Theor Appl Genet (2006) 112: 1582-1592
DOI 10.1007/s00122-006-0264-8

ORIGINAL PAPER

K. M. Lowe - M. A. Walker

Genetic linkage map of the interspecific grape rootstock cross
Ramsey (Vitis champinii) x Riparia Gloire (Vitis riparia)

Received: 9 December 2005 / Accepted: 9 March 2006 / Published online: 11 April 2006

© Springer-Verlag 2006

Abstract The first genetic linkage map of grape derived
from rootstock parents was constructed using 188 prog-
eny from a cross of Ramsey (Vitis champinii) x Riparia
Gloire (V. riparia). Of 354 simple sequence repeat mark-
ers tested, 205 were polymorphic for at least one parent,
and 57.6% were fully informative. Maps of Ramsey,
Riparia Gloire, and the F1 population were created
using JoinMap software, following a pseudotestcross
strategy. The set of 205 SSRs allowed for the identifica-
tion of all 19 Vitis linkage groups (2n=38), with a total
combined map length of 1,304.7 cM, averaging 6.8 cM
between markers. The maternal map consists of 172
markers aligned into 19 linkage groups (1,244.9 cM)
while 126 markers on the paternal map cover 18 linkage
groups (1,095.5 cM). The expected genome coverage is
over 92%. Segregation distortion occurred in the Ram-
sey, Riparia Gloire, and consensus maps for 10, 13, and
16% of the markers, respectively. These distorted mark-
ers clustered primarily on the linkage groups 3, 5, 14 and
17. No genome-wide difference in recombination rate
was observed between Ramsey and Riparia Gloire based
on 315 common marker intervals. Fifty-four new Vitis-
EST-derived SSR markers were mapped, and were dis-
tributed evenly across the genome on 16 of the 19 linkage
groups. These dense linkage maps of two phenotypically
diverse North American Vitis species are valuable tools
for studying the genetics of many rootstock traits includ-
ing nematode resistance, lime and salt tolerance, and
ability to induce vigor.
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Introduction

Grapevines have been cultivated for centuries as a source
of fresh fruit, raisins, wine, and distilled beverages. As the
spread of viticulture followed the travels of European
explorers, North American grape species and their pests
and diseases were brought back to Europe. The mid-
nineteenth century importation of the North American
insect grape phylloxera (Daktulosphaira vitifoliae) was
the most damaging importation, and it wreaked havoc
on European vineyards forever changing the manner in
which grapevines were grown. To protect vineyards from
grape phylloxera, growers began to graft susceptible
Vitis vinifera fruiting cultivars onto rootstocks bred from
resistant North American Vitis species. Today, grafting
on resistant rootstocks remains the only reliable means
of growing V. vinifera grapes where grape phylloxera is
present. Rootstocks are also used for protection against
other soil-borne problems including nematodes, saline
soils, and calcareous soils (Pongracz 1983).

Grape rootstocks were bred from a very diverse group
of wild Vitis species that vary in pest resistance, adapta-
tion to soil chemistry, structure and water content, and in
the depth and extent of their root systems. Given these
variables, choosing a rootstock with appropriate charac-
teristics for a given vineyard site can be difficult. Yet, the
correct matching of a rootstock with a vineyard site is one
of the most important decisions to be made when estab-
lishing a vineyard. Detailed information exists on the viti-
cultural characteristics of grape rootstocks (Pongracz
1983). However, few studies have investigated the mecha-
nisms of resistance and tolerance to biotic and abiotic
soil-borne problems, and the genetic mapping of impor-
tant rootstock traits has not been reported.

To date, grape mapping efforts have focused on two
main areas. First, researchers have developed dense link-
age maps of V. vinifera as tools to study fruit traits in the
historically important winegrape varieties (Doligez et al.
2002; Adam-Blondon etal. 2004; Riaz etal. 2004).
Second, maps exist of populations created to locate
pathogen resistance genes and quantitative trait loci



(QTL) from wild Vitis species, leading to their future
incorporation into fruiting varieties (Dalbo et al. 2000;
Grando et al. 2003; Fischer et al. 2004). In this paper, we
expand the breadth of Vitis mapping studies and present
the first map created from two important commercially
used rootstocks, Ramsey and Riparia Gloire.

Ramsey (incorrectly known as Salt Creek in Califor-
nia) is a selection of V. champinii. Vitis champinii is
considered to be a naturally occurring hybrid of
V. candicans and V. rupestris, which occurs in Texas
where the range of these two species overlaps (Pongracz
1983). As a rootstock, Ramsey promotes highly vigorous
growth, is resistant to phylloxera, has strong resistance
to nematodes, and is tolerant of lime and saline soils. It
roots and grafts relatively poorly, but is nonetheless used
in vineyards and in rootstock breeding programs for
regions with high nematode populations or saline soils,
such as California’s Central Valley and Australia.

Riparia Gloire (synonym Riparia Gloire de Montpel-
lier) is one of the oldest rootstocks (Pongracz 1983). It is
pure V. riparia, a species native to fertile alluvial soils
east of the Rocky Mountains in North America. It exhib-
its high resistance to phylloxera, promotes low vigor in
scions, and is an easily propagated rootstock. Unlike
Ramsey, Riparia Gloire is sensitive to lime-induced chlo-
rosis, and does not tolerate drought. Although Pongracz
(1983) describes Riparia Gloire as moderately resistant
to nematodes, Cousins and Walker (2002) concluded
that it was susceptible to Meloidogyne incognita in their
study on the inheritance of root-knot nematode resis-
tance in rootstocks.

Because Ramsey and Riparia Gloire vary in the way
they adapt to soil-borne problems, the population derived
from a cross between them was expected to segregate for
multiple important rootstock traits. We sought to create a
framework map of Ramsey x Riparia Gloire, using a
large set of simple-sequence repeat (SSR) markers. SSR
markers are codominant, highly reproducible, and useful
across Vitis (Lin and Walker 1998; Sefc et al. 1999). In
addition to genomic SSR markers from previous studies
(see Table 1 for references), the Vitis Microsatellite Con-
sortium, and the NCBI website, 108 EST-derived SSR
markers were tested from the Vitis-EST database, which
do not yet appear on any published grape linkage map.
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This mapping population of 188 individuals is the largest
population size used to date for a Vitis map. This map is
the first of V. champinii, and the first V. riparia map utiliz-
ing a large number of SSR markers. It will be an impor-
tant tool for identifying major genes or QTLs for traits
including nematode resistance, lime and drought toler-
ance, and the ability to promote vigor. Because of its
unique parentage, this Ramsey x Riparia Gloire map will
allow the grape genetics community to further compare
marker placement and recombination frequency among
commonly used SSR markers and across Vitis species.
We also report a closely linked SSR marker to the sex
locus, previously reported by Dalbé et al. (2000).

Materials and methods
Plant material

Rootstocks Ramsey and Riparia Gloire were crossed as
part of a factorial mating design study on the inheritance
of root-knot nematode (Meloidogyne incognita) resis-
tance in grape rootstock varieties (Cousins and Walker
2002). The F1 population (cross ‘9715’) was planted in a
University of California vineyard in 1998. Based on the
diverse nature of its parents, the 9715 population was
made to study the genetics of many important rootstock
traits.

DNA extraction

High quality DNA was extracted from the young grape
leaves and shoot tips of Ramsey, Riparia Gloire, and all
188 genotypes of the 9715 population following a previ-
ously published modified CTAB protocol (Lodhi et al.
1994). To improve the DNA quality, samples were then
processed through an additional RNAse step. DNA pel-
lets were resuspended in 100 pl of Tris—-EDTA buffer at
65°C, and 5 pl of RNAse A (20 mg/ml) was added. After
two 24:1 chloroform: isoamyl alcohol extractions, DNA
was precipitated with 7.5 M ammonium acetate and cold
(4°C) isopropanol. The resulting pellets were suspended
in 50 pl of 1x Tris—-EDTA buffer.

Table 1 Simple-sequence repeat markers used in construction of the Ramsey, Riparia Gloire and 9715 linkage maps

Source Marker prefix Marker type Sequence information

Agrogene, SA, Moissy Cramayel, France VMC, VMCNG SSR Agrogene, SA, Di Gaspero et al. (2000),
Adam-Blondon et al. (2004)

University of Agriculture, Vienna, Austria VrZAG SSR Sefc et al. (1999)

University of California, Davis, USA VVMD SSR Bowers et al. (1996, 1999)

Southern Cross University, Australia SCU EST-SSR Scott et al. (2000)

INRA Centre de Bordeaux, France VVI SSR NCBI UniSTS http://www.ncbi.nlm.nih.gov/

INRA Centre de Bordeaux, France VvC EST-SSR Decroocq et al. (2003)

University of California, Davis, USA CTG, CB, CF, AF EST-SSR Vitis-EST database http://www.cgf.ucdavis.edu/

CSIRO, Australia VVS SSR Thomas and Scott (1993)

University of Udine, Udine, Italy 1815)% SSR NCBI UniSTS http://www.ncbi.nlm.nih.gov/,

Di Gaspero et al. (2005)
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Microsatellite markers

Microsatellite marker primer sequences were obtained
from multiple sources including previously published
primers, the Vitis Microsatellite Consortium (VMC)
coordinated by AgroGene S. A. (Moissy Cramayel,
France), and publicly available EST-derived microsatel-
lites (see Table 1 for references). Primers were synthesized
by Operon Technologies (Alameda, CA, USA). Microsat-
ellite markers were first tested on the parents and six indi-
viduals in the population. Polymorphic markers were
then run on the entire mapping population.

Marker amplification and visualization

PCR amplifications were performed in 20 pl reactions of
10 ng genomic DNA, 10 pmol of forward and reverse
primer, 2.5 mM of each NTP (Applied Biosystems, Fos-
ter City, CA, USA), 2 ul 10x gold PCR buffer (Perkin
Elmer, Wellesley, MA, USA), 2mM MgCl, (Perkin
Elmer) and 0.5 units AmpliTaq Gold DNA polymerase
(Perkin Elmer). All reactions were run on a Peltier Ther-
mal Cycler-200 (MJ Research, Waltham, MA, USA).
Annealing temperatures of 50, 52 or 56°C were used
based on previous amplification optimization. Amplifi-
cation conditions were the same for all primer pairs
(2 min at 94°C to activate AmpliTaq Gold, 35 cycles of
1 min denaturation at 94°C, 1 min annealing at 50, 52, or
56°C, and 2 min extension at 72°C, followed by 10 min
of additional extension at 72°C). Four microliters of
reaction product was visualized on 2% agarose gels pre-
pared with 1x TBE buffer to estimate amplification
strength. To separate amplification products, PCR reac-
tions were mixed with denaturing dye (98% formamide,
10 mM EDTA, 0.05% bromophenol blue and xylenecya-
nol) and heated at 94°C for 2 min before loading on a 6%
polyacrylamide sequencing gel. Gels were run at a con-
stant 70 W for 2-3 h depending on allele sizes. Samples
were visualized by silver staining with a commercial kit
(Promega, Madison, WI, USA).

Segregation analysis and map construction

Markers were scored visually for each parent, and com-
piled into a single Excel file containing each individual’s
complete genotype based on parental segregation data.
Segregation patterns were assigned to each marker fol-
lowing JoinMap data entry notation (<abxcd>,
<abxac>, <abxaa>, <aaxab>, <abxab>). Linkage
analysis was performed with JoinMap 3.0 (Van Ooijen
and Voorrips 2001), which analyzes cross-pollinated
populations derived from heterozygous parents to create
a consensus linkage map. The “locus genotype fre-
quency” function calculated chi-square values for each
marker to test for expected 1:1 or 3:1 segregation. Mark-
ers were placed into linkage groups with the “LOD
groupings” command using the Kosambi map function
(Kosambi 1944). Calculation parameters were set for a
minimum LOD threshold of 4.0, and recombination

fraction of 0.450. Markers showing segregation distor-
tion were included in the final map if their presence did
not alter surrounding marker order on the linkage group.

Individual parental maps were created with JoinMap
3.0 as above, with the following modification: for each
marker, alleles were scored separately for the male and
female parent, and segregating loci were paired with a
dummy locus. As a result, all female marker data was
entered as <abxaa> type markers, and male data
entered as <aaxab> type markers, following a double
pseudo-testcross strategy (Grattapaglia and Sederoff
1994).

Final marker order was established by comparing
female, male, and consensus maps for each linkage
group. Where large differences in marker order were
present between maps, the “fixed order” command was
used to determine which marker order resulted in the
lowest chi-square value (estimating goodness of fit) for
that linkage group, and the lowest mean square contri-
butions for all loci. When appropriate, markers with seg-
regation distortion or high mean square contributions to
the final marker order were removed from the linkage
group, and listed as grouped but unmapped markers.
Final female, male, and consensus maps were aligned
using the free software MapChart (Voorrips 2002).

Comparison of male and female recombination rates

To compare recombination rates between Ramsey and
Riparia Gloire, new parental maps were constructed
with 104 common markers (315 marker pairs) following
Groover etal. (1995). Marker orders were aligned
according to the original parental maps. JoinMap allows
users to compare two maps under the “Join-combine
groups for map integration” function. Here, the “Hetero-
geneity test” window lists all pairwise groups of common
markers, their recombination frequencies, and LOD val-
ues, and calculates which pairs show significant differ-
ences based on a chi-square test. To compare genome-
wide recombination differences, mean recombination fre-
quencies with their error values were calculated for each
parent in Excel. For each marker pair, we calculated two
point estimates of recombination, LOD scores indicating
likelihood of linkage, and chi-square tests for significant
differences between maternal and paternal recombina-
tion frequencies using 2x2 contingency tables. A
genome-wide test for differences in mean maternal and
paternal recombination rates was performed using a Z
test for comparisons between two population means.

Genome length and map coverage

Estimated genome length (G,) was calculated following a
method-of-moments type estimator, method 3, in Chak-
ravarti et al. (1991). The 95% confidence intervals were
determined for the G, value according to Gerber and
Rodolphe (1994). Expected genome map coverage was
calculated following Bishop et al. (1983), as a function of
chromosome number, total number of mapped markers



(N), and maximum observed map distance above a cho-
sen LOD threshold (X). All calculations used a LOD
threshold of 4.0 and Kosambi map distances in cM. For
a comprehensive review of the equations used, see Riaz
et al. (2004).

Scoring plants for sex

Each individual in the mapping population was scored
for its sex phenotype during flowering in 2004 and 2005.
All plants were either purely female (pistillate) or male
(staminate). Pistillate flowers have a single pistil, with a
stigma that glistens white when receptive, and have
short, reflexed anthers. Staminate flowers lack a pistil,
but have five erect filaments bearing anthers. The 9715
population was scored for sex over 2 years by visual
inspection of inflorescences during bloom, followed by
verification of fruit set in the fall. To place this morpho-
logical trait on the 9715 map, sex was entered as a male
segregating marker (<aaxab>) with the b allele refer-
ring to the dominant male allele.

Results
Polymorphism of microsatellite markers

Of the 354 SSR markers tested, 205 segregated in the
9715 population for at least one parent (Table 2). Some
marker sets were more polymorphic than others when
used in this population. Seventy-seven percent of the
VMC markers were useful for the population, while only
33% of VM CNg markers were polymorphic with strong
amplification. Many primer pairs from both the VMCNg
and Vitis-EST database-derived SSRs (prefixes CTG,
CB, CF, and AF) frequently showed poor amplification
and nonspecific binding despite testing with three differ-
ent annealing temperatures. The linkage map was
coNSnstructed with 205 markers; 118 of these segregated
for two alleles in both parents, representing the most
informative segregation types <abxcd> and <abxac>.
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Of the 84 markers segregating for one parent only
(<abxaa> or <aaxab>), 63 segregated for Ramsey,
which accounts for the smaller number of markers
placed on the Riparia Gloire map.

The VMC6f11, VMC6f5, VMCNg3h8, and VMCNglb2.2
markers exhibited amplification of multiple genomic
regions. Three sets of distinct segregating loci pairs were
scored for VMCO6f11, given the suffixes “a”, “b”, and “c”
which all mapped to linkage group 18 (Fig. 1). The other
three markers could each be scored as two separate segre-
gating loci, noted with “a” and “b” as well. These loci
assorted independently, however, and were placed on
different linkage groups in male and female maps. All
other markers used amplified alleles of a single locus.

Segregation analysis

Markers were tested for deviation from expected Mende-
lian segregation with chi-square tests in JoinMap under
the “locus genotype frequency” command. Markers were
sorted based on their chi-square values, and placed into
three categories (0-5.0, 5.0-10.0, and >10.0) for easy
visual denotation (see Fig. 1). For markers on the Ram-
sey, Riparia Gloire, and 9715 maps, 10, 13, and 16%
showed segregation distortion, respectively (Table 3).
Interestingly, most of the distorted markers appear in
clusters on linkage groups 3, 5, 14, and 17 (Fig. 1), sug-
gesting that differences in recombination rates may
account for the apparent distortion in these regions.

Parental map construction

All maps were constructed at LOD 4.0, although 14 of the
linkage groups on each map showed no change in marker
order and distances when tested at LOD 8.0. For the
Ramsey map, 172 markers were placed into 19 linkage
groups with an average of 9.1 markers per group. Seven
VMC markers were unlinked, and four markers linked
but did not map due to high mean square contributions,
or weak linkages to other markers within the group.
Linkage group sizes ranged from 32.1 cM (group 15) to
124.3 cM (group 18), with an average size of 65.5 cM.

Table 2 Polymorphism and segregation pattern for each SSR marker category tested on the 9715 mapping population

Marker category No. tested No. polymorphic Segregation type
<abxaa > <aaxab> <abxac> <abxab> <abxed >

VMC 98 75 23 10 14 - 28
VMCNG 51 17 3 2 2 - 10
VIZAG 12 8 1 1 2 2 2
vvC 8 6 - - 1 - 5
VVs 3 1 - - - - 1
VVMD 16 11 5 - 2 - 4
SCU 8 7 3 - 1 1 2
VVI 44 20 7 3 2 - 8
UDV 5 4 - 1 - - 3
CTG, CB, CF, AF 108 55 21 3 10 - 21
Morphological 1 1 - 1 - -
Total 354 205 63 21 34 3 84
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Table 3 Characteristics of the Ramsey, 9715, and Riparia Gloire linkage maps

Ramsey 9715

Riparia Gloire

Size Markers Distorted Gaps Size

Markers Distorted Gaps

Size (¢cM) Markers Distorted Gaps

(cM) markers (>20cM) (cM) markers  (>20cM) markers (>20 cM)

1 81.5 15 1 1 80.6 16 1 1 823 13 0 1
2 362 5 1 0 458 7 1 0 502 5 0 1
3 485 9 6 0 513 9 6 0 52 3 0 0
4 774 10 2 0 752 10 0 0 723 9 0 0
5 49.7 4 2 1 73.1 8 2 1 754 17 2 0
6 68.1 8 0 1 70.3 10 2 0 659 6 1 0
7 97.7 10 1 1 104.3 11 1 1 60.6 2/6 1 1
8 635 8 2 1 682 8 2 0 432 4 0 1
9 50.8 7 0 1 577 8 0 0 439 4 0 1
10 526 7 0 1 541 9 0 0 179 2 0 0
11 84.7 7 0 0 88.7 7 0 1 746 4 0 2
12 384 8 0 0 433 9 2 0 453 7 0 -
13 364 6 0 0 312 5 1 0 657 4 2 1
14 1156 18 1 0 117 19 5 0 89.6 12 4 0
15 321 4 0 0 248 3 1 0 - - - -
16 746 12 0 0 757 12 0 0 73.1 8 0 1
17 714 10 1 1 712 11 6 0 583 9 5 0
18 1243 14 1 1 1239 20 1 0 1236 15 0 0
19 414 10 0 0 483 10 0 0 484 6 2 11
Average 65.5 9.1 0.9 0.5 68.7 10.1 1.6 0.2 609 69 0.9 0.6
Total 1,2449 172 18 9 1,304.7 192 31 2 1,0955 126 17 10
Average 72 6.8 8.7

distance

between

markers

Only nine gaps of over 20 cM were present, and the aver-
age distance between markers was 7.2 cM (Table 3).

The Riparia Gloire map consisted of 126 markers on
19 groups with an average of 6.9 markers per group.
Based on linkage group numbering established by the
international consensus map (Adam-Blondon et al. 2004;
Riaz et al. 2004), linkage group 7 split into two groups on
the Riparia Gloire map, and group 15 was absent. Link-
age group sizes ranged from 52cM (group 3) to
123.6 cM (group 18) with an average length of 60.9 cM.
There were ten gaps greater than 20 cM, and the average
distance between markers was 8.7 cM. There were nine
unlinked loci, and six unmapped loci.

Marker order was highly conserved between Ramsey
and Riparia Gloire, with only six rearrangements present
on linkage groups 3, 8, 13, and 17. Differences in linkage
group size and coverage were most likely due to the
different number of markers used to construct the maps.

9715 Map construction

There were 19 linkage groups on the 9715 consensus
map, matching the number of Vitis chromosomes
(2n=138), with 192 mapped markers, six unlinked and six
unmapped markers, and an average of 10.1 markers per
linkage group. Linkage group sizes ranged from 24.8 cM
(group 15) to 123.9 cM (group 18) with an average size of
68.7 cM. The 9715 map covered 1,304.7 cM, with 6.8 cM
on average between markers. Marker order was gener-
ally consistent between homologs from the parental and
the consensus map, with small inversions present on link-

age groups 8, 13, 17, 18, and 19. When compared to the
two other published maps with high numbers of SSRs
(Adam-Blondon et al. 2004; Riaz etal. 2004) marker
order in the 9715 population map was similar. There are
small discrepancies (two marker inversions) in marker
order between the 9715 consensus map and the
Riesling x Cabernet Sauvignon map for linkage groups
3,5 9, and 13. Larger marker order differences are
apparent on groups 4 and 7. Compared to the
Syrah x Grenache consensus map, marker order in the
9715 map differed only on groups 6, 7, and 10, with small
terminal inversions.

Placement of sex locus

The current model for sex inheritance in grape involves a
single major locus with three alleles, M (male), H (her-
maphrodite), and F (female), with dominance descending
in that order (M > H > F) (Carbonneau 1983). The
parents of the 9715 population have pure pistillate
(Ramsey) and staminate (Riparia Gloire) flowers. There
were 93 males, 73 females, and 20 individuals that lacked
inflorescences and thus could not be scored. Since no
hermaphrodites were identified in the population, paren-
tal genotypes of FF (Ramsey) and MF (Riparia Gloire)
were inferred. The resulting chi-square value of 2.4 sup-
ports that sex is segregating 1:1 as a single gene.

The sex locus was placed between markers VVIB23
and VVMD34 on linkage group 2 in both the Riparia
Gloire and 9715 maps. This locus maps 1.5 and 1.9 cM
from VVIB23 on the 9715 and Riparia Gloire maps,



respectively. The VVIB23 marker is of the <abxcd>
segregation type. Close inspection of inheritance of alle-
les from Ramsey (‘a’ or ‘b’) and Riparia Gloire (‘cC’ or
‘d’) showed that sex segregation follows that of the ‘c’
and ‘d’ alleles, as expected in the parental genotype
model FF x MF. Only four recombinants were identi-
fied which inherited the ‘c’ allele of VVIB23 from Ripa-
ria Gloire, but exhibited a female phenotype.

Comparison of female and male recombination rates

Parental recombination rates were compared at 315
intervals between common markers. Recombination was
slightly higher in Riparia Gloire (0.2512 vs. 0.2428),
although not statistically significant at the o=0.05 level
based on a Z test (0.7622). Performing the same compar-
ison using only those marker pairs exhibiting statistically
different recombination rates yielded similar results
(Table 4).

While no differences in global recombination were
calculated, marker pairs showing different rates of
recombination in the parents were not evenly distributed.
Thirty percent of the marker intervals on groups 4, 5, 13,
14 and 18, and 42.9% of those on groups 7 and 17 had
statistically different recombination rates, suggesting that
there may be hot spots for recombination across the
genome. These groups also had many more distorted
markers and rearrangements on average than other link-
age groups, indicating that local recombination rate
differences between parents may account for problems
with segregation distortion and marker order discrepan-
cies.

Genome length and coverage

Estimated genome lengths (cM) for the female, male, and
combined maps were 1,468.7, 1,588.3, and 1,296.15,
respectively. Only two gaps over 20 cM were present,
indicating even coverage. Following Bishop’s method
(1983), expected coverage based on these lengths was
over 90% for all maps (Table 5). Observed coverage was
lower in the Ramsey and Riparia Gloire maps (84.8 and
69.0%, respectively), but 100% in the combined map. The
estimated genome length based on Hubbert’s equation
(1988) was smaller than the sum of all linkage group
lengths, likely because of the large number of mapped
markers (M) and strong linkages (K).
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Discussion

Comparison of the 9715 map with other Vitis linkage
maps

Only two of the published grape maps were created with
large numbers of SSR markers (Adam-Blondon et al.
2004; Riaz et al. 2004). Prior to these V. vinifera maps,
researchers focused on RAPD and AFLP markers in
efforts to quickly create framework linkage maps useful
for identifying major genes and QTLs for fungal and
bacterial resistance (Lodhi et al. 1995; Dalbo¢ et al. 2000;
Grando et al. 2003; Doucleff et al. 2004; Fischer et al.
2004), sex (Dalbo et al. 2000), seedlessness (Doligez et al.
2002), berry color (Doligez etal. 2002; Fischer et al.
2004), and veraison (Fischer et al. 2004). RAPD and
AFLP markers generate large numbers of polymor-
phisms per primer pair; however, as they are primarily
dominant, tend to cluster, and have a relatively low
degree of repeatability across research groups, they are
not ideal. Through the efforts of the Vitis Microsatellite
Consortium, there are now hundreds of SSRs available
for grape through Agrogene, NCBI, the Vitis-EST data-
base, and individual published primers. These markers
have allowed the grape genetics community to establish
an international consensus map and system for naming
the 19 linkage groups of Vitis (Adam-Blondon et al.
2004; Riaz et al. 2004).

Grando et al. (2003) published a map of V. vinifera
Moscato bianco x Vitis riparia as a tool to study downy
mildew resistance. The 9715 map shares 22 of 42 SSRs
that appear on their map, identifying homology with 12
of the 19 linkage groups. Seventy-five SSRs appear on
both the 9715 and the Riaz et al. Cabernet Sauvignon x
Riesling map, and 73 are common between the 9715 and
the Adam-Blandon et al. Syrah x Grenache map. These
markers fall on the same linkage groups in all three maps,
providing evidence for the reproducibility of SSR loca-
tions across Vitis. This comparison is not meant to sug-
gest the redundancy of these maps, however, since only
the 9715 map has used markers from the Vitis-EST data-
base, and only 44 of 170 available VVI markers were
tested on the 9715 population. The results suggest that
researchers beginning grape mapping efforts de novo
need not test the available SSRs randomly. An efficient
approach would be to consult previously published maps,

Table 4 Estimation of meiotic

recombination rate frequencies Parent Marker Mean Standard Standard Ztest  Pvalue
between the Ramsey and Ripa- intervals  recombination  deviation error
ria Gloire linkage maps frequency
Ramsey 315 0.2428 0.1411 0.007902 0.7622  0.2236
Riparia Gloire 315 0.2512 0.1373 0.007687 NS
Ramsey* 77 0.2152 0.1261 0.014371 0.6091  0.2743
Riparia Gloire® 77 0.2272 0.1191 0.013578 NS

4 Marker intervals with statistically different recombination rate differences between Ramsey

and Riparia Gloire



1590

Table 5 Estimated genome length and expected and observed ge-
nome coverage calculated with map distances based on Kosambi’s
mapping function

Ramsey Riparia 9715
Gloire

Number of markers (M) 172 126 192

Number of strong 633 380 726
linkages (K)*

Maximum observed 31.61 38.32 25.66
map distance (X)

Estimated genome 1,468.7 1,588.3 1,296.15
length (G,, cM)

95% Confidence interval 1,362.6— 1,443.2— 1,208.3—

1,592.8 1,765.8 1,397.8

Expected genome 95.7 924 96.0
map coverage (%)

Observed genome 1,244.9 1,095.5 1,304.7
map coverage (G,, cM)®

Observed genome 84.8 69.0 100.7

map coverage® (%)

#LOD threshold of 4.0
bBased on the sum length of all linkage groups for each linkage map
¢ Determined as G./G,

and identify five to ten primer pairs per linkage group to
test for polymorphism in order to quickly develop frame-
work maps representing all 19 chromosomes.

The estimated genome sizes of Ramsey (1,468.7 cM)
and Riparia Gloire (1,588.3 cM) are slightly smaller than
those estimated in Syrah (1,708 cM) and Grenache
(1,778 cM) (Adam-Blondon et al. 2004), and Cabernet
Sauvignon (2,374 cM) and Riesling (2,385 cM) (Riaz
et al. 2004). This discrepancy may be due to the size of
the largest marker gap on each of the maps, as genome
size estimations based on Hulbert’s equation (1988) will
inflate with higher maximum observed map distances
(X). Riaz etal. (2004) reported maximum distances
between markers of 49.0 and 44.7 ¢cM, while X values for
the 9715 map were 31.6 and 38.2 for female and male
maps, respectively.

Considerations in linkage map construction and marker
order for grape

The statistical strength of a given linkage map depends
on a number of factors, including population size and
structure, marker number and type (dominant or fully
informative), mapping function, and stringency of the
parameters in mapping programs. Developing a genetic
map of grape at a high LOD value is challenging for all
of these reasons. Large population sizes require space
and management time, and long generation times and
high levels of heterozygosity greatly inhibit the creation
of inbred parents and introgressed lines. Before the avail-
ability of SSRs, mapping in grape was done with domi-
nant markers, and homologs were aligned with the few
codominant markers segregating 3:1, following a double
pseudotestcross strategy (Grattapaglia et al. 1994). Clus-
tering of RAPDs and AFLPs made even coverage of the

grape genome, and identification of the appropriate
number of Vitis chromosomes, difficult. Placement of
markers showing high levels of segregation distortion,
such as AFLPs, is an added challenge. Researchers have
circumvented this by separating markers into those
placed on a framework map with higher LOD scores,
and those added as secondary markers (Doucleff et al.
2004).

Marker order and genetic distances within linkage
groups will be affected by population size, differences in
recombination rates between parents, and loci exhibiting
segregation distortion (Maliepaard et al. 1997). Where
markers are closely linked and population sizes are
small, there is limited statistical power to determine the
correct order of loci. Without a published physical map
of grape, the presence of real chromosomal rearrange-
ments is uncertain, and researchers can at best order loci
within a linkage group statistically, and compare the
results to other maps. Marker order is established in the
program JoinMap through a sequential addition of
markers. Highly informative marker pairs are defined as
starting points for each linkage group. As new markers
are added, markers within a group are reshuffled, and the
effect of the new marker on the statistical goodness-of-fit
of the group is determined, as expressed with a chi-
square value (Stam 1993). The parameters affecting this
process are user-controlled, such that markers can be
removed if they result in a “jump” in the goodness-of-fit
value that exceeds a given threshold. Users can view the
resulting mean square contributions, and decide whether
to remove “hard to order” loci to achieve a lower chi-
square value overall for the linkage group. This logic was
used to resolve marker order in the few linkage groups
showing discrepancies between Ramsey, Riparia Gloire,
and the 9715 maps. Where small inversions are still
shown (linkage groups 3, 8, 13, 17, 18, 19), these marker
orders represent the lowest chi-square values for the
group, and may or may not be true rearrangements.
Many of these small inversions may be accounted for by
segregation distortion, as a number of markers involved
in these inversions are distorted. A simple correlation
between distorted markers and rearrangements cannot
be made, however, as other linkage groups (14 for exam-
ple) have many distorted markers, and no rearrange-
ments. Some inversions on groups 3, 8, 17 also occur
between closely linked markers, which present another
challenge in determining marker order.

Ramsey and Riparia Gloire recombination rates

Statistically significant differences between genome-wide
maternal and paternal recombination rates in published
grape maps have yet to be reported. However, others have
found differences in recombination rates in particular
regions of the genome (Lodhi et al. 1995; Adam-Blondon
et al. 2004; Riaz et al. 2004). The 9715 population also
had uneven recombination rates and these regions were
correlated with linkage groups containing multiple dis-
torted markers or rearrangements (groups 5, 7, 13, 14,



18). Other crops exhibit sex-related meiotic recombina-
tion differences, including maize, (Robertson 1984),
apple (Hemmat et al. 1994), and pine (Moran et al. 1983),
in which male recombination rates are higher. Sup-
pressed recombination rates, caused by sex or intergen-
eric differences, impede efforts in fine mapping disease
resistant gene locations, as high numbers of individuals
are needed to break linkages. This finding has been
reported in a number of crops (Stirling et al. 2001; Neu
et al. 2002), and may be limiting efforts to clone the Runl
locus controlling resistance to powdery mildew in grape
(Pauquet et al. 2001; Barker et al. 2005). The identifica-
tion of such locations across Vitis species will be impor-
tant for future resistance gene mapping studies.

Placement of the sex locus

The 9715 population is composed of purely male and
female plants, segregating in a 1:1 ratio. The current
model for sex inheritance in grape involves a single
major locus with three alleles, M (male), H (hermaphro-
dite), and F (female), with dominance descending in that
order (M > H > F) (Carbonneau 1983). Carbonneau
also described an additional locus with epistatic effects
on the expression of the staminate phenotype, after he
observed male plants in populations derived from her-
maphroditic parents. Antcliff (1980) proposed a single
gene model with a dominant staminate allele (M) and
recessive pistillate allele (F), with hermaphroditic flowers
resulting from the heterozygote (MF). Scoring this mor-
phological marker as <aaxab >, representing FF x MF
phenotypically, placed the gene controlling sex at a dis-
tance of 1.5¢cM from VVIB23, and 72cM from
VVMD34. This placement confirms the original map
position for sex as reported by Dalbo et al. (2000). In the
population ‘Horizon’ x ‘Illinois 547-1°, sex cosegregated
with VVMD34 on Illinois 547-1 additional group 14,
although map distance was not reported. We can now
report that this group is linkage group 2 according to the
international consensus notation.

Grapevines typically do not flower until their second
or third year in the field, although precocious flowering
can be achieved by the application of exogenous cytoki-
nins (Gerrath 1992). Marker-assisted selection for sex
would be of great use in breeding programs incorporating
disease resistant genes from native, dioecious Vitis into V.
vinifera backgrounds for new fruiting varieties, when
male plants are not needed. Such selection would greatly
decrease the number of vines needed to be screened and
sent to field trials, saving time and space. Further testing
of VVIB23 across a number of wild Vitis individuals and
segregating populations will reveal the general usefulness
of this primer as a close marker for sex.

Applications for the map
This Ramsey x Riparia Gloire map represents the first

map created from two commercially used rootstocks,
and the first SSR-based maps of pure V. riparia and
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V. champinii. These maps are valuable tools with which
to examine rootstock traits not only in Ramsey and
Riparia Gloire, but in other important rootstock culti-
vars that share their species heritage including Harmony,
Freedom, 101-14 Mgt, Kober 5BB, Teleki 5C, and SO4,
among many others (Pongracz 1983). Vitis riparia is also
an important source of powdery mildew, downy mildew,
botrytis, and cold tolerance genes for hybrid grape culti-
vars used in the U.S. and Canada (Grando et al. 2003).
The 9715 population is expected to segregate for root-
knot nematode resistance, drought tolerance, lime toler-
ance, and vigor. The phenotypic characterization and
subsequent mapping and QTL studies for these traits is
underway.

Acknowledgements This research was supported by the California
Grape Rootstock Improvement Commission, the California Grape-
vine Rootstock Research Foundation, and the Fruit Tree, Nut Tree,
and Grapevine Improvement Advisory Board. In addition, the
American Society of Enology and Viticulture, the American Wine
Society, the Tchelistcheff fund, and UC Davis Departmental Schol-
arships graciously provided scholarship funding. The authors are
grateful to Dr. Summaira Riaz for all her insight and training in
grape mapping procedures, and Amy Young for her review of this
manuscript. This work would not have been possible without the
laboratory help of Jasmine Roberts, Rita Zhou, and Juliana Chow.

References

Adam-Blondon A-F, Roux C, Claux D, Butterlin G, Merdinoglu D,
This R (2004) Mapping 245 SSR markers on the Vitis vinifera ge-
nome: a tool for grape genetics. Theor Appl Genet 109:1017-1027

Antcliff AJ (1980) Inheritance of sex in Vitis. Ann Amélior Plant
30:113-122

Barker CL, Donald T, Pauquet J, Ratnaparkhe MB, Bouquet A,
Adam-Blondon A-F, Thomas MR, Dry I (2005) Genetic and
physical mapping of the grapevine powdery mildew resistance
gene, Runl, using a bacterial artificial chromosome library. The-
or Appl Genet 111:370-377

Bishop DT, Cannings C, Skolnick M, Williamson JA (1983) The
number of polymorphic DNA clones required to map the human
genome. In: Weir BC (ed) Statistical analysis of DNA sequence
data. Dekker, New York, pp 181-200

Bowers JE, Dangl GS, Vignani R, Meredith CP (1996) Isolation and
characterization of new polymorphic simple sequence repeat loci
in grape (Vitis vinifera L.). Genome 39:628-633

Bowers JE, Dangl GS, Meredith CP (1999) Development and char-
acterization of additional microsatellite DNA markers for grape.
Am J Enol Vitic 50:243-246

Carbonneau A (1983) Male and female sterility in the genus Vitis. I:
Modeling of their inheritance. Agronomie 3:635-644

Chakravarti A, Laher LK, Reefer JE (1991) A maximum likelihood
method for estimating genome length using genetic linkage data.
Genetics 128:175-182

Cousins P, Walker MA (2002) Genetics of resistance to Meloidogyne
incognita in crosses of grape rootstocks. Theor Appl Genet
105:802-807

Dalbdé MA, Ye GN, Weeden NG, Steinkellner H, Sefc KM, Reisch
BI (2000) A gene controlling sex in grapevines placed on a molec-
ular-based genetic map. Genome 43:333-340

Decroocq V, Favé MG, Hagen L, Bordenave L, Decroocq S (2003)
Development and transferability of apricot and grape EST mi-
crosatellite markers across taxa. Theor Appl Genet 106:912-922

Di Gaspero G, Peterlunger E, Testolin R, Edwards KJ, Cipriani G
(2000) Conservation of microsatellite loci within the genus Vitis.
Theor Appl Genet 106:163-172



1592

Di Gaspero G, Cipriani G, Marrazzo MT, Adreetta D, Castro MJP,
Peterlunger E, Testolin R (2005) Isolation of (AC)n-microsatel-
lites in Vitis vinifera L. and analysis of genetic background in
grapevines under marker assisted selection. Mol Breed 15:11-20

Doligez A, Bouquet A, Danglot Y, Lahogue F, Riaz S, Meredith CP,
Edwards KJ, This P (2002) Genetic mapping of grapevine (Vitis
vinifera L.) applied to the detection of QTLs for seedlessness and
berry weight. Theor Appl Genet 106:1213-1224

Doucleff M, Jin Y, Gao F, Riaz S, Krivanek AF, Walker MA (2004)
A genetic linkage map of grape utilizing Vitis rupestris and Vitis
arizonica. Theor Appl Genet 109:1178-1187

Fischer BM, Salakhutdinov I, Akkurt M, Eibach R, Edwards K1J,
Topfer R, Zyprian EM (2004) Quantitative trait locus analysis of
fungal disease resistance factors on a molecular map of grape-
vine. Theor Appl Genet 108:501-515

Gerrath JM (1992) Developmental morphology and anatomy of
grape flowers. Hort Rev 13:315-337

Gerber S, Rodolphe F (1994) An estimation of the genome length of
maritime pine (Pinus pinaster Ati). Theor Appl Genet §8:289-292

Grando MS, Bellin D, Edwards KJ, Pozzi C, Stefanini M, Velasco R
(2003) Molecular linkage maps of Vitis vinifera L. and Vitis ripa-
ria Mchx. Theor Appl Genet 106:1213-1224

Grattapaglia D, Sederoff R (1994) Genetic linkage maps of Eucalyp-
tus grandis and Eucalyptus urophylla using a pseudotestcross:
mapping strategy and RAPD markers. Genetics 4:1121-1137

Groover AT, Williams CG, Devey ME, Lee JM, Neale DB (1995)
Sex-related differences in meiotic recombination frequency in Pi-
nus taeda. Heredity 86:157-158

Hemmat M, Weeden NF, Manganaris AG, Lawson DM (1994)
Molecular marker linkage map for apple. J Hered 85:4-11

Hulbert SH, Ilott TW, Legg EJ, Lincoln SE, Lander ES, Michelmore
RW (1988) Genetic analysis of the fungus Bremia lactucae, using
restriction fragment length polymorphisms. Genetics 120:947-958

Kosambi DD (1944) The estimation of map distances from recom-
bination values. Ann Eugen 12:172-175

Lin H, Walker MA (1998) Identifying grape rootstocks with simple se-
quence repeat (SSR) DNA markers. Am J Enol Vitic 49:403-407

Lodhi MA, Reisch BI, Weeden NF (1994) A simple and efficient
method for DNA extraction from grapevine cultivars and Vitis
species. Plant Mol Biol Rep 12:6-13

Lodhi MA, Ye GN, Weeden NF, Reisch BI (1995) A molecular
marker-based linkage map of Vitis. Genome 38:786-794

Maliepaard C, Jansen J, Van Ooijen JW (1997) Linkage analysis in
a full-sib family of an outbreeding plant species: overview and
consequences for applications. Genet Res 70:237-250

Moran GF, Bell JC, Hilliker AJ (1983) Greater meiotic recombina-
tion in male vs. female gametes in Pinus radiata. J Hered 74:62

Neu C, Stein N, Keller B (2002) Genetic mapping of the Lr20-Pml
resistance locus reveals suppressed recombination on chromo-
some are 7AL in hexaploid wheat. Genome 45:737-744

Pauquet J, Bouquet A, This P, Adam-Blondon A-F (2001) Estab-
lishment of a local map of AFLP markers around the powdery
mildew resistance gene Runl in grapevine and assessment of their
usefulness for marker assisted selection. Theor Appl Genet
103:1201-1210

Pongracz DP (1983) Rootstocks for Grape-vines. David Philip,
Cape Town, p 150

Riaz S, Dangl GS, Edwards KJ, Meredith CP (2004) A microsatellite
marker based framework linkage map of Vitis vinifera L. Theor
Appl Genet 108:864-872

Robertson DS (1984) Different frequency in the recovery of cross-
over products from the male and female gametes of plants hap-
loid for B-A translocations in maize. Genetics 107:117-130

Scott KD, Eggler P, Seaton G, Rossetto M, Ablett EM, Lee LS, Hen-
ry RJ (2000) Analysis of SSRs derived from grape ESTs. Theor
Appl Genet 100:723-726

Sefc KM, Regner F, Turetschek E, Glossl J, Steinkellner H (1999)
Identification of microsatellite sequences in Vitis riparia and
their applicability for genotyping of different Vitis species. Ge-
nome 42:367-373

Stam P (1993) Construction of integrated linkage maps by means of
a new computer package: JoinMap. Plant J 3:739-744

Stirling B, Newcombe G, Vrebalov J, Bosdet I, Bradshaw HD (2001)
Suppressed recombination around the MXC3 locus, a major
gene for resistance to poplar leaf rust. Theor Appl Genet
103:1129-1137

Thomas MR, Scott NS (1993) Microsatellite repeats in grapevine re-
veal DNA polymorphisms when analyzed as sequence-tagged
sites (STSs). Theor Appl Genet 86:985-990

Van Oojen JW, Voorips RE (2001) JoinMap 3.0, Software for the
calculation of genetic linkage maps. Plant Research Interna-
tional, Wageningen, The Netherlands

Voorips RE (2002) MapChart: software for the graphical presenta-
tion of linkage maps and QTLs. J Hered 93:77-78



	Genetic linkage map of the interspecific grape rootstock cross Ramsey (Vitis champinii ) £ Riparia Gloire (Vitis riparia )
	Abstract
	Introduction
	Materials and methods
	Plant material
	DNA extraction
	Microsatellite markers
	Marker ampliWcation and visualization
	Segregation analysis and map construction
	Comparison of male and female recombination rates
	Genome length and map coverage
	Scoring plants for sex
	Results
	Polymorphism of microsatellite markers
	Segregation analysis
	Parental map construction
	9715 Map construction
	Placement of sex locus
	Comparison of female and male recombination rates
	Genome length and coverage
	Discussion
	Comparison of the 9715 map with other Vitis linkage maps
	Considerations in linkage map construction and marker order for grape
	Ramsey and Riparia Gloire recombination rates
	Placement of the sex locus
	Applications for the map
	Acknowledgements
	References



