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Background: The acid component of grape berries, originating in the metabolism of malate and tartrate, the latter
being less well-known than the former, is a key factor at play in the microbiological stability of wines destined for
distillation. Grape acidity is increasingly affected by climate changes. The ability to compare two vintages with
contrasted climatic conditions may contribute to a global understanding of the regulation of acid metabolism

and the future consequences for berry composition.

Results: The results of the analyses (molecular, protein, enzymatic) of tartrate biosynthesis pathways were
compared with the developmental accumulation of tartrate in Ugni blanc grape berries, from floral bud to maturity.
The existence of two distinct steps during this pathway was confirmed: one prior to ascorbate, with phases of
WGME, WVTC2, WVTC4, Wi-GalDH, WWGLDH gene expression and abundant protein, different for each vintage; the
other downstream of ascorbate, leading to the synthesis of tartrate with maximum Wl-IdnDH genetic and protein
expression towards the beginning of the growth process, and in correlation with enzyme activity regardless of the

vintage.

Conclusions: Overall results suggest that the two steps of this pathway do not appear to be regulated in the same
way and could both be activated very early on during berry development.

Keywords: Ascorbate, L-idonate dehydrogenase, Tartrate, Vitis vinifera L, Vintage effect

Background

Understanding grape maturity is one of the most im-
portant keys for the characterization of a vintage. This
understanding allows the determination of the most
favorable time to harvest, depending on the desired
objective in terms of organoleptic quality. Among the
parameters which characterize technological maturity, ti-
tratable acidity, due principally to two organic acids,
malic and tartaric [1], plays an important role. Whereas
the primary metabolism of the grape berry and the malic
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acid pathway relating to grape maturity have been studied
in depth [2-5], very few studies relate to the metabolism
of tartaric acid [6-9], and especially to the control of this
metabolism under biotic or abiotic stress [10]. In some
higher plants, including Vitis vinifera L. [11], the tartaric
acid pathway is the result of L-ascorbic acid (vitamin C)
catabolism [8, 12] via the conversion of L-idonate to 5-
keto-D-gluconate [13] under the action of L-idonate de-
hydrogenase (L-IdnDH), the only enzyme of this pathway
known at the present time [8]. In Vitis vinifera L., the
synthesis of tartaric acid occurs in the early stages of
grape berry development [3], tartaric acid being found
in very small quantities in berries at these early stages
[14]. Grape berries accumulate tartaric acid in their pulp
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[14], which strongly impacts the taste and organoleptic
qualities of the resulting juice and the final product [1].
Recent studies on climate change in the French region
of Cognac have brought to light a significant increase in
temperatures over recent years [15]. Many studies car-
ried out on different grape varieties, have demonstrated
that one of the main consequences of abiotic stress in
grapes resulting from this change is a decrease in acidity
[16, 17], rendering wine preservation and storage more
problematic [18, 19]. This is especially true for wine des-
tined for distillation, as in the case of Ugni Blanc wine
for Cognac (Charente county, France), as these wines
must (under French law) be stored in tanks without sul-
fites prior to distillation (decree n°2015-10 of 07 January
2015), which means they must have a high level of acid-
ity in order to avoid microbiological spoilage or the de-
velopment of olfactory defects following distillation.
While few studies have examined tartaric acid, more
and more are focusing on its precursor, ascorbic acid, a
multifunctional metabolite essential for growth and de-
velopment, and also a vital antioxidant involved in
defense of the plant against abiotic stress [20-23]. It is
now known that the principal pathway for ascorbate
synthesis is the result of photosynthesis-based carbon
flux via a series of enzyme catalyzed reactions known as
the Smirnoff-Wheeler pathway [24, 25]. This pathway,
which is dominant during the growth phase of grape
berries [9, 21, 26], involves five enzymes which are more
or less well known (Fig. 1), and whose locations and key
roles still raise many questions. The GDP-D-mannose
3,5epimerase (GME), which is the first enzyme of the
pathway, appears to be a key enzyme in the regulation of
the biosynthetic pathway of ascorbate [27, 28] since it
may control the carbon flux directed towards the syn-
thesis of ascorbate as a function of the redox state of the
cell and stress conditions [29]. GME also appears to be a
key enzyme in the biosynthetic pathway of cell-wall
compounds. It is a “node” between the metabolism of
ascorbic acid and of the cell-walls since it may control
the availability of sugar for the biosynthesis of cell-wall
non-cellulosic polysaccharides [28, 30]. GDP-L-galactose
phosphorylase (VTC2), the last enzyme in the Smirnoff-
Wheeler pathway to be identified [31, 32], appears to
have a partially nuclear localization, suggesting that it
may also be a key regulator of this pathway at the
nucleus level. The role of L-galactose-1-phosphate de-
hydrogenase, VTC4, remains unclear in the regulation of
ascorbate synthesis [33-35]. Similarly, L-galactose de-
hydrogenase (L-GalDH) appears to have, in vivo, no
more than a moderate influence on the flux of the
ascorbate synthesis pathway [34, 36]. Finally, L-galactono-
1,4-lactone dehydrogenase (GLDH) intervenes in the last
stages of L-ascorbate biosynthesis. This enzyme is
specific to the catalysis of L-galactono-1,4-lactone into
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L-ascorbate [25, 37] from the outer side of the mito-
chondrion inner-membrane (as reviewed in [21]).
GLDH uses the cytochrome ¢ in the respiratory chain
as an electron acceptor, so it may play an important
role in growth regulation [38] and in the regulation of
ascorbate synthesis by light [10, 39, 40]. There has
been much work on the expression of genes in the
pathway of L-ascorbate biosynthesis in plants [34, 35],
including in grapes. In contrast, very little work to
date has focused specifically on the tartaric acid syn-
thesis pathway in grapes [41, 42]. In Vitis vinifera L.,
the gene expression of VvL-IdnDH has already been
studied by Deluc et al. [43], and coupled to changes in
the translation level of this gene [5, 41]. More re-
cently, Jia et al. [44] highlighted the close similarity
between three isoforms of L-IdnDH in grapevine. In
silico analysis demonstrated that two isoforms are
more or less similar (respectively 99 and 77 %) to the
L-IdnDH identified by Debolt et al. [8]. Very little
research has focused on the quantitative protein of
ascorbic and/or tartaric acid pathways in the grape-
vine. To date, only Martinez-Esteso et al. [5] have
approached the evolution of protein expression from
WGME and WL-IdnDH during grape berry development.
No research to date has studied the link between tran-
scription levels, translation levels, and enzyme activity
levels.

The aim of this present work is to consider the biosyn-
thetic pathway of tartaric acid, via the Smirnoff-Wheeler
pathway which is dominant when the synthesis of tartaric
acid takes place. The lack of information on links between
transcription levels, translation levels, and enzyme activity
levels led to the initiation of this study with a view to
improving knowledge of how this pathway functions.
Two contrasted vintages were studied by combining, on
the one hand, the study of the relative expression and
translation levels of the six genes involved in this path-
way and, on the other hand, the changing activity levels
of the L-IdnDH enzyme as well as ascorbic and tartaric
acid content in Ugni blanc grape berries. The mechan-
ism of regulation will be discussed in the context of
global warming, the aim being to prevent too great a
drop in the total acidity of musts and, subsequently, of
wines.

Results

Climate conditions of vintages and physiological
parameters of berries

In comparison with the fifty last vintages, the 2011 vintage
was early, hot and dry. The herbaceous-growth period was
very sunny (Fig. 2c, 1045 h) with low rainfall (Fig. 2b,
147 mm) and temperatures were high (Fig. 2a) for the
season. The maturation period was hot (Fig. 2a) and
humid with higher-than-average rainfall at the beginning



Cholet et al. BMC Plant Biology (2016) 16:144

Page 3 of 18

Fructose and mannose
metabolism

D-mannose

GDP-

GME
(GDP-D-mannose-3.5-epimerase)

v

GDP-L-galactose

VTC2
(GDP-L-galactose phosphorylase)

L-galactose-1-P

VTC4
(L-galactose-l-phosphate phosphatase)

L-galactose

L-GalDH
(L-galactose dehydrogenase)

L-galactono 1.4 lactone

GLDH
(L-galactono-1.4-lactone dehydrogenase)

L-idonate

0

L-ldnDH
(L-idonate dehvdrogenase)

5-keto-D-gluconic

Fig. 1 Biosynthesis pathway of L-tartrate, via L-ascorbate (from [8, 9, 21])
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of this phase (Fig. 2b, 195 mm; 607 h). On the other hand,
2013 was a later vintage, the herbaceous-growth period
being wet (Fig. 2b, 295 mm), rather cool (Fig. 2a) and with
little sun (Fig. 2c, 841 h). The maturation period was hot
(Fig. 2a) with relatively high rainfall (Fig. 2b, 241 mm).
These contrasted conditions contributed to the “vintage
effect” corresponding to the interaction between the plant,
the soil and climate components. Vintage effect explains
the differences between wines produced in different years.

During the herbaceous-growth phase, berry weights
were lower in 2011 as compared to 2013 (Table 1, 2011/
2013 respectively: 204/359 mg on average), reflecting the
water constraint of young berries during their early

growth [45, 46]. During the maturation phase, this trend
was reversed from the end of veraison up to the harvest
due to the rainfall in August. Berry total acidity was
lower in 2011 than in 2013 (Table 2) due possibly to the
water constraint during the growth phase.

Developmental accumulation of total ascorbic and

tartaric acids

Ascorbic acid (Fig. 3) is the only known precursor of tar-
taric acid. In 2011 (Fig. 3a, c), an early accumulation of
ascorbic acid in the berry was reflected by a first phase
with high concentration of ascorbic acid. This phase
covered the beginning of the herbaceous growth period
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Table 1 Developmental profile of berry weight during grape berry development

Berry weight (mg) FB PS BC VB VE H
Vintage 2011 7£1 1M +3 495+2 844+ 112 1254 + 143 2000+ 197
Vintage 2013 8+ 1 129+3 940 £ 81 1233 £31 1510+ 32 1822+73

Unit = milligram (mg). Values are the mean (+SD) of 20 whole berries randomly picked and weighed for each development stage; FB flowering beginning, PS pea-sized,
BC bunch closure (berries touching), VB veraison beginning (10 % ripe berries), VE veraison end (80 % ripe berries), H harvest (maturity)

of the grape berry (FB: 3.1 + 1.2 umol.gFW™'; PS: 3.3 +
0.5 umol.gFW ™). A second phase, with a marked drop in
ascorbic acid levels, was observed at the bunch closure
stage until the end of veraison (from 1.4 + 0.3 pmol.gFW
! for BC, to 0.6 +0.1 umol.gFW ™' for VE), which is in
accordance with the multiple roles of this acid in plant
metabolism [47]. During maturation, a third phase show-
ing a slight increase in concentrations was brought to light
(H: 12+05 pumolgFW™"). In 2013 (Fig. 3b, d), level
contents tended to have a similar profile to those of 2011,
but only for the two first phases. The first phase covered
the entire period of herbaceous growth of the grape berry.
The second phase was initiated at the start of veraison,
with levels of ascorbic acid remaining unchanged until
the harvest (VB/VE/H respectively (umol.gFW™): 0.21
+0.02; 0.25+0.09; 0.29+0.03). In both the 2011 and
2013 vintages, profiles of ascorbic acid content per
berry (umol.berry™') increased significantly from flow-
ering until maturity (126-fold in 2011: from 0.02 £ 0.01
for FB, to 2.35 + 0.03 for H; 6.7-fold in 2013: from 0.08
+0.01 for FB, to 0.53 +0.05 for H), in accordance with
the evolution of berry growth (Table 1).

The correlation between ascorbic acid accumulation
(Fig. 3) and tartaric acid profiles (Fig. 4) was evident
(umol.gFW ™! and pmol.berry™ ). Similarly to ascorbic acid
content, an accumulation of tartaric acid (umol.gFW ™)
occurred at an early stage in the growth phase. In 2011
(Fig. 4a, ¢), an increase in the concentration of tartaric
acid occurred up to the beginning of veraison (FB: 220.6
+7.0 umolberry™; PS: 218.3+12.9 pmolberry ’; BC:
214.6 +11.0 pmol.berry™'; VB: 196.7 + 66.1 pumol.berry ™),
then the concentration tended to decrease until the end
of veraison (VE: 97.0 + 8.2 umol.berry 1), after which it
remained unchanged wuntil harvest (H: 1109+
15.9 pumol.berry™!). The profile of tartaric acid quantity
per berry increased significantly from flowering until
the beginning of veraison (from 1.5+ 0.1 umol.berry™
for FB, to 90.9 + 7.0 umol.berry™! to VB), in accordance
with berry herbaceous growth (Table 1). During the
maturation phase the quantity increased anew up to

harvest (H: 227.5 + 31.8 umol.berry™'). In 2013 (Fig. 4b,
d) a peak of concentration was observed at pea-size
stage (PS: 115.2 + 9.0 umol.berry™?), followed by a slight
decrease until the end of veraison (VE: 47.4+
12.6 umol.berry ). The profile of quantity per berry in-
creased significantly from flowering until the beginning
of veraison (from 0.6 + 0.1 umol.berry " at FB, to 100.2
+14.6 umol.berry " at VB), as in 2011. However, during
the maturation phase, the quantity decreased and then
tended to remain unchanged until harvest (VE: 71.5 +
18.9 umol.berry™; H: 79.1 + 7.9 pumol.berry ™).

Moreover, quantity of total ascorbate and tartrate, and
their concentrations were found to be two or three times
greater (depending on the stage of development) in 2011
than in 2013, which could suggest a vintage effect.

Developmental expression of gene-encoding enzymes of

the ascorbic and tartaric acid pathways

For both the 2011 and 2013 vintages, it was observed
that profiles of expression of the gene-encoding en-
zymes in the Smirnoff-Wheeler pathway (ie. VWGME,
WVTC2, VwGLDH, VvL-GalDH) were comparable (Fig. 5a,
b, ¢, d, f, g, h). They were characterized by a first phase
corresponding to an increase in the transcription level of
the four genes during herbaceous growth. In 2011 the pro-
files of these gene expressions rose to a maximum at
bunch closure (BC: VWGME: 1.5+ 1.2; VWWVTC2: 0.9 +0.7,
WGLDH: 0.9 + 0.6, WL-GalDH: 2.8 + 1.7). Following this
increase, the expression of the same genes decreased
from the start of veraison until the end of the matur-
ation phase (WGME: 75-fold; VWwVTC2: 141-fold;
VWGLDH: 43-fold; VWL-GalDH: 14-fold). In 2013 ex-
pression profiles of the four genes were more intense
and less homogenous than those of 2011; during the
herbaceous growth phase, one peak of expression oc-
curred at the pea-size stage (PS: VWGME: 2.7 +1.7;
WVTC2: 2.6 £0.9, VWGLDH: 3.6 + 5.3, VvL-GalDH: 4.6
+2.7), and was earlier than in 2011. Following this, dur-
ing the maturation phase, the VwGME and VvL-GalDH
expression profiles showed a maximum expression at

Table 2 Developmental profile of total acidity during the maturation phase

Total acidity (g. L-1 of H2S04) VB VE H
Vintage 2011 59DAA 66DAA 73DAA 81DAA 87DAA 94DAA 101DAA 108DAA
Vintage 2013 25.1 203 15.7 114 8.6 72 6.1 6.2

Unit = gram of H,S0, per liter of must (g. L™ of H,50,). Values are the mean of 20 grapes randomly collected at regular intervals from the beginning of veraison

until the harvest, pressed, and the musts analyzed; DAA days after anthesis
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the beginning of veraison (VB: VW\GME: 8.2+7.8; VvL-
GalDH: 13.9 + 13.7) which was not observed in 2011.
Therefore this second phase of expression level increase
might be the result of a vintage effect.

However, the VWL-IdnDH expression profile (Fig. 5i, j)
differed from that of the previous 4 genes, for both the
2011 and 2013 vintages. In 2011 a high level of WWL-
IdnDH expression occurred from the beginning of the
growth phase until the bunch closure stage (BC: 4.9 +
4.7), which was followed by a significant drop in the
transcription level of VwL-IdnDH up to the beginning of
veraison (35-fold lower at VB). In 2013, the level of VvL-
IdnDH expression during the herbaceous growth phase
was less intense than that of 2011, which might demon-
strate a vintage effect. A high level of gene expression
was found during this phase, as was the case in 2013,
but the maximum appeared earlier, at the pea-size stage
(PS: 1.9+ 0.5). Following this peak, the level decreased
until the bunch closure stage, thereafter tending to re-
main unchanged until harvest (from 0.9 0.1 at BC, to
0.3+0.04 at H).

Developmental translation of ascorbic and tartaric acid
gene-encoding enzymes

The migration of the protein samples was stopped before
their separation on the gel, thus no information about the
size of their peptides is available. In the present study, MS
was quantified with the aim of measuring the partial acid
metabolism from proteome, comprising the four major
soluble proteins belonging to the biosynthetic pathway of
tartaric acid: GME, VTC4, L-GalDH, L-IdnDH. The four
proteins of interest were detected at all stages of develop-
ment in both the 2011 and 2013 vintages, with greater
abundance during 2013 which could be the result of a vin-
tage effect (Fig. 6).

Firstly, there was a difference between the abundance
profiles of the three enzymes involved in the synthesis of
ascorbic acid. In 2011, the GME profile (Fig. 6a) was
constant until harvest (around 0.03E*®), with a non-
significant peak at the bunch closure stage. In contrast,
2013 GME abundance (Fig. 6b) was generally higher
(around 7.7 E*°) showing a contrasted pattern throughout
the season; GME decreased significantly from ea-size until
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harvest (from 16.6E® + 1.3E*® at PS, to 34E*® + 2.1E*® at
H). The evolution of VTC4 profiles was similar for the
two vintages (2011: Fig. 6¢; 2013: Fig. 6d). Nevertheless,
both profiles differed from those of GME: the levels of
abundance remained constant from the beginning of flow-
ering (FB) until harvest (H) (around 0.02E*” in 2011; 2.7E
*7 in 2013). Concerning L-GalDH, the profile evolution
was constant in 2011 (Fig. 6e) as was the case for GME.
For the 2013 vintage (Fig. 6f), a high level of protein abun-
dance was measured (around 3.3E"7) during herbaceous
growth, with a significant peak at the pea-size stage (PS:
13.2E*7 + 34E"). Following that, a drop in L-GalDH
abundance from the end of veraison until the maturity of
the berry was detected (from 1.0E*”+0.5E*” at VE, to
0.14E*7 + 0.01E"” at H).

Secondly, in contrast, the protein abundance profile of
L-IdnDH was different from that of the enzymes in-
volved in the synthesis of ascorbic acid, particularly in
the 2011 vintage (Fig. 6g). Its abundance was observed
to remain stable (around 0.8E*® in 2011, and 110E*® in
2013) from the beginning of growth until the end of this
phase, with a peak at the bunch closure stage in 2011

(BC: 0.9E*®+0.1E*°), or at the pea-size stage in 2013
(PS: 150E*°+20E*% Fig. 6h). For both vintages, L-
IdnDH abundance subsequently decreased during mat-
uration (around 2.33-fold in 2011 and 2.38-fold in 2013).

Developmental profile of L-IldnDH enzyme activity

In 2011 (Fig. 7a, c), the profile of L-IdnDH enzyme activity
showed two peaks separated by a period of very low activ-
ity. Globally speaking, the activity occurred at the early
stages of vegetative growth, with a maximum at the pea-
size stage (PS: 9.5+ 6.8ukat.gFW ' 1.1 +0.8ukat.berry ')
followed by a decrease (9.1-fold (ukat.gFW ™) and 2-fold
(ukatberry™)) in activity at bunch closure. Curiously, a
second peak measured during maturation (VE: 2.3+
1.3pkat.gFW™; 4.2 + 2.6pkat.berry ') may be linked with a
vintage effect. In the same way, in the 2013 vintage (Fig.7b,
d), the profile of L-IdnDH enzyme activity presented one
significant peak during vegetative growth, at pea size (PS:
57.9 + 26.6ukat.gFW ; 5.3 + 2.6pkat.berry ™), followed by a
period of low but stable activity from bunch closure until
harvest (from 11.6 +7.3ukat.gFW ' 9.5 + 5.0pkat.berry "
at BC, to 13.4 + 3.6pkat gFW; 20.3 + 4.4ukat.berry at H).
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Fig. 5 Normalized mean (with UBi and EFi) of transcription of specific genes during grape berry development. GDP-D-mannose-3, 5 epimerase
(VWGME) during 2011 (a) and 2013 (b); GDP-L-galactose phosphorylase (WVTC2) during 2011 (¢) and 2013 (d); L-galactose dehydrogenase (Vvl-GalDH)
during 2011 (e) and 2013 (f); L-galactono-1,4-lactone dehydrogenase (VWGLDH) during 2011 (g) and 2013 (h); L-idonate dehydrogenase (VvL-IdnDH)
during 2011 (i) and 2013 (j). The developmental stage of veraison is indicated by a grey dotted box. The reference stage is indicated by the colored
histogram. Error bars are standard errors of three biological replicates and duplica technical (Q-PCR analysis) replicates. (*: significant difference in
Friedman test (a = 0.05)). FB: flowering beginning; PS: pea-sized; BC: bunch closure (berries touching); VB: veraison beginning (10 % ripe berries); VE:
verasion end (80 % ripe berries); H: harvest (maturity); GME: GDP-D-mannose-3, 5 epimerase; VTC2: GDP-L-galactose phosphorylase; L-GalDH: L-
Galactose dehydrogenase; GLDH: L-galactono-14-lactone dehydrogenase; L-IdnDH: L-Idonate dehydrogenase

The lower level of enzymatic activity in 2011 as com-
pared to 2013 (6.1-fold) indicates the existence of a signifi-
cant vintage effect.

Discussion
The overview of all the results assists in the analysis of the
interactions between the parameters studied, and some
interesting biological observations have been highlighted.
Firstly, in Ugni blanc grape berries, the expression
profile of the VWGME, WWVTC2, and VvL-GalDH genes
corresponds to the results obtained with other cultivars
[9], but also to those obtained with other plants such
apple leaf [35] or tomato fruit [34], which confirms the
common phylogenetic heritage of the Smirnoff-Wheeler
pathway in higher plants. However, the expression pro-
files of these genes appeared correlated, as is the case for
other fruit varieties [34, 35], but this is not always the
case for other Vitis vinifera L. cultivars. Indeed, con-
cerning VYGLDH, the expression profile was correlated
with that of other genes (WGME, WVTC2, VvL-GalDH)
in Ugni blanc berries, but in South-Australian Shiraz ber-
ries, it was not the case [9]. WGLDH regulation in Vitis
vinifera L. does not appear to be strongly dependent on
the stage of berry development. This regulation could be
influenced by environmental effects such as sunlight [10,
39], which is not the same in the Cognac region of France,
and in South-Australia. Moreover, this effect could explain
the variations in patterns of gene expression observed
between 2011 and 2013. Concerning VvL-IdnDH, the early
peak of expression observed suggests a regulation of this
gene in Ugni blanc berries early in their development,
prior to flowering, as is the case in other cultivars e.g.
Shiraz, Cabernet sauvignon and Chardonnay [9, 10, 41,
42]. This regulation does not seem to be cultivar or envir-
onment dependent. On the other hand, VWL-IdnDH regu-
lation seems to be connected with the ascorbate level
which could play a role of activator of transcriptional
regulator. Our results have shown on the one hand that
the evolution patterns of the relative expressions of
Smirnoff-Wheeler genes do not seem to be correlated
with those of VvL-IdnDH and, on the other hand, that all
Smirnoff-Wheeler genes had higher levels in 2013 as
compared to 2011, whereas opposite results were found
for VwL-IdnDH. These conclusions are confirmed by the

vintage effect observed on the levels of relative gene
expression. These results suggest that the enzymes that
are involved in the tartaric acid synthesis act independ-
ently of the enzyme suite involved in the Smirnoff-
Wheeler pathway.

Secondly, proteomic analysis of Ugni blanc berries dem-
onstrated that, during the herbaceous growth phase, as is
the case for the level of VWGME expression, the level of
GME abundance was lower in 2011 than in 2013. In the
2011 vintage, the growth phase was drier than in 2013,
which explains the smaller berry size [45] in 2011. GME
plays a key role in ascorbate biosynthesis but also in the
biosynthesis of cell-wall compounds by affecting both cell
division and cell expansion [28, 30, 43, 44]. Taken together
these data suggest that the degree of involvement of GME
in cellular metabolism during the growth phase of grape
berries is not the same in different vintages. The ascorbate
richness of green berries in 2011 suggests that the func-
tional pathway of GME for the ascorbate biosynthesis
takes priority over the biosynthesis of cell-wall com-
pounds, which is coherent with the formation of smaller
berries. This metabolic variation may be affected either by
water deficit and/or by other parameters linked with the
vintage conditions. In addition, as is the case for Smirnoff-
Wheeler proteins, the level of L-IdnDH abundance is
modified by vintage effect. During the herbaceous growth
phase this level was lower in 2011 than in 2013, which is
in contradiction with the level of VvL-IdnDH expression.
It may be that the level of tartrate can have a “feedback”
effect on the level of L-IdnDH translation. Thus, a low
level of tartaric acid accumulation (as was the case in
2013) could activate L-IdnDH translation, inducing the
pathway activation downstream of 5, keto-D-gluconic
acid, which may stimulate the production of an un-
known inhibitor of tartrate synthesis. In the opposite case,
the limitation of the pathway between 5, keto-D-gluconic
acid and tartrate would not permit the activation of this
inhibitor and would permit tartrate synthesis in large
quantities (as was the case in 2011). Put otherwise, protein
accumulation patterns are positively correlated for GME
and for L-IdnDH (Additional file 1: Figure S1 and Add-
itional file 2: Figure S2), raising the question as to whether
GME abundance may induce a regula