
Copyright � 2007 by the Genetics Society of America
DOI: 10.1534/genetics.106.067462

A Dense Single-Nucleotide Polymorphism-Based Genetic Linkage Map of
Grapevine (Vitis vinifera L.) Anchoring Pinot Noir Bacterial Artificial

Chromosome Contigs

Michela Troggio,*,1 Giulia Malacarne,* Giuseppina Coppola,* Cinzia Segala,*
Dustin A. Cartwright,† Massimo Pindo,* Marco Stefanini,* Rolf Mank,‡

Marco Moroldo,§,2 Michele Morgante,§ M. Stella Grando* and
Riccardo Velasco*

*IASMA Research Center, 38010 San Michele all’Adige (TN), Italy, †Myriad Genetics, Salt Lake City, Utah 84108, ‡Keygene N.V., 6708
Wageningen, The Netherlands and §Dipartimento di Scienze Agrarie ed Ambientali, Università di Udine, 33100 Udine, Italy
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ABSTRACT

The construction of a dense genetic map for Vitis vinifera and its anchoring to a BAC-based physical map is
described: it includes 994 loci mapped onto 19 linkage groups, corresponding to the basic chromosome
number of Vitis. Spanning 1245 cM with an average distance of 1.3 cM between adjacent markers, the map
was generated from the segregation of 483 single-nucleotide polymorphism (SNP)-based genetic markers,
132 simple sequence repeats (SSRs), and 379 AFLP markers in a mapping population of 94 F1 individuals
derived from a V. vinifera cross of the cultivars Syrah and Pinot Noir. Of these markers, 623 were anchored to
367 contigs that are included in a physical map produced from the same clone of Pinot Noir and covering
352 Mbp. On the basis of contigs containing two or more genetically mapped markers, region-dependent
estimations of physical and recombinational distances are presented. The markers used in this study
include 118 SSRs common to an integrated map derived from five segregating populations of V. vinifera.
The positions of these SSR markers in the two maps are conserved across all Vitis linkage groups. The
addition of SNP-based markers introduces polymorphisms that are easy to database, are useful for evolu-
tionary studies, and significantly increase the density of the map. The map provides the most comprehen-
sive view of the Vitis genome reported to date and will be relevant for future studies on structural and
functional genomics and genetic improvement.

V ITIS vinifera L. is the only European species
representative of the genus Vitis. The species is

widely cultivated and is the most important fruit crop
in the world. V. vinifera has a disomic inheritance with
2n¼ 38 and a relatively small genome (475 Mbp, Lodhi

and Reisch 1995). Recent studies carried out in
V. vinifera range from genetic diversity analysis (Aradhya

et al. 2003) to cultivar and clonal identification (Faria

et al. 2004; This et al. 2004), disease resistance gene
identification (Donald et al. 2002; Barker et al. 2005;
Di Gaspero et al. 2007), and quantitative trait analysis
(Doligez et al. 2002; Fischer et al. 2004; Fanizza et al.
2005) in addition to gene expression and metabolic
profiling (Terrier et al. 2005; Waters et al. 2005). The
development of tools for genome analysis has included
the putting together of a large collection of expressed
sequence tags (ESTs) (da Silva et al. 2005; Moser et al.
2005), the lengthy undertaking of creating a physical

map and whole-genome sequencing, and proteomics
(Sarry et al. 2004; Castro et al. 2005; Pereira et al.
2005; Castellarin et al. 2006).

Genetic linkage maps are a prerequisite to studying
the inheritance of both qualitative and quantitative
traits and to integrating molecular information that
is necessary for marker-assisted selection (MAS) and
map-based gene cloning techniques (Morgante and
Salamini 2003). Thus, a key resource in support of clas-
sical genetic and genomics of V. vinifera is the construc-
tion of a dense genetic map based on well-characterized,
gene-specific molecular markers.

Over the last 15 years genetic linkage maps have been
prepared for several plant species (van Os et al. 2006),
but high-resolution genetic maps are nevertheless lim-
ited to major crop species: the most dense map has been
reported for potato, which contains .10,000 markers
(van Os et al. 2006). For fruit trees, a total of 840
markers are available in an apple map (Liebhard et al.
2003) and 562 are included in the reference map of
Prunus spp. (Dirlewanger et al. 2004). Peach ESTs are
currently being anchored to both a genetic and a phys-
ical map (Horn et al. 2005), while a growing collection
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of ESTs from apple and almond has been released to
public databases. Several genetic maps are already avail-
able for the Vitis genome (Grando et al. 2003; Adam-
Blondon et al. 2004; Riaz et al. 2004; Lowe and Walker

2006), primarily based on simple sequence repeats
(SSRs) and AFLPs, with the highest marker density
(515 markers) present in an integrated linkage map
that includes data from five different crosses (Doligez

et al. 2006).
SSRs are highly prized as molecular markers due to

their codominance and high levels of polymorphism,
but a significant effort is required to develop SSR-based
maps. AFLP markers are easy to use and reveal large sets
of genetic loci, but their transferability between detec-
tion platforms (for instance, polyacrylamide gel electro-
phoresis, gel-based sequencers, and capillary sequencers)
can sometimes be difficult and cumbersome (Papa et al.
2005). In addition, the marker nomenclature used does
not always allow easy transfer between labs, especially
with a very dense fingerprint. Single-nucleotide poly-
morphism (SNP)-based genetic markers have attracted
significant attention when creating dense genetic link-
age maps. SNPs are the most abundant class of poly-
morphisms and they also provide gene-based markers
that may prove useful in identifying candidate genes
of interest to be associated with quantitative trait loci
(Rafalski 2002).

The current study on V. vinifera utilizes a large num-
ber of SNP-based genetic markers and maps them in a
framework of loci defined by SSR markers in the Syrah
3 Pinot Noir cross. The markers were derived from
V. vinifera collections of ESTs and BAC-end sequences
(BESs) available at NCBI (149,691 EST sequences clus-
tered into 15,194 unigenes and 30,832 BESs; http://
www.ncbi.nlm.nih.gov/). Inaddition,SSRandAFLPmark-
ers were employed to increase the number of bridges
between the genetic and the physical map, considering
specific markers used by the international grapevine
community.

MATERIALS AND METHODS

Plant material: The mapping population consisted of 94
progeny plants from a cross between V. vinifera cvs. Syrah and
Pinot Noir (clone 115) obtained and grown at the Istituto
Agrario di San Michele all’Adige (IASMA).

Genomic DNA was extracted from young leaves following
the protocol described by Doyle and Doyle (1990) with slight
modification (Grando et al. 2003).

Pinot Noir BAC contigs: For the clone 115 of Pinot Noir, two
BAC libraries were constructed (Adam-Blondon et al. 2005;
Keygene laboratory, Wageningen, The Netherlands). A total of
49,536 BAC clones (representing �11.4 genome equivalents)
were fingerprinted using a fluorescence-based high-through-
put method developed by Luo et al. (2003) and assembled into
a physical map using FPC 7.2 (http://www.agcol.arizona.edu/
software.fpc/) following Nelson et al. (2005) (WebFPC for the
grapevine FPC map is available at http://genomics.research.
iasma.it).

EST resources and PCR primer design: A total of 454 EST
clusters (Moser et al. 2005) were selected on the basis of
homology with transcription factors or coding sequences puta-
tively involved in sugar, flavonoids, and defense-related meta-
bolic pathways. PCR primers were designed using the Primer3
software (http://www-genome.wi.mit.edu/cgi-bin/primer/_www.
cgi), adopting the following criteria: (1) expected size of the
amplified fragment between 200 and 600 bp, (2) primer size
between 18 and 25 bases, (3) primer melting temperature (Tm)
between 59� and 61�, and (4) alignment score and global align-
ment score for self-complementarity and complementarity
between primer pairs between 8 and 13. For successfully ampli-
fied and mapped ESTs, primer sequences and IASMA cluster
names are reported in supplemental Table S1 (http://www.
genetics.org/supplemental/).

EST marker nomenclature: The EST markers were denoted
by two letters identifying the tissue-specific cDNA library of
origin (BA, berry; FO, leaf; F2, second leaf library; GM, bud;
GR, shoot tip; RA, root; IN, inflorescence) followed by four
numbers.

BAC-end sequence resources and PCR primer design: A
total of 905 primer pairs defining in silico unique BESs were
selected. Primer pairs were designed on BESs using software
following the criteria described for the ESTsequences. Primer
sequences of successfully amplified and mapped BESs are
reported in supplemental Table S1 (http://www.genetics.org/
supplemental/).

BES marker nomenclature: BES markers were denoted by
the BAC clone number (plate number and position on the
plate) followed by F or R to indicate the two end sequences of
the BAC clone.

Identification of polymorphic sequences and SNP-based
marker development: Parental genomic DNAs were amplified
by PCR using oligonucleotide primers designed from ESTs
and BESs as described. Amplification was carried out in a
volume of 25 ml, with 20 ng genomic DNA, 13 PCR reaction
buffer (QIAGEN, Valencia, CA), 1.5 mm MgCl2, 0.2 mm for
each dNTP, 1 unit HotStartTaq DNA polymerase (QIAGEN),
and 0.4 mm of each specific primer. PCR reactions were per-
formed using a touchdown PCR protocol (Don et al. 1991)
with a 15-min initial denaturation/activation step (hot start).
DNA amplification was carried out by denaturing at 94� for 30
sec, annealing for 1 min, and extending at 72� for 1 min. In
initial cycles, the annealing temperature was progressively
lowered from 62� to 57� by 1� every cycle. Samples were sub-
jected to an additional 30 cycles of amplification after reaching
the final annealing temperature of 57� and a final extension
step of 7 min at 72�. PCR products were evaluated by gel elec-
trophoresis in 1.5% agarose and visualized by ethidium bro-
mide staining.

Two different approaches were explored for the identifica-
tion of SNPs: SSCP and resequencing. SSCP electrophoresis
(Orita et al. 1989) was carried out both on a nondenaturant
gel, as in Salmaso et al. (2004), and on fluorescence-based
capillary electrophoresis on the ABI Prism 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA) following
the protocol reported by the manufacturer (http://docs.
appliedbiosystems.com/search.taf). Amplification reactions
that yielded single, well-defined bands were selected for re-
sequencing and SNP discovery. PCR products were sequenced
using the ABI Prism 3100 Genetic Analyzer (Applied Bio-
systems). Sequencing reactions of 10 ml volume were prepared
with 10–50 ng of PCR product, 4 ml of ABI Prism BigDye ter-
minator sequencing ready reaction kit (Applied Biosystems),
and 5 pmol of the forward primer. Sequencing thermocycling
was performed with a 1-min initial denaturation step at 96�,
followed by 35 cycles at 96� for 10 sec, 55� for 5 sec, and 60� for
4 min.
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DNA sequence electropherograms were aligned with the
Pregap4/Gap4 software (Staden Package, Staden et al. 2000)
and used to survey parental alleles for polymorphic sites. SNPs
were converted to cleaved amplified polymorphic sequences
(CAPS) by identifying mutations conferring differential re-
striction enzyme sites between the two parental alleles. When
suitable restriction enzyme sites were missing, oligonucleotide
primers with a single-nucleotide mismatch were designed
adjacent to the polymorphic position, such that a restriction
site was created in the PCR product of one parent, but not
in the other (dCAPS) (Michaels and Amasino 1998; Neff

and Kalishman 2002). Restriction enzymes were used in
CAPS and dCAPS reactions according to the manufacturer’s
recommendations (Fermentas). CAPS and dCAPS restric-
tion products were visualized on a 2% agarose gel with stan-
dard UV transillumination following ethidium bromide
staining.

The largest part of the SNP-based marker polymorphisms
was assessed by the multiplex minisequencing technique on
the ABI Prism 3100 Genetic Analyzer (Applied Biosystems)
(Troggio et al. 2007). For each locus under investigation
primers flanking the SNP mutations, revealed from resequenc-
ing, were designed with the computer program GeneRunner
v3.04 (Hastings Software, Hudson, NY) and one matching the
following conditions was chosen. Specific parameters were
considered as follows: (1) primer size between 18 and 26 bases,
(2) primer Tm between 55� and 60�, (3) GC content .40%, and
(4) occurrence of hairpin loops and dimers. The minisequenc-
ing reaction followed the ABI Prism SNaPshot Multiplex
Kit protocol reported at http://docs.appliedbiosystems.com/
search.taf.

SSR analysis: Microsatellite marker primer sequences were
obtained from the Vitis Microsatellite Consortium (VMC)
coordinated by AgroGene S. A. (Moissy Cramayel, France) and
from previously published studies on grape (Thomas and
Scott 1993; Bowers et al. 1996, 1999; Sefc et al. 1999; Scott

et al. 2000; Merdinoglu et al. 2005).
The selection of suitable markers was based on their pres-

ence in genetic linkage maps of V. vinifera (Adam-Blondon

et al. 2004; Riaz et al. 2004). The 143 SSR primer pairs selected
were first tested on the parents of our maps and on six F1

individuals. Resulting polymorphic markers were run on the
entire mapping population of 94 F1 individuals. PCR ampli-
fications were performed in 12.5-ml reactions of 25 ng ge-
nomic DNA, 0.5 mm of forward and reverse primer, 0.2 mm of
each dNTP (Promega, Madison, WI), 13 Gold PCR buffer
(Applied Biosystems), 1.5 or 2 mm MgCl2, and 0.25 unit
AmpliTaq Gold DNA Polymerase (Applied Biosystems). Three
different fluorescent dyes (6-FAM, HEX, and NED) were used
to label the forward primers. An annealing temperature of 50�,
52�, or 56� was used on the basis of previous amplification
optimization. Amplification conditions were the same for all
primer pairs (7 min at 95� to activate AmpliTaq Gold and 35
cycles of 45 sec denaturation at 94�, 45 sec annealing at 50�,
52�, or 56� and 1 min extension at 72�, followed by 7 min of
additional extension at 72�).

PCR products were separated by capillary electrophoresis
performed on an ABI Prism 3100 genetic analyzer (Applied
Biosystems) using Performance Optimized Polymer 4 (POP 4,
Applied Biosystems). Samples were prepared with 9.6 ml of
deionized formamide, 0.1 ml of GeneScan 500 ROX size
standard (Applied Biosystems), and 0.3 ml of 103 diluted
PCR product. The mixture was denaturated (95� for 3 min)
and placed 5 min on ice prior to injection. Alleles were sep-
arated at 15,000 V for �45 min at 60�. The data were analyzed
using Genescan 3.7 (Applied Biosystems) for internal stan-
dard and fragment size determination. Allelic designations
were assigned using Genotyper 3.7 (Applied Biosystems).

SSR marker nomenclature: SSR markers are identified with
the following prefixes: VVS (Thomasand Scott 1993), VVMD
(Bowers et al. 1996, 1999), VRZAG (Sefc et al. 1999), SCU
(Scott et al. 2000), VMC (Vitis Microsatellite Consortium),
and VVI (Merdinoglu et al. 2005).

AFLP analysis: AFLP analysis was carried out as described by
Vos et al. (1995), using EcoRI/MseI enzyme combinations. A
total of 16 primer combinations (PCs) used for genetic map-
ping were selected on the basis of the total number of bands
and the level of polymorphism observed in the two parents
and in four F1 individuals.

A two-step amplification strategy was followed. In a selective
preamplification, both AFLP primers had a single selective
nucleotide at the 39 end. Further selective amplification was
carried out using primers having three selective nucleotides at
the 39 end. The EcoRI primer was end labeled using ½g-33P�ATP
and T4 polynucleotide kinase. Gel images were electronically
scanned and all AFLP markers were scored codominantly
using software for AFLP analysis (Keygene). This software dis-
plays and analyzes pixel images of phosphorimager scans. For
the analysis of pixel images, the software includes tools to navi-
gate through the image and individual band signals and to size
and quantify the AFLP bands with great accuracy. Each band of
a specific marker is classified with respect to its intensity using
a mixture model of normal distributions, as described by
Jansen (1993).

AFLP marker nomenclature: Each polymorphic AFLP frag-
ment was identified by the enzyme combination, the primer
selective nucleotides, followed by the estimated molecular size
of the DNA fragment in nucleotides. A 10-bp ladder DNA from
SequaMark (Research Genetics, Huntsville, AL) was used to
estimate the molecular weight of AFLP fragments.

Segregation analysis and map construction: Markers were
tested against the expected segregation ratio using a chi-
square goodness-of-fit and the P-value was recorded. Distorted
markers were used for linkage analysis unless they affected
the order of neighboring markers. Individual maps were con-
structed for each parental genotype following a double pseudo-
testcross strategy (Grattapaglia and Sederoff 1994). Markers
of ‘‘ab 3 ab’’ type were scored in the progeny as ‘‘aa’’ ¼ A,
‘‘bb’’ ¼ H, ‘‘ab’’ ¼ missing data. Marker phase was determined
with the aid of an algorithm implemented in ‘‘Phasing’’
(http://math.berkeley.edu/�dustin/tmap/, Cartwright et al.
2007, accompanying article in this issue). Linkage group
assignment and ordering of loci were established on the basis
of newly developed software that finds the maximum-likelihood
map using an error-compensating model (Cartwright et al.
2007). Linkage groups were determined using the ‘‘Grouping’’
application with a minimum LOD of 8.0 and a maximum
distance of 35 cM. An initial order was built using the ‘‘Builder’’
application. A maximum-likelihood order was then obtained
using the ‘‘Improve’’ command from either the Builder ap-
plication or the ‘‘MapViewer’’ application. Markers were inter-
actively removed from the map to see which ones distorted the
distances greatly. Recombination rates for all pairwise groups
of common markers between the two parents were compared
using a x2-test. Homologous linkage groups between the two
parental maps were identified and a consensus map was
constructed following the procedure described above. Recom-
binational values among markers were established by con-
sidering the F1 population of the cross Syrah 3 Pinot Noir as a
cross-pollinator population. The Kosambi mapping function
(Kosambi 1944) was used to convert the recombination fre-
quencies into map distances (centimorgans). MapChart v2.1
software (Voorrips 2002) was used for the graphical visuali-
zation of the linkage groups.

Marker distribution: To test differences among linkage
groups, the relative frequency of marker classes in each group
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was compared using a x2-test applied to their frequency in the
complete map.

Marker distribution was based on the number of markers in
each marker class separately within each 10-cM interval over
the total length of each linkage group. Intervals at the end of a
linkage group were taken into account only when .7.5 cM.
EST sequences and BESs were grouped in two classes repre-
senting either coding or noncoding sequences. The distribu-
tion was analyzed for each marker class and was compared to
the Poisson distribution function P(x) ¼ e�mmx/x!, where the
parameter m is the average number of markers in a 10-cM in-
terval over the entire map and x is the actual marker count
in each interval. Observed and expected frequencies were
compared with a x2-test.

Physical and genetic map integration and distance estima-
tion: To integrate the physical into the genetic map, two
complementary strategies were adopted. The first made use of
markers derived from BESs for which the determination of
their genetic position on the linkage map followed. In the
second strategy BAC pools (Barillot et al. 1991) were con-
structed according to Klein et al. (2000). A total of 24,576 BAC
clones (53 genome coverage) were arranged in a stack that
was sampled in six distinct ways and a total of 184 BAC pools
were obtained. The BAC pools were screened with EST, SSR,
and AFLP primers to identify mapped fragments following
the amplification conditions described before for the linkage
analysis. SSR and ESTamplification products from BAC pools,
after adding SYBR Gold, were run on a 1.5% agarose gel. BAC
clones hosting SSR and EST markers were identified by a Unix-
based application with a web interface (Klein et al. 2000).
AFLP amplification products from BAC pools were analyzed
on acrylamide gels along with amplification products from the
two parents and the mapping population as a control (AFLP
Quant-Pro, Keygene). BACs containing AFLPs were identified
in the same way as the other markers.

Marker order between the genetic linkage map and the
physical map was verified for anchored contigs containing
three or more genetically mapped markers, considering the
two parental maps separately and the consensus map. For the
same contigs it was possible to establish the relationship
between physical distance and genetic distance.

RESULTS

Generation of marker data set: SNP-based markers:
Polymorphic SNP loci were identified following PCR
amplification and sequencing of alleles from the culti-
vars Syrah and Pinot Noir. Additional SNP loci were
characterized after PCR amplification by SSCP.

Of 454 EST primer pairs tested, 363 (80%) yielded
single PCR products and were further considered for
SNP discovery, 70 (15%) did not amplify a product, 7
yielded PCR products that were not consistently ampli-
fied, and 14 amplified more than one product. A total
of 160 PCR products, with the minimum size, were
preliminarily assayed as described in materials and

methods, by SSCP electrophoresis: 35 showed a clear
polymorphic profile and were screened with the 94 F1

progeny, 71 showed a complex profile, and 54 were
monomorphic. Of the latter group of SSCP-tested
products, 49 monomorphic and 25 with a complex
profile were resequenced, along with the remaining 203
PCR products (363 � 160) not assayed by SSCP (277 in

total). Twenty-four of the 49 products having a mono-
morphic SSCP pattern, as well as 13 of 25 with a complex
SSCP profile, and 112 untested EST PCR products
yielded high-quality sequences that were polymorphic
in either parent. Poor-quality sequence data were ob-
tained in 49 cases, while 79 were monomorphic in either
parent. Of the 149 polymorphic sequences, 42 were
converted in CAPS, 1 in dCAPS, and 106 were analyzed
with the multiplex minisequencing technique.

Single PCR products derived from 903 BES primer
pairs were sequenced: 316 were readable sequences
showing segregating polymorphisms and 174 were mo-
nomorphic, while 413 produced low-quality reads, prob-
ably due to multiple amplifications. Minisequencing
primers flanking the identified SNP mutations were
designed for the 316 polymorphic regions in a multi-
plex design. Of the 413 low-quality sequences, 88 were
analyzed by SSCP electrophoresis, but only 8 showed a
clear polymorphic profile in either parent.

The marker details for EST and BES regarding par-
ental genotypes at the targeted SNPs, restriction enzymes
for CAPS and dCAPS, and SSCP conditions are reported
in supplemental Table S1 at http://www.genetics.org/
supplemental/.

SSR analysis: Of the 143 SSR markers tested, 135
segregated in at least one parent in the Syrah 3 Pinot
Noir F1 population. VVS5, VVMD34, VMC8A7, VMC3A9,
VMC3F3, and VMC1F10 primer pairs generated mono-
morphic markers, while the loci VMC4G6 and VMC5E11
were homozygous in both Syrah and Pinot Noir and thus
did not segregate in the F1 progeny.

AFLP analysis: AFLP bands showed either single- or
double-dose intensities. The 94 F1 progenies of the
Syrah 3 Pinot Noir population were analyzed with 16
EcoRI/MseI PCs. In total, 391 markers were codomi-
nantly scored.

Linkage map: Segregation distortion and linkage analysis:
A total of 1034 polymorphic markers were scored: 184
from ESTs, 324 from BESs, 135 SSRs, and 391 AFLP
markers. Twenty-eight markers (10 from ESTs, 8 from
BESs, 2 SSRs, and 8 AFLP markers) with low-quality
data were discarded from linkage analysis. A significant
deviation (P , 0.05) from the expected Mendelian ratio
was observed for 117 (11.6%) of 1006 markers (of these,
69 had P-values between 0.05 and 0.01 and 48 with P ,

0.01), including 16 EST markers, 34 BES markers, 27
SSRs, and 40 AFLP markers. Compared to the other
marker classes, SSRs showed the highest presence of
segregation distortion (20.3%). The number of markers
for each type of segregation—1:1 with Syrah or Pinot
heterozygous and the other parent homozygous (re-
spectively, types ab 3 aa and aa 3 ab in Table 1), 1:2:1
when both parents were heterozygous for the same mark-
ers (types ab 3 ab in Table 1), and 1:1:1:1 when in the
cross three or four alleles were segregating (respectively,
types ab 3 ac and ab 3 cd in Table 1)—and for each
marker class is reported in Table 1.
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All maps were constructed at LOD 8.0. Linkage
groups were defined according to Adam-Blondon

et al. (2004) and Doligez et al. (2006). Linkage analysis
for the Syrah map included 659 markers. Fourteen
remained unlinked at LOD 6.0. Of the remaining 645
markers, 596 were placed into 19 linkage groups cover-
ing 1113 cM. For the Pinot Noir map, linkage analysis
included 696 markers. Sixteen remained unlinked at
LOD 6.0. Of the remaining 680 markers, 634 were
placed into 19 linkage groups covering 1204 cM. There
were 49 and 46 markers assigned to linkage groups of
the Syrah and the Pinot Noir maps respectively, but not
placed on the multipoint map because they were linked
at a lower LOD (between 6 and 8), they excessively in-
creased the linkage group end distances, or they af-
fected the order of their neighbor markers. Among
them, 12 and 9, respectively, showed distorted segrega-
tion ratios. The two parental maps are presented in
supplemental Figure S1 at http://www.genetics.org/
supplemental/. More details on marker number, link-
age group size, and number of gaps for each parental
map are reported in supplemental Table S2. Marker
order was highly conserved between the two parental
maps, with only a few local inversions of closely linked
markers (,5 cM) and proximal markers. Of the 99 pairs
of linked markers in which parental recombination rates
were compared, statistically significant (0.01 , P , 0.05)
differences were observed in only 10: VMC8D1-VVIT60,
VMC6F1-VMC3B10, VMC2G2-VMC5C5, VVIS58-VMC8D11,
ZAG25-VMC8D3, VVIV61-VMC3D12, VMC2B11-VMC6E1,
VMC2B11-ZAG112, VMC6E1-ZAG112, and VMCNG1B9-
VMC8B5.

Linkage analysis for the consensus map included
1006 markers: 174 from ESTs, 316 from BESs, 133 SSRs,
and 383 AFLP markers. Twelve markers remained un-
linked at LOD 6.0 (4 from ESTs, 3 from BESs, 1 SSR, and
4 AFLP markers). The remaining 994 markers (170

from ESTs, 313 from BESs, 132 SSRs, and 379 AFLP
markers) generated a genetic map comprising 19 link-
age groups and covering 1245 cM. Of all mapped mark-
ers, 63 were assigned to linkage groups but not placed
on the multipoint map because they were linked at a
lower LOD (between 6 and 8), they excessively increased
the linkage group end distances, or they affected the
order of their neighbor markers (Figure 1). Among them
13 showed distorted segregation ratios. Linkage groups
ranged in size from 45.8 (LG3) to 92.7 (LG18) cM. The
average distance between markers was 1.25 cM and only
one gap .20 cM was noted (LG17).

Table 2 reports the distribution of marker types in
linkage groups together with the map length in centi-
morgans for each linkage group and between adjacent
markers. In addition, Table 2 includes the number of
BAC contigs anchored to each linkage group, as well
as the megabases of physical coverage of each linkage
group provided by the assigned BAC contigs.

The markers with segregation distortion (shown in
Figure 1 with *, **, or ***, respectively, when P , 0.05,
P , 0.01, or P , 0.001) were randomly distributed
throughout the genome, except for LG9 and LG18
where some clusters of markers were observed.

Marker order was generally consistent between ho-
mologs from the parental and the consensus maps, with
only a few local inversions of closely linked markers and
terminal inversions present on linkage groups 1, 13,
and 17. On the basis of 118 SSR markers distributed
across all linkage groups, the marker order of the map
presented is always consistent with the one observed in
the integrated map based on five segregating popula-
tions of V. vinifera (Doligez et al. 2006).

Marker distribution: For each type of marker (from
ESTs and BESs, SSRs, and AFLP markers), the x2-test
applied to the number of polymorphic loci mapping to
each linkage group was not significant (P , 0.05). This
result indicated a homogeneous distribution of marker
types among linkage groups.

Under the assumption of random marker distribu-
tion, the number of 10-cM intervals containing from 0 to
10 or more markers should also follow a Poisson dis-
tribution. The ratio between the variance and the mean
(coefficient of dispersion) of the distribution of the
number of markers per 10-cM interval provides a rapid
method to test if the observed frequencies are distrib-
uted following a Poisson distribution. The coefficient
of dispersion was very close to 1 when coding loci and
SSR markers were considered, suggesting a random
distribution for these types of markers. When consid-
ering AFLP markers and noncoding DNA loci alone or
AFLP markers and noncoding loci together, the coef-
ficients of dispersion were 2.3, 2.0, and 3.2, respec-
tively, indicating that these markers tended to cluster
in the map.

The observed and expected number of markers/
10-cM interval (when considering AFLP markers and

TABLE 1

Molecular marker segregation types in the Syrah 3 Pinot
F1 population of 94 individuals

Heterozygous state present in

Syrah: Pinot: Syrah and Pinot
Marker
type ab 3 aaa aa 3 aba ab 3 abb ab 3 acc ab 3 cdc Total

EST 65 70 36 3 — 174
BES 99 100 117 — — 316
SSR 22 13 21 54 23 133
AFLP 124 164 95 — — 383
Total 310 347 269 57 23 1006

EST, expressed sequence tag marker; BES, BAC end-
sequence marker; SSR, simple sequence repeat marker.

a Marker segregating according to the 1:1 ratio.
b Marker segregating according to the 1:2:1 ratio.
c Marker segregating according to the 1:1:1:1 ratio.
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noncoding loci together) for all linkage groups deviate
significantly from a Poisson distribution (x2¼ 149, d.f.¼
9, P , 0.0001). The deviation was greatest in those
intervals containing 1, 2, 9, or .10 markers. Similar
results were obtained when considering the parental
maps separately (supplemental Table S2 at http://
www.genetics.org/supplemental/).

Physical and genetic distance estimation: A total of
623 markers (123 from ESTs, 293 from BESs, 93 SSRs,
and 114 AFLP markers) were used to anchor to the
genetic linkage map 367 BAC contigs covering 352 Mbp
of a V. vinifera physical DNA map (Table 2; http://
genomics.research.iasma.it; supplemental Figures S2
and S3 at http://www.genetics.org/supplemental/).

The marker position on BAC contigs was used to
verify the accuracy of marker order estimated with
meiotic methods (supplemental Figures S2a and S2b

at http://www.genetics.org/supplemental/). This was
possible for 167 markers assigned to 44 anchored BAC
contigs with .3 markers per contig. The linear order of
the genetically mapped markers based on FPC analysis
of the contig agreed closely with their order in the
consensus map and the two parental maps of V. vinifera
presented here. Only 4 markers showed a small in-
version when comparing their physical distances in the
contig with their genetic map position.

Estimates of the grape genome size are 1245 cM and
475 Mbp, meaning that, on average, 1 Mbp should
correspond to 2.6 cM. The comparison of the genetic
and physical distances separating neighboring markers
also present in anchored contigs made it possible to
compare the recombination frequency at different ge-
nome positions. Three examples had markedly higher
recombination frequencies of 41, 19, and 8 cM/Mbp. At

Figure 1.—Continued.
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the other extreme, there were two pairs of markers
separated by 440 and 600 kbp, respectively, which had
no observable recombinations between them (Table 3).

DISCUSSION

This work represents the most comprehensive linkage
analysis in grapevine to date. The map spans 1245 cM
divided into 19 linkage groups, corresponding to the
number of grapevine chromosomes, with an average dis-
tance of 1.3 cM between adjacent markers. SNP-based
markers were developed from both EST sequences and
genomic BESs with a similar efficiency rate (38.3% of
polymorphic markers from 454 selected EST sequences
vs. 35% from 903 selected BESs). The low efficiency in
developing SNP-based markers can be explained by mul-
tiple factors including the amplification rate, sequenc-
ing failure, and the presence of monomorphic regions.

The amplification efficiency was higher when primers
were designed from genomic sequences compared with
ESTsequences (100% vs. 80%). Zhu et al. (2003) reported
a similar amplification rate when amplifying soybean
genomic DNA with primers designed from EST se-
quences. These authors attributed PCR failures to se-
quence variations at primer annealing sites. Additional

explanations may include the presence of large introns
within PCR amplicons and the positioning of primers at
the intron–exon junctions.

On the other hand, resequencing of amplified prod-
ucts gives rise to a higher percentage of failed sequences
from BES (46%) compared with ESTs (17%). The poor
quality of BES data from PCR amplification resulting in
simple fragments of DNA is likely to be a result of het-
erogeneous DNA templates due to duplicated genes or
multigene families, but could also be the result of het-
erozygous allelic variations generating sequencing arti-
facts. This is supported by the higher percentage of
failed sequences from BESs, which are mostly noncod-
ing and therefore have a high probability of being
polymorphic (Gaafar et al. 2005). Primers designed on
predicted protein-coding BESs showed, in fact, a lower
percentage of failed sequences aligned to the frequency
of ESTs (23.5%).

In grape, polymorphic DNA loci are relatively fre-
quent. Salmaso et al. (2004) found 1 SNP every 116 bp
in the coding regions of 25 genes, using EST-derived
primers in the analysis of seven V. vinifera cultivars.
C. Segala (personal communication) found a value of
5.88 SNPs/1000 bases within noncoding regions of 183
BESs, when comparing the cultivars Syrah and Pinot

TABLE 2

Distribution of marker types by linkage group, map length by linkage group, distance between adjacent markers,
number of contigs anchored to the genetic map, and physical coverage per linkage group

No. of markers

Map length (cM)

Linkage
group Total EST BES SSR AFLP Total

Average distance
between adjacent

markers
No. of contigs

anchoreda

Coverage of
anchored contigs

(Mbp)

1 48 9 15 7 17 80.0 1.67 20 17.68
2 62 15 13 8 26 47.0 0.76 15 16.17
3 35 5 9 5 16 45.8 1.31 13 16.09
4 51 9 15 9 18 66.8 1.31 18 16.95
5 49 8 21 7 13 67.0 1.37 21 21.84
6 51 13 16 5 17 65.2 1.28 19 15.05
7 64 8 21 12 23 88.8 1.39 25 25.12
8 60 13 23 9 15 76.9 1.28 23 21.78
9 42 7 10 7 18 58.3 1.39 14 11.68
10 55 5 17 9 24 61.7 1.12 24 17.43
11 49 8 12 7 22 67.5 1.38 17 17.20
12 47 9 17 4 17 59.6 1.27 16 22.25
13 51 7 19 5 20 72.4 1.42 27 22.42
14 58 10 18 10 20 62.1 1.07 20 25.01
15 45 4 11 6 24 49.4 1.10 13 8.42
16 49 8 14 3 24 67.3 1.37 19 12.72
17 38 3 16 8 11 62.4 1.64 15 17.69
18 85 22 24 6 33 92.7 1.09 27 27.94
19 55 7 22 5 21 54.1 0.98 21 18.29
Total 994 170 313 132 379 1245 1.25 367 351.73

EST, expressed sequence tag marker; BES, BAC end-sequence marker; SSR, simple sequence repeat marker.
Linkage groups are numbered according to the Vitis vinifera map of Adam-Blondon et al. (2004). Distances are
in Kosambi centimorgans.

a http://genomics.research.iasma.it.
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Noir. The high percentage of monomorphic regions
(28% for EST, 19% for BES) is quite unexpected when
compared with what is reported in the literature on
grape and can be explained in part by preferential PCR
amplification of one allele due to mismatches between
the PCR primer and the second allelic template (Walsh

et al. 1992). On the other hand, coding sequences have a
higher probability of being monomorphic due to a direct
effect of selection in favor of sequence conservation.

AFLP technology was very useful in the generation of
a high number of molecular markers and, therefore, for
the integration of the physical and genetic maps. An
average of 24.4 AFLP markers per primer combination
were detected between the two parents of our map. This
is comparable to what is reported by Grando et al.
(2003) for an interspecific cross of grape, but higher
than the average of 8.0 markers per primer combination
reported by Doucleff et al. (2004) for a cross of two
interspecific hybrids of grape. The high detection rate
of AFLP markers reported here is possibly due to the
accurate selection of primer combinations facilitated by
the previous work carried out in our group (Grando

et al. 2003).
As reported for sorghum (Klein et al. 2000), AFLP

technology and a BAC DNA pooling strategy provide
an inexpensive and efficient way to build high-quality
genetic and physical genome maps. The AFLP markers
in this study offered a low-cost anchoring approach to
align the maternal and paternal maps.

Segregation distortion: Segregation distortion has
often been observed in fruit and forest trees (Liebhard

et al. 2003; Ma et al. 2004; Yinet al. 2004). The proportion
of SSR markers with distorted segregation observed in
this study (20.3%) was higher than that reported by
Doligez et al. (2002), Adam-Blondon et al. (2004), and
Riaz et al. (2004) (9.9%). On the other hand, it is
similar to the values reported by Grando et al. (2003) for
V. riparia (22.4%). The proportion of AFLP markers
with distorted segregation (10.4%) is very similar to that
of Grando et al. (2003) (8.5% for V. vinifera cv. Moscato

and 16.4% for V. riparia) and Doucleff et al. (2004)
(9%). In our case, during the process of map construc-
tion only 11 of the 117 markers deviating significantly
from the expected Mendelian ratio were discarded
because they affected the order of their neighboring
markers.

Clustering of markers with distorted segregation was
observed for LG9 and LG18. Similar cases have been
repeatedly reported in mapping studies in crops and
fruit trees (Vuylsteke et al. 1999; Cervera et al. 2001;
Yin et al. 2004), suggesting the action of a causal mech-
anism (e.g., linkage to genes affecting seed or seedling
viability). However, no evidence of marker segregation
distortion was found in the regions of the other maps
of V. vinifera corresponding to those we report here
for LG9 and LG18 (Doligez et al. 2006).

Distribution of marker types in the linkage map:
Clustering of AFLP and noncoding BES-derived mark-
ers was observed across all linkage groups, with more
than one large cluster (.10 markers) per linkage group
when considering AFLP and noncoding BES markers
together. The distribution of such clusters deviated
significantly from Poisson expectations. Clustering of
markers, particularly of AFLP markers, which mostly
represent noncoding sequences (Young et al. 1999), has
been observed in several species, including grapevine
(Tanksley et al. 1992; Vuylsteke et al. 1999; Doucleff

et al. 2004). It is known that DNA markers are clustered
in the centromeric region due to the suppression of
recombination in the heterochromatic regions sur-
rounding centromeres (Young et al. 1999; Vuylsteke

et al. 1999; van Os et al. 2006).
The preferential finding of AFLP loci in recombina-

tionally suppressed regions implies that aspects of the
AFLP technique (for instance, the restriction enzymes
used) may favor the finding of these markers in a spe-
cific region of the genome, like centromeric regions.
The high frequency of polymorphism in noncoding se-
quences, and the effect of the restriction enzyme MseI
that cuts more frequently in regions with a high A 1 T

TABLE 3

Physical and genetic comparative distances

Genetic distance: Physical distance

Linked markers LG cMa Contigb Kbpc cM/Mbp

2006F15R-EAGAMCAT397.4 11 4.1 Ctg 93 100 41
RA0811-VMC9D3 1 7.6 Ctg 336 400 19
VVIT60-EAACMCTT242.6 1 3.2 Ctg 4744 400 8
ZAG112-VMC6C10 14 1.2 Ctg 1054 300 4
EAACMCTT080.6-EAGAMCAT160.4 7 0.0 Ctg 550 440 0
2010A16R-1077F12F 6 0.0 Ctg 185 600 0

a Distance in centimorgans in the linkage map (Pinot Noir map) between two distal markers presented in an
anchored contig.

b Anchored contig listed at http://genomics.research.iasma.it.
c Physical distance between the two markers of the contig.

Vitis vinifera Genetic Map Anchoring Pinot Noir BAC Contigs 2647



content, may explain this result. Noncoding sequences
have a higher A 1 T content than coding sequences
(Young et al. 1999): the selective 13/13 nucleotide
composition of marker clusters—for instance, LG7 and
LG18—is consistent with this model (Alonso-Blanco

et al. 1998). Moreover, the use of HindIII-based BAC
libraries may partially explain the clustering of markers
designed from BES regions. Due to their nucleotide
composition, HindIII cleavage sites are, in fact, non-
randomly distributed in the genome and more frequent
in AT-rich regions. In addition, clustered markers may
not necessarily be physically close even if they appear
that to be so on a recombination-based map because of
the lack of recombination in the region (Keim et al.
1997). In fact, for V. vinifera we identified (with the lim-
its of the size of our segregating population) regions
with suppressed recombination spanning physical sizes
up to 600 kbp.

Our results (see Table 3 and the CMap tool available
at http://genomics.research.iasma.it) suggest that re-
gions of both increased and reduced recombination
exist within the grape genome, although they are not
conclusive because of significant uncertainties in both
the genetic and the physical distances. Variations in the
correspondence between physical and genetic distance
along chromosomes are well known and have already
been well documented in several species (Tanksley

et al. 1992; Chen et al 2002; King et al. 2002). When
available, such variations add important information to
map-based cloning projects. A high-resolution genetic
map, a prerequisite for chromosome walking, is much
easier to generate in the presence of high-recombination
values. In regions of suppressed recombination, a larger
progeny size is needed to recover the number of cross-
overs necessary for constructing detailed genetic maps
(Tanksley et al. 1992).

In contrast to AFLP and noncoding BES-derived mark-
ers, SSR and other markers based on coding sequences
appeared to be randomly distributed throughout the
map. Random distribution of SSR loci has also been
reported by other authors for grape and other fruit-tree
maps (Testolin et al. 2001; Doligez et al. 2006).

Comparison with the parental maps and other grape-
vine maps: The map presented here was generated
using a two-step strategy. Parental linkage groups were
first constructed using different types of segregating
markers and then homologous linkage groups were
merged. The accessibility of common markers and espe-
cially codominant ones allowed not only for the identi-
fication of homologous linkage groups but also for the
integration of both parental maps. The integration of
the two parental linkage maps into a single reference
map was possible due to the colinearity of fully informa-
tive loci (few local inversions of closely linked markers
and proximal markers) and the homogeneous recom-
bination rates between homologous pairs of loci of both
individual linkage maps. This result was expected since

the two cultivars from the pedigree reconstruction
reported in Vouillamoz and Grando (2006) are 3� re-
latives and it also justified the use of Syrah markers
to anchor Pinot Noir BAC contigs. Local inversions of
closely linked markers were probably due to statistical
inaccuracy linked to the limited number of individuals
studied, as reported in Di Gaspero et al. (2007), rather
than the consequences of true chromosomal inversion.
Differences at the terminal regions and between closely
linked markers cannot be resolved since usually a num-
ber of almost equivalent marker orders exists (Yan et al.
2005). However, due to the availability of a physical
map we are able to resolve some of these inversions (for
instance, marker SCU06 in linkage group 17, supple-
mental Figures S1 and S2b at http://www.genetics.org/
supplemental/). Only a few cases of heterogeneous re-
combination rates between Syrah and Pinot Noir were
observed. Few statistically significant differences in re-
combination rates have also been found in other pub-
lished grapevine maps (Adam-Blondon et al. 2004;
Lowe and Walker 2006).

A total of 118 SSR markers are present in our map and
in the integrated V. vinifera linkage map of Doligez et al.
(2006). This allows accurate cross-referencing between
the different maps and offers the future opportunity of
exploiting a much larger number of markers for a given
genomic region in both basic and applied projects. SSR
marker loci/positions were well conserved in all linkage
groups between the map presented here and the integ-
rated map of Doligez et al. (2006). Due to the posi-
tioning of common markers with other maps produced
for V. vinifera where QTL intervals have been identified,
it is now possible to transfer this information to ours as
well as to other genetic crosses.

The linkage map sizes produced in other mapping
experiments are larger than the one reported here, de-
spite a lower number of markers mapped in the former
cases. The reported values are: 1676 cM (502 markers)
for the composite map of two pseudo-testcrosses, Cabernet
Sauvignon 3 Bianca and Cabernet Sauvignon 3 Vitis
breeding line 20/3 (Di Gaspero et al. 2007); 1647 cM
(515 markers) for the integrated map of five different
populations of of V. vinifera (Doligez et al. 2006); 1406
cM (220 markers) for the Syrah 3 Grenache map
(Adam-Blondon et al. 2004); and 1728 cM (153 mark-
ers) for the Riesling 3 Cabernet Sauvignon map (Riaz

et al. 2004). Differences in the size of the linkage maps
may derive both from the use of different marker types
and from genotyping errors. They are most likely, how-
ever, to be the result of the different mapping programs
used for map construction.

To build the map presented here, a recently devel-
oped mapping program (Cartwright et al. 2007, this
issue) was used that considers genotyping errors and
reduces the inflationary effect caused by increasing
the number of markers. Errors inflate the number of
recombinations and considerably expand map intervals

2648 M. Troggio et al.



(Harald et al. 2000). In this respect, our map is more
reliable in terms of marker order and in marker distance
estimation as demonstrated in Cartwright et al. (2007).
The accuracy of marker order estimated by meiotic
methods was also verified using the physical distance
information for the genetically mapped markers con-
tained in the anchored BAC contigs with three or more
mapped markers. Moreover, the use of different marker
types enhances the chances of sampling different parts
of the genome (Yin et al. 2004).

Previous low-density genetic linkage maps of V. vinifera
were based primarily on SSR and AFLP markers (Grando

et al. 2003; Adam-Blondon et al. 2004; Riaz et al. 2004;
Doligez et al. 2006). The addition of SNP-based markers
introduces polymorphisms that are easy to database and
useful for evolutionary studies and that significantly
increase the density of the map. The result is an improved
resource for fine mapping quantitative trait loci, identi-
fying candidate genes, and map-based gene isolation.
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