozygosity (Thomas and Scott
1993). Assuming that the sequences in homozygous regions
are accurate, there is still possibility that some results may
be artefacts due to preferential PCR amplification of one
allele in case of a mismatch between a PCR primer and one
of the allelic templates (Walsh et al. 1992).

Marker order and distances

The order of the 889 markers common on the densest con-
sensus map (S x P) and the integrated map was generally
consistent except for a few marker inversions at LG-ends.
These errors could be explained by a generally increased
recombination rate within terminal regions or by recombi-
nation rate differences among varieties. Few inversions in
the marker order occurred for proximal markers and were
mostly caused by changes in the distribution of less infor-
mative dominant markers segregating 3:1, such as few
SNP-based markers. The linkage analysis was performed
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using a new mapping software package, TMAP (Cartwright
et al. 2007), which takes into account genotyping errors and
compensates for distances between close markers. To ver-
ify the distance variation with a reduced number of mark-
ers, a second integrated map was produced without AFLP
markers, as they belonged to only one mapping population
(S x P). The reduced integrated map confirmed the validity
of the AFLP markers and the marker order within the com-
plete integrated map. Moreover, the distance estimation
was generally consistent among LGs. Marker order and dis-
tance reliability were supported by the use of TMAP, which
considered the genotyping errors. The verification involved
removal of every other marker to see how this affected the
estimated LG size. With error correction, the LG sizes were
very consistent, but in the presence of uncompensated
errors removing markers caused distances to shrink (data
not shown).

Comparative mapping is a useful technique for investi-
gating chromosomal evolution. It allows importing the
genetic information (such as the map positions of qualita-
tive or quantitative traits) obtained in one species to the
study of related species. In multiple pedigree mapping stud-
ies, the molecular markers are used as “bridges” for merg-
ing LGs. For the map comparisons to be meaningful,
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detection of an orthologous locus in each mapping popula-
tion can be achieved by searching for DNA sequence
homology and for conserved map regions (Brown et al.
2001). Multi-allelic codominant markers, such as microsat-
ellites, are the most efficient for the map comparisons.

The first integrated genetic map of grapevine, compris-
ing 515 loci (502 SSRs and 13 other type PCR-based mark-
ers), has been recently published (Doligez et al. 2006).
Since their genetic map and our integrated map were con-
structed by different software, the differences between the
two maps were evaluated by using anchor SSR loci. Out of
283 microsatellites positioned on our integrated map, 259
were observed to be shared with the Doligez map. After
aligning each LG of our integrated map with the homolo-
gous LG from the Doligez map, the microsatellite order
appeared to be well-conserved. Therefore, these SSR mark-
ers represent a solid framework for our integrated map. LGs
1,2,3,6,7,8, 10, 11, 16 and 19 showed a similar (15%
length variation) genetic distance. The length of LG 18 was
rather different between the two maps; however, the
genome coverage was similar between them as estimated
by 13 common anchor loci. Our grapevine integrated map
was extended by 15 cM at the distal ends of LGs 13 and 15
compared to the Doligez map. In addition, our map had
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extra 10 cM regions at the tops of LGs 4, 12, 13, 15 and of
15-18 cM at the tops of LGs 14 and 5, respectively. In con-
trast, the region of 10 cM at the bottom of LG 9 and the
regions of 15 cM at the bottoms of LGs 4 and 18 of the
Doligez etal. (2006) map were lacking in our map. In
respect to the previous SSR-based integrated map, these
findings indicated that our grapevine integrated map has the
increased coverage of the whole genome. To date, the high-
est coverage (477 Mb, 95%) of the grapevine genome was
provided by the S x P single cross map (1,767 loci)
recently published by Velasco et al. (2007). The order of
the 1,006 markers shared between our integrated map and
the advanced S x P genetic map of Velasco et al. (2007)
was well conserved.

In addition to several inter-species Vitis maps, the first
genetic linkage map of grape derived from rootstock par-
ents has recently been constructed from a cross of Ramsey
(V. champinii) x Riparia Gloire (V. riparia) (Lowe and
Walker, 2006). Given the conservation and the high trans-
ferability of SSR markers within the genus Vitis it was pos-
sible to analyse macro-colinearity between the homologous
LGs of their inter-species map and the present integrated
map. The order of the common 94 SSRs was well con-
served between Vitis spp. maps. This shows that the inte-
grated map may be useful as a fundamental tool for
molecular breeding not only in V. vinifera but also in the
related species. To date, only one study (Lijavetzky et al.
2007) has reported on the transferability of SNP markers
within V. vinifera (sativa and sylvestris subsp.), while no
information has been available for the non-vinifera species.

In conclusion, the integrated map represents a substan-
tial resource for molecular breeding programs, as well as
trait and QTL marker association. The information reported
here may also be useful for comparing the genomes of
related species and for supporting the functional genomics
studies.
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