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Abstract Linalool, geraniol, nerol, citronellol and o-ter-
pineol are isoprenoid molecules responsible for specific
aromas found in grapes and wines. Total concentrations
(free and bound forms) of these compounds were measured
in the skins of mature berries during 2 successive years in
two progenies obtained from Muscat Ottonel and Gewurz-
traminer selfings. Partial genetic maps based on microsatel-
lite markers were constructed and several quantitative trait
loci (QTLs) related to terpenol content were detected. A
major QTL on linkage group (LG) 5 colocated with a
deoxy-p-xylulose synthase gene, coding for the first
enzyme of the plastidial isoprenoid biosynthesis pathway.
The number of favourable alleles at this locus determined
the level of terpenol synthesis. A second QTL, on LG 10,
was found to determine the balance linalool versus geraniol
and nerol in the Muscat self-progeny plants.

Introduction

The complexity of wine flavours is partly due to molecules
that are already present in grapes, at least as precursors,
such as volatile phenols, sulphur compounds or terpenols.
Linalool, geraniol, nerol, o-terpineol or citronellol are
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monoterpenols (C10) associated with floral flavours
described as rose or lily of the valley (Ribéreau-Gayon
et al. 1998). They are present in grapes and wines as free or
glycosylated compounds (Giinata et al. 1985a; Williams
etal. 1982). Their concentrations vary according to year
(Bureau et al. 2000; Reynolds et al. 1996), location (Dirnin-
ger et al. 1998; Reynolds et al. 1996), yield (Bureau et al.
2000) or canopy management (Belancic etal. 1997;
Reynolds etal. 1996) but high concentrations are only
found in the Gewurztraminer cultivar or in varieties of the
“Muscat” group (Giinata etal. 1985a; Ribéreau-Gayon
et al. 1998; Wilson et al. 1986). Up to 4,400 names of vari-
eties described to have a Muscat-like flavour have been
gathered by Bronner (2003). This author identified many
synonyms and proposed that these names corresponded
actually to 1,042 varieties. Characterizing 18 varieties with
14 microsatellite markers, he also concluded that analysed
Muscat varieties were relatives. For Crespan and Milani
(2001), based on the genotype of 64 Muscat accessions at
25 microsatellite loci, Moscato bianco and Muscat of Alex-
andria could be the main progenitors of the Muscat family.
Floral flavours can also appear in genotypes not related to
the Muscat group. Indeed, heritable somatic mutations were
shown to be responsible for the differences in terpenol con-
tent between clones of Savagnin (Savagnin rose, neutral
and Gewurztraminer, aromatic) and clones of Chardonnay
(clone 76, neutral and clone 809, aromatic) (Duchéne et al.
2008).

Terpenoids are essential for many aspects of plant biol-
ogy and their biosynthesis pathway is well documented
(Lange and Ghassemian 2003; Mahmoud and Croteau
2002). The first major steps of terpenoid biosynthesis lead
to the synthesis of isopentenyl diphosphate (IPP). IPP is
produced in cells via two pathways: the mevalonate pathway
occurs in the cytosol while the methylerythritol pathway
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(MEP) takes place in plastids (Electronic Supplementary
Material (ESM) S1). In the following step of the pathway
geranyl diphosphate (GPP) is synthesized by condensation
of IPP and its isomer dimethyl allyl diphosphate (DMAPP).
GPP is the central substrate for all the monoterpene metab-
olism and over expression of deoxy-p-xylulose synthase
(DXS) or deoxy-p-xylulose 5-phosphate reductoisomerase
(DXR) genes, which code for the first enzymes of the path-
way, have shown with transgenic plants that the MEP path-
way is limiting for terpenoid synthesis (Carretero-Paulet
etal. 2006; Enfissi etal. 2005; Estévez etal. 2001;
Mahmoud and Croteau 2001; Munoz-Bertomeu et al.
2006). Two classes of DXS have been identified up to now
in plants (Phillips et al. 2007; Walter et al. 2002). Class I
DXS is involved in housekeeping functions while class II
DXS transcripts synthesis is stimulated by fungi infection or
elicitor treatment. Two class II DXS genes were shown to
have distinct functions in Norway spruce. A third class of
genes was found in Arabidopsis thaliana (Lange and Ghas-
semian 2003) or rice (Kim et al. 2005) by bioinformatic
analysis, but not yet confirmed by functional analysis. In
grapevine, the MEP pathway is also the dominant route for
geraniol or linalool synthesis (Luan and Wiist 2002).

After GPP is synthesized, linalool synthase (LIS) (Cseke
etal. 1998; Pichersky etal. 1995) or geraniol synthase
(GES) (lijama et al. 2004a; Yang et al. 2005) can utilize
this substrate. In Sweet basil, the different linalool and gera-
niol concentrations in two cultivars were explained by the
relative levels of transcripts coding for a linalool synthase
and a geraniol synthase (Iijama et al. 2004a). In strawberry,
linalool is synthesized by a linalool/nerolidol synthase
coded by the FaNESI gene (Aharoni et al. 2004). The iden-
tification of an a-terpineol synthase (ATS) in the grapevine
genome (Martin and Bohlmann 2004) also suggests an
enzymatic control of a-terpineol synthesis.

If the general pathway of terpenoid biosynthesis is well
described, little is known about the determinism of terpenol
content in grapevine varieties. Terpenol content is a herita-
ble trait and quantitative trait loci (QTL) detection has
already been reported. In the progeny of a Moscato
bianco x Vitis riparia cross, Sevini etal. (2004) found
QTLs for free and bound forms of linalool, nerol, citronel-
lol and geraniol on three linkage groups (LGs) but only one
of them (LG 2) can be precisely identified in the publica-
tion. Analysing only the concentrations of free terpenols in
the offspring from a (Olivette x Ribol) x Muscat of Ham-
burg cross, Doligez et al. (2006b) located a major QTL on
LG 5 and two QTLs with lower effects on LGs 2 and 13.

In the present study, our aims were to confirm QTLs for
terpenol content in two different segregating populations,
derived from Muscat Ottonel and Gewurztraminer, to colo-
cate candidate genes with these QTLs and to assess allelic
effects.
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We present here QTLs for total terpenol content detected
over 2 years in the greenhouse and in the vineyard for two
segregating populations. We also show that a DXS gene
colocates with a major QTL on LG 5.

Materials and methods
Populations and experimental conditions

Two populations were used in this study: progeny from a
selfing of Muscat Ottonel grown in the greenhouse (S1
MO) and progeny from a selfing of Gewurztraminer grown
in the vineyard (S1 GW).

For the first population, seeds were collected in 2001
from self-pollinated inflorescences of Muscat Ottonel clone
59 wrapped in paper bags. In total 8,552 seeds were
collected. After germination of 5,000 seeds in 2002, 2,192
young plants were grown in 0.6 1 pots. As they had approx-
imately 7-8 leaves, 456 plants were transferred to 4 1 pots.
Twelve plants of the Muscat Ottonel parent and 12 plants of
Chasselas blanc as a “non aromatic” control were added to
the experiment at random positions to assess the environ-
mental variance.

Before 2003 budbreak the plants were topped at the 30th
node and a loop was made with the shoot. After budbreak,
only the top two shoots were kept and stalked on nylon
wires. After this experiment 212 living genotypes could be
transferred in the vineyard.

For the Gewurztraminer self-progeny, seeds were
collected in 1997 from self-pollinated inflorescences from
clone 643 wrapped in paper bags. One thousand six
hundred and fifty-eight seeds were sowed in 1998 and 245
genotypes were available in 1999. Grafts were prepared in
2000 with the Couderc 16149 rootstock using a green
grafting technique (Walter et al. 1990). One hundred and
seventeen genotypes were planted in the INRA vineyard in
Colmar in 2001. Each genotype was represented by three
grafted plants per elementary plot. Plots were organized in
a randomized design and ten plots with the Gewurztraminer
parent were included in the experiment to assess the envi-
ronmental variance.

Terpenol analysis

The objective of this study was to identify QTLs for berry
terpenol content. Here, we quantified total concentrations in
skins of linalool, a-terpineol, citronellol, nerol and geraniol,
the main monoterpenols found in grapes (Giinata et al.
1985b; Razungles et al. 1993). We measured the total terpe-
nol content in skins as concentrations per gram of fresh
tissue, at least for Gewurztraminer and Muscat varieties,
are higher than in mesocarps (Duchéne et al. 2008; Giinata
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et al. 1985b) and should then provide a more accurate eval-
uation of the trait. In our viticultural context, we are mainly
interested in wine grapes where the free terpenol content
has less significance than for table grapes. The study of the
genetic determinism of the free to bound terpenol ratio was
not part of our objectives and free and bound forms were
consequently not analysed separately.

Sampling

In 2003 and 2004, for the S1 MO progeny in the green-
house, véraison (onset of ripening) dates were recorded on
all the genotypes. The low number of available berries for
some genotypes of the progeny did not allow both a reliable
evaluation of their sugar content and a reliable terpenol
analysis. We then chose to collect berries for terpenol anal-
ysis 26 days after véraison for each genotype. The ripening
stage is not a critical point to reveal the ability of cultivars
to produce terpenols (Duchéne et al. 2008) and our objec-
tives were more to discriminate genotypes than to evaluate
their full aroma potential. For the S1 GW progeny in the
vineyard, berries were picked as their sugar content reached
18°Brix. This value was chosen to allow a correct sampling
even for late ripening genotypes in our conditions. How-
ever, when there were not enough berries for both sugar
and terpenol analysis or when bunch rot would cause the
loss of a genotype, berries were collected without prelimi-
nary evaluation of the sugar content. No statistical correla-
tions were detected between the sugar content measured on
the final sample and the concentrations of the five terpenols,
either in 2004 (R* = 0.004, n = 67) or in 2005 (R> = 0.003,
n =78), suggesting that there was no bias in the sampling
procedure. The mean sugar content of the analysed geno-
types was 17.6 (£2.0 standard deviation) °Brix in 2004,
and 18.9 (%1.6 standard deviation) °Brix in 2005.

For both experiments and years berries were immedi-
ately frozen after they were picked.

In the S1 MO progeny, 140 plants out of 456 had inflo-
rescences in 2003 but berries could be collected only on 82
genotypes. Muscat Ottonel is a variety prone to poor fruit
set, which means that in certain conditions, still unclear, no
berries set after flowering. This unfavourable characteristic
was found in the offspring of the S1 MO progeny where
44% of the inflorescences did not produce any berry. In
2004, berries were collected on 55 genotypes.

For the S1 GW population berries were collected on 81
genotypes in 2004 and 100 genotypes in 2005.

Isolation of free and bound monoterpenols by solid phase
extraction (SPE)

Frozen berries were allowed to defrost, their mesocarp and
their seeds were discarded. We obtained 3.5 g of skin per

genotype on average for the S1 MO population and 5 g for
the S1 GW population. After weighing, skins were ground
under liquid nitrogen and, after addition of 40 mg sodium
sulphite, suspended in 40 ml of water. The solid phase
extraction process was the same as described by Duchéne
et al. (2008) with one supplementary step: 20 pl of a 1 g/l
3-octanol solution in ethanol was added as external stan-
dard before centrifugation and filtration of the sample.
Mean extraction yield of 3-octanol for ten Gewurztraminer
samples in 2005, for example, was 63.8%, with a 8.1%
standard deviation. Samples were stored at —20°C prior to
gas chromatography analysis.

Terpenol identification

Terpenol identification was carried out by gas chromatogra-
phy/mass spectrometry (GC/MS) as previously described
(Duchéne et al. 2008).

Mass spectra of 17 samples, randomly chosen in the
progenies, were compared and showed that the peaks
corresponding to terpenols of interest were not ambiguous.
We therefore assumed that retention times could be used for
the identification, and then quantification, of these terpenols.

Terpenol quantification

Gas chromatography (GC) analyses were performed on a
Hewlett-Packard 6890HP gas chromatograph in 2003 and
on a ThermoQuest Trace GC in 2004 as reported by
Duchéne et al. (2008). Signals were recorded and integrated
by HP Chemstation in 2003 and by Chrom-Card for trace
GC in 2004 and 2005.

Total amounts of 3-octanol, m-cresol, linalool, «-terpin-
eol, citronellol, nerol and geraniol were determined using
linear calibration curves built with standard molecules over
a concentration range from 0 to 100 ng/pl. These calibra-
tion curves were calculated every time a new column was
used in a chromatograph. Concentrations were set to 0 for
statistical analysis when molecules were not detected.

Simple sequence repeat (SSR) analysis and gene mapping

Genomic DNA extraction and methods for SSR analysis
were as in Merdinoglu et al. (2005). Sequences of the SSR
primers used in this study can be found in NCBI (http://
www.ncbi.nlm.nih.gov) databases (Nucleotide or UniSTS),
excepted for VVIt69 and VVIv67 (Merdinoglu et al. 2005).

Genes participating in the terpenoid synthesis pathway
were identified in the TGI public database (http://compbio.
dfci.harvard.edu/tgi) or in bibliography (Martin and
Bohlmann 2004; Iijama et al. 2004b) and primers were
designed for 20 of them. Our objectives were to identify
single nucleotide polymorphism (SNP) in the sequences of
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Muscat Ottonel in order to map these genes. The process
which was achieved for a DXS and an ATS gene is reported
here. The availability of the grapevine genome sequence
modified our approach for the other genes.

At least four paralogs of DXS gene can be identified in
the current releases of the grapevine genome (Jaillon et al.
2007; Velasco etal. 2007) but ESTs can be found in
databases for only three of them. A Clustalx analysis of the
three corresponding proteins together with DXS proteins
available in databases showed that grapevine identified
DXS belong to class I, class II and to the putative class III
(ESM S2).

Polymerase chain reaction primers were designed for the
tentative mRNA consensus TC56417 (TGI project) corre-
sponding to a class I DXS gene (DXS1) and for the Gene-
bank accession numbers AY572986 and AY572987
(Martin and Bohlmann 2004) corresponding to an ATS
gene.

Genomic DNA was amplified in a 20 pl-vol reaction
mixture containing 2.5 mM MgCl,, 150 pM dNTPs,
0.5 uM of each primer, 0.025 U/ul of AmpliTaq Gold DNA
polymerase, 0.5 ng/ul of grapevine DNA, 1x Gold Buffer.
Amplifications were performed on a Perkin Elmer 9700
thermocycler programmed as follows for DXS/: 5 min at
94.5°C followed by 35 cycles of 30 s at 94°C, 30 s at 55°C,
60 s at 72°C and a final step of 7 min at 72°C. Annealing
temperature was set to 60°C for the ATS gene. Forward and
reverse sequencing were performed on an ABI3100
Genetic analyser. Sequences were compared with acces-
sions from public databases using Vector NTI 7 (InforMax
Inc.).

A nucleotide polymorphism was identified in sequence
chromatograms for DXS1 in the fragments amplified by the
primer pair (5'-caaacatggtggtgatggct-3’, 5’-accaaacagctct
gtactgcttgttc-3") for Muscat Ottonel (T/G) and the primer
pair (5'-caaacatggtggtgatgget-3', 5'-gagagaatgaaagctgatgta
tctgt-3") for Gewurztraminer (A/T) (see ESM S3 for their
positions).

For ATS, SNPs were identified in the fragments ampli-
fied in Muscat Ottonel with the primers 5'-cagagacttcgc
acacagacat-3’ and 5'-tgtaccataaacgtcgtaa-3’.

Single nucleotide polymorphisms were revealed in the
populations using the SNaPshot® method (Applied Biosys-
tems). Genomic PCR products were purified with 5 U of
Shrimpalkaline phosphatase (SAP, USB Corporation,
Cleveland, USA) and 2 U of Exonuclease I (EXO1, USB
Corporation, Cleveland, USA) enzymes for 15 pl of PCR
product (1 h at 37°C, 15 min at 75°C). Primers 5'-aggtaaga
ctcactgaatctctacataatac-3' for Muscat Ottonel and 5’-aagtttt
gagttcctctttcataa-3’ for Gewurztraminer were used to reveal
the SNP in DXS!. The same methodology was used to map
the ATS gene with the primer 5’-aatgtttttattgt ctcct-3' for
SNP identification.

@ Springer

The second PCR reaction was performed using 5 pl of
SNaPshot® Multiplex Ready Reaction mix, 3 pl of 1/10
diluted PCR product, 1 pl of primer and 1 pl of water on a
Perkin Elmer 9700 thermocycler programmed as follows:
5 min at 95°C, 25 cycles of 10 s at 96°C, 5 s at 50°C, 30 s at
60°C. The PCR product was purified with one unit of SAP
per sample in the conditions described earlier.

Fragments were visualized with the same methodology
as for SSR fragments with the use of a TAMRA-labelled
13-75 bp internal size standard.

Genetic analysis and construction of the genetic map

The broad sense heritability was calculated as the ratio of
total genetic variation to the total phenotypic variation
(Kearsey and Pooni 1996). The total phenotypic variance
was calculated within the S1 MO and S1 GW populations.
The environmental variance was evaluated with analysis of
variance on the Muscat Ottonel and Chasselas blanc con-
trols for the S1 MO progeny and with the variance of
Gewurztraminer 643 for the S1 GW progeny. The genetic
variance was obtained by the difference between the total
phenotypic variance and the environmental variance.

A genetic map based on SSR markers and 121 genotypes
bearing inflorescences was built for the S1 MO progeny.
Primer pairs were chosen (1) to satisfy the condition of
heterozygosity at the SSR locus in the parent (2) for their
unambiguous electrophoretic profile (3) to cover the whole
genome with a regular distribution. Map construction was
performed with Carthagene (de Givry et al. 2005) with the
parameters LOD > 5 and r < 0.50 for grouping followed by
the “buildfw 2 2 1” command, i.e. with adding and remov-
ing thresholds set to 2. Markers order was ensured at LOD
2 using the “flips 52 0” command. Linkage groups were
numbered according to the reference map of Riaz etal.
(2004) with the modifications of Adam-Blondon et al.
(2004). They will be mentioned in the text as MOOS for
“Muscat Ottonel linkage group number 5” for example.
JoinMap 3.0 (Van Ooijen and Voorrips 2001) was used to
check for segregation distortion, to find genotyping errors
and to draw the map.

For the S1 GW progeny, a genetic map for LG 5 was
built with 115 genotypes as described earlier.

QTL detection

The QTL Cartographer package was used to identify QTLs
(Basten et al. 2004). Simple interval mapping (SIM) and
composite interval mapping (CIM) procedures were per-
formed with Zmapqtl using a 2-cM step and a maximum of
five background markers. The SRmaqtl program (forward—
backward selection of markers, at P = 0.05 for introduction
and elimination) was used to identify markers related to
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quantitative traits. Permutation tests (1,000 permutations)
were performed in order to determine the experimentwise
significance levels and comparisonwise (locus by locus)
probabilities. Maximum LOD values were used to estimate
positions of the QTLs with a one-LOD support interval.

QTL Cartographer calculates an § statistic to test the
normality of variables and residuals. The critical values for
the rejection of the normality are 5.99 and 9.21 for tests at
P =0.05 and P =0.01, respectively (Basten et al. 2004). In
most of the cases, normality criteria were not satisfied with
raw variables and they were therefore transformed with a
neperian logarithm (Log) after addition a value of 1 to
avoid null values.

Kruskal-Wallis non-parametric tests and analyses of
variance were carried out using the R 2.6.2 package [Copy-
right (C) 2008 The R Foundation for Statistical Comput-
ing]. The model of analysis of variance used for analysing
the effects at a locus was as follows: y; = o; + ¢ where y; is
the value of a given trait for the genotype j, o, the effect of
the marker o (depending on the genotype hh, hk or kk, of
the individual j at this locus), &, the residual error. Interac-
tions between markers were tested introducing a term for
interactions in the model.

Results

Terpenol concentrations

Linalool and geraniol content segregated (Fig. 1) and the
distribution for geraniol was unimodal and continuous for

both populations. Linalool concentrations were very low in
GW as well as in all the S1 GW offspring. In the S1 MO

population, the distribution for linalool showed two modes.
In our experimental conditions, heritabilities ranged from
67 to 99% for all the traits (Table 1), except for a-terpineol
content in 2004 for the S1 GW progeny because of an unex-
pected high environmental variance. Even with very low
concentrations, a heritability of 78% was calculated for
linalool content in the S1 GW progeny.

Genetic map

Out of 252 SSR primer pairs tested on Muscat Ottonel, 216
gave a readable signal. Among them, 96 amplified a single
fragment, i.e. Muscat Ottonel showed 56% of heterozygos-
ity. One hundred and two markers were chosen to avoid
expected redundancy and were encoded in the two possible
phases before analysis with Carthagene. Eighty-four mark-
ers, including DXS1, were located on the Muscat Ottonel
genetic map. Five of the 102 encoded SSR markers did not
show any segregation in the progeny, while the others
could not be linked to a group or were not retained after the
procedure used under Carthagene to ensure markers order
at LOD 2. Segregation distortion was significant at P = 0.05
for 41 markers, mainly located on LGs 1, 2, 4, 5, 8, 13, 15
and 18 (Fig. 2). No significant genotyping errors were iden-
tified with JoinMap. Nineteen linkage groups were identi-
fied, covering 568.7 cM Kosambi. There were on average
4.4 markers per linkage group and the mean distance
between markers was 8.7 cM Kosambi. The position of the
markers was in agreement with the reference map of
Doligez et al. (2006a). For Gewurztraminer, a genetic map
was built only for LG 5 (Fig. 3). Four markers were mapped,
covering 27 cM Kosambi. SSR markers in the DXSI
region, VVIi52, VMC3b9, VVMD27 were homozygous for

Fig. 1 Distribution of linalool 0.5 0.7 5
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Ottonel (top) and ;9 03 4 ’
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progenies. Grey bars year 1. g 0.2 0.3 1
White bars year 2. Concentra- = 0.2
tions are expressed in milligram/ 0.1 014 Hj
kilogram of free and bound frac- 0 : : :
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Table 1 Variances and heritability (broad sense) of the traits

Population  Trait Linalool a-Terpineol Citronellol Nerol Geraniol
Year 1  Year?2 Year1 Year2 Yearl Year2 Yearl Year2 Yearl Year2
S1 MO Mean value 6.7 11.1 0.3 0.3 0.2 0.3 3.6 2.3 55 6.6
Total variance 72.5 165.3 0.2 0.11 0.05 0.11 20.4 6.7 96.4 103.1
Parent mean 9.3 22.1 0.5 0.3 0.3 0.4 4.5 2.1 8.8 5.2
Within controls variance 8.1 53.9 0.01 0.01 0.001 0.02 0.22 0.8 5.9 2.1
Genetic variance 64.4 111.4 0.19 0.10 0.047 0.09 20.1 5.9 90.6 101.1
Heritability (%) 88.8 674 93.4 87.3 97.7 84.8 98.9 88.8 93.9 98.0
S1 GW Mean value 0.1 0.05 0.25 0.27 0.62 0.51 1.8 1.9 4.6 42
Total variance 0.05 0.003 0.10 0.08 0.33 0.27 5.5 7.0 22.7 24.6
Parent mean 0.15 0.08 0.11 0.31 0.76 0.52 3.29 2.35 9.23 591
Within control variance 0.001 0.001 0.001 0.07 0.04 0.024 0.53 0.35 6.3 2.9
Genetic variance 0.051 0.002 0.102 0.008 0.29 0.244 5.0 6.7 16.4 21.7
Heritability (%) 97.4 78.4 98.9 9.8 86.9 91.1 90.4 95.0 72.3 88.3

Concentrations of terpenols are expressed as milligram/kilogram of skin.

2005 for S1 GW

Year 1 =2003 for S1 MO, 2004 for S1 GW. Year 2 = 2004 for S1 MO,
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Fig. 2 Genetic map of Muscat Ottonel. Genetic distances are expressed in cM Kosambi. *, %, #%% correspond to levels of significance of a x> test

of segregation (P = 0.05, P =0.01, P = 0.001 levels, respectively)

Gewurztraminer and could not be used to saturate the map.
Markers order was consistent with the reference map of
Doligez et al. (2006a).

The position of DXSI was confirmed on the PN40024
genome sequence using the TC56417 sequence in the
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“BLAT” command of the Grape Genome Browser (http://
www.genoscope.cns.fr/externe/GenomeBrowser/Vitis).

The corresponding gene (gsvivt00019845001) is 5,109 bp
long. Eleven exons are predicted for a total length of
2,136 bp. This gene is 2.3 Mb distant from VVCO06, 0.8 Mb
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Fig. 3 Genetic map of linkage group 5 of Gewurztraminer and posi-
tion of the QTL for the total concentration of five terpenols. Genetic
distances are expressed in cM Kosambi. Confidence intervals are 1-
LOD decrease (2004 in grey, 2005 in white)

from VVIi52 and 1.8 Mb from VIZAG79 (ESM S3). The
ATS gene sequence was found in the PN40024 genome but
was not anchored to a chromosome.

No outcrossing event was observed as no unexpected
allele appeared in either population.

QTL detection

In the S1 MO progeny, a QTL was detected on LG 5 for
each of the five quantified molecules by the SIM procedure
but the hypothesis of normality was not satisfied (data not
shown) even after Log transformation. However, this con-
dition could be met for the total concentration of the five
terpenols and the same QTL detected (Table 2). This
QTL had a maximum LOD at the DXS/ position and
explained 85 and 87% of the total variation in 2003 and

Table 3 Means of the terpenol concentrations according to the geno-
type at the DXS/ locus in the S1 MO progeny and Kruskal-Wallis
(KW) test

Terpenol Year DXS1 genotype KW test*
TT TG GG
Linalool 2003 0.92 11.35 12.13 <0.001
2004 0.82 16.64 17.28 <0.001
o-Terpineol 2003 0.04 0.59 0.39 <0.001
2004 0.14 0.44 0.37 <0.001
Citronellol 2003 0.00 0.29 0.18 <0.001
2004 0.04 0.44 0.79 <0.001
Nerol 2003 0.06 5.99 6.74 <0.001
2004 0.17 3.27 6.31 <0.001
Geraniol 2003 0.10 8.50 18.99 <0.001
2004 0.27 8.31 28.21 <0.001
Five terpenols 2003 1.12 26.72 38.44 <0.001
2004 1.43 29.10 52.97 <0.001

Concentrations are expressed in mg/kg
# Significance level

2004, respectively. Non-parametric Kruskal-Wallis tests
showed that the concentrations of all the analysed com-
pounds were statistically linked to genetic variations at the
DXS1 locus for both years (Table 3).

For the S1 GW progeny, a QTL on LG 5, in the same
region as for Muscat Ottonel (Fig. 3), explained 81 and
84% of the variation of the total concentration of the five
terpenols in 2004 and 2005, respectively (Table 2). SIM
was also appropriate for log-transformed geraniol and nerol
concentrations in this population and QTLs for these traits
were found at the same position as for the total concentra-
tion of the five terpenols (data not shown). These QTLs
explained at least over the 2 years 67% of the variation of
nerol concentrations and 80% of the variation of geraniol
concentrations. Moreover, as for the S1 MO progeny,
Kruskal-Wallis tests showed significant correlations between
the genotype at the DXS/ locus and the concentrations of

Table 2 Characteristics of the quantitative trait loci (QTL) for the concentration of the 5 terpenols detected on linkage group 5 of Muscat Ottonel

and Gewurztraminer

Progeny Year LOD Position (cM from top) P-value® Closest marker CI’ (cM) R? A\

S1 MO 2003 34.7 0 <0.001 DXS1 0-2 0.87 3.96
2004 22.5 0 <0.001 DXS1 0-1 0.85 2.90

S1 GW 2004 29.1 8.3 <0.001 DXS1 5-12 0.81 0.83
2005 36.2 10.3 <0.001 DXS1 6-13 0.84 1.92

# Experimentwise significance level
b 1-LOD decrease confidence interval (CI)

¢ S statistic for the normality of the residuals computed by QTLCartographer. Hypothesis of normality can be accepted at P = 0.05 for values under

5.99
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Table 4 Means of the terpenol concentrations according to the geno-
type at the DXSI locus in the S1 GW progeny and Kruskal-Wallis
(KW) test

Terpenol Year DXS1 genotype KW test*
CcC AC AA
Linalool 2004 0.02 0.14 0.14 <0.001
2005 0.00 0.05 0.11 <0.001
o-Terpineol 2004 0.11 0.33 0.29 <0.001
2005 0.11 0.33 0.36 <0.001
Citronellol 2004 0.04 0.77 1.62 <0.001
2005 0.03 0.58 1.24 <0.001
Nerol 2004 0.11 2.02 6.27 <0.001
2005 0.06 177 6.05 <0.001
Geraniol 2004 0.32 6.01 10.30 <0.001
2005 0.20 4.64 10.97 <0.001
Five terpenols 2004 0.62 9.27 18.62 <0.001
2005 0.40 7.38 18.73 <0.001

Concentrations are expressed in mg/kg
# Significance level

each terpenol, even when present at very low levels as
linalool or a-terpineol (Table 4).

Terpenol concentrations increased according to the num-
ber of alleles with a guanine (G) or a adenine (A) at the
SNP position, for the SIMO and S1 GW progeny, respec-
tively. There was a clear difference in terpenol content
between genotypes with (DXS7+) or without (DXS1—) the
favourable allele (Fig. 4). Whatever the progeny, terpenol
synthesis level in DXS/— genotypes never reached the
level obtained when at least one copy of the favourable
allele was present.

Further analysis on the S1 MO progeny was performed
with CIM after an automatic co-factor selection with the
SRmapqtl program.

New QTLs, different from the major one on LG 5, were
detected at P = 0.05 experimentwise for linalool content on
MO10 for the 2 years and on MO15 in 2003, for geraniol
content on MOO1, for a-terpineol content on MO13 in 2003
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Fig. 4 Relationships between the genotype at the DXS/ locus and the
concentrations of the five analysed terpenols in the S1 MO progeny
(top) and the S1 GW progeny (bottom). Bars indicate the range of
observed values, circles indicate the mean value

(Table 5). The QTL for a-terpineol content colocated with
the ATS gene. These QTLs had low effects when compared
to the QTL on LG 5. The QTL on MO10 was also detected
for a-terpineol in 2003 and for geraniol in 2003 and 2004
with comparisonwise probabilities equal or lower than
0.005, but experimentwise significance levels failed to
reach P =0.05.

In order to enhance QTL detection and remove back-
ground noise of very low concentrations values, data analy-
sis was restricted to DXS1+ genotypes. With 45 genotypes
in 2003 and 35 in 2004 in the datasets, QTLs on MOO02 for
linalool, MOOI1 for nerol and geraniol, and MO10 for the

Table S Supplementary QTLs detected at P = 0.05 experimentwise with CIM in the S1 MO progeny (In-transformed variables)

Terpenol Year Link. group LOD Position (cM from top) P-value® Closest marker CI° (cM) R’ A\
Linalool 2003 10 6.3 14.0 0.006 VIZAG64 10-16 0.12 0.22
15 4.0 26.2 0.035 VVIp33 22-26 0.07 0.73
2004 10 7.1 8.0 0.007 VMC3d7 0-14 0.32 0.02
o-Terpineol 2003 13 4.2 384 0.049 ATS 30-45 0.20 15.5%%*
Geraniol 2003 1 4.0 30.8 0.043 VVIn61 28-33 0.06 12.1%*

** Hypothesis of normality can be rejected at P = 0.01
4 Experimentwise significance level
® 1-LOD decrease confidence interval (CDhH

¢ S statistic for the normality of the residuals computed by QTLCartographer
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Table 6 Kruskal-Wallis (KW) tests and analysis of variance (Anova)
for markers associated with QTLs detected for both years with the
DXS1+ genotypes of the S1 MO progeny

Terpenol  Year Link. group  Marker P-value

Kw Anova

Linalool ~ 2003 2 VVIo55 0.009 0.005
10 VIZAG64  <0.001 0.02

2004 2 VVIo55 0.049 0.005

10 VMC3d7 0.003 0.005

Nerol 2003 1 VVIn61 0.011  <0.001

10 VIZAG64 0.002  <0.001

2004 1 VVIm25 0.048 0.002

10 VIZAG64 0.009  <0.001

Geraniol 2003 1 VVIn61 0.003  <0.001

10 VIZAG64 0.011 0.002

2004 1 VVIm25 0.043 0.009

10 VIZAG64 0.008 0.009

three molecules were detected with SIM for the 2 years, but
often failed to reach a P =0.05 significance level experi-
mentwise or to satisfy the hypothesis of normality (data not
shown). However, effects of the markers associated with
these QTLs could be confirmed by Kruskal-Wallis tests
and analyses of variance for the two seasons (Table 6). The
QTL on MO10 had no significant effect on the total concen-
trations of linalool, nerol and geraniol (P =0.1 in 2003,
P =0.4 in 2004), but had opposite effects on linalool on the
one hand and geraniol and nerol on the other hand. When
allele 133 was present at locus VrZAG64, linalool concen-
trations increased (P <0.001 in 2003, P =0.04 in 2004)
whereas geraniol and nerol concentrations decreased
(P <0.001 in 2003, P = 0.004 in 2004), and consequently a
higher relative content of linalool was observed (Fig. 5).
Interestingly, the effect of this locus could also be detected in
the same way in 2003 with DXS1— genotypes (P = 0.002).

Interactions between VVIn61 on MOOI and VIZAG64
on MO10 for geraniol and nerol concentrations were statis-
tically significant in analyses of variance (P = 0.03 in 2003,
P=0.02 in 2004), but the number of genotypes in the
different classes was not sufficient for a detailed analysis.

For linalool concentrations, analysis of variance allowed
us to detect an effect of the alleles at the VVIo55 locus
(MOQ02) at P = 0.005 in 2003 and 2004.

Discussion

Progeny from the selfing of Muscat Ottonel and Gewurztra-
miner was evaluated for terpenol content over two seasons
and provided evidence that this trait segregates. Genetic
maps allowed the detection of a major QTL, segregating

549
l -
= 0.8
.2 I
=
<
> 1 I
= o0 0.6
e &
£ e I
=]
£ £
— ¥ 0.4 4
IS)
8
"_ﬁ‘ ]
£ 024
0 T T 1
133:133 133:155 155:155
Genotype at VIZAG64

Fig. 5 Relationships between the genotype at the VIZAG64 locus
(MO10) and the ratio between the linalool concentration and the total
concentration of linalool, nerol and geraniol in the DXS1+ subset (grey
bars 2003, white 2004). Vertical bars indicate standard errors

with a DXS class I gene on LG 5 in both populations.
Supplementary QTLs on LGs 1, 2, 10, 13 and 15 were also
identified in the Muscat Ottonel self-progeny.

The current Muscat Ottonel genetic map covers
568.7cM Kosambi. Muscat Ottonel is apparently less
heterozygous (56 %) than Riesling, Syrah or Grenache
(69% according to Adam-Blondon et al. (2004)). It is con-
sequently more difficult to find segregating loci and to
expect a good coverage of the genome and some telomeric
regions are not represented on our map. On the other hand,
whenever comparisons are possible, distances between
extreme markers are always shorter in our map than in the
complete map built from five different populations (Doligez
et al. 2006a): common markers cover 533 cM Kosambi in
our case versus 872 cM Kosambi in the complete map. Het-
erogeneity between recombination rates could be observed
among five populations (Doligez et al. 2006a) and differ-
ences with our mapping population are then not surprising.

Genotyping of the S1 MO population aimed to detect
QTL for terpenol content of the berries and only fertile plants
were chosen. A bias was induced by this choice as many loci
of the MO map did not segregate with the expected ratio.
Inbreeding depression seems clear in our case as many plants
had a very low growth capacity and did not produce berries.
It is noticeable that all the linkage groups where QTLs for
terpenol content were detected, except LG 10, were affected
by distortion of segregation. The known negative effects of
terpenes on seed germination or seedling growth (Singh et al.
2002; Vaughn and Spencer 1993) may have amplified
inbreeding depression. Markers with distorted segregation
ratios were not observed for GW on LG 5.

Selfed populations have limitations but our results con-
firm in new genetic backgrounds previously detected QTLs
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for terpenol content and moreover provide more quantita-
tive information on allelic effects. Our data are consistent
with results obtained by Doligez etal. (2006b). These
authors found a major QTL for free geraniol, nerol and lin-
alool on LG 5. This QTL explained a higher proportion of
the phenotypic variance in our case (81-87 vs. 17-55%)
presumably because of the type of progeny, a selfing in our
case, and because we quantified both free and bound
monoterpenols. The detection of a QTL for linalool content
on LG 10 was previously mentioned (Battilana et al. 2005)
but without sufficient data to compare with our results. The
QTL for total linalool content we located on MOO02 was in
the same region as the QTL for free linalool content identi-
fied by Doligez etal. (2006b) and Sevini etal. (2004)
detected a QTL for linalool content on LG 2 as well (LG 9
in their study). On MO13, we showed that an ATS gene
colocated with a QTL for o-terpineol content in the same
region as a QTL for free geraniol and free nerol content
previously detected (Doligez et al. 2006b).

In both studied genetic backgrounds, Muscat Ottonel
and Gewurztraminer, the major detected QTL on LG 5 was
linked to a DXSI gene. The effect of this QTL was found
for all the terpenols analysed, which is consistent with the
role of a DXS gene, expected to modify the availability of
the main substrate for monoterpenol biosynthesis, GPP. For
the 229 genotypes analysed in these two progenies, a
favourable allele of this QTL was required to produce sig-
nificant amounts of terpenols. Moreover, the type of geno-
types obtained from the selfing process allowed us to show
that this QTL had a clear additive effect (Fig. 4). DXS over
expression experiments were shown to enhance the iso-
prenoid metabolism (Enfissi et al. 2005; Estévez et al.
2001; Munoz-Bertomeu et al. 2006). Thus, high terpenol
concentrations in some grapevine genotypes could be con-
sistent with a higher, still to be demonstrated, level of DXS/
transcription. An alternative hypothesis would be a higher
activity of the protein encoded by the favourable allele. In
our study, the SNPs used to map DXS/! are located in introns
and their positions are not the same in Muscat Ottonel and
Gewurztraminer, thus preventing us from providing a direct
association between a molecular determinism in the DXS/
gene and a high terpenol synthesis level. We confirm that
this gene is a strong candidate, but further molecular analy-
sis will be required to unravel its putative role.

A second QTL, on LG 10, had a clear effect on linalool
content and when the allele favourable to linalool synthesis
was present, geraniol and nerol were in lower concentra-
tions. Final concentrations of each molecule are presum-
ably under the control of enzymatic processes competing
for GPP for the synthesis of linalool, geraniol and nerol.
The presence of a linalool synthase in higher quantities or
with a higher enzymatic activity could explain the increase
in linalool concentrations. Interestingly, the effect of this
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QTL was detected whatever the genotype at the DXS/ locus
(Table 5) and confirmed in DXSI— plants in 2003. This
QTL was related to a higher level of linalool synthesis
detectable even with a low GPP availability.

Other QTLs for terpenol content, with less characterized
effects, were detected in the S1 MO progeny on LGs 1, 2,
13 and 15 and they are likely to interact with the QTLs on
LGs 5 and 10. Observing segregating Muscat populations,
Wagner (1967) proposed that up to six loci could be related
to the determinism of terpenol content and this high number
was confirmed by QTLs detection projects (Doligez et al.
2006b; Sevini et al. 2004).

On the basis of our present results, we can propose a
two-step model. The first step would be a high production
of substrate for terpenol synthesis, GPP, under the control
of a QTL linked to a DXSI gene. No other favourable locus
seems to be necessary for geraniol and nerol synthesis,
which means that grapevine has the biochemical capacity
of transforming GPP to geraniol and nerol. This model is
consistent with our results with the S1 GW progeny where
linalool was never detected in high concentrations. As the
percentage of variations of the terpenol content explained
by the DXSI QTL (Table 2) was similar to the heritability
of the trait (Table 1), it also means that our genetic map of
LG 5 allowed us to capture most of the genetic information
in this progeny for this trait and that, if other QTLs exist,
they have very low effects.

For Muscat Ottonel, the presence of a favourable allele
at the DXSI QTL would increase GPP availability and,
without the “linalool enhancer” allele on LG 10, geraniol
and nerol synthesis. As for Gewurztraminer, the percentage
of terpenol concentration variations explained by the DXS/
QTL was of the same order as heritabilities. However, and
this is the second step of the model, if an active “linalool
enhancer” allele on LG 10 was present, part of the available
GPP would be used for linalool synthesis and hence not for
geraniol or nerol synthesis, leading to a terpenol profile
where linalool is predominant. This model is consistent
with the observed segregations, with unimodal distributions
for geraniol content and two modes observed for linalool
content in the S1 MO progeny (Fig. 1). The present results
were obtained by determining the concentrations of free
and bound terpenols in skins. There is no example in the
literature of terpenols detected at high concentrations in
skins and not in mesocarps. The QTL on LG 5, determining
a general ability of terpenol synthesis should also be
detected when analysing mesocarps. Although the propor-
tion of linalool, nerol or geraniol might be different between
skins and mesocarps (Giinata et al. 1985b; Wilson et al.
1986), we are not aware of data where linalool could be
detected in significant quantities in skins and not detected
in mesocarps or vice versa. The effect of the QTL on LG 10
should also be detected for mesocarps.



Theor Appl Genet (2009) 118:541-552

551

To conclude, one favourable allele on LG 5 would be
sufficient to obtain a Gewurztraminer-like terpenol profile
whereas at least two favourable alleles, one on LG 5 and
one on LG 10 would be necessary to obtain a Muscat-like
terpenol profile. We have to date no evidence that the
favourable allele of LG 5 is identical in Gewurztraminer
and Muscat Ottonel.

Data for the S1 GW progeny were obtained in vineyard
conditions whereas the S1 MO progeny was grown in the
greenhouse. The QTL on LG 5 was detected for both exper-
iments over 2 years and was identified as well in another
genetic background in different growing conditions (Doligez
et al. 2006b). We can consider that this QTL is stable and
reliable enough to be used in current breeding process.

Conclusion

We have identified a major QTL for terpenol content on LG
5 closely related to a DXSI gene in two genetic back-
grounds, Muscat Ottonel and Gewurztraminer, and two
growing conditions. The synthesis of terpenols at a high
level was possible only in plants bearing a favourable allele
at this locus. Whereas no supplementary QTL was required
for geraniol synthesis at a high level, a favourable allele at a
QTL on LG 10 was necessary to observe high linalool con-
centrations in the Muscat self-progeny plants. Other QTLs
with lower effects were detected as well as interactions
between loci.

These results provide us with interesting molecular
markers to be used in breeding process and also showed
that relevant data can be obtained in the greenhouse with an
efficient system to produce rapidly fruitful plants. They also
open new perspectives for studying the molecular deter-
minism of terpenol synthesis in grapevine.
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