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Abstract: Mediterranean viticulture is highly dependent on soil water availability. Moreover, global
warming is likely to increase average temperatures and the frequency of heat waves, thus leading
to greater water scarcity. To cope with this situation, much research focused on the selection of
genotypes with higher water use efficiency (WUE). Several previous studies indicated that WUE
varies between genotypes of the Tempranillo cultivar with some showing interesting improvement in
the leaf WUE. Here, we assessed the associations between the leaf WUE and physiological parameters
in six selected Tempranillo clones. The plants were cultivated in pots and two water conditions were
applied sequentially: a well-watered period followed by a moderate water stress and recovery phase.
Growth parameters and intrinsic WUE were monitored during both periods. Pressure-volume and
AN /C;j curves were measured after the plants were re-watered. At the end of the season, biomass
accumulation and total irrigation water were used to calculate whole plant WUE (WUEwp). An/C;
curves revealed significant differences in several photosynthetic parameters, including mesophyll
conductance (gm), maximum velocity of carboxylation (Vemax) and leaf respiration (R). Clones RJ51
and 1048 both exhibited high WUE, but presented distinct physiological traits: RJ51 had the highest
gm, while genotype 1048, had the lowest R. This study confirms that physiological traits generally
explain the intracultivar diversity in WUE observed in previous studies.

Keywords: grapevine; intracultivar; clonal selection; photosynthesis; mesophyll conductance;
pressure—volume; water use efficiency

1. Introduction

Global warming represents a threat to Mediterranean viticulture due to the expected
scarcity of water in the region [1]. Substitution of current cultivars with those more adapted
to drought is one of several strategies proposed as adaptions to climate change [2—4].
Grapevine cultivars exhibit an invaluable source of genetic variability, with more than
1500 registered cultivars [5]. However, winemakers and consumers frequently prefer the
same reputed cultivars and are hesitant to replace their favorite varieties. Moreover, in
most viticulture areas, various protection authorities prevent the substitution of traditional
cultivars with others. In this context, exploitation of the genetic diversity of specific cultivars
could provide one strategy to improve the sustainability of viticulture and fulfil market
demands [6,7].

Water use efficiency (WUE) refers to the ratio of biomass accumulated based on water
use and, at the leaf level, is defined by the ratio of carbon fixation to water lost through
transpiration. WUE is widely used to evaluate the drought tolerance of various cultivars or
clones of the same species, between species [8,9], cultivars of the same crop [10-12] and
clones of specific cultivars [13-19]. WUE is traditionally assessed at two scales: whole
plant WUE (WUE,,p) considers the total gain in plant biomass divided by water wasted
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and intrinsic WUE, whereas WUE; is determined at the leaf scale as the net carbon gain
(AnN) per unit of stomatal conductance (gs). However, although some positive correlations
were reported [20], there is frequently a poor correspondence between the two WUE
values [21,22]. Several factors were proposed to explain the discrepancies between leaf
and plant WUE, including various unmeasured water or carbon losses, such as night
respiration and transpiration, canopy light interception, carbon loss from the roots and
carbon allocation changes [20,23-25].

After intensive study of the variation in WUE among grapevine cultivars [2,10,26,27],
our group evaluated the genetic diversity in WUE within the widespread Spanish Tem-
pranillo cultivar [16]. Tempranillo is one of the most reputed cultivars in Spain and has a
wide geographical distribution, with over 50 commercial clonal lines available to winemak-
ers [7]. We initially focused on evaluation of WUE; in different clonal collections in situ
under field conditions [17]. Subsequently, a selection of 23 contrasting clones was evaluated
under controlled conditions to enable a more environmentally controlled evaluation [19],
and the clones with the highest and lowest leaf WUE were identified. Moreover, these
cultivars exhibited significant variations in production—in terms of biomass or growth
parameters—and photosynthetic performance under well-watered conditions and moder-
ate water stress. Based on this work, six clones with varied performances under different
water regimes were selected for further study.

We hypothesize that the differences in leaf WUE between Tempranillo clones could be
related to variation in hydraulic traits or physiological photosynthetic parameters [28,29].
Osmotic potential, cell wall elasticity or cell capacitance were described as key parameters
that control stomatal opening [30,31]. On the other hand, parameters such as mesophyll con-
ductance (gm), maximal carboxylation rate (Vcmax) and maximal electron transport rate (J)
can explain differences in carbon fixation at the same stomatal conductance [27,32]. Previ-
ous studies also suggested that g, represents a target to potentially improve WUE; [28,32],
even though the complex, labor-intensive measurement process limits the use of this
parameter as a screening tool for large-scale selection programs [33].

Thus, the main objective of the present work was to identify the physiological basis
of the differences in WUE performance between the six previously selected Tempranillo
clones. Specifically, we assessed the correlations between hydraulic traits determined using
P-V curves and photosynthetic traits determined using AN/Ci curves with the biomass
accumulated and field measurements of gas exchange.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

This study assessed six clones of the Tempranillo cultivar (326, 1048, 1052, RJ43, RJ51
and RJ78), which were selected as they had the highest or lowest WUE and values for
related characteristics in a previous evaluation of a high-diversity collection of clones [19].

The experiment was carried out in 2018 at the UIB experimental field. Two-year-old
plants grafted onto 110-R rootstock (five replicates per genotype) were grown outdoor in
20-L pots filled with organic substrate and perlite mixture (4:1). A geotextile irrigation
blanket was used to minimize direct soil evaporation. The vines were pruned to two shoots
and one bunch per shoot. During the early growth stage, the plants were irrigated at field
capacity and fertilized once a week with Hoagland nutrient solution diluted in distilled
water to 25%. The irrigation system consisted of two drippers per plant with a flow rate of
0.5 L h~! to avoid overflow.

The climate is typical of the Mediterranean area, with hot and dry summers. Mete-
orological data were collected using a weather station situated in the same experimental
field (Meteo3000, Geonica, Madrid, Spain). The mean temperature during spring ranged
between 20 and 25 °C. Mean reference evapotranspiration (ET,) during the treatment
period ranged from 4 to 5 mm day ! with a maximum of 5.8 mm day~!.
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2.2. Experimental Design and Irrigation Treatments

Figure 1 shows the timeline of the experiment. Plants were grown in 20 L pots filled
with a perlite/peat soil (1:4) and maintained in well-watered conditions. When plants
reached 1.5 m stem length (at DOY—Day of the year—165), the monitoring of plant growth
parameters started (see below). At DOY 173, the monitoring of stomatal conductance
(gs) started to ensure that plants were under optimal conditions. This was performed by
instantaneous gas exchange measurements (see below), every 2-3 days, on a representative
subset of plants (n = 10-12). The physiological characterization of all clones was performed
on DOY 175 (see “1” in Figure 1) to set the “Control” treatment, when plants are under
optimal conditions. This characterization includes instantaneous gas exchange and stem
water potential. The irrigation was stopped at DOY 180 for five consecutive days. Stomatal
conductance was then measured on a subset of plants and irrigation was restarted to
maintain a near-constant plant water status (around 60% of the full irrigation regime),
under moderate water stress (MWS) for 10 days. At DOY 188, all clones were characterized
again, but under MWS. Plants were then rehydrated to full irrigation at DOY 197, for
twelve days. The last measurements (see “2”, in Figure 1) were performed at DOY 209 and
included pressure-volume and A /C; curves.
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Figure 1. Variation of average stomatal conductance (gs) along the measurement periods. The
treatments are indicated by uppercase; WW: Wellwatered period, MWS: Moderate water stress period,
RW: Rewatering period. The measurements were taken on the indicated day. Numbers indicate the
measurements done at each moment, 1. Stem water potential and gas exchange measurements, 2. A/
C; and P-V curves.

2.3. Measurements
2.3.1. Plant Water Status

Plant water status was monitored and measured using a Scholander pressure chamber
(Soilmoisture Equipment Corp., Santa Barbara, CA, USA) once for each replicate water
treatment in the same leaf for which gas exchange measurements were taken. To reduce
the leaf-to-leaf variability in one single plant, the stem water potential was considered
more appropriate than the leaf water potential. The readings were taken between 13:00
and 14:00 h (local time) on one healthy, sun-exposed, mature leaf per plant; the leaves
were bagged using a plastic sheet and covered with aluminum foil at least one hour before
measurement to prevent direct transpiration.

2.3.2. Plant Growth, Leaf Mass Area and Biomass

Plant leaf number was determined for all plants of each genotype at the beginning and
end of each treatment period. Leaf mass per area (LMA) was calculated as the ratio between
the dry weight and leaf area of leaf disks extracted from five leaf samples per genotype and
treatment, using the same leaves on which the water potential and gas exchange parameters
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were measured. At the end of the experiment, the total above dry biomass was measured
for each plant, and stem, leaves and bunches were weighed separately. The total plant
leaf area was estimated by dividing the total leaf biomass by the LMA at the end of the
experiment. To estimate the plant leaf area during each treatment period, the individual
leaf area at the end of the experiment (plant leaf weight divided by number of leaves and
multiplied by LMA) was calculated for each replicate, obtaining an average surface per
leaf. We then multiplied this value by the number of leaves at the start and the end of each
experimental period.

2.3.3. Pressure—Volume Curves

Pressure-volume (P-V) curves were plotted following the procedures described by
Sack and Pasquet-Kok [34]. The leaves for which gas exchange were previously measured
were collected for each genotype, weighed and rehydrated in distilled water for 12 h at 4 °C,
and then gradually dried in a well-ventilated room at 25 °C. During the drying process, the
leaves were weighed and water potential was measured using a pressure chamber (Model
1000; PMS Instrument Company, Albany, NY, USA) until a complete P-V curve with at
least ten points was established. No ‘plateau effect’ was observed for any sample. Leaf area
was determined at the start of the dehydration process and dry mass was determined after
at least 72 h at 70 °C. The full turgor and turgor loss points were established by considering
the highest R2 of a linear fit for the linear portion of the —1/% vs. 1-RWC relationship
(RWC: Relative water content). The following parameters were obtained from the P-V
curves: osmotic potential at turgor loss point (71,), capacitance at turgor loss point (Ctpp),
leaf area specific capacitance (C* gr, symplasmic water fraction (s¢) and bulk modulus of
elasticity (¢; calculated from the total relative water content). The modulus of elasticity (¢)
and relative capacitance at full turgor (Cy) were calculated using standardized major axes
(SMA) [35].

2.3.4. Leaf Gas Exchange Measurements

Instantaneous leaf net photosynthesis (Ayy) and stomatal conductance (gs) were mea-
sured on fully sun-exposed mature leaves (one per plant, n = 5) every 2-3 days between
10:00 and 13:00 h (local time) using an infrared open gas exchange analyzer system (Li-
6400xt, Li-cor Inc., Lincoln, NE, USA). The CO, concentration inside the chamber was
400 pmol CO, mol~! air with an air flow of 500 pmol (air) min~!. The chamber has an area
of 6 cm? exposed to environmental light radiation, with the photosynthetic active radiation
fraction (PAR) always above 1500 mol photons m~2s~!. Intrinsic water use efficiency
(WUE;) was calculated as the ratio of Ay and gs.

To determine the Ay/C; curves, the gas analyzer was equipped with a 2 cm? leaf
fluorometer chamber Li-6400-40 (Li-cor Inc.). Determinations were conducted on fully
developed apical leaves at the end of the experiment period. The same procedure was
followed for each plant: first, a stabilization period until a steady state of stomatal conduc-
tance was reached (typically ~20-30 min) under ambient conditions (CO, concentration of
400 pmol mol !, PAR of 1500 umol photons m~2 s, 25 °C). After stabilization, the AN /C;
curve was generated by changing the concentration of CO; entering the leaf chamber in the
following steps: 400, 300, 200, 150, 100, 50, 400, 400, 500, 600, 800, 1000, 1200 and 1500 pumol
CO, mol air~!, with typically 2-3 min between each step. Each Ay /C; curve was corrected
for leaks by following the protocol described by Flexas et al. [36]. All An/C; curve-derived
parameters were calculated as described by Bellasio et al. [37]. Leaf respiration (R) was
measured below the Ay /C;j curves and after covering the plants with opaque plastic for
2 h, using the same chamber and conditions.

2.4. Statistical Analysis

All statistical analyses were performed using [38]. The Tukey test was performed
using the HSD function of ‘car’ package [39] to establish the significance of the differences;
p-values lower than 0.05 were considered significant.
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3. Results
3.1. Plant Water Status

Midday stem water potential (¥stem) Was assessed to ensure that the water treatments
were established (Table 1). Average Ystem across all six clones was —0.64 MPa during the
well-watered (WW) period and —1.29 MPa under moderate water stress (MWS; p < 0.001).
We also observed the effect of the irrigation on the stomatal conductance (gs), with g
systematically over 0.2 mol under WW and under 0.15 under MWS (Figure 1, Table 1). In
MWS, clones RJ51 and 1048 presented the lowest values (0.07-0.08 mol H,O m~2s 1) and
genotype 326, the highest (0.11 mol H;O m~2s~1).

Table 1. Stomatal conductance (gs) and midday stem water potential (¥stem) at two irrigation
treatments. Lower case letters indicate differences between means (Tukeys tests, p < 0.05).

8s (mol H,O m-2s71) Ystem (MPa)
Genotype WW MWS WW MWS
326 0.292 £+ 0.040 0.111 +£0.0132 —0.60 £0.21 —-1.39 £0.15
1048 0.258 £ 0.017 0.071 4 0.005 ° —0.74 £ 0.06 —1.37 +£0.24
1052 0.241 £+ 0.034 0.116 + 0.013 2b —0.59 +£0.19 —1.15+0.20
RJ43 0.232 £ 0.024 0.092 + 0.009 2P —0.62 £0.23 —-1.12 £ 0.24
RJ51 0.262 + 0.029 0.081 4 0.009 ° —-0.72£0.15 —1.36 £0.18
RJ78 0.307 = 0.043 0.101 + 0.011 2b —0.61+0.19 —1.39 £0.15
p-value 0.50 0.05 0.64 0.12

3.2. Plant Growth and Final Biomass

Plant growth parameters were calculated during each consecutive period of WW and
MWS irrigation. Leaf expansion rate (LER) was almost twice as high during the WW
period than the MWS period (29 cm? day ! vs. 15 cm? day ™!, respectively; p > 0.001).
During the WW period, genotype 1052 exhibited the highest growth rate (37 cm? day 1)
and genotype 326 exhibited the lowest growth rate (24 cm? day~!; Table 2). The variation
in LER between clones was smaller during MWS; genotype RJ43 had the highest growth
rate and genotype 326 had the lowest growth rate (19.5 and 11.5 cm? day !, respectively).
The average reduction in LER due to the change in water regime from WW to MWS was
around 50%, with the smallest reduction observed for genotype RJ43 (28%). Moreover,
LMA ranged from 77 to 89 g m~2 under WW conditions. MWS increased the LMA by an
average of 30%. Genotype 1052 exhibited the highest LMA during MWS and genotype
RJ43, the lowest (104 and 86 g m2, respectively; Table 2).

Table 2. Leaf expansion rate (LER) and leaf mass area (LMA) in each irrigation treatment.

Leaf Expansion Rate (LER) Leaf Mass Area (LMA)
Genotvpe WW MWS Reduction WW MWS Increment (%)
yp (cm? day—1) (cm? day—1) % (gm—2) (gm—2) ’
326 240+6.1 112 £3.6 53 +£20 88.9 £ 3.6 100.1 £2.2 13+ 4
1048 30.0 £6.2 173 +£5.2 42+11 80.2 £ 3.4 92.6 £5.9 16 +8
1052 36.6 £8.0 151+18 59 +£ 20 81.5+4.0 104.2 + 8.6 34+14
RJ43 271+28 19.5+37 287 76.8 £2.2 85.6 £3.2 15+5
RJ51 31754 125+ 3.2 60 + 15 83.1+57 90.6 £5.8 11+9
RJ78 26.2 + 3.8 137 £24 48 £10 83.8 +5.2 921+ 6.1 10+5
p-value 0.66 0.6 0.42 0.35 0.46 0.28

Total aerial biomass was measured at the end of the season, considering the stem and
leaf weight (aerial biomass), and grape production separately. The average dry weights
for all clones were 73 g for the aerial biomass (leaf + stem) and 35 g for the grape bunches.
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Clones RJ51 and 1048 produced the highest aerial biomass and genotype R]43, the lowest
(+15% and —10% of the average value, respectively; Figure 2). The weight of the grape
bunches varied highly between clones, with a difference of 235% between the most and
least productive clones. Genotype R]51 and genotype 1052 exhibited the highest and lowest
total biomass production (+30% and —40% of the average value, respectively).

50
RJ51

A

40

30 RJ43

20 326
10 A

0
-15 -10 -5 0 5 10 15

-10 A
-20 RJ78 A 1048
-30

-40 1052 A\

-50

Bunches weight (%)

Aerial biomass (%)

Figure 2. Representation of bunches and aerial biomass (leaves and stem) of the different clones,
expressed as deviation in respect to their average. Aerial biomass (x-axes) and bunches weight
(y-axes). Positive/negative values indicate the particular genotype position.

3.3. Hydraulic Traits

Pressure-volume curves were obtained for the rehydrated plants at the end of the
experiment. The parameters derived from the P-V curves are shown in Table 3. Osmotic
potential at full turgor (7,) ranged from —1.44 MPa in clones 1048 and 1052 to —1.14 MPa
in genotype R]78. Similar variability was observed for the turgor loss point ¥ p, which
ranged from —2.0 MPa for genotype 326 to —1.6 MPa for genotype RJ78. The elasticity
modulus (¢) also varied significantly between plants of the same genotype, with the
genotype average varying from 15 MPa for clones 326, 1052 and RJ51 to 11 MPa for
clones RJ43 and R]78. Capacitance at full turgor (C*pr) was highest for genotype R]78
(0.63 mol m~2 MPa ') and lowest for genotype 326 (0.45 mol m~2 MPa~!). Capacitance at
the turgor loss point ranged from 0.08 to 0.12 MPa ! across the six clones, with clones RJ51
and 1052 exhibiting the highest values. The symplasmic pathway (s¢) was estimated to
represent about 30-40% of total leaf water for all six clones; clones 326 and RJ78 exhibited
the lowest sf values and clones 1048 and 1052, the highest (0.3 and 0.4, respectively).

Table 3. Average turgor weight divided by dry weight (TW/DW), osmotic potential at full turgor
and at turgor loss point (7ys and 7Ty p), elasticity modulus (e) and symplastic pathway (s¢) values for

each genotype.
ITo TTLP &
Genotype TW/DW (MPa) (MPa) (MPa) S¢
326 2.78 +£0.18 —-139+0.13 —2.04+0.19 14.87 +£1.22 0.31 + 0.02
1048 2.89 +0.10 —144+0.09 —1.99 +0.11 13.57 +2.41 0.41 + 0.04
1052 2.85 + 0.02 —1.44+0.18 —-194+0.16 15.04 4 4.48 0.41 4+ 0.03
RJ43 2.86 =+ 0.05 —-1.19+014 -1.76+0.11 10.93 £ 1.10 0.34 + 0.05
RJ51 2.71+0.12 —-130+0.16 —1.76 £0.12 15.11 4+ 3.02 0.37 + 0.05
RJ78 2.99 + 0.09 —1.14 +£0.03 —1.64 £0.01 1191 £ 152 0.30 &+ 0.02

p-value 0.51 0.45 0.20 0.70 0.22
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3.4. Photosynthetic Traits

The net photosynthetic response to variation in ambient CO, (An/C; curves) was mea-
sured for all six clones at the end of the season, after rewatering. The parameters derived
from the curve-fitting method are presented in Table 4. The maximum photosynthetic rate
(Amax) varied slightly between clones, ranging from 42 (1052) to 33.1 pumol CO; m 25!
(RJ43), although these differences were not statistically significant (p > 0.05). However, the
maximum carboxylation velocity of Rubisco (Vcemax) varied significantly between clones
(p < 0.05) and ranged from 115 umol CO; m~2 s~ ! (genotype 326) to 72 pumol CO; m 2 s~
(genotype RJ51). The maximal electron transport rate (Jmax) exhibited a similar range of
variation (p = 0.08). Genotype R]51 exhibited the highest mesophyll conductance (gm) and
clones RJ43, R]78 and 1048, the lowest (p = 0.01). Leaf respiration (R) also varied significantly
between clones (p = 0.03); genotype 1048 had the lowest R value (0.2 pmol CO, m2s1)
and RJ78, the highest (0.6 umol CO; m~2s71).

Table 4. Average photosynthetic traits derived from Ax/C; curves for each genotype; maximal
photosynthesis (Amax), maximal carboxylation velocity (Vemax), maximal electron transport rate (J),
mesophyll conductance (gm) and leaf respiration (R). Lower case letters indicate differences between
means (Tukeys tests, p<0.05).

Genotype Amax Vemax Jmax 8m R
(umol CO, m2s5-1)  (umolCO; m2s-1) (umol CO, m—2s-1) (mol HOm—2s-1) (umol CO,; m—2s-1)
326 342 +3.0 1145+ 592 120.0 + 10.4 0.180 =+ 0.064 2P 1.00 + 0.08 b¢
1048 382+42 76.7 +7.8° 920+ 11.1 0.127 + 0.013 b 0.56 +0.04 ©
1052 417 +£22 80.1 & 10.0 90.9 + 13.2 0.187 + 0.051 2P 1.00 + 0.07 be
RJ43 33.1+38 79.6 + 58P 108.4 + 8.9 0.095 + 0.016 © 1.10 + 0.05 @b
RJ51 345+ 4.6 724+ 16P 857 +1.3 0.332 + 0.082 2 0.92 + 0.06 b¢
RJ78 355+ 4.2 101.2 + 10.7 @b 1111+ 6.6 0.104 +0.011 P 1.36 + 0.07
p-value 0.57 0.046 0.088 0.013 0.031

3.5. Water Use Efficiency

Genotypic variability in WUE was assessed at the leaf gas exchange level (WUE;) and
whole plant level (WUEwp; Table 5). Average WUE; under WW conditions was around
55 umol CO, mol H,O~! and ranged from 51 umol CO, mol H,O~! for genotypes RJ78
and 326 to 59 umol CO, mol HyO~! for genotype RJ51. Higher variability was observed
during the MWS period (p < 0.005), with a maximal value of 100 pmol CO; mol H,O lin
genotype 1048 and the lowest value of 80 pmol CO, mol H,O~! in clones 326 and 1052. At
the whole plant level, the average WUEwp was 0.65 g dry weight L~!. Clones RJ51 and 1052
exhibited the highest and lowest WUEwp (0.79 and 0.55 g dry weight L™, respectively).
WUEwp presented high variability between the six clones; however, high plant-to-plant
variability reduced the significance of the differences between clones.

Table 5. Leaf (WUE;) and whole plant water use efficiency of each genotype. Lower case letters
indicate differences between means (Tukeys tests, p<0.05).

WUE; Whole Plant
(umol CO, mol H,O1) (g Dry Weight L-1)
Genotype WW MWS

326 514 +54 80.2 £4.1bc 0.65 £ 0.10

1048 55.0 +2.3 984+31a 0.65 = 0.07

1052 524452 80.5+4.7¢c 0.55 4 0.06

RJ43 59.1 £3.6 81.7 £ 3.8 bc 0.65 + 0.08

RJ51 54.7 + 3.8 949 +3.4ab 0.79 &+ 0.09

RJ78 50.6 = 6.5 84.3 4.9 bc 0.57 +£0.10
p-value 0.56 0.003 0.44
Range 8 (15%) 20 (23%) 0.24 (37%)
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4. Discussion

This study assessed intra-cultivar variability in biomass growth and production, water
relations and leaf physiology in six clones of the Tempranillo cultivar under consecutive
well-watered and moderate water stress irrigation regimes. In agreement with our previous
studies [17,19], the RJ51 and 1048 clones exhibited the highest WUE;, whereas clones 326
and 1052 showed the lowest WUE; during MWS.

4.1. Plant Water Status, Biomass and Growth Traits

The plant biomass and growth values obtained during the WW period were similar to
previous experiments [23,40,41]. The significant reduction in water availability imposed
during the experiment induced various responses in individual traits across the six clones.
As expected, the growth traits were negatively affected by drought. Moreover, LER and
Ystem were related indicating the lack of control to water stress in some clones, such as
RJ43. However, within each treatment, no significant differences in leaf traits were observed
between clones. As reported in previous experiments, the absence of significant differences
in growth parameters may be related to the limitations of pot experiments. Pots limit the
growth of the roots, which could potentially reduce the differences between clones [42,43].
However, significant differences in biomass production were observed between the clones
at the end of the experiment, with RJ51 being the most productive and genotype 1052,
the least. In fact, genotype R]51 had the highest grape and aerial biomass production
values. This may be explained by the fact that slight differences in the growth rate may be
undetectable over the short-term (day scale); however, accumulation of small differences
over the growing season could result in significant differences in plant biomass at the end
of the experiment. Moreover, while genotype 1052 had one of the highest LER values
under well-watered conditions, it had a moderate LMA and leaf and stem biomass, and
the lowest bunch biomass. In contrast, genotype RJ51 showed a moderate LMA and higher
bunches and aerial biomass. The LMA is strongly associated with high-irradiance and arid
environments, allowing plants to survive by reducing cuticular transpiration [44]. In this
experiment, the lowest water availability induced increases in leaf mass area in all clones,
as previously reported by Bota et al. [10].

4.2. Hydraulic Traits

Hydraulic traits were similar among all clones, with no significant differences ob-
served. The parameters derived from the P-V curves for each genotype were like pre-
viously reported values for grapevines [45-47]. For example, the elasticity modulus (&)
ranged between 10.93 MPa and 15.1 MPa in our study. These values are slightly supe-
rior to those found in Alsina et al. [48], that were around 10.5 MPa. On the other hand,
Martorell et al. [29], also working with Tempranillo cv, found values in the same range as
in this study. They observed an important year effect with about 20% variation in two
consecutive years. RJ51 exhibited the highest ¢ (15.11 MPa); this parameter is apparently
related to drought tolerance [49,50]. Even though RJ51 had the highest biomass and ¢, there
is no clear link between these parameters. Moreover, some clones (1052 and 326) with high
¢ values had low biomass production.

4.3. Genotype Variability in Photosynthetic Traits

AN/C; response curves provide key information on photosynthetic capability associ-
ated with CO;, diffusion pathways and the biochemical function of Rubisco that may help
to understand the differences between clones.

Interestingly, a clear positive correlation was observed between the gp, /gs ratio and
WUE; (R? = 0.7, p < 0.05; Figure 3), as previously reported for grapevine cultivars [8]. This
relationship was obtained using the first points (400 ppm CO;) of the AN /C; curves. It is
important to note that while g ranged from 0.130 to 0.165 mol HO m~2 s~ ! between clones,
gm exhibited huge significant variation (0.100 to 0.300 mol HyO m~2 s~ 1) so that under
similar water availability conditions, the g, variations seem to be a constitutive character
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for each genotype. The importance of g in leaf photosynthesis is widely supported, since
it represents the capacity for CO, diffusion inside the leaf [32,51] and thus affects CO,
availability at the site of fixation in the chloroplast. On this basis, gm was previously
suggested as a key parameter to improve WUE;, since increasing gm would improve CO,
fixation without greater water loss [52]. Moreover, clones 1048 and R]51 seem to have
the higher stomatal control, allowing water saving and improving their WUE; under
water stress.

120

T 326
‘T'm 100 1052 %
8 RJ78
— 60 RJ43
o
£
54_ 40
= y = 11.446x + 70.825
S R?=0.70
=

0

Y 0.5 1 15 2 25
gm/gs

Figure 3. Relationship between the intrinsic WUE (WUE;) and the mesophyll and stomatal conduc-
tance ratio (gm/gs).

Genotype RJ51 showed a significantly higher gm and presented one of the highest
WUE; responses over the entire range of gs [19]. In contrast, genotype R]78 presented the
lowest gm and one of the lowest WUE; values. These results further indicate, as previously
suggested [27,53], the existence of interesting genetic variability in gy, among Tempranillo
clones, as well as a possible link between WUE; and gn,. Nevertheless, measurement of
gm is extremely labour-intensive, which limits the value of this parameter as a selection
criterion to identify higher WUE clones. The present study is the first report showing a
relationship between WUE; and g, in grapevines. Some leaf morphological characteristics
may potentially represent surrogate markers of gr,. Thus, it would be interesting to explore
these characteristics, such as cell wall thickness or chloroplast distribution [54,55] in future
selection programs to enhance WUE. However, cell wall composition seems to vary highly
over the short term and several key cell wall components were related to changes in gy,
such as cellulose and some pectins [56,57]. Other authors reported large differences in g,
between clones of the same species (Quercus ilex) [58] and demonstrated g, was the main
limiting factor for leaf CO, fixation.

Vemax is related to the CO; fixation velocity via Rubisco and is commonly linked to
J, since a higher CO, fixation velocity implies a greater need to reduce power flux from
tylacoids [59,60]. Clones R]78 and 326 presented the highest Vomax and J values, but low
WUE; under both water treatments. A high Vmay is typically linked to high g¢, which
would lead to increased water loss; therefore, WUE could be maintained or even reduced.
However, these two clones, especially 326, exhibited the lowest biomass production and
growth during the experiment.

Leaf respiration is another important parameter that varied significantly between
clones. Respiration rates typically reflect the metabolic cost of developing new plant organs,
nutrient uptake and maintenance of the roots and plant [61]. A large part of the CO; fixed
by photosynthesis is invested in those processes, which limits the C available for growth. It
can be assumed that a lower respiration cost will improve the plant carbon balance and lead
to higher plant biomass production [23,25]. This is the case under unconstrained conditions
for other biotic or abiotic stresses, such as salt or nutrient deficiency [62]. Genotype 1048
presented the lowest R and had the most efficient leaf water use and produced higher aerial
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biomass under MWS. In contrast, genotype RJ78 had the highest R, but poor WUE at both
the leaf and whole plant level. Thus, leaf respiration could potentially represent a key
parameter for selection programs and offers the advantage of being easier to determine
than entire AN /C; curves.

5. Conclusions

A previous study identified that RJ51 and 1048 clones exhibit more efficient water
use than other clones of the Tempranillo cultivar. Thus, we investigated the physiological
basis of these differences in WUE;. Both the RJ51 and 1048 clones accumulated more
biomass and presented higher WUE; under both the well-watered and moderate stress
irrigation regimens, even though the differences were not significant statistically. Hydraulic
traits derived from P-V curves were not significantly associated with the differences in
WUE;. However, the differences in mesophyll conductance and leaf respiration were
statistically significant, indicating that these clones exhibit improved WUE; via different
physiological pathways. Genotype RJ51 had the highest gr,, which would lead to a higher
rate of photosynthesis at similar gs, whereas genotype 1048 had the lowest respiration
rate, which would confer lower carbon expenses for similar carbon gains. Future research
should examine whether these differences occur under field conditions and investigate if
similar genetic variability exists within other grapevine clones. Furthermore, the grape
composition is another key trait to evaluate the usefulness of each clone, especially in a
long trial study in field conditions.
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