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Aits IRA( i. In gra)evincs(1tss spp.), the timing ofgrowth cessation in the t'all is an important aspect of adaptation arid
a key objective in breeding new grape culti ars suitable for continental climates. Growth cessation is a complex
biological process that is initiated by environmental cues such as da y length and temperature, as well as water and
nutrient availability . The genetic control of grotli cessation in grapevines was studied by mapping quantitative trait
loci (QTE.) in a h y brid grape population. An F, mapping population was developed by selling a single F 1 plant derived
from a cross between an accession of the North American species Vitis riparia and the Vitis h y brid wine cultivar Seyval
(Sevve-Villard 5-276). A linkage map was constructed using 115 simple sequence repeat (SSR) markers and six
candidate genes in a population of 119 172 progen y . The markers provided coverage of the 19 Vitis linkage groups with
all distance between markers of 8.4 eM. The critical photoperiod for growth cessation in lateral buds for the
parents and F2 progen y was determined in a replicated field trial in 2001 and 2002 and under controlled photoperiod
treatments in a greenhouse in 2002, 2903, and 2904. QTL analysis using composite interval mapping identified a single
major QTL in the field and greenhouse trials. However, the field and greenhouse Q1L mapped to different linkage
groups in the two different environments, suggesting the presence of additional, nonphotoperiodic cues for induction
of growth cessation in the field. In the greenhouse, shere noninducing temperatures were maintained, a QTL on
linkage group (LG) 13 explained 80.0% to 96.6 0/() of the phenotypic variance of critical photoperiod for growth
cessation. In the field, sshere vines experienced natural fluctuations in temperature and rainfall in addition to the
naturally decreasing photoperiod, a QTI. on LG II explained 85.4% to 94.3% of phenotypic variance.

The Eurasian domesticated grape Vitis tin//era is adapted to
areas with moderate winter temperatures. Breeding new grapevine cultivars for the continental climate of North America has
required the combination of fruit quality traits from V. i'in//L'ra
with adaptive genes from wild North American V/us species
to promote survival and productivity in regions with shorter
growing seasons, colder midwinter temperatures, and greater
variability in spring and fall conditions. Grapes have a
seasonally indeterminate growth habit and are particularly
vulnerable to early fall frosts: freezing temperatures in the fall
before vines are fully cold-acclimated can result in bud death
and trunk damage (Keller and Mills. 2007: Kovacs et al., 2003).
Thus, the sensitivity to environmental cues that induce growth
cessation is one critical aspect of adaptation to continental
climates. A better understanding of the genetic control of
growth cessation and the identification of associated molecular
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markers would facilitate breeding for adaptation to such
climates.
In northern latitudes, woody plants undergo several gradual
and concurrent developmental changes before the onset of
winter, including growth cessation, dormancy induction, cold
acclimation, and leaf senescence. Growth cessation requires the
termination of cell division in apical and axillary meristems and
suppression ofititernode elongation. Endodormancy suppresses
bud growth, even under permissive environmental conditions.
The physiological and metabolic changes associated with cold
acclimation allow plant tissues to withstand colder temperatures without damage. The cessation of growth before leaf
senescence redirects resources into acclimation processes and
remobilizes nutrients from leaves to overwintering shoots and
roots.
The control of growth cessation is complex and call
triggered in response to environmental cues, including light,
temperature, and water status. Woody plant growth cessation
commonly is induced by low. nonfreezing temperatures (2- .6 °C), which can also lead to endodormancy and cold acclimation. In apple (Ma/us puinila) and pear (Pt'rus co/n/nun/c), low
temperatures (<12 °C) induce cold acclimation and dormancy
(Heide and Prestrud, 2005). Induction of dormancy and cold
acclimation by low temperatures also was reported in red osier
dogwood (Coi'nus sericea), birch species (Benda spp.), and
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raspberry (Ruhus idaeus) (Junttila et al., 2003; Palonen, 2006;
Svendsen et al., 2007).
Some woody species contain an additional mechanism for
induction of growth cessation through a pathway mediated by
photoperiod sensitivity. Ecotypic variation for growth cessation
in response to the decreasing photoperiods that occur in
northern latitudes in late summer has been identified in black
cottonwood (Populus trichocarpa) and birch (Beta/a pubescens, Benda pendula) (Howe et al., 1995; Junttila etal., 2003).
Ecotypes from higher latitudes frequently initiate growth
cessation in response to longer critical daylengths (the longest
photoperiod that elicits a short-day response) than their southern counterparts, resulting in earlier cessation of growth
(Frewen et al., 2000). Studies suggest that genetic control of
photoperiodic induction of growth cessation is heritable and
controlled by a small number of genes or quantitative trait loci
(QTL) (Fennell et al., 2005; Frewen et al., 2000; Howe et al.,
2000).
It may be challenging to decouple the effects of photoperiod
and temperature on cold acclimation and dormancy induction,
given that tree species may be responsive to both (Li et al.,
2002; Welling et al., 2002). It has been suggested that
photoperiod and temperature work synergistically by acting
on common downstream components such as hormones (Arora
et al., 2003; Heggie and Halliday, 2005). Elucidation of the
interplay between multiple environmental cues, the points of
convergence on common downstream targets, and the effects
on the timing of growth cessation and the depth of dormancy or
cold hardiness will provide insight on the molecular basis of
adaptation.
Grapevines are seasonally indeterminate and do not set a
terminal bud at the shoot tip in the fall, the hallmark phenotype
of most growth cessation studies in woody plants. Instead, the
gradual process of growth cessation is marked by suspension of
cane and summer lateral elongation, abscission of the meristematic shoot tip, induction of endodormancy in latent axillary
buds, and eventual leaf senescence (Alleweldt and During,
1972; Wake and Fennell, 2000). V//is labrusca and V. riparia
contain photoperiod-sensitive ecotypes (Fennell and Hoover,
1991; Wolpert and Howell, 1986), although the most extreme
photoperiod sensitivity is found in V. riparia, whose northern
clones exhibit leaf senescence well before the first frost
(Pierquet and Stushnoff, 1978). The genetic basis for this
photoperiodic induction of growth cessation in grapevines is
not known.
The objective of this study was to develop a map suitable for
QTL analysis to identify regions of the genome associated with
growth cessation in grapevine. Integrated grapevine maps
provide a robust framework for the design of mapping studies
(Doligez et al., 2006; Vezzulli et al., 2008). QTL analysis has
been used successfully in grapevines to identify genomic
regions associated with flavor, yield components, plant nutrition, and pest and disease resistance (Doucleff et at., 2004;
Fanizza et at., 2005; Fischer et at., 2004). Several of the Vitis
maps have incorporated wild grape species, either in crosses
with V. vinifra or as crosses between wild species (Doucleff
et at., 2004; Krivanek et al., 2006 Lowe and Walker, 2006).
The F7 mapping population for this study was derived from
the cross V. riparia (USDA P1 588289) x Seyval' (Seyve
Villard 5-276). Seyval' is a disease and a phylloxera resistant,
relatively cold hardy hybrid wine cultivar derived from a
complex hybridization of V. i'inif'ra (55% by pedigree) with
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wild species native to the south-central United States, 1/itis
rupestris, and Vitis aestiva/is var. lincecumu. The V. riparia
parent has a longer critical photoperiod (l3.5 Ii) that confers
earlier growth cessation and better midwinter cold hardiness
than Seyvat' (critical photoperiod l I h) (Fennell et al.,
2005). The photoperiod response of the F 1 is intermediate to the
parents. Photoperiod sensitivity in the F2 , measured by growth
cessation at the 12-h photoperiod indicates the trait is heritable
and suggests the action of single gene and dominance of the V.
riparia photoperiod response (Fennell et at., 2005). In this
study, the F, progeny of V. riparia x 'Sevyal' were used to
develop a linkage map of simple sequence repeat (SSR)
markers to identify regions of the genome associated with
growth cessation in the field and under controlled conditions in
the greenhouse.
Materials and Methods
POPuLATIoN DEVELOPIENT. The F2 mapping population was
generated by selfing a single F 1 derived from the cross
V. riparia (USDA P1 588289) x Vitis hybrid 'Seyval' (Seyve
Villard 5-276). The seedlings were grown one season in the
greenhouse, induced into dormancy, cycled through storage
(4 °C), and returned to active growth. After one season's growth,
the vines were clonally propagated on their own roots for field
studies. The original potted vines were cycled seasonally
between the greenhouse and 4 °C storage for controlled
environment studies.
PIIFN0TVPIc EVAI,tJATION. In 2002, 2003, and 2004, 115 F2
plants were grown in climate-controlled greenhouses with an
automated photoperiod system (Van Rijn Enterprises Greenhouse Systems, Grassie, ON, Canada) in Brookings, SD (tat.
44°19'N) with 25/20 + 3 °C (day/night) temperatures. Four
replicates of the V. riparia parent, 'Seyval', and the F 1 were
included as controls. All plants were cycled annually through
dormancy in a cold room at 4 °C for at least 150 d. Each spring.
ecodormant plants were root pruned and repotted in 1:2:2 soil
media (soil: peat: perlite by volume) to prevent root binding and
to maintain uniform growth throughout the studies. Vines were
grown in 15-L pots at 25/20 °C under a 15-h photoperiod. Three
shoots per plant were trained vertically on bamboo stakes.
Plants were watered daily and fertilized twice weekly with a
200 mg•L '20N-8.7P--16.6K solution. Once the shoots reached
12 nodes, the photoperiod was decreased weekly by 0.5 h using
the automated white-covered photoperiod system (Van Rijn
Enterprises Greenhouse Systems). The automated photoperiod
system blocked light pollution from adjacent greenhouses,
providing uniform photoperiod control under controlled temperature conditions.
In addition, the parents, F 1 , and F, were clonally
replicated on their own roots and were evaluated under field
conditions (parents and F 1 , six replicates; F 2 , three replicates).
The field planting of three replicates in a completely randomized design was established at the University of Minnesota
Horticultural Research Center in Chanhassen, MN (lat.
44°59N) in Spring 2000. Plants were spaced 0.7 m apart in
rows with 2 m between rows with a single trunk height of 1 .5 m.
Plants were irrigated during the establishment year, but rainfall
during the growing seasons was sufficient in 2001 (average 8.4
cm/month) and sufficient to excessive in 2002 (average 11.4
cm/month). In Winter 2001 and Winter 2002, vines were
pruned back to spurs at 0.3 m above the ground. Although
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three full replicates of 104 F2 genotypes were initially planted,
some plants died and others were damaged in one year; hence,
data were collected on 93 genotypes in 2001 (223 plants) and
2002 (228 plants). For two genotypes, only one year of data
were collected.
Surviving genotypes in the field (n = 93) were evaluated for
growth cessation beginning in July when the shoots averaged 12
nodes. Growth was evaluated at each hour of natural decrease
in photoperiod: 15 h (24 July), 14 h (17 Aug.). 13 h (6 Sept.),
and 12 Ii (26 Sept.) in 2001 and 2002. In the greenhouse, all
genotypes (n = 115) were evaluated in 2002, 2003, and 2004
under simulated photoperiods at 15-. 14-, 13-, 12-. and 11-h
daylengths (Fennell et al.. 2005). Unlike the constant rate of
artificial photoperiod decrease in the greenhouse (I h decrease
every 2 weeks), the natural rate of photoperiod decrease varies
in the field. Any vines still growing at the last photoperiod
scored were assigned growth cessation for the next I-h decline
in photoperiod (i.e., 11 h in the field and 10 h in the greenhouse).
Growth cessation was evaluated by monitoring summer
lateral emergence. Summer laterals are shoots that develop
from the prompt bud in the axils of the leaves on most grape
shoots; they grow in the same season in which they are formed
(Fig. I). Summer lateral emergence begins six to eight nodes
below the shoot tip. Because cessation of lateral emergence was
shown to be a reliable proxy for cessation of shoot elongation
and induction of bud dormancy (Fennell et al.. 2005), it was
used as the measure of growth cessation. The number of nodes
with a summer lateral with at least one fully expanded leaf was
recorded at each hour decline in photoperiod. The critical
photoperiod for growth cessation was defined as the photopenod where no additional summer laterals with at least one fully
expanded leaf were produced.
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Fig. I. Photograph of a growing shoot of
shoots emerging from prompt buds.
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STATISTICAL ANALYSIS OF PHENOTYPIC DATA. Analyses of
variance (ANOVA) and product-moment (Pearson's) correlation analyses were performed on phenotypic data from greenhouse and field experiments using R statistical software (R
Development Core Team, 2007). For ANOVA of the greenhouse experiment, years and genotypes were considered fixed
effects. For the field experiment, data were analyzed as a
completely randomized design over years using years, genotypes, and interactions as fixed effects and also in individual
years using genotypes as fixed effects. The correlations across
years and across treatments (greenhouse vs. field) were
assessed with Pearson's product-moment correlation analyses.
Correlations between years in the field and in the greenhouse
were estimated on an individual plant basis so that they were
analogous. Correlations between field and greenhouse were
estimated on a genotype basis.
LINKAGE MAP CONSTRUCTION. DNA was extracted from the
freeze-dried leaves of the mapping population of 119 F2
offspring using established protocols (Lin and Walker, 1997).
Extracted DNA was quantified with Picogreen (Invitrogen.
Carlsbad, CA) and diluted to 20 ng•L '.
The F 1 was screened with 205 publicly available SSR
markers to identify informative heterozygous loci (Supplemental Table 1 available online at www.ashs.org ). Subsequently, up
to four markers were multiplexed per PCR reaction for mapping
in the F7 population. Forward primers were labeled with a
fluorescent dye (FAM. HEX, TAMRA, VIC, PET, or NED).
Multiplex PCR was carried out in 20-pi. reactions that included
20 ng of genomic DNA, 1 to 16 pmol of each forward and
reverse primer. 200 piNt dNTP, lx Taq polymerase buffer with
1 .5 mu MgCl 2 , and I U ofTaq polymerase (Promega, Madison,
WI). An i-Cyler (Bio-Rad, Hercules, CA) and a PTC 100 (BioRad) were used to perform the following amplification protocol: 4 min at 94 °C; 35 cycles of 1 mm at 94 °C. 30 s at
annealing temperature. 30 s at 72 °C: I h at 72 °C. The long final
extension time allows Taq to add an additional adenine to all
fragments for consistency in automated allele scoring. Supplemental Table 1 contains information on multiplexes and
experimentally determined annealing temperatures.
Following PCR amplification, PCR reactions were pooled;
I IL of the pooled products was combined with 10 I L of Hi-Di
formamide and 0.15 PL of the internal size standard Genescan
500 LIZ (Applied Biosystems, Foster City, CA). Following
denaturation for 4 minat 94 °C, the samples were analyzed on
an AB13730 Genetic Analyzer (Applied Biosystems) at the
Cornell Life Sciences Core Sequencing Laboratory (Ithaca,
NY). Chromatogram analysis and allele-calling were perFormed with Genemapper 3.7 software (Applied Biosystems).
SEGREGATION ANALYSIS AND MAP CONSTRUCTION. The linkage
map was constructed with 120 SSR markers. The segregation of
each marker in the F, population was tested for goodness-of-fit
using x 2 values from the Locus Genotype Frequency calculation in Joinmap 3.0 to identify departure from expected ratio of
1:2:1 (Van Ooijen and Voorrips, 2001). Distorted loci that did
not disrupt the marker order were retained in the dataset.
Recombination fractions between pairs of markers and map
analysis were also performed with Joinmap 3.0. Markers were
allocated to linkage groups with a minimum threshold logarithm of odds score (LOD) of 5.0 and a maximum recombination fraction of 0.40 using the Kosambi mapping function
(Kosambi, 1943). The use of SSR markers from previously
published grape genome maps allowed for direct identification
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Table I. Sequences of primers used in mapping of candidate genes for growth cessation. Primers flank a polymorphism in the F 1 of a cross
between North American wild grape species Vi! is riparia and the Vitis hybrid wine cultivar Scyval. The type variation targeted included single
nucleotide polymorphisms (SNPs) and insertion-deletions (indels).
Scaffold in ML8X
Locus
Forward primer (5-3')
Rc crse primer (5-3')
Type
genome (no.)
VvPHYA
AGCTGATGAATGGGGATGTC
GCCTGTTTCTTTTCCCTCAA
SNP
27
VVPHYB
ACAACCATGTGAGCCAACAG
AAAATTCTTGTACTAAATCAAGCAAA
Indel
64
VvPHYC
GGCATTGCAAGGTGTCACTA
CTCAACCTTCTACCGAGCAA
Indel
47
VvPHYE
CATCCCCTGCCTTTGTTCT
CATTTATGTT(ICTGATCCAAAAA
Indel
143
VvCR Y/
CCCACAGGGAGAATTTTTCA
TCCCCAGCTTCTAATGGGTA
mdcl
VvFT
CTGTGGTTGAC'GATCACCTG
TGAAATGGCATGAACCTCAA
409
SNP
VvCO
AGAAAAAGGCCCTCACCATT
TTC AAAC C C ATTACATC GAGA A
SNP
of the linkage groups according to the current Vitis chromosome nomenclature (Doligez et al., 2006).
GENOME LENGTH AND MAP COVERAGE. The estimated genome
length was calculated using the method of moment estimator,
E(G) = M(M - I )X/K, where M is the number of loci, X is the
maximum map distance among all locus pairs above LOD =
5.0, and K is the number of locus pairs having LOD values
5.0, identified through the Strong Linkage tab in Joinmap, with
the default parameter for strong linkage set to LOD > 5.0
(Chakravarti et al., 1991; Hulbert et al., 1988). The 95%
confidence interval for genome length, Ia(G), was calculated
as in Gerber and Rodolphe (1994). The expected genome
coverage of the map E(Cn) was calculated after Bishop et al.
(1983). A LOD threshold of 5.0 and Kosambi map distances
(cM) were used for all calculations. For further details on the
equations used, see Riaz et al. (2004).
QTL ANALYSIS. Composite interval mapping (Zeng, 1994)
was conducted using WinQTL Cartographer 2.5 (Basten et al.,
2005). Permutation tests with 1000 permutations were conducted to determine the experiment-wise significance threshold
(Doerge and Churchill, 1996). For each trait, the LOD corresponding to an experiment-wise type-I error rate of 5% was
chosen as the threshold to declare QTL significant. The
maximum LOD score was used to estimate the individual
QTL positions, and a one-LOD support interval for the
confidence interval.
CANDIDATE GENE MAPPING. Molecular markers were developed within seven candidate genes. Primers for the Vitis
homologues of the FLOWERING LOCUS T(VvFt) were based
on published sequence (Sreekantan and Thomas, 2006).
Markers for phytochrome A (VvPHYA). phytochrome B
(VvPHYB), phytochrome C (VvPHYC), phytochrome E
(VvPHYE), cryptochrome I (VvCRYI), and CONSTANS
(VvCO) were based on identification of their single putative
homologues in the grape genome sequence (Jaillon et al.,
2007). Constans is a part of a large gene family, and the Vitis
homolog identified is highly similar to CO, a member of the
Group I subfamily that contains CO and COLJ-5 (Griffiths
et al., 2003). The F 1 was screened to locate gene regions that
were heterozygous for an insertion-deletion polymorphism and
could be converted into a PCR-based marker and analyzed for
length polymorphism as described for the SSRs above. Where
heterozygous indels could not be found, heterozygous single
nucleotide polymorphisms were scored in sequenced amplicons. For sequencing, PCR products were quantified, purified
with SAP (Promega) and Exol (New England Biolabs, Ipswisch, MA), and sequencing was performed by the Cornell Life
Sciences Core Sequencing Laboratory. Chromatograms were
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analyzed using Sequencer 4.1.4 (GeneCodes, Ann Arbor, Ml).
Primer pairs used in mapping candidate genes are listed in
Table I.
Results
PHEN0I1 PLC ANAlYSIS. The critical photoperiod for growth
cessation was determined by identification of the photoperiod at
which laterals ceased to emerge. Clonal replication of
V. riparia, 'Seyval', and the F 1 allowed assessment of the
within-genotype variability for the timing of growth cessation.
With the exception of V. riparia in the field environment (2001
and 2002), all genotypes displayed moderate within- and
between-year variability for the timing of growth cessation
(Fig. 2). In addition, comparison of the parental genotypes
shows that plants in the greenhouse show greater variation
(within and between clones) for the timing of growth cessation
than do the same plants in the field (Fig. 2).
In the greenhouse experiment, the F 2 progeny showed
transgressive variation in critical photoperiod for cessation of
lateral emergence, and a similar frequency of critical photopenod was observed across years in the greenhouse (Figs. 2 and
3). Several progeny had a critical photoperiod of 14 h, which is
longer than the V. riparia parent, and 80% to 90% had critical
photoperiods of 13 and 12 h. ANOVA indicated significant

I1eI:rI
F, Field (12)
F, GH (12)
Seyval Field (11)
SeyvalGH(11)
F2 Field
F2 GH
15

14

13

12

11

10

Critical photoperiod (h)
Fig. 2. Phenotypic variation for the critical photoperiod lr growth cessation
within Vitis riparia, Fit is hybrid 'Seyval' (Seyve-Villard 5 276). their F l , and
the F 2 population in greenhouse (GH) and field. Data for multiple years were
pooled. The median value for V. riparia, Seyval', and their F 1 is indicated in
parenthesis.
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Fig. 3. Frequency distribution of the critical photopertod for cessation of
summer lateral emergence in F7 progeny of a cross between Vitis riparia and
lifi.s h y brid Scyval' (Seyve-Villard 5-276) grown at 25/20 'C (daynight)
temperatures in the greenhouse experiment in 2002. 2003, and 2004 In = 113).
(P < 0.05) genotype effects and year effects for critical
photoperiod in the greenhouse (Table 2).
In the field experiment, the F2 progeny also showed variation
in the critical photoperiod for cessation of lateral emergence
with a similar trend across years (Figs. 2 and 4). However, the
distribution of the phenotypes differed from the greenhouse
experiment. None of the progeny had a critical photoperiod of
14 h, fewer individuals had a critical photoperiod of 13 h, and
a majority (60%) had a critical photoperiod of 12 h. Both
genotype and year effects on critical photoperiod were significant (P = 0.079) (Table 3). Values for the critical photoperiod
were slightly and positively correlated across years in the field
(r = 0. 176, P = 0.01), but there was no significant correlation
between a genotype's critical photoperiod in the field and
greenhouse experiments (r = 0.104. P = 0.332). Additionally,
critical photoperiod values for 2004 in the greenhouse were also
slightly and positively correlated with those values from 2002
and 2003 (r = 0.212 and 0.221, P = 0.030 and 0.027,
respectively) 2002 and 2003 greenhouse values were not
significantly correlated (r = 0.101, P = 0.309).
In addition to the identification of the critical photoperiod for
growth cessation, the number of emerged laterals at each hour
of photoperiod was scored. Although vine age and size increased
during the study, the average number of summer laterals that
developed at each hour of photoperiod between 15 and 12 It was
similar in all 3 years in the greenhouse (Fig. 5). In the
greenhouse treatment. ANOVA indicated significant (P <
0.05) genotype effects for the number of laterals at 14-, 13-,
and 12-h daylengths (Table 2). Year effects were significant
(P < 0.05) for the number of laterals at 14- and 13-h daylengths.
In the field, genotype effects across years were significant for
the number of laterals at the 13-h daylength (P= 0.0 11), but not
at the 12-h daylength; they were not significant for any trait
in analyses of individual years (Table 3). Genotype x year

13
12
11
10
Critical photoperiod for growth cessation (h)

Fig. 4. Frequency distribution of the critical photoperiod for cessation of
summer lateral emergence in F2 progeny of Cit/s ,sparia x Vitis hybrid
'Seyval' (Seyve-Villard 5-276) grown in the field in Chanhassen. MN, in
2001 and 2002 in 95). Data are expressed as the mean of the three replicates.
Table 3. Analyses of variance for field experiment performed for the
critical photoperiod for cessation of lateral emergence and the
number of emerged laterals at 13- or 12-hphotoperiods in F7
progeny of the cross Vitis riparia x Cit/s hybrid 'Seyval' (SeyveVillard 5-276).
Analysis across years
Mean squares
Laterals at 13-h Laterals at 12-h
Critical
df photoperiod
photoperiod
photoperiod
Source
Year
I
8.854'
443.97'
9.69
Genotype
96
0.620'
12.37
1.76
8.98
Year x Genotype 95
0.430
1.62
Analyses by year
Mean squares
Critical
Laterals at 13-h Laterals at 12-h
Source
df photoperiod
photopertod
photoperiod
Genotype (200 1 ) 95
0.603
6.29
0.851
2.529
Genotype (2002) 95
0.449
I5.09
'P< 0.10.
'P < 0.05.
'P< 0.001.

interactions were not significant, but year effects were (P <
0.05).
MARKER ANALSIS AND LINKAGE MAP CONSTRUCTION. Of the
205 primer pairs selected to provide genome coverage for map
construction, 19 (9.2%) did not amplify, 48 (23.4%) did not
segregate, 10 (4.9%) produced more than two alleles, and 19
(9.2%) amplified poorly in multiplex. The remaining 120
(56.1%) were informative for mapping. Linkage analysts based
on these SSR markers using a LOD of 5.0 resulted in 21 linkage
groups and four unlinked markers (Fig. 6). Comparison with the
integrated Vitis map confirmed that all linkage groups were
covered, but LG 8 and LG 18 were
fragmented into two groups each (DoliTable 2. Analyses of variance for the greenhouse experiment perfi armed for the critical gez et al., 2006). Under less stringent
photoperiod for cessation of lateral emergence and the number at emerged laterals at criteria, LG 8 and LG 18 could be
14-, 13-, or 12-li pliotoperiods in F7 progeny of the cross Cit/s
jo i ned into single groups, using LOD
'Seyval' (Seyve-Villard 5-276).
2.0 and 3.0, respectively.
Mean sqttares Four markers (VMCNG2H I.
Mean squares
Laterals at 14-li Laterals at 13-h Laterals at 12-li UDV109, VMC313I0, and VMC5G6)
photoperiod
df Critical photoperiod df
photoperiod
photoperiod
could not be grouped at LOD 5.0.
1 56.3 y22.78
2
1.614
Year
2
7.844
Markers VMCNG2HI (LG II) and
4,335
114
6.2'
Genotype 113
0.927y
0.706'
VMC313I0 (LG 2) likely were
ungrouped because of their significant
'P < 0.05.
5 P <0.001.
segregation distortion (P < 0.01).
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Fig. 5. Average number of summer laterals initiated for F progeny of Vitis
riparia x Vitis hybrid Seyval' (Scyve-Villard 5-276) in each summer at each
I h of photoperiod grown at 25/20 °C (day/night) temperatures in the
greenhouse experiment in 2002, 2003. and 2004 (n = 113).

Segregation distortion at VMC313I0 was the most extreme,
with only homozygotes for the 'Seyval' allele recovered in the
F 2 . According to the integrated map, UDV-109 (LG 2) is about
20 cM from the nearest marker on our map, therefore a high rate
of recombination may be the cause of its failure to group
(Doligez et al., 2006). According to the assembled grape
genome sequence, UDV109 and VMC3bI0 are both located
on LG 2, 3.5 Mb apart (Jaillon et al., 2007). Interestingly,
VMCNG2H 1 and VMC5G6 cannot be assigned unequivocally
groups in the current genome assembly.
to positions oil
MAI' LENGTH AND COVERAGE. The estimated genome length
was 1784 cM, with a 95% confidence interval of 1579.82 to
2048.78 cM. The combined length of the 21 linkage groups was
871 cM, providing an estimated genorne coverage of 83.70/,,.
The average distance between markers was 8.4 cM (Si) = 6.6).
The average linkage group size was 46.4 cM, with individual
linkage groups ranging in size from 22 cM (groups 6 and 15) to
76 cM (group 10) (Table 4).
There were six gaps greater than 20 cM on this map, on LGs
3, 4, 10, 11, 17, and 19. Within these intervals, additional SSR
markers were tested: six were monomorphic and two failed to
amplify. In addition, there were eight gaps greater than 20 cM
relative to the framework map (Doligez et al., 2006). Efforts
were made to fill these gaps, but the twenty tested markers in
these intervals either failed to group, failed to amplify, or were
monomorphic.
The map contained 95 markers in common with the
framework map, and marker order was highly conserved
(Doligez et al., 2006). Several potential inversions are noted in
Fig. 6 on LGs 1, 2, 6. 8, and 16. Only two of these inverted loci
(on LG 16; VMCIeI 1 and VMC3g1 I) can be attributed to
segregation distortion and close proximity, which call
cate the determination of marker order. The remaining inverted
loci did not show segregation distortion and may represent
artifacts or real differences between the V. riparia genome
structure and the framework maps.
CHRoIosoI,L-SCALE SEGREGATION DISTORTION. Of the
informative markers, 25% (29) showed significant departure
from the Mendelian expectation of segregation of 1:2:1 (P <
0.01). These markers were included in the analysis because they
did not disrupt marker order, and all but three of the markers
with segregation distortion were clustered on specific linkage
groups. They formed clusters (>3 consecutive loci) on the upper
arm of LG 5, the center of LG 16, and the entire length of LG 7,
LU 11, and LG 15 (Fig. 6). The skew in allele frequency could
be determined on each linkage group, with overrepresentation
of the V. riparia allele on LG 5, LU 7, and LG16, and the
'Seyval' allele on LU 11 and LU 15.
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VvPI-JYC, Vi'PHYE. VvC'O, and VvCRYI were mapped successfully in the F 2 population (Fig. I, Table 1). Each mapped to
a different linkage group, except VVPHYA and Vi'CO, which
both mapped to LU 14, 51cM apart. The Flowering Locus T
homolog (VvFT) (Sreekantan and Thomas, 2006) could not be
mapped due to extreme segregation distortion (x2 = 28.3). In the
F 2 population. 43.3% of the progeny were homozygous for the
Seyval' allele. 47.5% were heterozygous, and only 9.2% were
homozygous for the V. riparia allele. In an effort to place this
locus on the map in silico through comparison with the grape
genome sequence, the gene was found oil scaffold 409,
which could not be assigned to a chromosome in the current
genome assembly (Jaillon et al.. 2007).
QTL ANALYSIS. QTL analysis was performed for the number
of expanded laterals at each 1-h decline in photoperiod and the
critical photoperiod for lateral growth cessation in the field and
controlled greenhouse environment. A single QTL of major
effect was identified in each of the two critical photoperiod
experiments (field and greenhouse); however, the locations of
the QTL differed by growing environment. In the greenhouse,
where noninducing temperatures were maintained, a QTL on
LU 13 explained 80.0% to 96.6% of the phenotypic variance
(Table 5, Fig. 6). In the field, where vines experienced more
disease pressure, natural fluctuations in temperature and rainfall,
and a naturally decreasing photoperiod. a QTL oil 11 explained 85.4% to 94.3% of phenotypic variance (Table 6, Fig. 6).
The QTL for critical photoperiod in the greenhouse overlapped with the QTL for the number of laterals in the
greenhouse in the longest photoperiod scored (14 h). The
QTL for growth cessation in the field colocated with the
number of laterals in the field at the 12-h photoperiod in 2002
and the number of laterals in the greenhouse at the 13-h
photoperiod in 2002. Many other QTL for the number of
laterals at various photoperiods were identified (Tables 5 and
6), but colocated QTL were identified on LU 17 (field laterals at
12 h in 2001 and field laterals at 13 h in 2001) and LG 15 (field
lateral at 12 h in 2002, greenhouse laterals at 12 h in 2002,
greenhouse laterals at 12 h in 2004). The effect of these QTL
ranged from 20% to 75%. Candidate genes selected for their
putative relationship to terminal budset and dormancy induction did not colocalize with the growth cessation QTL.

Discussion
COMPARISON WITH OTHER LINKAGE MAPS. The percentage of
polymorphic markers (76.6%) in this study is within the range
reported for other Vitis maps (55.8% to 88.4%) (Adam-Blondon
et al., 2004; Fischer et al., 2004: Grando et al., 2003; Lowe and
Walker, 2006; Mandl et al., 2006). With a combined length of
871 cM, this is one of the smallest maps in grape, as maps range
in length from 756 to 1639 cM (Doucleffet al., 2004; Urando
et al., 2003). Our genome size estimation of 1784 cM is within
the range for grapes, from 1468.7 for V. thu/era 'Ramsey'
(Lowe and Walker, 2006) to 2385 for V. vini/era 'Riesling'
(Riaz et al., 2004). The size of the maximum distances between
markers was 33.31 cM, similar to values in a map of Vitis
champinii x V. riparia (Lowe and Walker, 2006) and lower than
those found by Riaz et al. (2004) for the cross V. vinifera
'Riesling' x V. s'inif'ra 'Cabernet Sauvignon'.
The percentage of loci showing segregation distortion (25%)
was higher in this cross than in any published reports thus far.
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However, both interspecific and intraspeciflc crosses that include wild species have
a higher frequency of markers with segregation distortion, in the range of 16% to
22% (Grando et al., 2003; Lowe and
Walker. 2006). In our population, almost
all of the segregation distortion occurred
on a chromosomal scale, with contiguous
markers consistently skewed toward
Seyval' or V. riparia alleles. Segregation
distortion may be attributed to several
sources. Competition or selection can
occur at several stages in reproduction
through gametophytic factors such as pollen lethality, pollen-tube competition, or
selective fertilization, selective elimination of zygotes, and structural rearrangements (Taylor and lngvarsson, 2003).
However, it is not known which of these
factors caused the high segregation distortion observed in this population.
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of parental replicates revealed a significant amount of
variation among clones in the precise
timing of growth cessation. For example,
although the majority (3/4) of V. riparia
clones in the greenhouse had a critical photoperiod of 13 h, one clone did not cease
lateral emergence until the 12-h photopenod. This variation between clones of the
same genotype indicates the complexities
of measuring growth cessation in grapevines and suggests that though cessation of
lateral emergence can be informative and
heritable, it can be affected by a shoot's
growth habit (drooping or bending change
apical dominance effects) and environmental variation other than photopeniod and temperature. Studies of growth cessation in
woody species such as poplar and birch
monitor the formation of the terminal bud,
a phenotype that does not occur in grapevine
shoots. Despite differences in shoot morphology, in most woody species, growth cessation precedes dormancy induction, allowing
redirection of resources to acclimation and
dormancy processes and it is therefore a
useful indicator phenotype for photoperiod
sensitivity despite its inherent variability.
Previous segregation data suggested
that short day-induced growth cessation
is controlled by a single dominant gene or
small family of genes (Fennell et al.,
2005). Through QTL analysis of the greenhouse experiment, we identified a QTL
that explained 80% to 96% of the phenotypic variance for the critical photoperiod
for growth cessation. We conclude that
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atures
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s sation in field. LATG - QTL for lateral cessation in greenhouse, ('Pt QTL for
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delay the onset of dormancy (Juntcritical photoperiocl in the field, CPG = QTL for critical photoperiod in the greenhouse. A Plus sign (+) indicates
tila, 1980). In strawberry (Fragaria
that a locus maps to different linkage group in the VitA iinifA'a framework map (Doligez ci al.. 2006). A grey ho
indicates that the marker order differs from the V. rinifi'ra framework map: An asterisk indicates y' for
t'esca), a temperature increase of 3
segregation distortion (P 0.01). and a double asterisk indicates y for segregation distortion (P - 000 I
°C decreased the critical photopenod for flowering by 2 h (Heide and
Sonstchy. 2007). Similarly, in Primus species, growth cessation
this QTL mediates growth cessation in response to photoperiod.
was suppressed under the inducing pilotoperiod at high teillThe presence of QTL of major effect is consistent with studies
in other woody species: major effect QTL have been reported perature (21 °C) (Heide, 2008). This suggests that a thermofor growth rhythm in Pinus st'ft'e.stcis (Yazdani et al.. 2003), sensitive pathway in plants call photoperiod cues in
bud set in P. sv/i'estris (Hurme et al., 2000), spring bud flush in developmental transitions, although the molecular mechanism
has not been identified. In addition to differences in day and
Salix t'iminalis (Tsarouhas et al., 2003), and spring bud flush in
poplar (Popu/us trichocarpa x P. deltoides) (Bradshaw and night temperatures between the field and greenhouse, the
Stettler, 1995). Although phenological traits are biologically greenhouse experiments could have had greater temperature
complex and often quantitative, it is clear that phenotypes can and light nlicroenvironmental variation. For example, root
be greatly influenced by genes of major effect. QTL of smaller temperatures likely fluctuated more in the greenhouse because
effect also may affect growth cessation in this population, but of the fixed soil volume equilibrating with air temperature and
our population size and marker density were insufficient for daily cooling caused by watering.
Growth cessation occurred more synchronously in the field,
their detection, particularly if they interact with environmental
but we have no evidence the cue for growth cessation is
variation.
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photoperiod alone in this environment. Whereas temperature,
water status, and nutrient availability were controlled in the
greenhouse experiment, growth cessation under field conditions could have been induced by any number of environmental

Table 4. Summary statistics for the Fills ripalia x Viti.c hybrid Seyval'
(Seyve-Villard 5-276) map. Estimated genome length and
expected map coverage were calculated with map distances based
oil Kosambi mapping (unction and logarithm of odds (LOD)
of 5.0.
205
Markers tested (no.)
48
Markers monomorphic in l'/ (no.)
19
Markers with poor amplification (no.)
10
Markers producing multiple hands (no.)
115
Markers for mapping (no.)
Ill
Linked markers (no.)
4
Unlinked markers (no.)
230
Strong linkages between pairs (no.)
31.311
Maximum observed map distance (CM)
1,784
Estimated genome length (cM)
(1.579.82, 2.048.78)
95/ confidence interval (cM)
83.7
Expected map genomc coverage (%)
8.4
Average distance between markers (cM)

cues in addition to photoperiod. including drought, nutrient
availability, or exposure to low, nonfreezing temperatures
(Arora et al., 2003). Rainfall was sufficient in 2001 and 2002.
making drought stress unlikely, although differences in microclimates across the 8 x 125-m vineyard or slight drought stress
cannot be excluded as a source of variation. Infection of shoot
tips in the field by downy mildew (Plasmopara i'ilicola) was
observed, especially in the wetter 2002 season, which may also
have affected growth cessation. The greater synchrony in the
field could be due to a synergistic response to daylength with
temperature and other environmental factors that affect the rate
of growth cessation.
The low temperature induction of growth cessation of the V.
ripa,'/a and 'Seyval' parents has not been examined. However.
in 2001 and 2002, low night temperatures of 10 °C occun'ed
occasionally durin g the 14-h photoperiod (August) and regularly during the 13- to 12-h photoperiod (September). Dormancy induction by low, nonfi'eezing temperatures has been
observed in other woody species, such as birch, apple, pear,
raspberry, and dogwood (Heide and Prestrud. 2005: Junttila
et al.. 2003: Palonen, 2006; Svendsen et al.. 2007). The field
growth cessation QTL may represent a geile or genes involved
in low, nonfreezing temperature-induced growth cessation. The
presence of a major effect QTL in the field that is distinct from

Table 5. Location, significance, and effect of individual QTL for the critical photoperiocl for growth cessation and the number of suninier laterals
at 14- to 12-11 photoperiods in L progeny ofthe cross V/u.s i/par/a y l'itis hybrid Se val' (Seyvc-Villard 5-276) under greenhouse conditions.
QTL effect
QTL location
LGZ
a
LOD
Interval
(cM)
R2
Nearest
marker
Year
Peak
(cM)
Trait
96.6
6.01
340
2-34
VYIC9H4_2
13
34
2002
Critical photoperiod
88.0
-6.12
250
VMC9114_2
34-38
13
34
2003
-6.12
314
80.0
6-36
VVIPIO
2004
13
36
No. of summer laterals
-1.39
14.8
15.0
2-14
VMC3DI2
13
8
2002
Laterals at 14 h
39.4
2.91
42.0
36-56
\/VIP36g
II
48
2002
Laterals at 13 Ii
-0.64
9.5
13.2
VMC9G4
34--42
40
2004
17
Laterals at 13 h
-1.62
42.8
51.2
24
VMC4D92
2
2002
15
Laterals at 12 Ii
0.44
21.4
23.8
27-55
VMC8E8
37
2003
Laterals at 12 Is
75.3
75.4
-1.27
0-10
8
VMD3O
2004
15
Laterals at 12 Ii
'LG linkage group: Peak = location of local logarithm of odds (1.01)) maximum in CM from the top of the linkage group; Nearest maker =
microsatellite closest to the local LOD maximum: Interval -- confidence interval ofQTL position in cM from the top of the linkage group: LOD =
local LOD maximum (only LODs above the a = 0.05 experiment-vise type-] error rate are reported as determined by 1000 permutations):
R2 = proportion of total phenotypic variance explained by QTL: a = estimate of the additive effect on the trait.
Table 6. Location, significance, and effect of individual QTL for the critical photoperiod for growth cessation and the number of summer laterals
at 13- and 12-h photoperiods in F progeny of the cross Vi!is i/par/a x Vu/s hybrid 'Seyval' (Seyve-Villard 5-276) in the field.
QTL effect
QTI. location
a
R
LOD
Interval (cM)
Peak (cM)
Nearest marker
Year
LG'
Trait
85.4
0.40
443
48
VVIP36g
46-52
11
2001
Critical photoperiod
94.3
((.18
447
48
VVIP36g
48-54
II
2002
Critical photoperiod
-0.87
54.7
2-16
36.4
17
8
VMC3cI 1.1
2001
Laterals at 12 It
-1.93
71
54.1
VVIP36g
46-56
50
2002
Ii
Laterals at 12 Ii
30.7
2.36
21.1
2
VVMD30
0-4
15
2002
Laterals at 12 Ii
-0.49
10.8
9
10.2
VRZAG93
9-11
2
Laterals at 12 It
2002
-0.092
20.4
6
0-16
17.2
VMC'3c1 1.1
17
Laterals at 13 It
2001
-1.58
17
17.4
15.7
2-20
VVMC2h4
12
Laterals at 13 h
2002
'LG = linkage group: Peak = location of local logarithm of odds (LOD) maximum in cM from the top of the linkage group: Nearest maker
mierosatellite closest to the local LOD maximum; Interval = confidence interval ofQTL position in eM from the top oftlse linkage group: LOD
local LOD maximuni (only LODs above the (x = 0.05 experiment wise t y pe-I error rate are reported as determined by 1000 permutations): R1
proportion of total phenotypic variance explained by QTL: a estimate of the additive effect on the trait.
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the photoperiod-related QTL in the greenhouse experiment
suggests that grapevines have a second system for growth
cessation, resulting in flexible developmental responses to
variable cues such as rainfall or temperature and reliable cues
like photoperiod. Further studies will he required to determine
what temperatures are sufficient to induce growth cessation in
V. riparia or 'Seyval'.
The identification of stable QTLs across years, coupled with
low interannual correlations, merits additional discussion.
Further inspection of the data suggests that extreme phenotypes
sceni to be largely responsible for what little correlation exists.
Removal of the extreme observations yields substantially
reduced, or even reversed, correlations between years within
the field data, as well as within the greenhouse data. In contrast.
exclusion of the intermediate observations resulted in greatly
enhanced correlation values. The individuals with consistent
but divergent phenotypes are also likely to explain the detection
of consistent QTLs.
CANDIDATE GENES. The candidate genes tested were selected
based on information from photoperiod response in other
species, but none of the genes colocalized with the QTL for
growth cessation in the field or greenhouse. Elements of
photoperiodic pathways are conserved between annuals and
woody species, although developmental targets vary (e.g..
flowering or tuberization vs. growth cessation and dormancy
induction). The photoperiod response in woody species relics
on a functional phytochrome system, demonstrated by the
reversibility of short day-induced bud set by night-break
experiments in cottonwood (Howe et al., 1996) and overexpression of the oat PHYA in hybrid aspen (Popu us trenuila x
P. treinu/oia'es) (Olsen et al., 1997: Welling et al., 2002). A
potential role for phytochrome B is suggested by the colocalization of PHYBI and PHYB2 with QTL for bud set and growth
cessation in poplar, although the underlying genes have not
been identified (Chen et al., 2002). We eliminated several
photoreceptor genes as determinants of photoperiod sensitivity
in V c/pa/ia, includin g the four phytochromes in Vitis (PHY.
PHYB, PHYC, and PHYE) and CRY] and conclude that the
causal gene resides downstream of the phytochrome genes.
In addition to regulating flowering time and tuberization in
response to photoperiod in some annual species, the CONSTANS/FLOWERING LOCUS T (CO/FT) regulatory module
controls short day -induced growth cessation and bud set in
aspen (P. treinula) and norway spruce (Picea oNes) through
downregulation of FT transcripts under short days (Bohlenius
et al.. 2006: Gyllenstrand et al., 2007). Our V/i/s honiolog of CO
did not colocate with any QTL, and the V/liz FT homolog could
not be mapped due to severe segregation distortion. However,
the grape FT/TFL/ gene family contains at least four other
genes that could serve as candidate genes (Carmona et al., 2007),
and in arabidopsis (Arahidopsis thaliana), the CONSTANS
family contains 17 genes (Griffiths et al.. 2003). Many candidate
genes are plausible, as other downstream genes continue to be
identified, such as the MADS-box transcription factors shown to
cosegregate with a nondomiant (evergreen) mutant in peach
(Prunus pervica) (Bielenberg et al.. 2008) and genes involved in
hormone synthesis, such as the genes regulating short dayinduced reduction in gibberellins (Molmann et al., 2003).
The regions covered by the QTL are large, spanning about
25 cM for the greenhouse QTL and 8 cM for the field QTL.
These regions are too large to narrow the field of candidate
genes using available genorne sequence, and finer scale
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mapping will be required to identify the genes underlying these
QTL. The availability of the grape genome sequence and
development of a large numbers of single nucleotide polymorphism (SNP) markers makes it possible to improve marketdensity for fine mapping.
We constructed a map for an F2 population from the cross
V riparia x 'Se y val' and identified a QTL responsible for the
segregation of photoperiod-induced growth cessation, as well
as a separate field QTL for growth cessation that suggests
environmental factors, which may include photoperiod, contribute to growth cessation in the field. This map will be useful
for mapping additional traits such as cold hardiness and
endodormancy requirements lr budbreak. The development
of climate-adapted grapevines is a major challenge for
breeding programs, and a better understanding of the genetic
control of growth cessation, identification of allelic variants
with useful phenotypes, and the availability of robust associated markers will facilitate selection and introgrcssioin of
photoperiod responsiveness from V. ripaiia into nonresponsive gerrnplasm.
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