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Abstract: Studying changes in partitioning of dry matter and nonstructural carbohydrates (NSC)
content in both aboveground and underground perennial tissues in drought-affected grapevines
could provide insights into plant response and carbon allocation strategies during stress periods.
The analysis of soluble NSC and starch content in leaf petioles, due to their role in hydraulic
segmentation, should also be considered. In the present research, these aspects have been investigated
in Merlot grapevines grown in pots and subjected to progressive and increasing soil dehydration,
and in well-irrigated vines. Drought conditions caused drastic reduction of shoot elongation and
total plant leaf area development in favor of a greater biomass allocation and partitioning towards
roots, where most of the NSC reserves were also conserved. Dry matter content of the perennial
organs increased in stressed vines due to growth reduction, allocation of carbon reserves and possible
anatomical modifications. Vines subjected to drought showed a higher NSC content in petioles,
supporting the hypothesis that they are involved as compatible solutes in osmotic adjustments.

Keywords: drought; Vitis vinifera; NSC; Merlot; dry matter allocation

1. Introduction

It has been ascertained that future global warming scenarios will increase the drought
risk in most cultivated regions in the next several decades [1–3]. Drought can seriously af-
fect crop yield and quality, and, in exceptional cases, crop survival [4–6]. Where applicable,
irrigation practices are largely adopted to compensate seasonal water deficit, even though
such practices may also generate negative environmental aftermaths [7]. In this context,
agricultural research must deal with this emerging problem by either optimizing water
usage or creating more tolerant/resistant breeds. To achieve these objectives a deeper un-
derstanding on the responses and on the mechanisms implemented by plants under stress
conditions is needed. Grapevine (Vitis vinifera L.) is mostly cultivated in Mediterranean
climate areas but has been also gradually expanding to other climatic regions. Grapevine
has demonstrated a high phenotypic plasticity and is considered as a model perennial plant
in many studies in plant science. Under water deficit conditions, stomatal closure is one
of the main physiological responses adopted by plants and could have strong effects on
plant carbon balance. The regulation of stomatal closure in relation to the water potential
has been proposed as a crucial discriminant between two distinct behaviors: isohydricity
and anisohydricity [8]. Moreover, Schultz [9] demonstrated that in grapevines both of
these behaviors are present, but this categorization is not strictly genotype-dependent and
could be influenced by environmental factors [10,11]. Thus, there is no clear evidence
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on which of the two behaviors is most performant under drought [12]. Even though
Hochberg et al. [10] suggested that the terminology should be reconsidered, it is still con-
sidered convenient. Isohydric plants are more prone to stomatal closure and therefore
are more subject to carbon starvation; as opposite, the anisohydric varieties, accepting a
major risk of dehydration, can maintain high photosynthetic rates during water shortages.
The sugars produced by photosynthesis are mainly allocated in three ways: i. consumed
by the primary or secondary metabolism; ii. invested in new growth; or iii. accumulated in
the reproductive organs or stored in the perennial organs. As far as plant metabolism is
concerned, there are many chemical compounds and pathways involved in water stress
responses that may create complex and aggregated modulations, most of which are not yet
fully understood [13–15]. The different carbon allocation between sinks (new vegetation or
storage organs), and therefore investments in the brief or long term, could have a consistent
impact on the carbon balance. Due to water deficit, modifications on the root to shoot ratio
have been observed in many plant species [16,17]. In fact, shoot growth is often reduced,
favoring root growth, in order to increase water absorption and to explore deeper soil
layers [18]. Starch is an amorphous glucose polymer and by far the major carbon reserve
compound in the plant kingdom. Starch accounts for the main part of the nonstructural
carbohydrates (NSC), and can be efficiently converted in soluble sugars, if necessary [19].
Soluble sugars are primarily involved in plant metabolism but can also play an important
role in signaling and osmoprotective processes [20].

This study aims at parsing the multifaceted role of NSC metabolism in plants, investi-
gating the interplay between NSC allocation and partitioning and plant growth as drivers
of plant plasticity during water deficit events. We hypothesized that NSC are involved as
compatible solutes in osmotic adjustments in vines subjected to drought. We tested such a
hypothesis in a trial designed to oblige vines to experience a progressive and increasing soil
dehydration, creating favorable conditions for the implementation of adaptive strategies.

2. Materials and Methods
2.1. Plant Material and Modulated Drought Stress Treatment

The experiment was set up in the experimental farm “A. Servadei” of the University
of Udine (Udine, Italy) (46◦02′ N, 13◦13′ E; 88 m a.s.l.) in the summer season 2020. At DOY
(day of year) 128 (7 May), 112 one-year-old vines (Vitis vinifera L., VCR—Rauscedo, Italy)
cultivar Merlot (clone R18 grafted onto SO4 rootstock) were bed out on 20 L pots filled with
a mixture of soil (80%) collected at the farm site (2 cm-sieved, 50% sand and 20% clay) and
peat (20%). The experiment was conducted under a tunnel with open sides covered with a
polyethylene film to exclude rain watering. At the beginning of June, the tunnel film was
whitened with a shade paint (ca 30% light attenuation) to avoid excessive radiation-induced
overheating of the air and pots. Vines were arranged on four single rows (1.3 × 0.4 m) with
a NW-SE orientation. To limit environmental differences, the rows were divided in two
plots (with alternated treatments) consisting of 12 plants each and 2 additional plants at the
row heads were disposed as buffers. One shoot was trained vertically, whereas bunches
and lateral shoots were regularly removed.

For each vine row, a drip irrigation line was placed with four emitters per pot (PCJ
2 L h−1, Netafim, Hatzerim, Israel), keeping all plants well-watered until the beginning of
the experiment. At DOY 205 (23 July) the treatments were set as follows: the control (well-
watered, WW) plants were irrigated with 100% of ETLYS (lysimeter evapotranspiration)
throughout the experimental period; the stressed vines (water stressed, WS) received
50% of ETLYS up to DOY 237 and then the regime was halved (25%) until DOY 260
(16 September). Irrigation was supplied every day during the night. The daily ETLYS
was directly determined as the average water loss calculated on four potted vines (of the
group WW) placed each on a scale (self-constructed) that served as a lysimeter. The same
system was previously described by Hochberg et al. [21]. Moreover, four other scales were
used to monitor the ET in WS plants throughout the experiment.
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2.2. Plant Water Status and Gas Exchange Monitoring

On weekly basis, stem water potential (Ψs) and gas exchange parameters were mea-
sured on fully expanded leaves throughout the experiment. To assess the Ψs, the leaves
were bagged and covered with aluminium foil 1 h before the measures, which took place
during sunny days around midday (between 12 am and 2 pm). After that time, the leaves
were collected singularly and the petioles were excised using a razor blade. While still
bagged, the leaves were immediately placed into a Scholander’s pressure bomb (Soil Mois-
ture Co., Santa Barbara, CA, USA) and pressurized using a nitrogen cylinder. The Ψs was
determined when the xylem sap was visibly spurting out from the cut end of the petiole.
The weekly data of Ψs were computed to calculate the integral of the accumulated water
deficit using the model proposed by Fernández et al. [22]. The plants were transferred to
the laboratory the day before the sampling date and maintained in the dark until process-
ing started (at 7 am). The gas exchange parameters were measured using an infrared gas
analyzer (LI-6400, LI-COR corp., Lincoln, NE, USA). The measurements were taken at a
constant light intensity (1000 µmol m−2 s−1) as well as CO2 concentration (400 µmol mol−1)
and ambient temperature and humidity. The intrinsic water use efficiency (iWUE) was
calculated by dividing net photosynthesis (PN) by stomatal conductance (gs).

2.3. Morphometric and Biomass Measurements

The evaluations were performed at three sampling times: T0 (pre-treatment); T1,
32 DOE (day of experiment); and T2, 55 DOE. Shoot (at internode between 4th and 5th
leaf) and petiole (at 4th leaf) portions were sampled for the NSC analysis. Then, the whole
root of each grapevine was discarded from the pot, quickly washed under tap water and
thoroughly cleaned with compressed air from soil particles. A pool of three fine root
portions (cut approx. 5 cm from the tip, corresponding to the maturation zone of the
primary root [23], and with 2.5–3 cm length) was immediately sampled for biochemical
analysis.

The remaining roots, main leaves and the whole annual shoot were separately weighed
to assess fresh weight (FW). After this step, all leaves of each vine were placed on an
optical scanner to estimate their area, enabling the assessment of three morphological
characteristics: total leaf area, mean leaf area and leaf number per each vine. Root, leaf and
shoot samples were then dried at 70 ◦C for 48 h to provide the dry biomass weight (DW)
and the measurements of their dry matter content (DMC) expressed as mg DW g−1 FW [24]
as well as the root-to-shoot ratio (R/S).

2.4. Measurements of Non-Structural Carbohydrates

The extraction of starch and total soluble NSC was performed as described in [25],
with the following modifications: after extraction with 80% ethanol, soluble carbohydrates
were recovered in the alcoholic supernatant, while the pellet (containing both starch and
maltodextrin oligosaccharide fractions) was incubated in 0.5 mL 2 mM HEPES-Tris pH 6.7
at 25 ◦C overnight. After a 14,000× g centrifugation for 5 min, solubilized maltodextrin
oligosaccharides were recovered in the suspension and combined with all soluble carbohy-
drate fraction (hereinafter referred to as total soluble NSC), whereas the remaining starch in
the pellet was processed as already detailed. Starch and total soluble NSC were quantified
by the Anthrone assay method [26], as outlined in [27], and expressed as mg of glucose
equivalent g−1 DW by using standard solutions of amylose and glucose for calibration
curves of starch or soluble sugars, respectively.

2.5. Statistical Analysis

The effect of treatment, time and their interaction on morphometric and biochemical
parameters were tested using a two-way analysis of variance (ANOVA). ANOVA as-
sumptions were checked by diagnostic plot of residuals. When necessary, variables were
subjected to logarithmic transformation. A posteriori pairwise comparison of means was
performed using Tukey’s test (p < 0.05) only where significant interactions were found.
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Correlations between morphometric and biochemical variables were also assessed by
Pearson test.

All the statistical analyses were performed in R statistical software (v. 4.0.3) [28].
Outlier records were detected by the function “outlier Test” of the ‘car’ package [29] and
removed from models (where p < 0.01).

3. Results
3.1. Water Plant Status and Use Efficiency

The Ψs is a reliable measure to assess plant water status [30]. During the experiment
stressed vines reached a minimum value of −0.88 MPa, suggesting that severe dehydration
levels were avoided. The trend of the plant water status shows an increasing difference
between WW and WS during the experiment (Figure 1A).
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Figure 1. Split lines interpolating mean value (full color line) ± standard deviation (shaded area) of
water deficit integral (panel A), crop evapotranspiration (panel B) and water use efficiency (panel C),
measured in Merlot vines under well-watered (WW—blue line) and water stress (WS—red line)
conditions. Data are referred to the whole experimental period.

WW ETLYS trend (Figure 1B) was closely related to the variability in the environmental
conditions. Differently, in case of the WS plants, the daily variation of the ETLYS tended to
stabilize as a consequence of the drought progression. Thus, the limited water availability
during the stress period obliged WS vines to optimize their water consumption. Intrinsic
WUE at leaf level (Figure 1C) was constantly higher in WS plants except for the final
measurement when, due to the prolonged water deficit conditions, the values of PN in WS
plants suddenly dropped down. Concerning this point, all the considered gas exchange
parameters (PN, gs and E) were significantly reduced in WS during the water deficit
interval (Figure S1).
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3.2. Biomass and Morphometric Traits in Different Organs in Response to Modulated
Drought Stress

Root and shoot biomass parameters were consistently correlated in both treatments
whereas a lack of a consistent correlation pattern was observed when comparing these
variables and leaf morphometric traits (Figure S2).

3.2.1. Morphometric Parameters in Leaf

As it is shown in Table 1, a highly significant effect was observed when considering
drought-modulated stress factor and the interaction between treatment and time. Wa-
ter restriction caused a significant reduction in number of leaves per plant at both stages
analyzed (Figure 2A). In WS plants the decrease in leaf number at T1 was significant in
respect to WW. In September the number of leaves per plant in WS vines was further
reduced, whereas an inverse behavior was observed in WW, where this trait remained
substantially stable.
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Figure 2. Mean values ± standard deviation of leaves number (panel A), and mean leaf area (panel B)
in Merlot vines under well-watered (WW) and water stress (WS) conditions at sampling times T1 and
T2 (237 and 260 DOY). The horizontal dotted line indicates the value of the variables at T0 (205 DOY).
Different letters correspond to statistically significant differences (p < 0.05).

Mean leaf area was highly related to the extent of expansion of the foliar lamina in the
canopy and, hence, theoretically also to the water status of the plant. The ANOVA results
showed that variance in mean leaf area was significantly affected by water supply (Table 1).
Notably, mean leaf area changed in an opposite way during the experiment when consider-
ing WW and WS, respectively (Figure 2B). Nevertheless, leaves were always constantly
smaller in their average size in WS plants, regardless the stress intensity. The difference in
leaf size was larger at the first level of stress and then it reduced in September, after the
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second drought treatment. Distinctly, WW exhibited an enhanced average leaf area only in
the early season (starting from the initial value in July of 5870 ± 1164 mm2, dotted grey
line in Figure 2B), which declined from August.

Table 1. Outcomes of the analysis of variance (two-way ANOVA) applied to leaf number, mean leaf
area, shoot and root DMC, and R/S ratio in relation to drought stress (treatment), time and their
interactions.

Factor Df F Value p-Value

Leaves number
Time 1, 22 2.89 0.103

Treatment 1, 22 48.40 <0.001 ***
Time × Treatment 1, 22 5.76 0.025 *

Mean Leaf Area
Time 1, 22 0.41 0.528

Treatment 1, 22 34.67 <0.001 ***
Time × Treatment 1, 22 3.56 0.072

log(Shoot DMC)
Time 1, 22 213.21 <0.001 ***

Treatment 1, 22 53.49 <0.001 ***
Time × Treatment 1, 22 8.17 0.009 **

log(Root DMC)
Time 1, 23 27.77 <0.001 ***

Treatment 1, 23 204.32 <0.001 ***
Time × Treatment 1, 23 0.22 0.639

log(R/S ratio)
Time 1, 24 60.35 <0.001 ***

Treatment 1, 24 16.60 <0.001 ***
Time × Treatment 1, 24 0.69 0.411

*, ** and *** significance at the p < 0.05, 0.01 and 0.001 levels, respectively.

3.2.2. Dry Matter Content and Morphometric Parameters in Shoot

Shoot DMC was mainly predicted by time, drought and their interaction (Table 1).
Accumulation of dry mass in annual shoot increased throughout the season in WW:

compared to T0 (dotted grey line, Figure 3A), it showed ~21% growth at T1 in August
and +80% at the final sampling time T2. When grapevines were subjected to increasing
drought levels over time, shoot DMC was always significantly higher than in irrigated
vines at both sampling times, as compared to the control. Similar to what was observed
in WW, shoot DMC also continued to significantly grow throughout the season, despite
water stress, with a larger change (dry mass was even doubled at the end of the experiment
compared to the initial level in July, where in WW the increase was equal to ~80% more of
the initial state).

When we consider total shoot DW, chosen as good predictor of organ growth, it was
evident that treatment strongly explained most of the variance, while timing was not
significant (Table S1). More in detail, in control vines a significant gradual development
of the whole annual shoot (as total DW) was detected (Figure S3A). In contrast to what
was assessed for DMC, drought stress caused a different effect on total shoot DW, since all
stressed vines resulted in an overall reduction in their values compared to well-watered
ones. Nonetheless, WS vines continued to grow in their total shoot mass over the whole
experiment time, although at a lesser extent, compared to WW. Overall, shoot DW increased
by ~176% from the initial level to the one measured at the end of experiment, despite the
ongoing severity of drought stress.
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3.2.3. Dry Matter Content and Morphometric Parameters in Root

DMC was highly affected over time and by drought in root, though their interaction
was not significant, differently to what was shown in shoots (Table 1).

WW plants exhibited an increasing root DMC throughout the period of the experiment
(Figure 3B), as well as WS vines. It is noteworthy that water limitation caused a strong
significant enhancement in root DMC, as evidenced by the large increase observed in WS
in August (+64%) and in September (+59%) compared to their relative control.

Regarding the effect on root growth, estimated as total DW, the variance was signifi-
cantly described by both time and treatment factors, without any significant interaction
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among them (Table S1). Specifically, a steep increase of root DW in WW samples was
also observed (Figure S3B) over time, reaching three and five-fold greater values than T0
in T1 and T2, respectively. As in shoot, WS vines exhibited a strong reduction in root
development, though accompanied by some increase over time. In August, root DW
was 19.8 ± 2.76 g (2.5-fold more compared to initial level and −20.5% compared to the
respective control) and during the second stress grew to a value of 30.48 ± 4.00 g (a 3.9-fold
increase compared to initial level and −27% with respect to its control).

3.2.4. Root-to-Shoot Ratio

ANOVA results highlighted clearly that this variable displayed important changes
between treatment and time but not for their interaction (Table 1). Grapevines distributed
more biomass in their underground organs than in leaves and shoots at the end of growing
season in September, and this physiological aspect was evident in both WS and WW
(Figure 3C). In WS samples the ratio was greater than in WW, in both T1 (+33%) and
T2 (+20%).

A stronger direct correlation was observed among the R/S ratio and root DMC
observed in WS compared to WW (r = 0.853, Figure S2). We also observed a significant
negative correlation between root DMC and leaf number found only in WS (r = −0.789,
Figure S2).

3.3. Non-Structural Carbohydrate Content in Different Organs in Response to Modulated
Drought Stress

A lack of a consistent correlation pattern between soluble NSC and starch in the
various organs considered was observed in both treatments (Figure S2).

3.3.1. NSC Content in Leaf Petiole

Time and treatment differently influenced petiole starch and soluble NSC content
(Table 2). Petiole starch concentration significantly changed over the season timing, while no
differences were found due to water stress. Conversely, soluble NSC content was affected by
the water treatment and time; no significant interaction between the two factors was observed.

Table 2. Outcomes of the analysis of variance (two-way ANOVA) applied to starch content and total
soluble NSC content in petiole, shoot and root in relation to drought stress (treatment), time and
their interactions.

Factor Df F Value p-Value

PETIOLE log(Starch)
Time 1, 17 6.14 0.024 *

Treatment 1, 17 0.47 0.504
Time × Treatment 1, 17 0.02 0.883

PETIOLE Total NSC solubles
Time 1, 15 6.20 0.025 *

Treatment 1, 15 27.21 <0.001 ***
Time × Treatment 1, 15 0.05 0.824

SHOOT Starch
Time 1, 24 104.48 <0.001 ***

Treatment 1, 24 83.73 <0.001 ***
Time × Treatment 1, 24 11.08 0.003 **

SHOOT Total NSC solubles
Time 1, 24 0.04 0.835

Treatment 1, 24 0.75 0.395
Time × Treatment 1, 24 2.96 0.098
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Table 2. Cont.

Factor Df F Value p-Value

ROOT Starch
Time 1, 21 0.41 0.528

Treatment 1, 21 1.36 0.256
Time × Treatment 1, 21 0.10 0.756

ROOT Total NSC solubles
Time 1, 23 15.91 <0.001 ***

Treatment 1, 23 2.66 0.116
Time × Treatment 1, 23 13.77 0.001 **

*, ** and *** significance at the p < 0.05, 0.01 and 0.001 levels, respectively.

The pattern of starch pool was similar in both WW and WS along the experimental pe-
riod (Figure 4A), showing a gradual increase from the beginning of the drought imposition,
throughout T1 and T2.

The pattern in total soluble NSC changes was different to what was observed in starch,
as drought always induced a significant accumulation of these carbohydrates, despite the
intensity level of imposed stress (Figure 4B). More in detail, the increase in total soluble
NSC in WS petiole was +29% at T1 and +24% at the second period, as compared to WW
values. Again, a gradual increase in their concentration was also appreciable, encompassing
the entire period of experiment, reaching higher values at T2 with respect to what was
detected at the previous stage (+13.4% in WS, whereas it corresponded to +8% in WW).

3.3.2. NSC Content in Shoot

When comparing the effect of drought and time on the specific pools of NSC in shoot,
a more complex situation could be observed. ANOVA analysis revealed that the differences
in starch content could be significantly attributed to the two experimental factors and
their interaction (Table 2). Total soluble NSC was similar, as highlighted by the lack of
significance for all factors including their interaction.

As can be observed in Figure 4C, starch was increasingly accumulated throughout the
considered period in shoot from both WW and WS. In WW, starch concentration ranged
from an initial concentration of 46.00 ± 16.14 to 50.06 ± 8.83 mg g−1 at T1, and then it
doubled by the final stage. In WS vines, the increase was 1.85 times more with respect
to the initial value at T1 and even 3.6 times more at T2. As a result, at the last stage,
when WS vines were subjected to the more severe drought level, starch content in shoot
was significantly higher compared to WW, reaching 82% of increase.

Unlike starch, the total soluble NSC pool changed in both WS and WW plants during
time and over treatment with an inverse pattern (Figure 4D). Specifically, a slight increase
(6.5%) in NSC content in WW shoots was ascertained, reaching the level of 126.18 ± 8.86
and 134.49 ± 16.33 mg g−1 at T1 and T2, respectively. WS vines accumulated high levels
of soluble NSC at the first sampling time (140.40 ± 14.19 mg g−1, +11% with respect to
control), but later at T2 they reduced their shoot concentration to the far lower value of
129.78 ± 17.35 mg g−1, similarly to what was found in WW.

Finally, observing the correlation pattern between shoot morphological traits and
NSC, we found that shoot DMC and shoot starch in both WW and WS grapevines were
significantly correlated (r_WS = 0.639; r_WW = 0.828, Figure S2).
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3.3.3. NSC Content in Root

In roots, starch was neither influenced by any of the considered factors, nor by their
combination, whereas in the case of total soluble NSC both sampling time and the interac-
tion (time × treatment) became significant (Table 2).

In WW vines, starch was accumulated in the first period of experiment (+32% from
July to August). Further, starch reserve levels were not affected on T2. WS plants followed
a similar pattern (+23% compared to the basal concentration) (Figure 4E,F). Afterwards,
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starch content did not change in more stressed roots at T2, quite similar to the same level
previously seen in WW.

When considering the total soluble NSC content in roots at T1, a lack of significance
was found due to water supply treatment. Then, the level of NSC in WS roots remained
quite the same, whereas in well-watered samples it drastically decreased (28% less than
in WS).

A lack of any significant correlation of root DMC (or any other morphological traits)
with neither root starch nor soluble NSC content, respectively, was found (Figure S2).

Finally, differently from petiole or shoot, root starch amount was predominant over
total soluble NSC pool. It was overall three times more than total soluble carbohydrates
independently of the experimental factors.

4. Discussion

The present study shows that WS plants were exposed to an increasing level of
drought, ranging from mild (50 < gs < 150 mmol H2O m−2 s−1) to moderate (<50 mmol)
intensity levels, as defined on the stomatal conductance basis [15,31] (Figure S1), and dis-
played also by increasing accumulated water stress values (Figure 1A). Given that stomatal
closure is one of the early well-known responses adopted by vine plants to protect from
the risk of hydraulic failure [12,32], we expected that WS would respond to drought by
drastically reducing gas exchanges and net photosynthesis. However, it has been found
that WS vines regulated their water use by largely enhancing iWUE (Figure 1C) from the
imposition of the mild water restriction on-wards. This was in accordance to what was
recently stated by authors [12,33], that different genotypes may exhibit substantial varia-
tions in the extent of their control on stomatal closure, depending also on environmental
conditions and intensity of stress. In some varieties, the plant exhibits a mild restriction
of gas exchange under drought conditions (i.e., anisohydric), sustaining photosynthesis
even at lower leaf water potential [9]. This leads to a trade-off between carbon assimilated
and water lost by transpiration and represents some degree of tolerance of the plant under
drought. Generally, this hydraulic behavior causes an improvement of the plant WUE
under moderate stress, as found in the present work.

This behavior, characterized by a gradual significant lowering of midday Ψs, con-
firmed that Merlot grapevines maintained their stomata only partially closed under
drought conditions, in agreement with what was reported by other researchers [9,14,34,35].
Since stomatal closure is usually less susceptible to water stress or temporally delayed
in anisohydric-like response, photosynthesis is also less constrained in comparison with
isohydric response. Thus, some authors suggested that anisohydric response could protect
against carbon starvation [36–38] and, hence, is more adapted to survive under conditions
of mild, prolonged drought [39]. Altogether, in our trial we can assume that the levels
of carbon assimilation under drought did not sacrifice allocation of NSC reserves in vine
perennial organs, at the expense of plant growth.

In accordance with the above suggestions, we found that both drought conditions
reached at T1 and T2 greatly affected plant growth through a differential biomass allocation
in root vs. shoot and leaf canopy (Figures 2 and 3). Indeed, although total root biomass
was significantly smaller, WS plants sacrificed mainly above-ground growth with respect
to their underground organ. This resulted also in the improvement of their water use
efficiency, as mentioned above, given that the restricted transpiration area was better
equilibrated to the limited water supply. Bringing all the results together, mild to moderate
stress induced the vines to stop the elongation of the annual shoots, thus reducing the
number of principal leaves compared to vines under well-watered regime. It is well-
known that soil water scarcity has a strong impact on grapevine shoots [31,40] by blocking
shoot internode extension, as well as leaf lamina expansion [21] and, when the drought
is particularly severe, even shedding leaves, to some extent [14]. In our experimental
conditions, WS was shown to face increasing drought imposition by maintaining on the
shoot a small, but large enough, number of mature leaves, characterized by a smaller
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leaf area if compared to WW. When drier conditions were reached at T2, WS vines also
experienced a significant loss of leaves. We speculate that at this stage the plant did not
develop the apical, less-expanded leaves of the shoot, as we found a strong inverse relation
among number of leaves and mean leaf area only in WS samples (r = −0.667 and r = 0.620
in WS compared to WW, Figure S2). In this regard, several studies have demonstrated
that under abiotic stresses, elevated levels of endogenous abscisic acid (ABA) inhibited
shoot growth [41], in addition to the best-known role of controlling stomatal closure and
promoting root elongation against lateral root formation [41,42].

Moreover, dry mass allocation was expected to be sensitive to environmental con-
straints, such as nutrient or water limitation, being changing over certain phenological
stages of a plant [43]. In our experiment, WS vines largely increased their DMC in roots and
shoots with respect to WW. DMC partitioning was favored more in roots than in shoots,
thus resulting in an increased root-to-shoot ratio in WS (Figure 3). These results were
also confirmed by a stronger direct relationship observed among R/S ratio and root DMC
observed in WS compared to WW (r = 0.853, Figure S2), or the significant inverse relation
between root DMC and leaf number found only in WS (r = −0.789, Figure S2).

Our results can be rationalized by the strategy that grapevines exploit to mitigate the
risk of hydraulic failure in case of water shortage, limiting canopy vigor in favor of the
underground organ. Preferential development of roots with respect to shoots is important
for more exploration into deeper soil layers, as already reported by various authors across
various species [31,43,44]. Additionally, a higher density of roots measured in WS could
suggest that grapevine roots under dehydration could afford other strategies to cope
with stress conditions, such as modifications of their anatomical tissues (e.g., increasing
suberin deposition in cell walls) [31,45,46] and/or by reducing vessel size or building
thicker walls of fibers [43,47]. Both these anatomical strategies cooperate in maximizing
water absorption [48], lowering grapevine root hydraulic conductivity. These acclimation-
induced anatomical adjustments, in association with modulated aquaporin expression or
activation at various extent in different varieties, could synergistically interact improving
iWUE under drought [49].

Interestingly, starch and soluble NSC content in roots were not affected by drought
imposition. Relatively elevated pools of soluble sugars were also preserved in both
WW and WS over time in order to push forward biochemical reactions for their inter-
conversion to starch. This was confirmed by the lack of any significant correlation of
root DMC (or any other morphological traits) with neither root starch nor soluble NSC
content, respectively (Figure S2). Nevertheless, it is also conceivable that root DMC in-
creased in Merlot grapevines under water deficit due to xylem anatomical changes, as it is
well-known that drought affects xylogenesis by reducing cambial cell layers and vessel
lumen [50–52]. These acclimatory modifications have been already demonstrated to occur
in some grapevine varieties in organs such as dormant cane stem [53], mature stem [54,55]
or leaf petiole [25,56].

As opposite, shoot DMC and shoot starch in both WW and WS grapevines were
significantly correlated (r_WS = 0.639; r_WW = 0.828, Figure S2), suggesting that in annual
shoot dry matter partitioning was mainly devoted to sustain starch reserves along the
vegetative season (from T1 to T2) and even along drought intensification (Table 2 and
Figure 4). The latter results thus point out that in Merlot water shortage firstly arrested or
decrease stem elongation and then delayed the depression of photosynthetic rate. Consis-
tently with this result, previous studies attributed NSC accumulation in drought-stressed
organs to a lag between decrease in growth and carbon assimilation [57]. This may cause
an improvement of carbohydrate allocation to the shoot, which protects the plant against
future abiotic or biotic challenges.

Given the importance of leaf petiole as one of the most vulnerable organs of the
grapevine plant to embolism occurrence during drought [58], NSC concentration was
followed in this organ during the modulation of stress. Differently from root and shoot
organ, NSC pools in leaf petioles were mainly ascribed to relatively higher concentrations of
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soluble sugars (>100 mg g−1 DW), instead of the starch counterpart (Figure 4). Considering
the leaf petiole, we could speculate that starch reserves are mainly ascribed to storage
in amorphous form, and soluble, osmo-compatible NSC fractions could be derived from
both photosynthesis and starch remobilization. Noticeably, in contrast to perennial organs,
soluble NSC in petioles were strongly affected by drought with a high level of significance,
being always higher in WS compared to WW (Table 2 and Figure 4). Moreover, a direct
relationship among soluble NSC and petiole starch (r = 0.683, respectively, Figure S2) was
observed in WS petioles, indicating that starch reserves sustained the high concentration of
soluble sugars. For instance, high levels of sucrose strongly correlated with starch content
in sprouting tubers of Arum species when its reserve pools started to be remobilized [59].

All together, these results could support the hypothesis that petiole soluble sugars
could be involved in osmotic regulation. Consistent with the present study, we recently
demonstrated that in Syrah variety showing a near-anisohydric response to a short se-
vere stress, maltose/sucrose levels increased over the whole drought imposition and also
two days after re-irrigation, suggesting the important contribution of the latter to turgor
maintenance [25]. Indeed, these sugars together with organic acids, proline, polyamines
and other osmolytes decrease leaf osmotic potential as already described in leaf meso-
phyll [12,14,60,61]. Additionally, besides their contribution to osmotic adjustment, elevated
soluble sugars contribute as nutrients or energy reserve, antioxidant activities, membrane
protection and cell integrity in parenchyma tissues, as well as favor an improved capacity
of hydraulic recovery [27,62]. In any case, it could not be excluded that in Merlot variety
also anatomical adjustments such as vessel size restriction at the petiole level actually
could simultaneously cooperate contributing to improve resistance to water limitation.
In this regard, in comparing petiole xylematic traits among Cabernet Sauvignon and Syrah
varieties, we have evidenced that anisohydric-like Syrah also produced narrower vessels
after experiencing a short severe drought stress [25].

5. Conclusions

The progressive water stress imposed on pot-grown Merlot grapevines caused a
drastic restriction in shoot elongation and total leaf area development in favor of a more
active biomass allocation and partitioning towards the underground organ. Overall,
the mitigation of the evaporative demand at the plant level operated by these long-term
adjustments is essential for drought tolerance and therefore vines could preserve, though
reduced, a sufficient C assimilation increasing their water use efficiency, even in front of a
risky lowering of water potential. The data clearly show that C fixation was mainly devoted
to preserving NSC (mainly starch) pools in roots at safe thresholds or even to enhance
them in woody stems, suggesting their pivotal role as strategic reserves in preparation
for facing future stresses. Nevertheless, investigation of anatomical changes and NSC
patterns in roots affected by drought is still scarce, and further studies are needed to better
understand the modifications imposed by water stress. Moreover, the elevation of soluble
NSC observed at the level of petioles suggests that they also potentially play the role of
osmoprotectants and osmocompatible compounds and not only as merely metabolic C
supply. To date, this strategy applies to anisohydric behaviour, confirming Merlot to belong
to this hydraulic category. Other experiments are ongoing and will be carried out in the
next future with the aim to examine the responses of varieties with different hydraulic
behaviour subjected to various scenarios of water constrains.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13172336/s1, Table S1: ANOVA table of root and shoot dry weight, Figure S1: Leaf gas
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