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Abstract
The optimal balance between sugar and acidity is an essential criterion to elaborate equilibrated and stable wines. The
aim of this study was to locate quantitative trait loci (QTLs) for these traits using an F1 population derived from
Monastrell and Syrah wine cultivars. Several parameters related to acidity were evaluated during six consecutive years
by measuring total soluble solids, total acidity, malic acid, and tartaric acid. Three genetic maps were developed using
104 SSR (simple sequence repeat) and 146 SNP (single-nucleotide polymorphism) markers. The consensus map covered
1174 cM with 238 markers assembled in 19 linkage groups (LGs). Significant QTLs at the genome-wide level were
detected, and, although they exhibited a large degree of instability from year to year, QTLs for the ratio of soluble solids
to acidity (LG2) and malic acid (LG8) and the ratio of tartaric to malic acid (LG8) were stable in at least 2 years. Several
annotated genes involved in sugar and acidity pathways co-located with the confidence intervals of these QTLs and are
proposed as putative candidate genes for future studies of these traits.
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Introduction

Acidity is one of the main enological parameters involved in
wine quality. The level and composition of the acid fraction in
the must influence the development of balanced and stable
wines, since acidity affects the growth of the microorganisms
that are needed in the fermentation process of wine.Moreover,
the role of the acids in maintaining a low pH is crucial for the
color stability of red wines. Excessive acidity produces wines
that are too tart, and poor acidity produces wines that have a
flat and uninteresting taste (Conde et al. 2007; Jackson
2008a). The total acidity is the combination of both volatile
(readily removed by steam distillation) and fixed (weakly vol-
atile) acidity. Tartaric and malic acids account for over 70–
90% of the total acids present in juice and wines and represent
the most significant influences on the acidity of the juice
(Kliewer 1966; Conde et al. 2007).

The concentration of both acids increases in the fruit during
the early period of berry growth until the onset of ripening or
veraison (Coombe 1992). Berry tartaric acid levels
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subsequently remain unchanged until maturation, whereas
malic acid levels decrease during the ripening period—
making it available as a potential source of carbon for other
pathways, such as energy supply. The berries contain more
tartaric than malic acid at maturity because, generally, the loss
of malic acid is greater. This loss of malic acid reduces the
grape titratable acidity and influences the sugar/acid balance.

The organic acid composition depends on the cultivar, cul-
tural practices, environment, and interaction between geno-
type and environment. In particular, many studies show that
organic acids content is significantly influenced by tempera-
ture. Generally, in ripe grapes, high temperatures reduce the
concentration of organic acids and, therefore, the acid levels
are lower in a warmer climatic region than in a cooler one
(Kliewer 1973; Gladstones 1992; Jones et al. 2005; Jackson
2008b). Regarding the inheritance of sugars and acids in grape
berries, Sato et al. (2000) and Wei et al. (2002) studied the
inheritance of total soluble solids content and titratable acidity
of grape berries. Later, Liu et al. (2007) studied the inheritance
patterns of glucose, fructose, total sugar, malic acid, tartaric
acid, and total acid for table grape.

Acidity in grapevine, like most characters of agricultural
interest, is a complex quantitative trait, likely controlled by a
large number of genes. Quantitative trait locus (QTL) analysis
has beenwidely used to investigate the genetic determinism of
traits of interest in viticulture and enology, based on linkage
maps and phenotypic evaluation of segregating progenies
(reviewed by Chialva et al. 2016). In spite of the relevance
of acidity in wine grapes, the current understanding of its
genetic bases remains very limited. Viana et al. (2013, 2016)
identified some QTLs that explain a small amount of pheno-
typic variation in soluble solid concentrations, pH, and titrat-
able acidity in table grape, but their position and stability are
quite approximate due to the low chromosome coverage by
molecular markers and the lack of phenotypic data over mul-
tiple seasons. More recently, Chen et al. (2015), Zhao et al.
(2015, 2016), Ban et al. (2016), and Yang et al. (2016) report-
ed QTLs controlling the production of individual or total
sugars and acids in grape berries, as well as some candidate
genes related to these characters. However, the QTL analysis
performed by Yang et al. (2016) is based on the phenotyping
of a small progeny in a single year. Moreover, all the studies
refer to interspecific crosses. The only berry acidity QTLs
identified in a Vitis vinifera intra-specific cross were reported
so far by Houel et al. (2015). Finally, association studies by
Laucou et al. (2018) allowed finding SNPs associated with the
acidity of the wine. In light of the above considerations, it
would be important to acquire new insights about the genetic
determination of acidity in Vitis vinifera with the dual objec-
tive of assisting breeding programs and of identifying candi-
date genes for further functional studies.

In this work, an intra-vinifera Monastrell x Syrah progeny
was used for the genetic dissection of total acidity and

individual acids in grape berries. Molecular maps were com-
bined with phenotypic data collected over six seasons to iden-
tify stable QTLs related to berry acidity. Additionally, some
putative candidate genes were identified based on their func-
tional annotation and co-location with the detected QTLs.

Materials and Methods

Plant Material

This study is based on an F1 progeny of 229 seedlings (one
plant per genotype) planted in a pre-selection frame in the
experimental field of the IMIDA in Murcia (southeast Spain)
in the year 2000. The progeny was generated by controlled
crosses between the wine cultivars Monastrell (female) and
Syrah (male). Monastrell constitutes the main cultivar in the
Jumilla, Yecla, and Bullas Denomination of Origin (D.O.)
areas in the Region of Murcia. It is a cultivar spread across
the whole Mediterranean basin and is well adapted to the dry
conditions of this area; Syrah blends very well with Monastrell
contributing quality characters. A plant of each genotype and
representative plants of both progenitors were grown on their
own roots under standard conditions of irrigation, fertilization,
and pest and disease control (Bayo-Canha et al. 2012). Three
plants of each parent were included in the experiment to assess
the environmental variance.

Assessment of Parameters Related to Acidity

A set of fruiting genotypes and the two parents were used in each
of the 6 years of the study (2008–2013). The number of individ-
uals analyzed for parameters related to acidity varied from year to
year depending on the environmental conditions, disease inci-
dence, and fruit setting. In total, 96 genotypes were evaluated
in 2008, 97 in 2009, 119 in 2010, 76 in 2011, 67 in 2012, and
148 in 2013 for acidity parameters. One hundred thirty-four of
the total plants analyzed got data for more than 1 year.

The physicochemical analyses of each sample were per-
formed in triplicate from at least 3–9 representative bunches
at harvest, considered as the date when three berries picked
randomly from the top, medium, and bottom regions of at least
three representative clusters located in different parts of the
canopy reached approximately 13.5 °Baumé (colored grapes)
or 12.5 °Baumé (uncolored grapes). About 100 g of berries
from different positions within each cluster, considered as one
replication, was mixed and squeezed to determine the physi-
cochemical parameters of the juice. Total soluble solids (TSS)
were measured as °Baumé (°Bé), using an Atago RX-5000
digital refractometer (Atago, Tokyo, Japan). The juice titrat-
able acidity was determined by titration with 0.1 N NaOH,
using a Metrohm 686 automatic titrator (Metrohm, Herisau,
Switzerland), and was expressed as grams per liter of tartaric
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acid equivalents. Tartaric and malic acids were measured
using enzymatic kits from Boehringer Mannheim GmbH
(Mannheim, Germany). Given the link between acid and sug-
ar metabolisms (Sweetman et al. 2009) and the higher robust-
ness of ratios of compound concentrations compared with
individual metabolite levels (Morreel et al. 2006; Yang et al.
2016), also the ratio of soluble solids to total acidity and the
ratio of tartaric acid to malic acid were calculated.

Statistical Analysis

All the statistical analyses were performed using the program
SPSS 13.0. Normality of trait distribution was tested with the
Kolmogorov-Smirnov test. Year effect of the data and the
correlation between traits were determined with the Kruskal-
Wallis and the Spearman tests, respectively. The broad-sense
heritabilities were calculated as the proportion of the pheno-
typic variance that can be attributed to the variance of geno-
typic values using the following equation:H2= SG

2/SP
2. Here,

the phenotypic (P) variance is expressed as the sum of
genotypic (G) variance and environmental variance. The total
phenotypic variance was calculated within the F1 population,
while the environmental variance was estimated with an anal-
ysis of variance on the parental controls.

Marker Analysis

Total DNAwas isolated from 50 mg of young frozen leaves,
using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA) with
extraction buffer supplemented with 1% polyvinylpyrrolidone
to reduce polyphenols (Lodhi et al. 1995). The mapping pop-
ulation (229 F1 individuals) and the parents were genotyped
using SSRs, SNPs, and one CAPS (cleaved amplified poly-
morphic sequence).

The selection of suitable SSR markers was based on their
presence over the 19 linkage groups in previous genetic link-
age maps of Vitis vinifera (Adam-Blondon et al. 2004; Riaz
et al. 2004; Doligez et al. 2006). The mapping population was
genotyped for 104 SSR markers (http://www.ncbi.nlm.nih.
gov; Supplementary Table 1). The PCR amplifications were
performed in 20-μl reactions containing 10–30 ng of template
DNA, 0.2 μM of each primer (Applied Biosystems), 0.2 mM
of each dNTP, 1× PCR buffer (Ecogen, Barcelona, Spain), 1.
9 mM MgCl2, and 0.25 units of Taq DNA polymerase
(Ecogen, Barcelona, Spain). Amplification reactions were car-
ried out in a 96-well block Thermal cycler (Eppendorf,
Barcelona, Spain), using the following program: 5-min initial
denaturation step at 94 °C followed by 35 cycles (1-min de-
naturation at 94 °C, 45 s at the annealing temperature for the
primer (Supplementary Table 1) and 1-min extension at
72 °C), followed by 10-min final extension at 72 °C.
Primers failing to amplify were further tested using a touch-
down PCR amplification program (Don et al. 1991), in which

the initial annealing temperature (Ta) was reduced by 0.2 °C
per cycle for the following 14 cycles, followed by 20 cycles
with an annealing temperature of Ta-3 °C. All forward primers
were labeled at their 5′-ends with fluorescent dyes (6-FAM,
NED, VIC, or PET), and the PCR products were separated by
capillary electrophoresis using the ABI Prism 3730 Genetic
Analyzer sequencer (Applied Biosystems, Carlsbad, CA) in
an external platform (Unidad de Genómica-Campus Moncloa
del Parque Científico de Madrid [http://www.fpcm.es]).
Alleles were identified using GeneMapper software v3.7
(Applied Biosystems), and their sizes were determined using
the internal size standard GS500LIZ (Applied Biosystems).

The mapping population was also genotyped for 238 SNP
markers (Lijavetzky et al. 2007; Cabezas et al. 2011) using the
Applied Biosystems SNPlexTM Genotyping System 48-plex
platform (De la Vega et al. 2005; Tobler et al. 2005) in the
Centro Nacional de Genotipado (http://www.cegen.org).

In addition, new SNP-based markers were analyzed in the
mapping progeny by applying the candidate gene approach
(Pflieger et al. 2001). These markers were identified and devel-
oped at Fondazione Edmund Mach (FEM) from the cultivars
Monastrell, Syrah, and Pinot Noir, in collaboration with the
research team of Dr. Stella Grando. The candidate genes were
selected within the confidence intervals of common QTLs for
phenological and productivity traits in two different progenies
sharing Syrah as a parent. Thirty-five pairs of primers were
designed using the NCBI tool (http://www.ncbi.nlm.nih.gov/
tools/primer-blast/) and were tested on the parents. Three of
them produced multiple bands and were discarded. The
amplicons obtained with the remaining primers were
sequenced as described in Battilana et al. (2009), and the se-
quences were analyzed with the software GAP 4 (http://www.
gap-system.org) to find informative SNPs in the three cultivars
under study. Then, the segregation was confirmed in a few
seedlings. For suitable polymorphisms, new primers were
developed and a mini-sequencing was performed, employing
the SNaPshot Multiplex Kit protocol reported at http://docs.
appliedbiosystems.com/search.taf. Subsequently, the
polymorphisms were scored by GeneMapper v3.7 (Applied
Biosystems, Carlsbad, CA).

Finally, the mapping population was also genotyped
with the CAPS marker 20D18CB9, linked to berry color
(Walker et al. 2007).

Genetic Linkage Maps

Genetic maps were constructed using the JoinMap 3.0 soft-
ware (Van Ooijen and Voorrips 2001), following the double
pseudo-testcross strategy (Grattapaglia and Sederoff 1994)
and applying the Kosambi mapping function (Kosambi
1944) to convert recombination rates into genetic distances.
Both parental maps and consensus map for the cross were
constructed using double-haploid and cross-pollinated
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population types, respectively. The segregation of each locus
was tested for goodness-of-fit to the expected ratio using the
chi-square test. Most markers showing distorted segregation
were originally included in the map calculation unless they
significantly affected the order of neighboring markers.
Linkage groups were determined using threshold values of
4.0 (3.0 for LG13 and 2.0 for LGs 8 and 12) for LOD (loga-
rithm of odds) and 0.35 for recombination rate. We kept the
marker order obtained at round 2. Female, male, and consen-
sus genetic maps were aligned using MapChart 2.2 software
(Voorrips 2002).

The observed genome size (Gob) for each linkage map was
estimated using the sum of all LG sizes. The estimated ge-
nome length (Ge) was determined according to method 3 of
Chakravarti (Hulbert et al. 1988; Chakravarti et al. 1991). The
confidence interval was computed according to Gerber and
Rodolphe (1994), for anα of 5%. The observedmap coverage
was defined as the ratio between Gob and Ge (Gob/Ge). The
expected genome map coverage (Gcl) was calculated by the
formula given by Lange and Boehnke (1982), adjusted for
chromosomal ends.

QTL Analysis

The QTL detection was carried out separately for the parental
and consensus maps, using MapQTL 4.0 software (Van
Ooijen et al. 2002), and the phenotypic raw data from each
season since the normality of the raw data distribution was not
achieved by applying different transformations (squared
values, square root, or Naperian logarithm). Indeed, we have
confirmed that the QTLs obtained with transformed but non-
normal data are equivalent to those obtained with non-
transformed data (data not shown). The analysis was based
on three different methods: Kruskal-Wallis non-parametric
test (KW; Lechmann 1975), simple interval mapping (SIM,
Lander and Botstein 1989), and multiple QTL mapping
(MQM, Jansen and Stam 1994). First, KW rank-sum test
was applied to verify the global segregation of each locus
and to detect putative QTLs. Second, a simple interval map-
ping was performed to find regions with potential QTL ef-
fects; then, scored markers in these regions were used as co-
factor (no more than five) in restrictedMQMmapping. All the
cofactors were selected with the Bautomatic cofactor
selection^ test implemented in the MapQTL software. Both
linkage group–wide (LGW) and genome-wide (GW) LOD
(logarithm of odds) thresholds corresponding toα = 0.05 were
used for SIM and restricted MQM detection of QTLs. The
LOD thresholds were established through 1000 permutations
of the phenotypic data. The QTLs with a LOD score higher
than the GW threshold were considered as significant, while
the QTLs with a LOD score higher than the LGW threshold
were considered as putative. Putative QTLs were considered
worth retaining since several relevant agronomical traits are

controlled bymultiple genes eachmaking a small contribution
to the overall outcome. The QTLs detected with GW and
LGW thresholds were analyzed separately. The percentage
of variance explained by each QTL and by all QTLs detected
in the same season, as well the QTL location, was estimated in
the final MQM model. The QTL position was estimated from
the location of the maximum LOD value and was indicated by
the 1-LOD confidence interval and the cofactor. The 1-LOD
support intervals were calculated using restricted MQM map-
ping. A QTL was considered stable when it was detected in at
least two growing seasons. Stable genetic determinants are the
most promising to be used in marker-assisted selection and in
the search for candidate genes, and they are especially relevant
when dealing with traits with a strong environmental influ-
ence. In order to avoid statistical artifacts, unstable QTLs were
considered of interest here only when they were consistent
with evidence from other works.

Candidate Genes

Based on the annotated molecular function available at NCBI
(http://www.ncbi.nlm.nih.gov/projects/mapview/map_search.
cgi?taxid=29760), candidate genes for the traits under study
were looked for within each confidence interval of the QTLs
detected in more than 1 year, including together significant
and putative QTLs whose confidence intervals overlap. The
most proximal marker (SSR or SNP) was selected to delimit
the confidence interval, and the physical position of the
marker was identified in the NCBI database.

Results

Genetic Maps

One hundred and seventy-seven SSR loci were initially ana-
lyzed in eight progeny individuals and both genitors. This
allowed the identification of 104 SSRs (59%) polymorphic
for at least one parent (Supplementary Table 1). Out of the
238 SNPs previously identified by Lijavetzky et al. (2007),
138 were polymorphic (58%) for at least one parent
(Supplementary Table 2). In addition, starting from the 35
pairs of primers designed and tested on the parents, eight
new SNPs (representing six candidate genes) were developed
for the genotyping of the mapping progeny (Supplementary
Table 2). The total number of molecular markers useful for
linkage analysis in the Monastrell x Syrah mapping progeny
was 251 (104 SSRs, 146 SNPs, and 1 CAPS), of which 84%
allowed discrimination between maternal and paternal
inherited alleles (markers type abxcd, abxac, abxbc, abxaa,
aaxab). One SSR marker (vmc5h11-200) showed a segrega-
tion pattern consistent with the presence of a null allele in
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Syrah <aaxa0> and was re-coded as described by Doligez
et al. (2002).

Finally, 238 markers (100 SSRs, 137 SNPs, and 1 CAPS)
were assembled in the consensus map (Table 1;
Supplementary Fig. 1) over the expected 19 LGs (the haploid
number of chromosomes in V. vinifera) with an average dis-
tance of 5.23 cM. The total number of positioned markers per
LG ranged from 7 (LG10 and 16) to 18 (LG7 and 18). The
average size of the LGs was 61.84 cM, ranging from 42.20
(LG13) to 90.70 (LG7) cM.

Chi-square analysis revealed a distorted segregation ra-
tio (P < 0.05) for 18% of the polymorphic markers in
Monastrell and for 15% of the polymorphic markers in
Syrah. Most of them were randomly distributed through-
out the genome, but some were located in clusters with a
high distortion level (Table 1).

In this work, the LGs 7, 14, 18, and 19 were the most
distorted regions of the map containing at least three adjacent
distorted markers (Supplementary Fig. 1). The marker order
was generally consistent between parental and consensus ho-
mologous linkage groups, with the local inversions of closely
linked markers and proximal markers (Supplementary Fig. 1).
A general consistency in marker order was found in the man-
ual comparison with other published maps (Doligez et al.
2006; Cabezas et al. 2011), with only minor discrepancies.

The heterozygosity level of the parents was similar, irre-
spective of the markers used (45% in Monastrell and 52% in
Syrah). When comparing the level of heterozygosity of the
177 SSRs with that of the 273 SNPs, a great difference was
observed: 79–81% of the SSRs were heterozygous in
Monastrell and Syrah versus only 28–38% of the SNPs.

Phenotypic Segregation

The phenotypic segregation data of the evaluated parameters
for each year of study are shown in Supplementary Table 3.
Continuous variation and transgressive segregation were ob-
served for the evaluated parameters related to acidity
(Supplementary Fig. 2). The Kolmogorov-Smirnov test indi-
cated that only the total acidity in 2009, 2010, and 2013, malic
acid in 2008 and 2013, and tartaric acid in 2010 showed a
normal distribution. The Kruskal-Wallis test revealed a signif-
icant year effect (P < 0.05) for all the parameters evaluated.

The data obtained during the 6 years were averaged, and
minimum and maximum values were identified (Table 2).
Although the mean tartaric acid content of the progeny was
positioned between the values of the two progenitors, the
mean total acidity content of the progeny was slightly higher
than that of both progenitors while the mean malic acid con-
tent and total soluble solids were slightly lower (Table 2). The
percentage of seedlings that had values higher than that of
both progenitors ranged between 2 and 30% for total soluble
solids, 25 and 80% for total acidity content, 6 and 56% for
malic acid content, and 12 and 82% for tartaric acid content
(Supplementary Fig. 2).

Spearman’s correlation coefficients (r) among variables
were calculated within each year (P < 0.01). The values of
the coefficients corresponding to all the years are shown in
Supplementary Table 4. Total acidity and malic acid were
positively correlated in 5 years. In contrast, total acidity and
tartaric acid were positively correlated only in 2 years. As
expected, total acidity correlated negatively in all years with
the ratio of total soluble solids to total acidity and with the

Table 1 Main features of the
parental and consensus genetic
maps

Monastrell Syrah Consensus

No. of mapped markers 160 186 238

Genome length (cM)

Observed (Gob) 1035.4 1038.9 1174.9

Estimated (Ge) 1702.1 1741.6 1548.4

Confidence interval (95%) I(Ge) 1567.2–1862.5 1623.9–1877.8 1458.8–1649.6

Coverage (%)

Expected (Gcl) 96.7 97.7 98.0

Observed (Gob/Ge) 61 60 76

Average map distance between loci (cM) 7.02 6.22 5.23

No. of gaps between 20 and 30 cM 4 (LGs 3, 7, 8b) 3 (LGs 13, 14, 16) 2 (LGs 14, 16)

No. of gaps > 30 cM 2 (LGs 14, 16) 0 0

LGs with distorted markersa 14 10, 19 1, 2, 4, 5, 7, 10, 11,
14, 15, 18, 19

Gob, sum of LG sizes; Ge, calculated by the method 3 of Chakravarti (Hulbert et al. 1988; Chakravarti et al.
1991); I(Ge), calculated by the method of Gerber and Rodolphe (1994); Gcl, calculated by the method of Lange
and Boehnke (1982), adjusted for chromosomal ends
a Linkage groups with two or more distorted markers at P < 0.0001
b Two regions with gaps between 20 and 30 cM
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ratio of tartaric acid to malic acid, except in 2009. Likewise,
the ratio of tartaric acid to malic acid correlated positively with
the ratio of total soluble solids to total acidity in all years
except 2009. Finally, the ratio of total soluble solids to total
acidity correlated negatively with malic acid in 5 years
(Supplementary Table 4).

Broad-sense heritabilities of the traits analyzed in this study
are shown in Supplementary Table 5. In our experimental
conditions, the heritability of TSS ranged from 0.54 to 0.84,
the total acid content from 0.77 to 0.98, the malic acid from
0.51 to 0.69, and the tartaric acid from 0.49 to 0.56.

QTL Analysis

Five variables were analyzed for the study of this trait: total
acidity, malic and tartaric acids, and the ratios of total soluble
solids to total acidity and of tartaric acid to malic acid. Several
QTLs were identified including significant (at the genome-
wide level, Table 3) and putative (at the linkage group level,
Supplementary Table 6) QTLs, some of which were stable
over time (detected in more than one season). First, we present
the stable and significant QTLs, which are mostly represented
in Fig. 1. For the ratio of total soluble solids to total acidity,
one significant QTL was detected on LG2 (TSS/Ac2), which
was stable in the Monastrell and consensus maps, explaining
up to 19.7% of the total phenotypic variance (Fig. 1 and
Table 3). Malic acid was under the control of several genomic
regions but only the Ma8 QTL was stable at the GW level in
the Syrah map, explaining up to 19.5% of the total phenotypic
variance (Fig. 1 and Table 3). It was also stable at the LGW
level in Syrah and consensus maps (Supplementary Table 6).
For the ratio of tartaric acid to malic acid, a significant QTL
was found on LG8 (Tar/Ma8), which was stable in Syrah map
and explained up to 21.1% of the total variance (Fig. 1 and
Table 3) and it was also stable at the LGW level in Syrah and
consensus map (Supplementary Table 6).

Several QTLs were detected only during 1 year (unstable)
at the GW level whose confidence intervals overlapped with
other stable QTLs (Fig. 1 and Table 3): Ac2 for total acidity,

Ma5 for malic acid, and Tar/Ma5 for the ratio of tartaric acid to
malic acid.

Finally, several putative and stable QTLs were found
(Supplementary Table 6): Ac2, Ac5, and Ac18 for total acid-
ity; TSS/Ac5 and TSS/Ac11 for the ratio of total soluble solids
to total acidity; Tar16 for tartaric acid; Ma7, Ma11, and Ma17
for malic acid; and Tar/Ma17 for the ratio of tartaric acid to
malic acid (Supplementary Table 6).

Most of the QTLs on LG2 mapped around the berry color
locus. Given the differential harvesting procedure used for
colored and uncolored genotypes, we cannot exclude a priori
that these QTLs are an artifact.

Candidate Gene Identification

Functional candidate genes for acidity were retrieved from the
literature (Davies and Robinson 2000; Or et al. 2000; Terrier
et al. 2005; DeBolt et al. 2006; Sweetman et al. 2009; Weinl
and Kudla 2009; Cuéllar et al. 2013). The location of these
genes within the 1-LOD support intervals of the detected
QTLs was investigated by determining their position in the
grape genome (NCBI Map Viewer, http://www.ncbi.nlm.nih.
gov/projects/mapview/map_search.cgi?taxid=29760). Novel
candidate genes were also looked for within the confidence
intervals of significant QTLs whose confidence intervals
overlap (Fig. 1). As a result, several candidate genes for total
acidity, total soluble solids/acidity ratio, malic acid, tartaric
acid, and tartaric/malic acid ratio were located on LGs 2, 5,
8, 16, and 17 (Table 4). Based on their annotation and on the
literature, these genes may participate in acid metabolism or
transport, and in the sugar and tricarboxylic acid (TCA) cycle.

Discussion

Genetic Maps

Complete parental and consensus genetic maps were devel-
oped using 238 informative molecular markers. The parental

Table 2 Minimum, maximum and mean values of the evaluated parameters during six years (2008–2013)

Monastrell Syrah Whole population

Trait Units Mean S.E. Mean S.E. Mean S.E. Min Max

Total soluble solids (TSS) °Baumé 13.7 ± 1.71 14.8 ± 2.1 13.5 ± 2.48 8.9 18.9

Total acidity (Ac) g/L 4 ± 0.21 4.5 ± 0.48 4.8 ± 1.07 2.1 10.6

Malic acid (Ma) g/L 3.1 ± 1.64 3.2 ± 0.87 2.8 ± 1.24 0.3 7.2

Tartaric acid (Ta) g/L 5.3 ± 0.44 5.9 ± 0.67 5.4 ± 1.02 1.2 8.8

The table shows the parameters evaluated and their unit of measurement, the mean values, and the standard error (S.E.) obtained for Monastrell, Syrah,
and the whole population, together with the minimum and maximum value of the evaluated parameters during 6 years (2008–2013) in the whole
population. The titratable acidity was expressed as g/L tartaric acid equivalent. Number of seedlings evaluated each year: 96 in 2008, 97 in 2009, 119 in
2010, 76 in 2011, 67 in 2012 and 148 in 2013
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maps have a similar length (1035.4 cM in Monastrell and
1038.9 cM in Syrah), with an observed coverage of 61%
and 60%, respectively (Table 1). In general, if the map is
unsaturated, a greater number of positioned markers produce
a larger map and greater coverage, increasing the power of
QTL detection. As a consequence, the incomplete coverage
of our maps could theoretically limit the number of stable and
significant QTLs detected. However, the observed sizes of the
parental and consensus maps are within the range set by other
published maps (reviewed by Cipriani et al. 2011), although

the presence of highly distorted markers in our maps could
inflate the observed sizes. There were four and three marker-
free regions of between 20 and 30 cM on the Monastrell map
and the Syrah map, as well as two marker-free regions longer
than 30 cM on the Monastrell map, indicating that the maps
reported here are at a good level of saturation for the proposed
objective. The comparison of common markers among the
three maps showed strong conservation of marker order with
only minor changes detected (Supplementary Fig. 1). The
changes of position in these maps are localized in regions of

Table 3 Significant QTLs for acidity identified in the maps of the Monastrell x Syrah progeny

Trait Map Year LG QTL LOD
max

cM Confidence
interval

Cofactor GW LOD
threshold

% variance
QTL

% variance
model

KW

Ac C 2009 2 Ac2 5.63 16.2 8–24 vvib23 4.0 18.5 18.5 7

2010 2 Ac2 5.82 56.1 47–62 20D18CB9 4.1 15.7 15.7 7

Mn 2009 2 Ac2 3.19 43.9 26–46 20D18CB9 2.7 11.0 11.0 6

Sy 2010 1 Ac1 2.5 45.3 44–46 SNP1021_163 2.2 7.3 7.3 3

TSS/Ac C 2008 2 TSS/Ac2 4.45 56.8 54–58 20D18CB9 4.3 19.7 19.7 7

2009 2 TSS/Ac2 4.71 51.2 48–57 20D18CB9 4.3 15.6 15.6 7

2010 1 TSS/Ac1 5.37 71.6 67.5–71.6 SNP1157_64 4.0 16.0 16.0 6

Mn 2008 2 TSS/Ac2 2.88 26.9 19–32 Vvi_9227 2.6 11.4 24.0 4

4 TSS/Ac4 2.91 27.6 21–34 Vvi_6668 2.6 11.6 2

2009 2 TSS/Ac2 5.2 31.9 19–50 Vvi_9227 2.8 17.4 17.4 7

2010 2 TSS/Ac2 3.73 43.9 26–51 20D18CB9 2.7 11.3 11.3 6

Sy 2010 1 TSS/Ac1 3.81 45.3 36–46 SNP1157_64 2.7 11.0 11.0 4

Tar Sy 2010 18 Tar18 2.79 18.3 16–20 vvim93 2.6 10.3 10.3 5

2011 19 Tar19 2.93 49.5 49–51 vmc3b7_2 2.8 16.1 16.1 4

Ma C 2010 5 Ma5 4.85 43.9 42–54 vmc16d4 4.3 15.5 25.6 5

15 Ma15 4.56 56.5 48–58 SNP555_132 4.3 29.3 2

2013 8 Ma8 6.22 7.1 0–20 SNP699_311 4.2 19.6 19.6 7

Mn 2011 4 Ma4 2.83 52.4 52–55 Vvi_2543 2.7 14.1 22.8 2

9 Ma9 2.81 70.3 62–75 Vvi_10329 2.7 14.9 2

2012 17 Ma17 3.08 0.0 0–3.5 SNP677_509 2.7 17.3 32.3 6

18 Ma18 2.92 2.6 2–4 vmc3e5 2.7 16.3 2

Sy 2010 5 Ma5 3.91 41.0 26–44 vmc4c6 2.7 13.0 24.0 6

8 Ma8 3.52 13.5 6–18 SNP853_312 2.7 11.1 6

2013 8 Ma8 6.21 7.1 0–24 vvip04 2.6 19.5 19.5 7

Tar/Ma C 2013 8 Tar/Ma8 7.18 7.1 0–22 SNP699_311 4.1 19.5 31.1 7

11 Tar/Ma11 4.7 9.3 5–18 SNP197_82 4.1 13.2 2

Sy 2010 5 Tar/Ma5 3.69 41.0 15–43.5 vmc4c6 2.6 12.2 23.6 6

8 Tar/Ma8 3.52 7.1 0–22 vmc5g6_1 2.6 11.8 6

2013 8 Tar/Ma8 6.75 7.1 0–26 SNP699_311 2.7 21.1 21.1 7

The table shows the trait, themap, the year, and the linkage group (LG) in which the QTLswere identified using restrictedMQMmapping. The QTLs are
named using the LG number plus Ac, TSS/Ac, Tar, Ma, and Tar/Ma, for total acidity, ratio of total soluble solids to total acidity, tartaric acid, malic acid,
and ratio of tartaric acid to malic acid, respectively. The QTL location is indicated by the position at which the highest LOD (LODmax) was detected (in
cM), the 1-LOD confidence interval, and the cofactor. The cofactors were selected with the Bautomatic cofactor selection^ test implemented in the
MapQTL software. Finally, the cofactor providing more robust results, which does not always coincide with the nearest, was selected. The considered
QTLs are those with amaximumLODvalue higher than that estimated for the genome-wide (GW) threshold, for a type I error rate of 5%. The percentage
of the total variance explained by each QTL, and when considering the combined effect of all QTLs detected in a season (model), is indicated. Kruskal-
Wallis (KW) significance level of the marker used as a cofactor, given by the P value (2 = 0.05; 3 = 0.01; 4 = 0.005; 5 = 0.001; 6 = 0.0005; 7 = 0.0001).
The stable QTLs are italicized. C, consensus; Mn, Monastrell; Sy, Syrah
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Fig. 1 One-LOD support
confidence intervals of the main
QTLs for acidity parameters
detected with restricted MQM
test. The QTLs are shown on the
right of each linkage group. C,
consensus; Mn, Monastrell; Sy,
Syrah. Ac, total acidity; TSS_Ac,
ratio of total soluble solids to total
acidity; Ma, malic acid; Tar_Ma,
ratio of tartaric acid to malic acid
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the genome in which they are most likely; for example, re-
gions harboring markers with distorted segregation, partially
informative markers (abxab), and clusters of markers in a very
narrow strip. A general consistency in marker order was also
found, compared with other published maps (Doligez et al.
2006; Cabezas et al. 2011). Regions containing at least two
adjacent distorted markers were observed in the maps on sev-
eral LGs (Table 1). Distorted segregation may arise mainly
from misclassification of some genotypes or from differential
survival of different genotypes due to gamete/zygote lethality,
meiotic drive/preferential segregation, or sampling/selection
during population development (Kearsey and Pooni 1996;
Boopathi 2013). Segregation distortion might theoretically af-
fect the local marker order and the power of QTL detection;
however, drastic consequences are not expected here.
Distortion due to misclassification is normally restricted to
the locus concerned and will normally only affect recombina-
tion frequency, while distortion due to selection does not gen-
erally create problems for mapping and will affect all linked
loci in inverse proportion to their distance from the affected
locus (Kearsey and Pooni 1996). Moreover, the independence
LOD score calculated by JoinMap for the recombination fre-
quency is not affected by segregation distortion (Van Ooijen
and Voorrips 2001). As concerns QTL mapping, segregation
distortion does not produce more false QTLs nor does it have
a significant impact on the position and effect estimations of
QTLs, especially in large-size mapping populations. Because

segregation distortion loci (SDL) can decrease as well as in-
crease the statistical power of QTL mapping, the presence of
SDL is not necessarily detrimental to QTL mapping (Xu
2008; Zhang et al. 2010). Wen et al. (2013) proposed a
multi-QTL mapping approach that uses distorted markers to
detect SDL. The results from their studies show that the power
of QTL detection is higher under the dominant genetic model
of SDL than under the additive genetic model. Consistently,
several authors have found QTLs for important traits, such as
seedlessness, terpenol content, and powdery mildew resis-
tance, in distorted areas (Cabezas et al. 2006; Welter et al.
2007; Costantini et al. 2008; Duchêne et al. 2009). In the
present work, LG18 in the consensus map and LG19 in the
Syrah map were the LGs with the highest number of markers
having distorted segregation (8 in each of them), in agreement
with other authors in the case of the LG18 (Cabezas et al.
2006; Troggio et al. 2007; Costantini et al. 2008). Markers
in these distorted regions could be linked to genes subject to
gametic or zygotic selection, which control the viability of
individuals bearing different genotypes of the locus (Xu
2008; Xu and Hu 2009).

Phenotypic Segregation

The parameters evaluated in this study showed continuous
variation within the progeny (Supplementary Fig. 2), suggest-
ing a polygenic inheritance—in agreement with previous

Table 4 Candidate genes located within the intervals of the main QTLs detected

QTL Gene descriptor NCBI locus tag Position Reference

Ac2
TSS/Ac2

Calcineurin B-like protein 01 (CBL01) VIT_
00004840001

5592165..5598385 Cuéllar et al. 2013

Ma5
Tar/Ma5

2,3-dimethylmalate lyase-like VIT_
00013539001

20385169..20410157 Schnarrenberger and Martin 2002

CMP-sialic acid transporter 2 VIT_
00013580001

21137812..21161149 This work

Fructokinase-2-like VIT_
00010790001

22616287..22620258 Pego and Smeekens 2000

Ma8
Tar/Ma8

Pyruvate kinase VIT_
00029840001

321,178..325812 This work

Ripening-related protein-like (GRIP32) VIT_
00029974001

2,532,258..2533214 Davies and Robinson 2000

Pyruvate decarboxylase 2 (PDC1) VIT_
00003940001

8,219,712..8222779 Or et al. 2000

CBL-interacting protein kinase 07 (CIPK07) VIT_
00030213001

10,381,776..10385364 Weinl and Kudla 2009

CBL-interacting protein kinase 08 (CIPK08) VIT_
00030206001

10443313..10444620 Weinl and Kudla 2009

Tar16 L-idonate 5-dehydrogenase VIT_
00010644001

15664250..15668852 DeBolt et al. 2006

Ma17 Malate synthase, glyoxysomal-like VIT_
00008494001

1351682..1354948 Schnarrenberger and Martin 2002

Malate dehydrogenase VIT_
00007997001

6803629..6806525 This work

The table shows the QTL, gene description, gene ID, chromosome position (bp) of the QTL interval delimited by the closest markers, and supporting
reference for the candidate gene.NCBI Vitis vinifera annotation release ID 102 (date of submission of annotation to the public databases: Nov 25, 2016)
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studies (Liu et al. 2007; Viana et al. 2013; Duchêne et al.
2014; Chen et al. 2015). Transgressive segregation was appar-
ent in the total soluble solids, total acidity, tartaric acid, and
malic acid (Supplementary Fig. 2). Among the genotypes with
transgressive segregation, those with high acidity content may
be useful to overcome the negative effect of high temperatures
and to develop balanced and stable wines in warm areas. In
this sense, three seedlings of the Monastrell x Syrah progeny
had malic acid content higher than 3.5 g/L (higher than that of
both progenitors) during 5 of the 6 years studied and therefore
could be selected to improve the acidity trait in warm areas.

As expected, total acidity and malic acid were positively
correlated in 5 years. In contrast, tartaric acid only correlated
positively in 2 years with total acidity (Supplementary
Table 4). These results indicate that in our conditions the cor-
relation of total acidity with malic acid is more stable than
with tartaric acid. Moreover, the negative correlation found
between malic acid and the total soluble solids/acid balance
is consistent with the fact that the malic acid loss reduces the
grape titratable acidity and influences the sugar/acid balance
(Supplementary Table 4).

Broad-sense heritabilities of TSS (0.54–0.84) and total acid
(0.77–0.98) obtained in this study (Supplementary
Table 5) are consistent with those (0.61–0.74 and 0.53–0.90,
respectively) reported by Liu et al. (2007), whereas in our
experimental conditions heritabilities of malic acid (0.51–
0.69) and tartaric acid (0.49–0.56) are lower than those ob-
tained by the same authors (0.68–0.91 and 0.47–0.75, respec-
tively). In any case, our results indicate that a significant por-
tion of the variance for all the investigated traits is genetic.

Supplementary Fig. 2 additionally highlights that the total
soluble solids content (TSS) estimated from a small number of
berries in the field does not always coincide with the more
precise TSS measure obtained by squeezing 100 g of harvest-
ed berries in the laboratory, which is quite variable. We cannot
exclude that such variability in sugar content might have af-
fected malic acid content and in turn QTL results. However,
this is the most widely used approach in genetic studies of
berry composition in grapevine since it is presently impossible
to obtain detailed kinetics of berry development during matu-
ration for each individual genotype in a large population.
Moreover, there is no significant correlation between TSS
and malic acid as shown in Supplementary Table 4.
Therefore, we consider that the variability in sugar content
has not affected malic acid content and in turn QTL results.

QTLs and Candidate Genes for Acidity

Even taking into account that the limited size of theMonastrell
x Syrah population and the departure from a normal distribu-
tion for some phenotypic data might have reduced the power
of QTL detection and influenced the number and stability of
significant QTLs, we were able to draw a picture of the most

reliable QTLs for acidity by integrating data from different
seasons, maps, and significance levels (Fig. 1, Table 3, and
Supplementary Table 6). We also report some candidate genes
for this trait, most of which are supported by the literature
while the rest represent novel findings (Table 4).

It is known that the principal synthesis of malic acid is
linked with sugar metabolism (Sweetman et al. 2009), and
Yang et al. (2016) highlighted the power of the analysis of
the TSS/Ac ratio to detect branch-points in the regulation of
specific metabolites involved in the same pathway. For that
reason, we looked for QTLs related to the total soluble solids/
acidity ratio. A significant and stable QTL for the TSS/Ac
ratio was found on LG2; it co-located with Ac2, a significant
but unstable QTL that was stable only at the LGW level in
Monastrell map. In this region, the CBL01 (calcineurin B-like
protein 01) gene was found (Table 4). This protein acts as a
complex with a CBL-interacting protein kinase (CIPK) in the
activation of a K+ channel of the Shaker family, VvK1.2.
Cuéllar et al. (2013) found that the expression of the VvK1.2
gene is induced at veraison and during ripening and that the
CBL/CIPK complex is involved in this activity. The CBL and
CIPK families develop several functions as stress responses:
H+ transport, K+ homeostasis, or nitrate responses (Weinl and
Kudla 2009). Additional genes in this region could play a role
like those linked to the seven SNPs found significantly asso-
ciated to wine acidity by Laucou et al. (2018).

The significant but unstable Ma5 and Tar/Ma5 QTLs co-
located on LG5 of the Syrah map, and several genes related
with the sugar and tricarboxylic acid (TCA) cycle were found
within these QTL intervals. One gene encoded a CMP-sialic
acid transporter 2 (VIT_0001358001) and another one a
fructokinase-2-like activity (VIT_00010790001), both linked
with sugar metabolism (Pego and Smeekens 2000). Another
candidate gene encoded a 2,3-dimethylmalate lyase-like activ-
ity (VIT_00013539001), involved in the TCA cycle and re-
lated to citric acid (Schnarrenberger and Martin 2002). All of
these genes could be associated with malic acid because it is a
source of energy when sugar has been accumulated in the
vacuoles (Table 4).

Significant and stable Ma8 and Tar/Ma8 QTLs were detect-
ed, and five candidate genes were found within these QTL
intervals (pyruvate kinase, ripening-related protein-like
(GRIP32), pyruvate decarboxylase 2 (PDC1), and CBL-
interacting protein kinase 07 and 08 (CIPK07 and CIPK08))
(Table 4).GRIP32 is a grape ripening-induced protein involved
in abiotic stresses that increases during ripening (Davies and
Robinson 2000; Zenoni et al. 2010). PDC1was cloned in order
to clarify the ethanol formation in berries (Or et al. 2000). The
increase in ethanol is linked with the pyruvate production de-
rived from malic decarboxylation. PDC is the key enzyme in
the fermentative metabolism and in the ethanol synthesis.
Additionally, a malate synthase gene (VIT_00008494001)
and a malate dehydrogenase (VIT_00007997001) were located
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within theMa17 and Tar/Ma17QTL intervals (Table 4). Malate
synthase is upregulated in the first phase of berry development,
when malic acid is synthesized (Terrier et al. 2005).

Additionally, in the present work, the putative Tar16 was
stable on the Syrah map in 2 years. In this QTL interval, the
gene encoding L-idonate 5-dehydrogenase was found
(Table 4). This is the key enzyme in the conversion of L-
idonate to 5-keto D-gluconic acid—that produces oxalic acid
(DeBolt et al. 2006). It is highly expressed in the first phase of
berry development, pre-veraison, when tartaric acid is accu-
mulating. In summary, several annotated genes involved in
sugar and acidity pathways co-located with the confidence
intervals of the QTLs found on LGs 2, 5, 8, 16, and 17.

Finally, several QTLs identified in this work co-localized
with QTLs previously reported. Viana et al. (2013) found a
QTL for pH on LG1 in a similar region as the significant and
unstable Ac1 QTL detected here. However, the LG19 on
which the same authors discovered a QTL for tartaric acid
comprised only two markers, so we could not establish if the
significant and unstable Tar19 QTL that we found is in the
same region. Moreover, Cholet et al. (2016) located a gene
related to tartaric acid synthesis (GDP-L-galactose phosphor-
ylase 2) on LG19; this gene is close to our QTL region. This is
the last enzyme in the Smirnoff-Wheeler pathway for produc-
tion of ascorbic acid, the precursor of tartaric acid. Finally,
Chen et al. (2015) and Houel et al. (2015) detected QTLs in
a similar region as the putative Ac18 and Ma7 QTLs found in
this work, respectively. Additional QTLs related with acidity
were identified in other regions as LGs 6, 7, 13, and 18 by
other authors (Chen et al. 2015; Houel et al. 2015; Ban et al.
2016; Yang et al. 2016). The QTLs found on LGs 5, 8, and 17
are reported in this work for the first time, suggesting new and
interesting regions for the study of characters related to sugar
and acidity.

Conclusions

The genetic maps developed in this work have allowed us to
identify new QTLs related with acidity—one of the main eno-
logical parameters involved in wine quality—and to confirm
some QTLs previously identified for this trait by other authors
in other progenies. Significant QTLs were detected across
6 years of evaluation and, although they exhibited a large
degree of instability from year to year, several of them were
stable in at least 2 years. This proves the importance of
collecting data frommultiple seasons, especially for traits with
a strong environmental influence. The present work also pro-
vides some candidate genes that are potentially involved in
sugar and acidity pathways. These results open new perspec-
tives for future studies to clarify the molecular determinants of
vine acidity. Likewise, these data will support the selection of
new wine grape cultivars derived from Monastrell and Syrah

with increased acidity, a trait that is of great interest in the
production of balanced wines in warm zones.
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