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Abstract: Climate change threatens worldwide grapevine production, especially in Mediterranean
areas. To assume this challenge, the replacement of plant material to choose one more adapted
to the new environmental conditions has been proposed as one of the possible solutions. Thus,
the study of genetic variability in water-use efficiency (WUE) is needed to guarantee the survival of
viticulture in those critical areas. In this study, the variability of WUE in 23 Tempranillo clones growth
in pots and submitted to well-watered conditions and moderate water stress was studied along
two consecutive years. Leaf net photosynthesis (AN), stomatal conductance (gs), and plant growth
parameters were measured, in addition the instrisic WUE (AN/gs), biomass production, and water
consumed were calculated. Results show a clear genotype effect for most of the studied parameters,
but, with an important year by year variability. We identified different clonal behavior in response to
soil water availability, that permits to classify them as water-savers vs water-spenders. In general,
there was no found relationship between leaf and plant WUE, even some genotypes as 232 or 1048
were coincident in higher leaf WUE showed highly productive in terms of biomass accumulation per
unit of water applied.
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1. Introduction

Climate change (CC) is one of the most important challenges for the future of viticulture in the
Mediterranean area [1]. The already observed and expected increase in maximal temperatures, together
with a general increase in high intensity rain events, can turn viticulture even to a difficult crop in
most of the semiarid regions. To face these consequences, different options are already in use like
moving to a higher altitude or increasing the irrigation dependency [2]. Another way to deal with
adverse weather conditions is the replacement of plant material to choose one more adapted to the
new environmental conditions [3]. This could also result in a more sustainable vineyard in terms of
water management. Vine genetic variability is an invaluable resource that offers a panel of cultivars
with a potential higher drought or heat tolerance [4,5].

The specificity of the wine market is that each wine label is usually linked to a specific territory.
For this reason, different protection figures in most of the viticulture areas prevent the substitution

Agronomy 2020, 10, 862; doi:10.3390/agronomy10060862 www.mdpi.com/journal/agronomy

http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0002-6764-798X
https://orcid.org/0000-0002-8412-5884
http://www.mdpi.com/2073-4395/10/6/862?type=check_update&version=1
http://dx.doi.org/10.3390/agronomy10060862
http://www.mdpi.com/journal/agronomy


Agronomy 2020, 10, 862 2 of 17

of traditional cultivars by others. In Spain, Tempranillo is the most extended red cultivar in any
wine region along the country. The wide geographical distribution of Tempranillo cv confer it a
high intra-cultivar variability, which is represented by up to 50 commercial clonal lines available for
winemakers. The variability inside one cultivar is a promising way to maintain wine sustainability in
the near future [6]. Therefore, we have planned to explore the inherent variability of the Tempranillo
cultivars in order to select clones with improved water use efficiency (WUE).

WUE is commonly accepted as reliable criteria to evaluate the water dependency of one genotype,
cultivar or clone, referred principally to water productivity (production per unit of water used).
Such WUE can be measured at different evaluation scales like the plant production in terms of biomass
or crop production per unit of water applied (whole plant WUE; WUEwp); or at the leaf scale, evaluating
the net carbon gain (AN) per water transpired or more specifically per unit of stomatal conductance (gs)
(intrinsic WUE; WUEi), as well as per surrogate characters as the δ13C discrimination [7–9]. However,
the correspondence between the estimated WUE at the different scales shows a variable agreement [10].
To explain such discrepancies, different unmeasured water or carbon losses are claimed as the night
respiration and transpiration, the canopy light interception, and the roots carbon losses [11–13]. At
whole plant scale, a reduction in irrigation regime could lead to a certain reduction of plant growth,
which, in turns could be affecting the WUEwp. Instead, a moderate reduction in leaf gs generally allows
maintenance of a considerable AN rate, reaching the highest WUEi [14–16].

Despite these apparent differences between measuring scales, the genetic variability in terms
of WUE has been widely studied within grapevine cultivars. Several authors [17–19] have reported
WUE variability in different assays under controlled conditions among cultivars at both scales leaf and
whole plant, and also under field experiment [20]. In conclusion, comparative measurements of leaf
gas exchange parameters seem a promising way to characterize genotype WUE both under pot and
field conditions allowing to rank plant material by WUE [21].

Clonal variability was early used by commercial nurseries to obtain new certified material resistant
to face fungal or bacterial infection, or differentiated by production or quality [6,22,23]. Nowadays,
there is an increasing interest to show the performance of some clones under simulated climatic change
conditions [24], as well as to establish large clone collections to conserve the intra-cultivar variability
and to use molecular markers to identify clonal differences [25,26].

Because the wine industry rules make difficult the variety replacement, we, started to explore the
existence of genetic variability for WUE among different clones of Tempranillo, showing that variability
is as large as an 80% of intra-cultivar variability under field conditions [27]. In the same research line,
we corroborate later that these differences between clones are maintained year by year by repeating
WUE measurements in long time study in the field [28]. Experiments performed of those clones
grown in pots showed certain differences compared to field conditions, but that allows more effective
control in terms of water availability, reducing the effect of sources of variability and non-controlled
interferences such different individual root extension or particular vegetative development conditions.

In the present work, we study the behavior of 23 Tempranillo clones submitted to different soil
water availability. The experiment was carried out in pot conditions with water availability control,
during two consecutive years measuring different parameters related with water status, plant growth,
and gas exchange regulation in order to establish a provisional ranking of clones based on WUE at leaf
scale and eventually to explore the capacity to select the ones with higher and lower WUE.

2. Material and Methods

2.1. Plant Material

The plant material used in this experiment includes 23 Tempranillo genotypes from two origins;
a public collection of La Grajera (ICVV, Instituto de las Ciencias del Vino y la Viticultura) (Logroño,
la Rioja, Spain), and a private collection of Bodegas Roda (Haro, La Rioja, Spain) (Table 1). These two
sites of origin present an experimental field with a high number of Tempranillo genotypes. A first
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agronomic and genetic approach allowed to reduce the genotypes variability in a nuclear collection.
The final selection of the genotypes used in the experiment was done from previous field physiological
and agronomical measurements inside these nuclear collections in order to identify the more contrasting
genotypes [25]. In addition, three reputed commercial clones were included in the experiment (RJ43,
RJ51, and RJ78). All genotypes were grafted on 110R, the most common rootstock used in Spain.

Table 1. Plant material origin.

ICVV Bodegas Roda

RJ43 * 108
RJ51 * 137
RJ78 * 156
1048 166
1052 178
1078 203
1084 215
1371 232
232 243
326 336

360
365
452

* Indicates commercial clones.

2.2. Experimental Conditions

2.2.1. Growing Conditions and Treatments

The experiment was carried out under field conditions at the University of Balearic Islands
(Mallorca, Spain) during summer 2017 and 2018. In 2017, one-year-old plants (five replicates per
genotype) were grown outdoor in 20-L pots filled with organic substrate and perlite mixture (4:1).
Additionally, a geotextile irrigation blanket was used to minimize direct soil evaporation.

In the first year, vines were pruned to two shoots per plant, and second year study plants were
pruned to three shoots and one bunch per shoot. In all cases, during the first growing stages, plants
were irrigated at field capacity and fertilized once a week with Hoagland nutrient solution diluted in
distilled water at 25%. The irrigation system consisted in two drippers per plant with a 0.5 L h−1 flow
to avoid overflow.

Treatments started when the total plant stem reached 1.5 m. First, the plants remained 10–15 days
in well-watered (WW) condition that were followed by 5 days without irrigation. Then, the irrigation
was reduced to around 60% respect well-watered period to maintain additionally the plants in moderate
water stress (MWS) over 10 days.

2.2.2. Climate Conditions

The climate conditions of the two years of the measurements were as common for the Mediterranean
area, with soft winters and hot and dry summers. Meteorological data were monitored using a weather
station situated in the same experimental field (Meteo3000, Geonica). Mean temperature during spring
ranged between 20 and 30 ◦C, 2017 being in general hotter than in 2018. However, during July and
August, this effect was compensated. The reference evapotranspiration (ETo) during the treatment
periods were as mean between 4 and 5 mm day−1 the two experimental years, with maximum of 6.1
and 5.8 mm day−1 (2017 and 2018, respectively)
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2.3. Measurements

2.3.1. Plant Water Status

The plant water status was monitored by measuring the midday stem water potential (Ψstem)
with a Scholander pressure chamber (Soil moisture Equipment Corp. Santa Barbara, CA, USA).
The measurements were done several times along the experiment between 13 and 14 h (local time) in
one healthy, sun exposed, and mature leaf per plant bagged with both plastic sheet and aluminum foil
at least one h before measurement to prevent direct transpiration.

2.3.2. Leaf Gas Exchange Measurements

Leaf net photosynthesis (AN) and stomatal conductance (gs) were measured in fully exposed
mature leaves (one per plant, n = 5) every 2–3 days. All measurements were done between 10:00
and 13:00 h (local time) using an infrared open gas exchange analyzer system (Li-6400xt, Li-cor Inc.,
Lincoln, Nebraska, USA). The CO2 concentration inside the chamber was 400 µmol CO2 mol−1 air, and
an air flow of 500 µmol (air) min−1. The chamber used has an area of 6 cm2 exposed to environmental
light radiation, with PAR always above 1500 µmol m−2s−1. Intrinsic water use efficiency (WUEi) was
calculated as the ratio between AN and gs.

The gs were used to control the irrigation management in each treatment, trying to maintain
plants over 0.150 mol H2O m−2 s−1 for well-irrigated plants and between 0.150 and 0.075 mol H2O m−2

s−1 for moderate stress conditions (Medrano et al., 2012). Ψstem was maintained as mean between −0.6
and −0.7 MPa during well-watered conditions and around −1.2 MPa under moderate stress (Figure 1).

All WUEi data were studied according to the residual analysis of each genotype average in respect
to the general regression curve following Tortosa et al. (2016). To compare the genotype performance
both under WW and WS conditions, the average residuals of each particular genotype was represented
in a two axis figure to show the particular relative position of each genotype both under WW and
WS conditions.Agronomy 2020, 10, x FOR PEER REVIEW 5 of 18 

 

 

Figure 1. Plant water status during the 2017 and 2018 assays (all genotypes together). Lines and 
symbols represent the gs (left axis) and bars represent Ψstem (right axis). Values are the mean of all 
measurements of the 23 genotypes per day and errors bars represent the standard error (n = 25–50). 
Black triangles represent a measure of well-watered (WW) status, white triangles a measure of 
moderate water stress (MWS), and grey circles a control of the plant water status. 

2.3.3. Plant Growth and Final Biomass 

Plant leaf number and shoot length were measured in all plants per genotype at the beginning 
and the end of each treatment period. Shoot length by the plant was the sum of the individual shoot 
of each plant. The plant growth was estimated using stem growth rate (SGR) and a leaf appearance 
rate (LAR) parameters obtained from leaf number and shoot length measurements. At the end of each 
experimental cycle (2017 and 2018), the aerial biomass was weighted. Leaf, shoot, and bunches dry 
weight per plant were determined separately. 

The whole plant water use efficiency (WUEwp) was calculated as a ratio between plant growth 
or plant biomass divided by water applied by irrigation. Because the irrigation amount was the same 
for all genotypes, the WUEwp was only dependent of the growth/biomass. 

2.4. Statistical Analysis 
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Figure 1. Plant water status during the 2017 and 2018 assays (all genotypes together). Lines and
symbols represent the gs (left axis) and bars represent Ψstem (right axis). Values are the mean of all
measurements of the 23 genotypes per day and errors bars represent the standard error (n = 25–50).
Black triangles represent a measure of well-watered (WW) status, white triangles a measure of moderate
water stress (MWS), and grey circles a control of the plant water status.

2.3.3. Plant Growth and Final Biomass

Plant leaf number and shoot length were measured in all plants per genotype at the beginning
and the end of each treatment period. Shoot length by the plant was the sum of the individual shoot of
each plant. The plant growth was estimated using stem growth rate (SGR) and a leaf appearance rate
(LAR) parameters obtained from leaf number and shoot length measurements. At the end of each
experimental cycle (2017 and 2018), the aerial biomass was weighted. Leaf, shoot, and bunches dry
weight per plant were determined separately.

The whole plant water use efficiency (WUEwp) was calculated as a ratio between plant growth or
plant biomass divided by water applied by irrigation. Because the irrigation amount was the same for
all genotypes, the WUEwp was only dependent of the growth/biomass.

2.4. Statistical Analysis

All statistical analyses were performed using R [29]. First, a global three-ways ANOVA was
performed with Genotype × Years × Treatment as main effect and their interaction. The WUEi-gs

relationship was compared (ANCOVA from the “car” package [30] of different years and genotypes,
using the cld analysis from the “emmeans” package [31]. Any differences were accepted with
p-value < 0.05.

3. Results

3.1. Plant Growth

Under well-watered condition, the stem growth rate (SGR) was considerably higher in the first
year of study compared to the second year (Figure 2A,B), showing mean values of 4.4 and 2.2 cm day–1

respectively. The first year of study, the genotypes 215 and 232 showed the higher SGR (5.9 and
5.6 cm day−1) and genotypes 336 and 1052 the lowest (2.7 and 3.5 cm day−1) (Figure 2A). In the
second year of study, genotype 243 presented the highest SGR (3.4 cm day−1 and) against genotype 108
(1.6 cm day−1) (Figure 2B).
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Figure 2. Stem growth rate (SGW) and leaf appearance rate (LAR) of each genotype measured in 2017
(A,C) and 2018 (B,D) in well-watered (WW) (grey bars) and moderate water stressed (MWS) (white
bars) (White bars). Values are the mean ± SE (N = 5).

Leaf appearance rate (LAR) also was similarly affected by the year as SGR. Under well-watered
condition (WW), plants during 2017 showed a mean of LAR twice than during 2018 (Figure 2C,D).
These differences between years were likely due to the presence of bunches in 2018 that implied a
reduction in vegetative growth represented by the two studied parameters. In 2017, genotype 215
showed higher LAR than RJ51 (1.03 leaf day−1 and 0.55 leaf day−1, respectively). In 2018, genotype 243
had the higher LAR and genotype 108 the lowest LAR (0.48 and 0.27 leaf day−1 respectively).

In both years, moderate water stress (MWS) significantly reduced SGR ranged between 25 and
90% (Figure 2A,B). This reduction was in general higher during 2017, likely due to a higher SGR.
MWS condition also affected LAR, showing a reduction between 54 and 44% respect to WW condition
for 2017 and 2018, respectively. Under this condition, the variability between genotypes in both
parameters was lower than under WW condition, especially during 2018. Then, in 2017, the genotype
452 showed the higher SGR and LAR, (1.5 cm day−1 and 0.46 leaf day−1 respectively), and the genotype
1078 showed the lowest values of these two parameters (0.5 cm day−1 and 0.34 leaf day−1, respectively).
On the contrary, during 2018, genotype 452 presented the lowest SGR (0.7 cm day−1) and genotype
1078 the highest (1.8 cm day−1).

Statistical analysis showed that the genotype effect was significant for the LAR (p < 0.05), but not
for SGR considering both years of study (Table 2).
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Table 2. Three-Ways ANOVA performed for genotype × years × treatment as main effect on growth,
biomass, and gas exchange parameters, and their interaction.

Effects
Growth Biomass Gas Exchange

SGR LAR Leaves Shoots Bunches Total Gs A WUEi

Genotype (Gen) * *** *** * *** *

Year *** *** ** *** - *** **

Trat *** *** - - - *** *** ***

Gen × year ** - -

Gen × Treat - - - .

Year × Treat *** *** - - - . *** *** ***

Gen × Year × Treat * - - - .

p < 0.01 *; p < 0.005 **; p < 0.001 ***; - Not considered factor.

3.2. Final Biomass

Figure 3 shows the final biomass of the aerial parts of the plant for each genotype. In 2017,
dry biomass was distributed almost equally in leaf and stem factions, showing mean values of 38.3
and 40.4 g in leaf and stem respectively (Figure 3A). In 2018, the bunches weights supposed about
25% of total dry weight (Figure 3B). In this year, total plant dry matter was higher than in 2017 (94.5
and 78.7 g, respectively), mainly because the presence of bunches induced a change in the dry matter
distribution among the different aerial parts of the plants.

The total stem dry biomass showed a wide range, ranged between 20 and 45 g per plant (Figure 3).
In 2017, genotypes showed higher stem biomass, highlighting the genotypes 232, 1048, and 326, which
showed values around 45 g, in comparison to genotype RJ78 with a total stem weight of 30 g (Figure 3A).
In the second year of study, genotype RJ51 had higher stem biomass (35 g) in contrast with genotypes
RJ43 and 215 (21g) (Figure 3B).
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Figure 3. Total dry biomass divided in leaves (black bars), shoots (grey bars) and bunches (dark bars) 
measured at the end of experiments in 2017 (A) and 2018 (B) for each genotype (N = 5). 

The total stem dry biomass showed a wide range, ranged between 20 and 45 g per plant (Figure 
3). In 2017, genotypes showed higher stem biomass, highlighting the genotypes 232, 1048, and 326, 
which showed values around 45 g, in comparison to genotype RJ78 with a total stem weight of 30 g 
(Figure 3A). In the second year of study, genotype RJ51 had higher stem biomass (35 g) in contrast 
with genotypes RJ43 and 215 (21g) (Figure 3B). 

Figure 3. Cont.



Agronomy 2020, 10, 862 8 of 17

Agronomy 2020, 10, x FOR PEER REVIEW 8 of 18 

 

2017

Genotypes

6
10

8
13

7
15

6
16

6
17

8
20

3
21

5
23

2
24

3, 32
6

33
6

36
0

36
5

45
2
10

48
10

52
10

78
10

84
13

71
RJ43RJ51RJ78

Bi
om

as
s (

g)

0

20

40

60

80

100

120

140
Leaves 
Shoots

2018

Genotypes

6
10

8
13

7
15

6
16

6
17

8
20

3
21

5
23

2
24

3, 32
6

33
6

36
0

36
5

45
2
10

48
10

52
10

78
10

84
13

71
RJ43RJ51RJ78

Bo
im

as
s (

g)

0

20

40

60

80

100

120

140
Leaves
Shoots
Bunches 

A

B

 
Figure 3. Total dry biomass divided in leaves (black bars), shoots (grey bars) and bunches (dark bars) 
measured at the end of experiments in 2017 (A) and 2018 (B) for each genotype (N = 5). 

The total stem dry biomass showed a wide range, ranged between 20 and 45 g per plant (Figure 
3). In 2017, genotypes showed higher stem biomass, highlighting the genotypes 232, 1048, and 326, 
which showed values around 45 g, in comparison to genotype RJ78 with a total stem weight of 30 g 
(Figure 3A). In the second year of study, genotype RJ51 had higher stem biomass (35 g) in contrast 
with genotypes RJ43 and 215 (21g) (Figure 3B). 

Figure 3. Total dry biomass divided in leaves (black bars), shoots (grey bars) and bunches (dark bars)
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The bunches weight presented large variations between genotypes (Figure 3B), ranged from 40
g in the genotypes RJ51, RJ43, and 178 to 10 g in the genotypes 6, 1078, and 1084. The total leaf dry
weight varied between genotypes and years (Figure 3), and the two most productive genotypes were
conserved during both years (232 and 1048, respectively). The total aerial dry biomass varied between
55 and 110 g.

During the season 2017, genotypes more productive in terms of total biomass were 232 and 1048
with a production upper than 90 g in contrast with genotype RJ78 (56 g). In the second season (2018),
the genotype RJ51 was the most productive (126 g) in contrast with genotype 166 (78 g). In general,
there was no clear relationship between years in terms of total biomass production. However, some
high productivity genotypes (232 and 326) showed high biomass production both years. Two-way
ANOVA (Year × Genotype) showed genotype and the year effect significative for the total dry biomass,
and for stem and leaf weight. Bunches weight effect were not significant (Table 2) and the interaction
between year and genotype effects were significant only for leaves weight (p-value < 0.01).

3.3. Stomatal Conductance, Photosynthesis, and WUEi

The means of stomatal conductance, photosynthesis, and WUEi are presented separated by
years in the Figure 4. The water stress treatment reduced gs by about 65% as mean (Figure 4A,B).
This reduction in gs was accompanied to a reduction of AN, from 13.6 µmol m−2s−2 in well-watered
(WW) to 7.8 in moderate water stress (MWS) (reduction of 57%). The higher impact of water stress in
gs compared to AN implied an increment on WUEi, which ranged between 55 to 87 µmol mol−1.

The genotype effect was significative in gs (p value < 0.001), and in AN (p-value < 0.05) and was
not significative in WUEi (p-value < 0.1). For both years, the maximal gs in WW was around 0.32 mol
H2O m−2 s−1 and the minimal 0.21 mol H2O m−2 s−1 (Figure 4A,B). These differences were also clear
in AN and WUEi (Figure 4C–F). For example, under WW condition, genotype RJ78 showed a higher
gs and lower WUEi both years, with 48.8 and 50.6 µmol CO2 mol H2O−1, respectively. In contrast,
genotype 1052 showed a low gs both years (0.21 and 0.24 mol H2O m−2 s−1) and not a high WUEi
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(57 and 52 µmol CO2mol H2O−1, respectively). Under MWS treatment, the variation of WUEi was
around 20 µmol CO2mol H2O−1, reaching first year study genotypes 1052 and 156 around 90 µmol
CO2mol H2O−1, and genotypes 1371 and 6 to 70 µmol CO2 mol−1 H2O. The second year of study,
genotypes 1048 and 232 had the maximal WUEi (around 100 µmol CO2 mol H2O−1) compared to other
genotypes 336 and 243 (80 µmol CO2mol H2O−1). Against, the gs level that arises each genotypes
highly conditioned the resultant WUEi. In this water status treatment, values between years were
poorly conserved (Figure 4E,F).Agronomy 2020, 10, x FOR PEER REVIEW 10 of 18 
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Figure 4. Leaf stomatal conductance (gs), net photosynthesis rates (AN) and intrinsic water use
efficiency (WUEi) for each genotype measured in 2017 (A,C,E) and 2018 (B,D,F) in well-watered (WW)
(grey bars) and moderate water stress (MWS) (white bars) s. Values are the mean ± SE (n = 5).
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A three-way ANOVA (Year × irrigation treatment × Genotype) showed that irrigation treatment
and Genotype effects were statistically significant for AN, gs, and WUEi. The Year effect was significant
only for WUEi (Table 2).

As reported before, the relationship between WUEi and gs was strongly significant. In consequence,
to overcome the WUEi variability induced by the range of variation of gs during measurements, each
genotype was characterized following its residuals of a general WUEi-gs relationship (Supplementary
Figure S1), in terms of percentage [27,28]. This presents the advantage of characterize each genotype in
respect to the general dependency of WUEi over gs.

The Figure 5 synthetizes the differences in residuals between genotypes. In this way, it was
feasible to distinguish four different types of behavior: High and low WUEi in both WW and MWS, and
its combinations (WW+/MWS− and WW+/MWS−). Interestingly, there was no general relationship
between the performance of genotypes in WW against MWS conditions but also some genotype shows
better WUEi under both conditions. The total variability found was about 15% in WW condition,
with genotypes 243 and 1052 showing the most extreme values (−7 and +8%, respectively). In MWS
condition, the total variability found was similar to WW condition, with genotype 156 as the most
efficient (+6%) compared to genotype 360 (−8%) (Figure 5).

Agronomy 2020, 10, x FOR PEER REVIEW 11 of 18 

 

1048 and 232 had the maximal WUEi (around 100 μmol CO2 mol H2O−1) compared to other genotypes 
336 and 243 (80 μmol CO2mol H2O−1). Against, the gs level that arises each genotypes highly 
conditioned the resultant WUEi. In this water status treatment, values between years were poorly 
conserved (Figure 4E,F). 

A three-way ANOVA (Year x irrigation treatment x Genotype) showed that irrigation treatment 
and Genotype effects were statistically significant for AN, gs, and WUEi. The Year effect was significant 
only for WUEi (Table 2). 

As reported before, the relationship between WUEi and gs was strongly significant. In 
consequence, to overcome the WUEi variability induced by the range of variation of gs during 
measurements, each genotype was characterized following its residuals of a general WUEi-gs 

relationship (Supplementary Figure S1), in terms of percentage [27,28]. This presents the advantage 
of characterize each genotype in respect to the general dependency of WUEi over gs. 

The Figure 5 synthetizes the differences in residuals between genotypes. In this way, it was 
feasible to distinguish four different types of behavior: High and low WUEi in both WW and MWS, 
and its combinations (WW+/MWS− and WW+/MWS−). Interestingly, there was no general 
relationship between the performance of genotypes in WW against MWS conditions but also some 
genotype shows better WUEi under both conditions. The total variability found was about 15% in 
WW condition, with genotypes 243 and 1052 showing the most extreme values (−7 and +8%, 
respectively). In MWS condition, the total variability found was similar to WW condition, with 
genotype 156 as the most efficient (+6%) compared to genotype 360 (−8%) (Figure 5). 

 
Figure 5. Residuals of the general WUEi over gs model expressed in terms of percentage for every 
genotype in WW (axis X) and MWS (axis Y) (See M&M section). Values are the mean (n = 10) of the 
two experimental years. 

Using the WUEi and gs data generated during 2017 and 2018 for each genotype, we performed a 
particular lineal model to predict the resultant WUEi as a function of gs. Introducing the natural 
logarithm to this relationship allows the linearization of the relationship between the two variables. 
This model showed a wide variability for the particular genotype slopes, ranging from −3.2 for 
genotype 156 to −2.0 to genotype 243 (Figure 6; Supplementary Table S1). 

Figure 5. Residuals of the general WUEi over gs model expressed in terms of percentage for every
genotype in WW (axis X) and MWS (axis Y) (See M&M section). Values are the mean (n = 10) of the
two experimental years.

Using the WUEi and gs data generated during 2017 and 2018 for each genotype, we performed
a particular lineal model to predict the resultant WUEi as a function of gs. Introducing the natural
logarithm to this relationship allows the linearization of the relationship between the two variables.
This model showed a wide variability for the particular genotype slopes, ranging from −3.2 for
genotype 156 to −2.0 to genotype 243 (Figure 6; Supplementary Table S1).

The predicted WUEi values for every genotype were obtained and ranked for a large range of gs,
from water stress to no water limitations (Table 3). Similar to general trend residuals, three different
behaviors were observed: First, some genotypes performed always as highly efficient in the whole
range of gs, like genotypes 232 or RJ51. Secondly, others are always less efficient, like 326 or RJ43.
Thirdly, some genotypes present a clear trade-off along the whole range of gs: the highly efficient at
low gs and lowly efficient at high gs (as 1048 genotype), or inversely, like108.
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Table 3. The relative position of WUEi predicted for each genotype linear regression at different gs.

The maximal, minimal, and the mean value of all genotypes were including in µmol CO2 mol−1 H2O.

gs
(mol H2O m−2 s−1)

Genotype 0.075 0.100 0.150 0.200 0.250 0.300 0.350
6 17 17 16 13 12 11 11

108 19 19 10 6 6 4 4
137 5 5 8 14 15 16 17
156 2 2 4 16 20 22 21
166 13 11 9 3 5 6 6
178 7 6 6 8 13 13 13
203 15 14 14 10 8 9 9
215 11 12 19 20 21 19 18
232 3 3 3 5 9 12 12
243 21 20 11 4 2 2 1
326 20 21 23 21 17 15 15
336 16 15 15 11 11 10 10
360 23 23 22 17 7 7 7
365 4 4 7 15 16 17 19
452 8 10 12 19 19 18 16

1048 1 1 2 9 17 21 22
1052 6 7 13 23 23 23 23
1078 18 18 17 12 10 8 8
1084 14 16 20 18 14 14 13
1371 22 22 18 7 4 3 3
RJ43 12 13 21 22 22 20 20
RJ51 9 8 1 1 1 1 2
RJ78 10 9 5 2 3 5 5

Max 94.6 87.1 74.0 66.1 59.0 52.7 47.7
Min 80.7 76.6 68.8 60.3 51.3 43.7 37.2

Mean 86.8 81.3 71.3 62.6 54.9 48.3 42.4
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4. Discussion

The improvement of WUE in crops is a widely followed target because water scarcity is a
main restriction to a sustainable harvest [32]. For viticulture, this is even more important because
more than 60% of viticulture is located in semi-arid areas [33]. Thus, a great effort is being done to
improve the agronomical practices to reduce grape water consume by adjusting irrigation schedule
and dosage [34,35] and other agronomic ways [36,37].

Behind such efforts, the identification of grapevine genotypes with enhanced WUE is being
explored by different research groups with interesting results; for grapevine cultivars [13,20,38,39];
for rootstock [40–42] and for clones of the same cultivar [27,28,43]

In previous work, we demonstrate the existence of an interesting variability for WUE among
Tempranillo clones, as high as 80% of the observed in a grapevine cultivar collection [27].
After considering the interest to qualify the WUE under realistic field growing conditions that
usually corresponds with a wide gs variation among locations and years, field measurements of
WUEi on in situ collections of Tempranillo genotypes were analyzed with a contrasting regression
methodology [28]. This consisted to analyze WUEi values on the basis of a calculated residual value of
each genotype with respect to the average expected value for certain gs inside the general regression
curve between WUEi and gs [43]. In spite of the similar climatic conditions between locations,
the wide environmental variation related to soil conditions, plant health or microbiological status
forces to study the clones behavior under more controlled conditions. Therefore, the present work
was undertaken to measure under similar climatic and edaphic conditions (pots) such clone WUE,
introducing some assessment on the plant growth and biomass production as putative targets to
identify extreme genotypes.

The growth parameters and final above-ground production were widely variable. SGR and
LAR provide a short-time sensibility to water availability. In our experimental conditions, SGR was
more sensible to moderate water stress than LAR and permitted to discriminate better among clones.
In general, moderate water stress implied a severe reduction of SGR, but this reduction was very
variable depending of the clone, ranging between 25 (clone 336) to 90% (clone 1078) with respect to
well-watered condition. However, there was no correspondence between these parameters and total
final biomass. The biomass production ranged between 55 to 110 g of dry matter and was comparable
to other previous experiments [10]. Biomass production was negatively affected by the application of
water stress, as expected. We identified genotypes 232 and 326 as highly productive each year, and
genotype 1052 as a low productive the two years. Because water availability for each clone was the
same, the biomass production should reflect a higher plant WUE.

Leaf gas exchange parameters were in the range of previously reported studies [10,20], and the
stomatal conductance in each treatment responded as expected to the proposed levels to evaluate
water deficit, according to Medrano et al. (2003). The WUEi genotypic variability reached 25 and
20% under water stress and well-watered conditions, respectively. However, the ANOVA showed
statistical significance only for the year and the treatment effects. It is important to note that large
differences in AN and gs were observed among genotypes (see Table 2), demonstrating that some
genotypes present large fluxes of CO2 and water, and others low gas exchange fluxes. Nevertheless,
if the difference of each flux (AN and gs) between genotypes are proportional, this can provide the
same WUEi (WUEi = AN/gs). Moreover, it can be argued that the presence of bunches in the second
year affected the plant gas exchange. Indeed, bunches are an important sink of carbon at the plant
level [44–47], thus this can strongly affect the gas exchange at the leaf level. The fact the bunches were
not present in the first year of study, but the second would increase the year effect, thus decreasing the
genotype effect in the three-ways ANOVA.

To compare WUEi among genotypes but reducing the gs influence, we used two different
approaches: (1) A general WUEi over gs relationship was established (all genotypes together) and the
residuals of each genotype were calculated to appreciate if a given genotype is above or below the
common trend [27]); and (2) a specific WUEi over gs relationship for each genotype was established
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(Figure 6), that provides the sensibility of each clone to water deficit according to the slope of the
linear regression obtained from this relationship, then, lower slope means lower sensible the clone
to the water deficit. From these adjustments, we evaluated the relative position of each genotype
establishing seven different gs range (from water deficit to well-watered). It is important to note that,
in general, the statistical significance is poor for WUEi, due to the high number of genotypes and the
limited number of replicates. However, these previous results report an interesting information about
clone’s performance.

The Figure 5 synthetizes the differences in the residuals between genotypes. This allows to separate
the genotypes following their performance under both well-watered and water deficit conditions.
Therefore, it was possible to firstly identify good performance genotypes under both conditions,
like 1048 y RJ51. The fact that no genotype is present on the extreme corner of the plane suggests that
is it difficult for the same genotype to show very high WUEi under both WW and WMS conditions.
This would require at once high photosynthesis performance under WW and a strong stomatal control
under WMS. Those results were confirmed for RJ51, which showed a high ranking of WUEi in both
WW and MSW (see Figure 5, confirming that the two evaluation approaches gave the same tendency.

Inversely, some genotypes were identified showing poor WUEi under all conditions as genotype
326, showing high gs, especially in 2018 (Figure 5). It is so considered as a water spender independently
of the conditions and was interestingly in the highest rank in terms of biomass accumulation (Figure 3).
This was clearly confirmed using the second approach (Table 3), with genotype 326 being in the latest
ranks. This specific behavior can only be interesting in areas where water is not limiting at all.

Some genotypes showed poor WUEi performance under WW but good performance under MWS
condition, as genotype 1052 (Figure 5). This genotype was also the last ranked using the second
approach and in ranks 6–7 under water limited conditions (Table 3). Those are interesting, especially
in areas where water is limiting, or in the context of climate change as this paper is focused on.
This suggests a low stomatal control (high gs) under WW condition. This corresponds to the principle
of the season and actually can be seen as an advantage in agronomy. Indeed, at that time, water is
usually available and high gs is usually associated with high biomass production. The high WUEi

performance under water limited conditions suggest a tight stomatal control and fit with the summer
when all the leaf area is already established. Those genotypes would be thus capable to establish high
leaf area in spring and then have a strong stomatal control when water is not available.

Finally, some opposite behavior was also present, which consists in high and low WUEi under
WW and WMS conditions, as genotype 1371 (Figure 5). It was also at one of the latest ranked under
WMS, and in the top of the rank in WW condition (Table 3). This is characterized by saving water
when it is available, and be a water spender when water is limited, presenting poor interest at the
physiological point of view (increased risk of cavitation under drought) and also at the agronomic
scale. Altogether, these results show a wide scope of water stress responses among clones of the same
variety, providing an interesting field to be studied in the future.

Ranking genotypes can be difficult because of the different scales used to estimate WUEi. Moreover,
scarce information has been published showing relations between plant and leaf scale measured
WUE [10]. In this sense, no relationship between scales was found in the present work. Additionally,
an important year effect was also present, both at plant and leaf scale, as previously reported for different
grapevine experimental conditions [25,48]. Such “year” effect summarized plant/soil/climate conditions
and agricultural practices interactions which are commonly observed in commercial viticulture [49].
To Tempranillo clones, we also reported an important year effect on the WUEi values in the field
evaluation repeated during consecutive campaigns [28].

Interestingly, some of the most productive clones in terms of final biomass were coincident
between years, as genotypes 232 and 1048. The less productive ones were less coincident, with some
exceptions like genotype 1052. In any case, the plant scaled parameters like WUE or growth, resulted
to have also a high plant-to-plant variability, generally reducing the statistical significance. Increase the



Agronomy 2020, 10, 862 14 of 17

number of replicates and more years of experiments can help to definitively confirm those interesting
results in terms of plant production and WUE.

Based on the results, the identifications of higher/lower WUE genotypes can be established.
On one hand, considering the biomass and growth parameters, genotypes 232, 1048, and 326 tended to
show good performance compared to genotypes 1052 or 6. On the other hand, considering directly
photosynthetic WUEi, results were not conserved between years. Using predicting models, the 232
and RJ51 genotypes were the most efficient, contrary to those observed in 1052 and RJ43. Considering
plant and leaf parameters at the same time, the genotypes 232 and 1052 could be the most contrasting
genotypes in terms of biomass and leaf water use efficiency.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/6/862/s1,
Figure S1: General relationship between WUEi and gs in 2017 (A) and 2018 (B). Filled symbols indicate well-watered
plants; empty symbols indicate moderate water stressed plants., Table S1: Intercepts (a), slopes (b), correlation
coefficient (R2) and number of data (n) of the logarithmic relation between gs and WUEi (LN (WUEi) = a + b (gs))
for ach genotype.
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