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Abstract A grapevine (mainly Vitis vinifera L.,
2n = 38) composite genetic map was constructed with
CarthaGene using segregation data from five full-sib
populations of 46, 95, 114, 139 and 153 individuals, to
determine the relative position of a large set of molecu-
lar markers. This consensus map comprised 515 loci
(502 SSRs and 13 other type PCR-based markers),
amplified using 439 primer pairs (426 SSRs and 13 oth-
ers) with 50.1% common markers shared by at least
two crosses. Out of all loci, 257, 85, 74, 69 and 30 were
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mapped in 1, 2, 3, 4 and 5 individual mapping popula-
tions, respectively. Marker order was generally well
conserved between maps of individual populations,
with only a few significant differences in the recombi-
nation rate of marker pairs between two or more popu-
lations. The total length of the integrated map was
1,647 cM Kosambi covering 19 linkage groups, with a
mean distance between neighbour loci of 3.3cM. A
framework-integrated map was also built, with marker
order supported by a LOD of 2.0. It included 257 loci
spanning 1,485 cM Kosambi with a mean inter-locus
distance of 6.2 cM over 19 linkage groups. These inte-
grated maps are the most comprehensive SSR-based
maps available so far in grapevine and will serve either
for choosing markers evenly scattered over the whole
genome or for selecting markers that cover particular
regions of interest. The framework map is also a useful
starting point for the integration of the V. vinifera
physical and genetic maps.

Introduction

Grapevine is a crop of major importance worldwide. In
such a long-cycled woody plant species, there is a par-
ticular expected benefit in developing molecular mark-
ers linked to genes of agronomic interest to assist
breeding through early seedling selection. Genetic
maps are particularly required for this specific goal, but
they also contribute to increase knowledge about the
structural features of the grapevine genome.

Several genetic linkage maps have already been
published for grape (Vitis spp.). The older ones were
mainly based on RAPD or AFLP markers and aimed
at the detection of QTLs for specific traits (Lodhi et al.
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1995; Dalbo et al. 2000; Doligez et al. 2002; Grando
et al. 2003; Doucleff et al. 2004; Fischer et al. 2004).
More recently, two maps containing mainly SSRs were
developed to serve as reference maps (Adam-Blondon
et al. 2004; Riaz et al. 2004). SSR markers are highly
transferable among grapevine genotypes and a large
set of these markers are now publicly available (Tho-
mas and Scott 1993; Bowers et al. 1996, 1999; Sefc et al.
1999; Scott et al. 2000; Di Gaspero et al. 2000, 2005;
Pellerone et al. 2001; Lefort et al. 2002; Crespan 2003;
Decroocq etal. 2003; Adam-Blondon etal. 2004;
Arroyo-Garcia and Martinez-Zapater 2004; Merdino-
glu et al. 2005; NCBI UniSTS; The Greek Vitis Data-
base, http://www.oldweb.biology.uoc.gr/gvd/contents/
general-info/01.htm).

Since grapevine is highly heterozygous, most existing
maps were based on full-sib populations from crosses
between two heterozygous parents. Although individ-
ual maps were developed for different purposes, all of
them shared the pseudo-testcross mapping strategy
(Grattapaglia and Sederoff 1994) and partially overlap-
ping sets of SSR markers. This makes it possible to
compare marker order between crosses. For this pur-
pose, joining the already available map information of
SSR markers scattered in different experimental popu-
lations is labour saving compared to increasing the
marker density on a single reference cross. Moreover,
the number of markers that can be mapped in a single
cross is limited to the number of markers that are pres-
ent in a heterozygous state in either parent of that cross.
Therefore, the integration of mapping data from several
crosses on a single integrated genetic map would be
useful to determine the relative positions of transfer-
able markers. Such an SSR-based and densely covered
integrated map will allow to: (1) select markers span-
ning any particular region of interest for positional gene
cloning or marker-assisted selection; (2) choose a batch
of markers homogeneously spread over the genome for
building framework genetic maps in any other cross
useful for QTL detection or for screening germplasm in
linkage disequilibrium analyses; (3) compare the geno-
mic localization of genes/QTLs responsible for a given
phenotypic variation in different populations; (4) inte-
grate genetic and physical maps.

We report here the first integrated genetic map of
grapevine, including 515 loci and based on segregation
data from five different crosses simultaneously ana-
lysed with a multipoint maximum likelihood method.
The primary goal of this study was to place as many
transferable markers as possible relative to each other
on a single map, to obtain a general idea, rather than a
fine resolution, of the order and the distance among
available SSR markers.
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Materials and methods
Mapping populations

The first population (A1) was a composite 95 full-sib
progeny obtained at INRA Montpellier (France) from
two reciprocal crosses between the cultivars Syrah and
Grenache: 27 offspring were obtained from Syrah x
Grenache and 68 offspring from Grenache x Syrah
(Adam-Blondon et al. 2004). The second population
(A2) was a 114 self-pollinated progeny obtained at
INRA Colmar (France) by selfing the cultivar Riesling
(Adam-Blondon et al. 2004). The third population (DG)
was a 46 full-sib progeny obtained at the University of
Udine (Italy) from a cross between the cultivars Char-
donnay and Bianca (Di Gaspero et al. 2005). The fourth
population (D) was a 139 full-sib progeny obtained at
INRA Montpellier from a cross between two table
grape genotypes, MTP2223-27 (Dattier de Beyrouth x
75 Pirovano) and MTP2121-30 (Alphonse Lavallée x
Sultanine) (Bouquet and Danglot 1996). The fifth popu-
lation (R) was a 153 full-sib progeny obtained at the
University of Davis (CA, USA) from a cross between
the cultivars Riesling and Cabernet Sauvignon (Riaz
et al. 2004). Among all the parents of these crosses, only
Bianca is not pure Vitis vinifera. Based on its pedigree
(Villard Blanc x Bouvier; Krizsics Csikasz and Kozma
2002), it contains approximately 21% of non-vinifera
genetic background originating from other Vitis species.

Genetic markers

The nature and number of the molecular markers ana-
lysed in each population are given in Table 1. They
were mainly SSRs from three large series: VMC (Vitis
Microsatellite Consortium, Agrogene SA, Moissy
Cramayel, France), VVI (Merdinoglu et al. 2005) and
UDV (Di Gaspero et al. 2005). Detailed references for
SSR markers are given in Electronic Supplementary
Material S1. Most markers had already been used for
the genotyping of the populations A1 (Adam-Blondon
etal. 2004), A2 (Adam-Blondon et al. 2004) and R
(Riaz etal. 2004) in previously published individual
maps, whereas only 52 markers out of 205 had already
been used for the genotyping of the population D
(Doligez et al. 2002) and 115 out of 309 for the geno-
typing of the population DG (Di Gaspero et al. 2005).

For the newly genotyped markers, the genotyping
methods used were as follows: the SSR genotyping
methods used are described in Adam-Blondon et al.
(2004) and Doligez et al. (2002) for the populations A1,
A2 and D, in Riaz et al. (2004) for the population R and
in Di Gaspero et al. (2005) for the population DG.
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Table 1 Number of markers mapped in five full-sib grapevine
populations, when each mapping experiment was processed as an
independent pseudo-testcross

Al A2 DG D R

VMC SSRs (including
VRZAG and VMCNG)

103 (27) 56 (1) 141 (4) 116 146 (15)

VVI SSRs 106 (3) 50 68(4) 59 0
UDYV SSRs 0 0 63(3) 0 0
SCU SSRs 0 0 4 1 4
VVMD SSRs 11(2) 3 14(1) 16 13(4)
VVS SSRs 0(1) o0 7 3 4
VVC SSRs 6 0 0 0 0
A,B,C,GB,GT 13 0 0 0 o0
and TT SSRs

VH SSR 0 0 0 1 0
VEST ESTP 0 0 0 0 1
Isozymes 0 0 0 3.0
SCARs 0 0 0 3.0
Genes 4 0 0 2 0
Morphological markers 0 0 0 1 1
Total 243 (33) 109 (1) 297 (12) 205 169 (19)

The number of additional markers for which genotypic data were
available but could not be mapped is given in parentheses

Five genes (ADH1, ADH2, ADH3, VVAK and SK)
were mapped as CAPS markers. Genomic DNA was
amplified with primer pairs 1lUTRS5F/E4R, 2UTRSF/
E4R, 3UTRSF/E4R and ATGdir/nmpc rev in the prog-
eny Al for ADH1, ADH2, ADH3 and VVAK, respec-
tively, and with primer pairs C2/2UTR3R and
speATG/500 rev in the progeny D for ADH2 and SK,
respectively. Primers E4R, 1UTRSF, 2UTRSF,
3UTRSF and 2UTR3R were designed by Tesniere and
Verries (2000) and ATGdir, nmpc rev, speATG and
500 rev were designed by R. Pratelli (personal commu-
nication) from the sequences CS155766 (GenBank
accession number) for VVAK (=VVSOR) and
AF359521 for SK (= VVSIRK). Ten picomoles of each
primer and Qiagen Taq polymerase were used in each
PCR mix. PCR conditions were: 94°C for 4 min, 36
cycles of 94°C for 1 min, 55°C for 1 min and 72°C for
1 min and a final extension of 72°C for 6 min. PCR
products were then digested with 3 U of the following
restriction enzymes: Haelll for ADHI1, Ddel for
ADH2, Msp for ADH3 and Mse for VVAK in the
progeny Al and Msp for ADH2 and ScrF for SK in the
progeny D. Digested fragments were separated on 2%
agarose gels and stained with ethidium bromide.

For SCAR markers A27E and A47D, the polymor-
phism due to the presence or absence of an amplified
band was scored for segregation analysis. The markers
were amplified in a 25 pl PCR mix containing 10 mM
Tris-HCI (pH 9), 50 mM KCI, 1.5 mM MgCl,, 0.1%
Triton X-100 (Appligen), 0.2 mg/ml non-acetylated
BSA, 200 uM dNTPs, 0.4 uM each primer, 0.8 U of Taq

polymerase and 20 ng of template DNA. PCR condi-
tions were: 94°C for 4 min, 36 cycles of 94°C for 1 min,
55°C for 1 min, 72°C for 1 min and a final extension of
72°C for 6 min. Fragments were separated on 6% poly-
acrylamide gel and stained with silver nitrate, as
described in Doligez et al. (2002).

Whenever a marker yielded more than one locus in
a given progeny, a composite suffix that included the
population code (Al, A2, D, DG, R) and a different
letter for each locus was added to the marker name.
Yet, whenever a marker was mapped on different link-
age groups (LGs) in two or more populations, the
marker was assumed to detect multiple loci and the
population code of the progeny in which that map loca-
tion was found was suffixed to the marker name.

Construction of the genetic maps for each individual
population

All cross-specific maps were built using CarthaGene
0.999R (de Givry et al. 2005). We constructed cross-
specific maps also for the populations for which a map
had already been published, not only to include the
additional markers used to genotype these populations
since then, but also to allow comparison between popu-
lations by using the same mapping method for all
crosses. At the first run of mapping, parental maps were
built independently within each cross, using a double
pseudo-testcross strategy (Grattapaglia and Sederoff
1994). A consensus map was then constructed for each
population using inferred parental phase data. For each
locus, the goodness-of-fit of the observed segregation
ratio to the appropriate expected ratio was tested using
a y* test for both parental and consensus maps.

For parental and consensus maps of each population,
LGs were initially determined with a minimum LOD of
3.0 and a maximum distance of 30 cM. Whenever two
LGs known to be separate ones according to the two
published reference maps (Adam-Blondon et al. 2004;
Riaz et al. 2004) were found to stick together using
these thresholds, we separated them before ordering
markers within LGs. Conversely, when two or more
linkage groups that were expected to merge according
to the reference maps split at those thresholds, we
forced them into the same group before marker order-
ing. A raw marker order within each linkage group was
first determined using a heuristic procedure that incre-
mentally includes each marker by determining its inser-
tion point as the one that yields the highest log-
likelihood (“build 5” command). This raw marker order
was then improved using an optimization algorithm
called “taboo search” with the “greedy 31 1 15” com-
mand. Finally, local marker order was refined by testing
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all possible marker orders within a sliding window of
size 5 (“flips 5 2 1” command).

We discarded all loci showing inconsistent positions
between parental and/or consensus maps within each
progeny, i.e. loci mapped in one parent only whereas
they segregate in both and loci mapped in the middle
of a LG in one parent but at the end of the LG in the
other parent (which was assumed to be due to genotyp-
ing errors). We also removed all loci mapping at the
end of any LG (>15cM far away from any other
marker) and all loci that caused large increases in the
distance between flanking loci. Finally, we removed the
loci mapped at the end of a LG in a given population
while in the middle of the LG in other populations,
based on the same assumption of genotyping errors as
given previously. Map distances were calculated using
the Kosambi function, to allow comparison with
already published map distances in grape, because the
choice of a given mapping function does not affect the
determination of marker order but only the final repre-
sentation of the map. Linkage groups were numbered
LG 1 to LG 19, according to Adam-Blondon et al.
(2004). Since the haploid chromosome number of Vitis
spp. is 19, we used this new numbering in place of the
former one based on the International Grape Genome
Project (IGGP) agreement which included 20 LGs as
in the map of Riaz et al. (2004). In the new designation,
the former LGs 13 and 18 of the map of Riaz et al.
(2004) are merged and the resulting unique group is
now designated LG 18; the former LG 20 in Riaz et al.
(2004) is now designated LG 13.

Heterogeneity of recombination rate between
marker pairs that were linked at LOD > 3 was tested
among all five populations using the »> test imple-
mented in Joinmap V2.0 module JMHET (Stam and
Van Ooijen 1995).

Construction of the integrated genetic maps

Once consensus maps for each population were built
and refined, we constructed an integrated genetic map,
merging all five progeny datasets with the “dsmergen”
command of CarthaGene under the assumption of
homogeneous recombination rate between all popula-
tions. With this genetic merging method, a single
recombination rate is estimated for each given marker
pair based on all available meioses, irrespective of
which crosses the genotypic data have been derived
from. As a consequence, a consensus distance is
obtained in addition to a consensus marker order. The
commands and parameters used for marker ordering
within each LG were “build 57, “greedy 1 0 1 20” and
“flips 5 2 1”. In addition to the complete integrated
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map, a framework-integrated map was also built with
marker order supported by a LOD of 2.0, using the
“buildfw 2 2 {} 1” command.

A test for random distribution of SSR markers
(excluding multi-locus markers) along the complete
integrated map was carried out as reported in Cervera
etal. (2001), based on the coefficient of dispersion
(ratio between the variance and the mean) of the num-
ber of markers within each 10 cM interval along the
whole map.

A different version of the complete integrated map
was also built using the “dsmergor” command to merge
datasets, followed by the same “build”, “greedy” and
“flips” parameters as above for marker ordering. The
“dsmergor” command does not rely on the assumption
of homogeneous recombination rate between different
populations. With this order merging method, a cross-
specific recombination rate is estimated for any given
marker pair from each separate data set. Therefore,
only a consensus marker order is produced, without
the calculation of a consensus distance.

We also constructed a composite map using Join-
map V2.0 (Stam and Van Ooijen 1995), which imple-
ments a different method to integrate individual maps,
based on weighted averages of recombination esti-
mates in the different populations, with a sequential
algorithm for ordering markers within each linkage
group. Loci with segregation types “ab x a0” or “a0 x
ab” had to be discarded since Joinmap does not handle
these marker types. We used the following parameters:
no fixed order, Kosambi mapping function, use of pair-
wise recombination estimates <0.49 with a
LOD >0.01 in the JMMAP module, maximum
increase of 5 in the goodness-of-fit measure (“jump”)
for any new marker to be added, a “triplet” LOD
threshold value of 20.0 for automatically considering as
fixed orders those triplets more likely than other orders
at LOD 20.0 and a moving window of width 5 for local
order refinement with the “ripple” function.

Results

Genotypic data were available for a total of 537 loci in
1-5 mapping populations. The cross-specific consensus
maps Al, A2, DG, D and R contained 259, 110, 318,
216 and 172 loci, respectively. The main features of
each cross-specific consensus map are summarized in
Table 2. The exhaustive list of both mapped and
unlinked/discarded loci is supplied as Electronic Sup-
plementary Material S1 and a figure showing all five
cross-specific consensus maps is provided as Electronic
Supplementary Material S2.
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Table 2 Main features of the consensus maps obtained for each of the five grapevine populations

Al A2 DG D R
Unlinked loci® 3 1 4 0 4
Discarded loci
Because of intra-population inconsistency 26 0 13 0 10

or mapping problems
Because of inter-population inconsistency 6 0 0 0 5
Segregation types for mapped loci
ab x aa 47 0 52 30 38
aa x ab 50 0 71 57 32
ab x ab (dominant) 3 2 0 2 0
ab x ab (codominant) 15 108 18 23 6
a0 x ab 3 0 5 1 0
ab x a0 2 0 9 3 0
ab x ac 72 0 111 64 63
ab x cd 67 0 52 36 33
Total 259 110 318 216 172
Mean number of individuals genotyped per 90 (64-95) 91 (82-98)  45(42-46) 137 (91-139) 144 (101-153)
locus (minimum-maximum)

Map features
Total map length (cM) 1,445.7 1,207.2 1,238.7 1,153.9 1,570.0
Mean distance between loci 6.0 13.3 4.1 59 10.3
Number of gaps > 20 cM 8 21 6 4 16
Number of gaps > 30 cM 0 9 0 1 5
Number of distorted loci at o = 5% (% distorted loci) 27 (10%) 9(8%) 32 (10%) 15(7%) 19 (11%)
LGs containing two or more distorted loci 1,4,8,10,17 7,18 1,5,11,14 1,7,14 1,7,8,19,20

2 At LOD > 2.0 and recombination rate < 0.5

The percentage of loci showing distorted segrega-
tion was similar among the five populations (7-11%).
A few regions were largely distorted, on the maps of
Al (LGs 4, 17) and DG (LGs 1, 5, 14). No region har-
bouring markers with skewed segregation was concom-
itantly found in two or more populations.

Out of the 537 genotyped loci, 515 were used to
build the complete integrated map (Fig.1), among
which 257, 85, 74, 69 and 30 were mapped in 1, 2, 3, 4
and 5 populations, respectively, and 22 were discarded
for different reasons (Table 2 and Electronic Supple-
mentary Material S1). The distribution of the number
of individuals genotyped per locus is shown in Fig. 2.
Only nine markers could not be mapped on the inte-
grated map (UDV034, UDV097, UDV126, VMC1D10,
VRZAG26, VVIP25.1, VVIR06.2, VVIR29, VVIV5S).
For the 515 mapped loci, the pairwise recombination
rate could be compared in 756 cases, corresponding to
the number of marker pairs that were simultaneously
mapped in at least two populations with a LOD > 3.0.
Thirty-seven marker pairs revealed a significantly het-
erogeneous recombination rate at « = 1% (Table 3).

The complete integrated map that was obtained at a
minimum LOD of 3.0 and a maximum distance of
30cM consisted of 19 LGs. Marker VMCS5A10
remained unlinked under these constraints, but it could
be included into LG 19 by increasing the maximum dis-
tance threshold to 50 cM. The total length of the map

was 1,646.8 cM and the mean distance between neigh-
bour loci was 3.3 cM. Only one gap larger than 20 cM
remained uncovered by any marker on LG 16. The list
of all loci with their map position is given in Electronic
Supplementary Material S1. Most discrepancies in
marker order between the complete integrated map
and individual consensus maps (indicated as grey boxes
in Electronic Supplementary Material S2) were found
in regions where the local order was unsure at LOD 2.0
in the corresponding individual consensus maps, with
only a few exceptions (A1 LG 4, A1 LG 6, A1LG7,R
LG7,RLG8 DGLGY9, A1LG10,RLG 11,DGLG
12 and A1 LG 18).

The framework-integrated map (Fig. 1) comprised
257 loci spanning 1,485.1 cM over 19 LGs, with a mean
inter-locus distance of 6.2 cM and only one gap larger
than 20 cM on LG 16. Locus order in the framework
map was the same as in the complete map, except for
two locus inversions on LG 9 (in the region where a
discrepancy between the complete integrated map and
the DG map was found) and LG 13.

The ratio between the variance and the mean of the
number of single-locus SSR markers within 10 cM
intervals of the complete integrated map was 0.96,
showing no evidence for a non-random distribution of
loci along this map.

The comparison between the locus order within
each LG in the complete integrated maps constructed
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Fig. 1 Complete and framework (FW) integrated maps built
from five different grapevine populations. Distances are in cM
Kosambi. Symbols at the left of locus names indicate in which
individual progeny they were mapped: open square, filled circle,
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open diamond, filled square and open circle stand for A2, A1, D,
DG and R populations, respectively. Vertical bold lines indicate
groups of loci with local order unsure at LOD 2.0
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Fig. 1 continued

using CarthaGene and obtained either with “dsmer-
gen” or with “dsmergor” is shown in Electronic Sup-
plementary Material S3. Many marker orders were not

conserved among the two versions of the map, most of
which were unsure at LOD 2.0. Conversely, for the
framework-integrated maps nearly all orders were
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Fig. 1 continued

consistent between the “dsmergen” and “dsmergor”
versions, except for a few markers on LG 7 (UDVO011-
VVIB22), LG 9 (VMC2E11-VMC6E4 and VMC3HS5-
VVIQS52), LG 11 (VVIB19-UDV100), LG 13
(VVMD29-VVIP10-VMCS8E6) and LG 14 (A010-
VVIN64-VVIS70). For LG 18, B004 and VVIN16 were
included in the framework LG with “dsmergor”,
instead of VMC6F11 with “dsmergen”, but orders
were not affected.

The integrated map obtained with Joinmap after
“round 2” (i.e. after mapping only the loci fitting the
“jump” criterion) was consistent with the CarthaGene
framework-integrated map (Electronic Supplemen-
tary Material S4), except for a number of local inver-
sions of locus order on LG 1 (VMCNGIH7-
VMC3G9), LG 2 (VVIB23-VMC3B10-VMC6F1 and
VMC5G7-VMC6B11), LG 3 (VMC1G7-VVIBS9), LG
4 (VMCNG2E1-VMC4D4), LG 6 (VMC2G2-
VMCS5CS5), LG 9 (VMC3G8.2-VMC6D12), LG 10
(UDV063-VMC3E11.2 and VVIN85-VMC2A10), LG
11 (VMC6G1-UDV100 and VVMD25-VMC3Gl11-
DG-C), LG 14 (A010-VVIS70-VVIP26-VMCG6EL1),
LG 18 (SCC8-VMC7F2) and LG 19 (VVIP34-
UDV127 and VVIP31-VMC3B?7.2). Local order incon-
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sistency between the integrated map obtained with
Joinmap after “round 3” (i.e. after mapping also the
loci which did not meet the “jump” criterion) and the
CarthaGene complete integrated map (obtained with
“dsmergen” or “dsmergor”) was much larger (Elec-
tronic Supplementary Material S4).

Discussion

Informative content and benefit of an integrated
genetic map

We present here an SSR-based integrated genetic map
of grapevine, constructed using the segregation data
from five full-sib populations of V. vinifera (except one
population for which the male parent, Bianca, con-
tained about 21% of non-vinifera genetic background).
The aim of this map was to provide the relative posi-
tion of a large number of transferable markers initially
genotyped in distinct mapping populations and to fill in
the major gaps present in each individual map with
markers that have been mapped in other mapping
experiments.
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Fig. 1 continued

When compared to the five cross-specific maps pre-
sented here and the other grapevine maps containing
SSRs that were formerly published (Dalbo et al. 2000;
Grando et al. 2003; Doucleff et al. 2004; Fischer et al.

2004), the integrated map densely covered all 19 link-
age groups of grapevine, with a mean distance between
neighbour loci of 3.3 cM and no evidence of non-ran-
dom marker distribution over the chromosomes. Out

@ Springer
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Fig. 2 Distribution of the total number of individuals genotyped
per locus, for the 515 loci mapped on the complete integrated
grapevine genetic map

of the 502 transferable SSR loci positioned on the inte-
grated map, 16, 45, 9 and 59 were shared between the
complete integrated map and the maps of Dalbo et al.
(2000), Grando et al. (2003), Doucleff et al. (2004) and
Fischer et al. (2004), respectively. Only 11 SSRs that
were mapped in Dalbo etal. (2000; VH44, VH444,
VRZAG7, VRZAGI15, VRZAG26, VRZAG47,
VVS13, VVS19 and VVS103) or Grando et al. (2003;
SCU11 and VRZAGA47) were not present in the inte-
grated map.

In addition to the SSR markers that were already
positioned in at least one published map, the inte-
grated map also contained the recently released UDV
SSRs (Di Gaspero et al. 2005) whose map position was
not known then. In particular, several (AC)n-type
SSRs of the UDV series proved valuable to saturate
some gaps (on LGs 2,3, 5,6, 8, 10, 11, 13, 16 and 19) or
to extend some LG ends (on LGs 3 and 6) that had
remained uncovered with the former SSR series, which
were predominantly of (AG)n-type. Since microsatel-
lites could display a skewed genomic distribution
between gene-rich and heterochromatic regions corre-
lated to the repeat type, mapping of different types of
microsatellites may help to better cover the genome
with scattered markers. For instance, in Arabidopsis
thaliana, (AG)n repeats are much more frequent in
genes than in the rest of the genome and there is a
slight reverse tendency for (AC)n repeats (Morgante
et al. 2002). Our results show that (AG)n and (AC)n
microsatellites provided complementary rather than
overlapping map information in grapevine, which is in
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favour of a type-specific distribution of SSRs also in
this species.

In the integrated map, only one large gap (> 20 cM)
remained uncovered on LG 16. This may reflect either
a lack of polymorphic markers in a highly homozygous
region or alternatively a local increase in recombina-
tion rate, combined or not with a low occurrence of
SSR markers in that particular region. An answer to
this question could possibly be given through the con-
struction of a physical map along this linkage group.

Joining genotypic data sets independently scored in
different segregating populations provided us with an
effective tool for mapping markers at the scale of
whole-genome coverage, even though a disadvantage
had to be paid in terms of precise local order of these
markers. In order to achieve a reliable fine-scale
marker order, it is required to analyse a large number
of meioses, which is usually done by genotyping a sin-
gle large mapping population. Since this process is
time-consuming and expensive, fine mapping is most
often undertaken only for locally map-based cloning
purposes, once a region of interest has already been
identified. The complete integrated map presented
here is a useful tool for geneticists to identify the mark-
ers closely linked to genes/QTLs under study in candi-
date regions of the grapevine genome. Since they are
transferable markers, the SSRs located in a particular
region of interest might be easily used in any other
cross and more precisely ordered in an extended prog-
eny to fine-map the target locus if required. Alterna-
tively, when searching for novel candidate regions,
grapevine geneticists might choose a set of evenly
spread markers, like the one provided by the frame-
work-integrated map, for testing the association
between markers and a trait of interest at a whole-
genome level.

The construction of an integrated map also made it
possible to infer some information on the structural fea-
tures of the grapevine genome. A few regions contain-
ing several multi-locus markers could be identified on
LGs 3,5, 9, 12, 13 and 16, predicting the existence of
local intra-chromosomal duplications. Segmental intra-
chromosomal duplications were found more frequently
than genome-wide interspersed duplications in animal
and plant genomes (Bailey et al. 2004; Cannon et al.
2004; Zhang et al. 2005) and they were shown to have
shaped a gene-rich region also in the grapevine genome
(Castellarin et al. 2006). This map also led us to identify
marker loci duplicated over different linkage groups,
even though more rarely. This feature was not unex-
pected taking into account the suspected allopolyploid
nature of grapevine. Cytological observations of F;
hybrids between V. vinifera (2n =38) and Muscadinia
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Table 3 Locus pairs showing LG

heterogeneous recombination
rate among the five grapevine
mapping populations

Locus pair

Populations involved
in global comparison

Probability of y
homogeneity test

1 VMC3G9-VMC8D1 A1-DG 0.0083
VVIM25-VVIP60 D-DG 0.0098
VMCNG1H7-VMC2B3 DG-R 0.0020

4 VMC2BS5-VVIP25.2 Al-D 0.0010
VRZAG21-VMCT7H3 Al1-D 0.0022

6 VMC2F10-VVIN31 A1-DG 0.0037
VMC2H9-VVMD21 Al-D-R 0.0007
VMC4H5-VMC5C5 A1-A2-D-R 0.0021
VMC4HS5-VVIN31 A1-A2-D-DG 0.0085
VMC4HS5-VVMD21 Al-D-R 0.0000
VMC4G6-VMC5C5 A2-D-R 0.0073
VMC4G6-VMC5G1.1 A2-R 0.0017

7 VMC1A2-VMC8D11 A1-A2-DG-R 0.0037
VMC5HS5-VVMD31 Al1-D 0.0016
VMC5HS-VVMD6 A1-D-DG 0.0013
VMC7A4-VMC8D11 A2-D-R 0.0057

8 VMC6G8-VMC1F10 A1-D-DG-R 0.0024
VMC2H10-VMC3F8 D-R 0.0032
VMC5G6.1-VMCNG2H2.2 DG-R 0.0052

9 VMC2E11-VMC4H6 A1-D-DG-R 0.0025
VMC2E11-VMC2E2 A2-D-DG-R 0.0053
VMC2E11-VMC5C1 D-R 0.0002
VMC2E2-VMC3G8.2 DG-R 0.0027

10 VMC2A10-VMC3E11.2 A1-DG-R 0.0014
VMC2A10-VMCS8A4 A1-DG-R 0.0018
VMC3E11.2-VRZAG25 A1-DG-R 0.0007
VMC8A4-VMC8D3 A1-DG 0.0043
VMC8A4-VRZAG25 A1-DG-R 0.0005
VMC2A10-VMC4F9.1 D-DG-R 0.0006

12 VMC3B8-VMC8G6 Al1-D-R 0.0016

14 VMCI1E12-VMC2H12 A1-D-DG-R 0.0009

15 VMC5G8-VVMD30 D-R 0.0008

16 VVMDS5-VMC4B7.2 A1-A2-D-DG 0.0036
VVMD37-VVMD5 D-R 0.0000
SCU14-VVMD5 DG-R 0.0006

18 VMCS8F4.2-VVINS3 A1-D-DG 0.0072
VMCNG1B9-VMC3ES D-DG 0.0086

rotundifolia (2n = 40) suggested an allopolyploid origin
of the Vitis genome (Patel and Olmo 1955). These
observations were not supported by the results of in situ
hybridization of rDNA probes on the V. vinifera chro-
mosomes that showed only one pair of satellite chromo-
somes (Haas and  Alleweldt 2000). Thus
polyploidization, if confirmed, is likely to be ancient and
to have been followed by many chromosome rearrange-
ments (The Arabidopsis Genome Initiative 2000; Pater-
son et al. 2004). However, the information provided by
this map was not sufficient to recognize precise patterns
of inter-chromosomal duplication of large blocks of
DNA including several markers.

Reliability of marker order in the integrated map

Marker order was generally well conserved for all link-
age groups between the integrated map and the indi-

vidual consensus maps separately constructed on the
five populations. No evidence of major chromosomal
rearrangements in any parental map emerged at the
level of resolution provided by these maps, unlike in
other plant species (Lombard and Delourme 2001;
Loridon et al. 2005). Local inconsistency in marker
order could be partially attributed to a sampling bias
mainly in the smallest mapping population (DG, 46
individuals), but less likely in larger ones.

In the present study, a relatively large proportion of
loci (50.1%) was common to at least two populations,
whereas in integrated maps published for other species
(reviewed in Electronic Supplementary Material S5)
this proportion was frequently lower than 25%. This
allowed a few cases of uncertainty in locus order (at
LOD 2.0) that were present in the individual maps to
be overcome in the integrated map, thanks to an
increased number of meioses statistically supporting

@ Springer



380

Theor Appl Genet (2006) 113:369-382

the map position of those loci. However, such an
improvement of order confidence was rather rare.
Conversely, locus order was uncertain in the integrated
map for even more marker pairs than those found in
the individual maps, likely due to differences in the
recombination rate in different populations and/or to
the large number of “private” loci (loci mapped only in
a single progeny) especially in supposedly duplicated
regions.

Some significant differences in recombination rate
between common loci simultaneously scored in differ-
ent crosses were found and could partially explain the
ambiguities in local marker order between pairs of
individual maps or between a given individual map and
the integrated map. Heterogeneous recombination rate
is frequently reported in literature and has been attrib-
uted to several environmental and genetic factors (Tul-
seriam et al. 1992; Fatmi et al. 1993; Causse et al. 1996;
Doligez et al. 2002; and references therein). In grape-
vine, no environmental or genetic factor responsible
for recombination heterogeneity has been identified
yet. The heterogeneous recombination rate did not
seem to be associated with any particular parent of the
crosses used in this study, and no apparent relationship
between the putative genetic distance between grand-
parents and a suppression of recombination could be
hypothesized. Specifically, no genomic region in the
DG population exhibited a recognizable suppression of
recombination when compared to the other popula-
tions, which could have been suspected due to the par-
tially inter-specific (non-vinifera) origin of one of the
DG parents (Bianca). According to Lenormand and
Dutheil (2005), selection among pollen grains at the
haploid level could be a factor responsible for the
differences in recombination rates between male and
female parents, a case frequently reported for angio-
sperms. However, in the five mapping populations
involved here, no systematic trend for differences
between male and female recombination could be
found (data not shown).

The impact of recombination rate heterogeneity on
the reliability of integrated maps was questioned by
Beavis and Grant (1991), who concluded that even so
integrated maps could still be useful. Heterogeneity in
recombination rates detected with Joinmap JMHET
test may contribute to explain the observed differences
in marker order that we found between the “dsmer-
gen” and “dsmergor” versions of the integrated map
obtained with CarthaGene for LGs 1, 8,9, 10 and 16. In
addition, distorted segregation for markers linked to
deleterious/lethal alleles could lead to artefactual
differences in the local recombination rate estimated
with CarthaGene, while this does not affect the Join-
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map JMHET test since it is based on a chi-square test
for independence. Therefore, distorted segregation
detected at some loci on LG 1 and LG 5 could indi-
rectly explain the differences in marker order between
the “dsmergen” and “dsmergor” versions of the inte-
grated map for those linkage groups. However, some
major differences between the “dsmergen” and
“dsmergor” versions observed on LGs 3, 5, 12, 13, 14,
16, 18 and 19 could be related neither to significant
differences in recombination rate nor to distorted seg-
regation. The presence of multi-locus markers on some
of these LGs could be predictive of the occurrence of
segmental intra-chromosomal duplications. Alterna-
tive loci of a given marker, positioned slightly apart
from each other within a repeated region, could have
been scored in individual experimental crosses and
caused the order inconsistency between the integrated
maps built with “dsmergen” and “dsmergor”. Con-
versely, significant differences in recombination rate
and/or segregation distortion were observed on LGs 4,
6, 7, 11, 15 and 17, but they did not affect the consis-
tency of local marker order between the “dsmergen”
and “dsmergor” versions of the map.

CarthaGene and Joinmap produced integrated maps
with many differences in marker order. These differ-
ences were generally independent from the use of
“dsmergen” or “dsmergor” options in CarthaGene
(Electronic Supplementary Material S4) and did not
always coincide with regions of local order unsure at
LOD 2.0. The log-likelihood of the marker order
obtained for a few LGs with Joinmap after “round 3”,
when calculated with CarthaGene, was much lower
(LOD < — 30.0) than the log-likelihood of the best
order found with CarthaGene (under the “dsmergen”
mode). The simulation of a mapping experiment with
an artificial data set led Schiex and Gaspin (1997) to
state that CarthaGene performed better than Joinmap
for identifying the original (true) order of markers in
the integrated maps, under a number of variable exper-
imental conditions such as total number of markers,
population size, proportion of common markers and
probability of missing data. This increased efficiency of
the algorithm implemented in CarthaGene was
ascribed both to the use of multipoint maximum likeli-
hood criteria simultaneously applied to the genotypic
information derived from all the crosses and to the use
of efficient local search techniques for order optimiza-
tion. However, the simulations performed by Schiex
and Gaspin (1997) assumed no interference between
crossing-over events (use of Haldane mapping func-
tion) and no distorted segregation. Both cases are
taken into account and managed accordingly by Join-
map but not by CarthaGene. Those simulations also
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assumed no difference in recombination rate between
individual populations, no genotyping errors and the
use of only fully informative 1:1 segregating markers
(classical backcross case). Further simulations are
needed to fully compare the efficiency of CarthaGene
and Joinmap in determining the true marker order in
cases of real biological data. Meanwhile, only those
marker orders that were consistently conserved what-
ever the method used to build the integrated map pre-
sented here can be safely relied on. In all cases, an
interesting feature of CarthaGene is that it yields the
whole set of the best maps found rather than the best
map alone, thereby allowing to assess how strongly the
best order is supported by the data.

Compared to other published grapevine maps con-
structed using different mapping data from those
involved in the present study, marker order in the inte-
grated map was consistent in most linkage groups with
the maps of Dalbo etal. (2000) and Grando et al.
(2003). Some inconsistency emerged only for LGs 4
and 7 (Dalbo et al. 2000) and LG 11 (Grando et al.
2003). The number of common SSR markers shared
between this integrated map and the map of Doucleff
et al. (2004) was too low to compare marker order.
More inconsistency of marker order emerged from the
comparison with the consensus map published by Fis-
cher et al. (2004), which was the only map built with
Joinmap while all formerly published ones were con-
structed with Mapmaker using the same multipoint
maximum likelihood criteria as in CarthaGene. There-
fore, part of the inconsistency in marker order could
result from the different algorithms used. However,
since all the mentioned maps (Dalbo etal. 2000;
Grando et al. 2003; Fischer et al. 2004) were based on
inter-specific crosses involving at least one non-vinifera
parent, the occurrence of chromosomal rearrange-
ments between some Vitis species cannot be excluded
as a possible explanation for marker order discrepancy
with the integrated map.

In conclusion, with a mean inter-locus distance of
33cM and 50.1% of common loci simultaneously
mapped in at least two independent crosses, the grape-
vine integrated genetic map presented here reached a
high informative content with an acceptable marker
order confidence. Therefore, it can serve as a good
starting point for adding yet unmapped SSRs, in partic-
ular those found in sequenced BAC ends of the avail-
able BAC libraries and telomeric markers, for the
integration of functional markers and for the alignment
with the existing physical maps.
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