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Abstract 31 

Stomata control CO2 uptake for photosynthesis and water loss through transpiration, thus playing a 32 

key role in leaf thermoregulation, water-use efficiency (iWUE) and plant productivity. In this work, we 33 

investigated the relationship between several leaf traits and hypothesized that stomatal behavior to 34 

fast (i.e. minutes) environmental changes co-determines along with steady-state traits the 35 

physiological response of grapevine to the surrounding fluctuating environment over the growing 36 

season. No relationship between iWUE, heat stress (HS) tolerance and stomatal traits was observed 37 

in field grown grapevine, suggesting that other physiological mechanisms are involved in determining 38 

leaf evaporative cooling capacity and the seasonal ratio of CO2 uptake (A) to stomatal conductance 39 

(gs). Indeed, cultivars that in the field had an unexpected combination of high iWUE but low sensitivity 40 

to thermal stress, displayed a quick stomatal closure to light, but a sluggish closure to increased 41 

vapor pressure deficit (VPD) levels. This strategy aiming both at conserving water under a high-to-42 

low light transition and in prioritizing evaporative cooling under a low-to-high VPD transition, was 43 

mainly observed in Regina and Syrah. Moreover, cultivars with different known responses to soil 44 

moisture deficit or high air VPD (isohydric vs anisohydric) had opposite behavior under fluctuating 45 

environments, with the isohydric cultivar showing slow stomatal closure to reduced light intensity but 46 

quick temporal responses to VPD manipulation. We propose that stomatal behavior to fast 47 

environmental fluctuations can play a critical role on leaf thermoregulation and water conservation 48 

under natural field conditions in grapevine.  49 
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Introduction 63 

Climate change is increasing the need to select more resilient crop varieties to extreme weather 64 

conditions such as high temperature and reduced soil water availability (Mosedale et al., 2016; 65 

Henry, 2019). Grapevine (Vitis vinifera L.) is commonly considered well adapted to dry and hot 66 

environments, although a large body of evidence suggests significant detrimental roles of several 67 

abiotic stresses on phenology (Alikadic et al., 2019), quality (Pons et al., 2017), yield (Levin et al., 68 

2020) and physiological responses (Bertamini et al., 2021). While crop management techniques (e.g. 69 

partial root-zone drying (Romero et al., 2012), deficit irrigation (Keller et al., 2016), Kaolin application 70 

(Frioni et al., 2019)) and the delivery of adapted rootstocks with potential preferable responses under 71 

specific disadvantageous conditions (Faralli et al., 2020; Frioni et al., 2020) have been shown to be 72 

effective at mitigating the negative effect of climate change on grapevine, further experimental 73 

evidence focusing at dissecting preferable traits for stress tolerance is needed. Indeed, extensive 74 

research has recently focused on grapevine responses to environmental stresses (Ferrandino et al., 75 

2014; Venios et al., 2020). However, while this provided useful information regarding the 76 

mechanisms controlling the stress response, information regarding natural variation for key traits is 77 

scant in the literature. For instance, natural variation in photosynthesis, leaf morphology, xylem 78 

morphology, stomatal anatomy have been previously reported in several species such as wheat 79 

(Faralli et al., 2020; Driever et al., 2014), rice (Oshumi et al., 2007), cotton (Lu et al., 1998) and 80 

biomass crops (Faralli et al., 2021). These studies can open up the possibility to either detect the 81 

genomic regions controlling the trait of interest (van Bezouw et al., 2019) or hypothesize ideotypes 82 

with optimal combinations of traits for specific environments (Senapati et al., 2019).  83 

Leaf transpiration and CO2 uptake for photosynthesis are crucial processes in plants and primarily 84 

governed by stomata (Lawson & Blatt, 2014; Faralli et al., 2019; Faralli and Lawson, 2020). Indeed, 85 

carbon uptake and water loss are intrinsically linked by a trade‐off between growth and water 86 

conservation mainly controlled by stomatal distribution, size and regulation that significantly impacts 87 

seasonal intrinsic water-use efficiency (Dittberner et al., 2018). Diversity in plant communities and 88 

survival rates have been previously shown to be shaped by stomatal regulation and density 89 

(McDowell et al., 2008), stressing the central role that stomata are playing in plant stress physiology. 90 

For instance, a significant positive relationship between stomatal density and stomatal conductance 91 

(gs) has been previously reported in several species (Faralli et al., 2019; Franks et al., 2015; Franks 92 

and Beerling 2009). Similarly, reducing stomatal density through transgenic approaches yielded 93 

higher intrinsic water-use efficiency and enhanced water conservation in crop species (Caine et al., 94 

2019; Dunn et al., 2019; Hughes et al., 2017). However, some studies on a range of species 95 

(McAusland et al., 2016) including rice and vegetable crops (Bakker, 1991) did not provide evidence 96 

for stomatal conductance driven mostly be stomatal density. Indeed, stomatal size (SS), although 97 

less studied compared with SD, also plays a primary role on gas-exchange mainly owing to the 98 

negative and not linear relation that SS has with SD (Franks and Beerling 2009). Variation in SS also 99 



affects stomata regulation, with large SS associated with slow stomatal rapidity under dynamic 100 

conditions (Drake et al., 2013; McAusland et al., 2016). Since stomatal regulation is an order of 101 

magnitude slower than photosynthetic responses (Lawson & Blatt, 2014; Lawson and Vialet-102 

Chabrand 2019), sluggish stomatal responses result in an unnecessary water loss under e.g. high-103 

to-low light transition while negatively impacting CO2 uptake when leaves are exposed to fast low-104 

to-high light transition (Lawson and Blatt, 2014). The presence of natural variation in dynamic 105 

stomatal responses have been already proposed in few crops and speedy stomata hypothesized as 106 

a preferable trait to optimize CO2 uptake and water-use efficiency under dynamic environmental 107 

conditions (Lawson et al., 2010; Lawson and Blatt, 2014; Durand et al., 2019). However, to our 108 

knowledge, there are no reports for natural variation in speed of stomatal responses to light and the 109 

association with heat stress tolerance and iWUE in grapevine.  110 

A large body of studies focused on determining grapevine natural variation for important quantitative 111 

traits such as bunch compactness (Tello et al., 2015), disease resistance (Cadle-Davidson, 2008) 112 

or berry anthocyanin content (Fournier-Level et al., 2009) while only a handful of studies provide 113 

information regarding natural variation for key traits related to stomatal anatomy and functional stress 114 

tolerance (e.g. Kadir, 2006; Bartlett and Sinclair, 2021). For instance, in Coupel-Ledru et al., (2016) 115 

grapevine genotypes with higher leaf transpiration also showed higher stomatal density. Although 116 

stomatal density may show significant phenotypic plasticity to a series of environmental stimuli (e.g. 117 

CO2, soil and air temperature) (Bertolino et al. 2019), the authors suggested that the number of 118 

stomata significantly contributed to variability in transpiration found in the grapevine mapping 119 

population and potentially water stress adaptation. Other reports provided further evidence of a tight 120 

relationship between heat tolerance and leaf evaporative cooling (i.e. transpiration rates) in 121 

grapevine (Venios et al., 2020). Indeed, when a shift in the balance between supply and demand of 122 

water is present, e.g. high VPD moves the hydraulic equilibrium towards demand, stomata respond 123 

to increased transpiration rate by reducing aperture, potentially via ABA accumulation (Soar et al., 124 

2006). This behavior has been shown to exist in both anisohydric (low stomatal control) and isohydric 125 

(high stomatal control and water status maintenance) grapevine cultivars with the latter characterized 126 

by high concentrations of ABA in the xylem sap and therefore a more pronounced restriction in 127 

transpiration at high VPD (Soar et al., 2006). Transpiration sensitivity to VPD has been extensively 128 

proposed as an important water-saving strategy in crops although, in grapevine, reduced sensitivity 129 

to VPD was considered as a strategy to minimize heat stress damage (Soar et al., 2009). While this 130 

behavior has been investigated in grapevine on a daily-hourly basis (Sade et al., 2012; Soar et al., 131 

2009), the response to fast environmental stimuli (e.g. changes in VPD in seconds, often occurring 132 

due to self-shading, sun cover etc.) has never been shown in grapevine, and no link between water 133 

loss, heat stress tolerance and rapid adjustment of stomata to fast VPD changes investigated in a 134 

large panel of varieties. 135 



In this work we phenotyped a collection of Vitis vinifera subspecies sativa and sylvestris genotypes 136 

for stomatal, isotopic and chlorophyll fluorescence traits under different temperatures in a field trial. 137 

A subset of six genotypes were then grown in the greenhouse for subsequent assessments under 138 

dynamic light and VPD conditions. In Experiment 1 (field experiment) we test the hypothesis that i) 139 

a broad phenotypic variation is present in Vitis for the trait analyzed,ii) variation exist for key traits 140 

between sativa and sylvestris and iii) a positive relationship exist between iWUE and heat stress 141 

(HS) sensitivity. The objective of the subsequent experiments in semi-controlled environmental 142 

conditions were to i) assess the variation for stomatal rapidity in a subset of genotypes and ii) to 143 

determine the presence of a relationship between stomatal dynamic responses and field iWUE. 144 

Materials and methods  145 

Experiment 1: field experiment 146 

The experiment was conducted in summer 2020 and the list of Vitis genotypes used is shown in 147 

Supplementary table 1. For each genotype, five plants were available for analysis (n=5). The 148 

genotypes belong to the FEM grape germplasm collection (ITA362), located in San Michele all'Adige, 149 

Italy (46° 10' 53" N, 11° 7' 2" E). All plants were grafted on the rootstock Kober 5BB (a rootstock with 150 

medium vigour commonly used in north Italy) in five replicates (thus clones) per genotype and trained 151 

according to the Guyot system. The vineyard was planted in 2004 in a flat field and genotypes (5 152 

replicates each) were assigned into one of the five field plots available. The vineyard has south 153 

exposure with a calcareous skeletal soil (pH 7.9), a sandy-loam texture (sand 52.5%, loam 41.9%, 154 

5% clay), low organic substance and a balanced content of nutritive elements. Density of planting 155 

was 5600 plants ha−1. Temperature and rainfall were monitored with a weather station 50 m away 156 

from the field site and are shown for the whole 2020 in Supplementary Figure 1. Field management 157 

was uniform for all the genotypes and it followed standard agronomic techniques of the Trentino 158 

region.  159 

Experiment 2: greenhouse experiment 160 

The experiment was conducted between December and April 2021 while plant material for 161 

greenhouse growth was collected in the field in December 2020. Six genotypes were selected for 162 

contrasting traits according to Experiment 1: Cabernet Sauvignon, Syrah, Teroldego, Regina, Sinni 163 

and Ketsch. Briefly, cuttings were produced from field branches (n=25) on the 18 December 2020 164 

and placed at 4°C under dark for ten days. The length of each cutting was standardized at around 165 

25 cm (i.e. only branches with similar internode lengths were used) and only one apical bud was left 166 

to burst. Subsequently, cuttings were placed under water and moved to a controlled environment 167 

growth cabinet at 30°C and 90% relative humidity to induce budburst. On the 29 January 2021, after 168 

the application of a solution of Indole-3-butyric acid to the basal bud, cuttings were transferred in 169 

1.3L pots all containing the same amount of growing substrate (600g of TerCompost ExtraQuality 170 



Professional, Tercomposti Spa, Calvisano, Italy—a mixture of peat, perlite and pumice). Pots were 171 

then moved to a semi-controlled environment greenhouse under natural light conditions with 172 

supplementary light of 200 µmol m-2 s-1 on average (14/10 day/night photoperiod). Plants were 173 

irrigated with an automatic watering system allowing saturating conditions every two days and 174 

pruned to one shoot only.  Temperature and relative humidity were monitored with a data logger 175 

(Tinytag) every hour while total light radiation was recorded with a pyranometer mounted above the 176 

greenhouse. Data are provided in Supplementary Figure 2 177 

Stomatal anatomy and gmax calculation 178 

Stomatal analysis was carried out both in Experiment 1 and 2. In Experiment 1 a phenotyping 179 

experiment was carried out and for all the 49 genotypes stomatal impressions were carried out with 180 

viscous nail polish (one shoot in n=5 plants per genotype) as shown in Meeus et al. (2020). 181 

Impressions (around 2.5 cm2) were taken on the lateral lobes and avoiding the main veins and each 182 

leaf used for the analysis (5th leaf fully-expanded of a west-exposed branch) was tagged. 183 

Impressions made were subsequently placed onto microscope slide via clear adhesive tape. In 184 

Experiment 2, the same protocol for impression collection was used (n=5) onto the 7th fully expanded 185 

leaf for each genotype used. Images were taken on a light microscope (DM2005, Leica 186 

Microsystems, Wetzlar, Germany) mounted with a camera (Leica Microsystems). Stomatal density 187 

was assessed with ImageJ and subsequent standardization to mm-2 was carried out. All the 188 

genotypes were strongly hypostomatic (no presence of stomata on adaxial leaf surface) and 189 

therefore the data presented in this work focused on abaxial stomata only. Complex size (i.e. pore 190 

length and width) was manually measured in ImageJ from a total of 15 stomata from each genotype, 191 

taken from five biological replicates. Pore area was calculated as an ellipse and the measured 192 

aperture length treated as major axis while the measured aperture width as the minor axis. Maximum 193 

pore aperture was calculated as an ellipse from axes equal to the measured aperture length and half 194 

of the aperture width. Pore depth (I) was taken as equal to guard cell width at the center of the stoma. 195 

Anatomical gmax was calculated using the Franks and Beerling (2009) equation: 196 

𝑔𝑚𝑎𝑥 =  

𝑑
𝑣  ∙ 𝑆𝐷 ∙ 𝑎𝑚𝑎𝑥

𝑙 + 
𝜋
2 √𝑎𝑚𝑎𝑥/𝜋

 197 

Where SD is stomatal density, 𝑙 is pore depth, amax the maximum area of the open stomatal pore 198 

and approximated as 𝜋(PL/2)2  (PL, stomatal pore length),  d (0.0000249 m2 s-1 ) is the diffusivity of 199 

water in air and v (0.0245 m3 mol-1 ) is the molar volume of air.  200 

Chlorophyll fluorescence  201 

Chlorophyll fluorescence analysis was carried out in Experiment 1 and 2 with a portable fluorescence 202 

system (HandyPEA, Hansatech, Kings Lynn, UK). In the field, data of maximum quantum yield of 203 

photosystem II in dark adapted samples (Fv/Fm) were collected in early morning and afternoon. 204 



Leaves in the same branch used for stomatal analysis (6th or 7th leaf in one shoot for n=5 plants per 205 

genotype) were dark adapted by using leaf clips for 45 minutes. The analyses were carried out on 206 

the 28th and 30th July 2020 when most of the genotypes were around veraison. Leaves were 207 

analyzed in early morning (from 5:00 to 8:00) and treated as control data (average air temperature 208 

of 22.4±1.6°C). Measurements were repeated in the afternoon between 14:00 and 17:00 and 209 

considered as heat stressed (average air temperature of 33.2±0.5°C). Data collection was 210 

randomized to avoid time effect. Reduction in Fv/Fm was calculated as the difference between the 211 

control and the heat stressed Fv/Fm value for each individual and expressed as percentage.  212 

During Experiment 2 chlorophyll fluorescence analysis was carried out in detached leaves (8th to 9th 213 

leaf in the main branch) and subjected to a controlled increase in air temperature inside a controlled 214 

environment chamber.  Leaves (n=6 per genotype) were collected in the greenhouse, placed in tubes 215 

containing deionized water and immediately moved to the laboratory. Petioles were immediately re-216 

cut under water and samples were placed in test tubes containing fresh de-ionized water and moved 217 

to a growth chamber (Model BD 56, BINDER GmbH,Tuttlingen, Germany) under dark and at 25°C 218 

temperature for 1h. Leaf clips for dark adaptation were positioned on the sampled leaves. The heat 219 

stress treatment was applied the same day and consisted on a step-wise increase of 3°C in air 220 

temperature every 15 minutes (from 25°C to 52°C, 10 steps in total). The maximum quantum yield 221 

of photosystem II in dark adapted samples (Fv/Fm) was recorded for each leaf after a period of 15 222 

minutes of stabilization at each temperature applied.  223 

Isotopic analysis 224 

Carbon and nitrogen stable isotope ratio analysis was carried out in Experiment 1. Sampling was 225 

carried out in the same day and around postveraison as it has been shown to be a good estimate of 226 

the integral intrinsic water-use efficiency (Bchir et al., 2016). Mature leaves from the same branch 227 

used for stomatal and fluorescence analyses were collected and placed immediately in an oven at 228 

80°C for 48 hours to allow complete dehydration. δ13C and δ15N were analyzed in 2 mg aliquotes of 229 

leaf samples weighted in tin capsules. Samples were combusted in an elemental analyzer (Thermo 230 

Flash EA 1112 Series, Bremen, Germany), CO2 was separated by chromatography and directly 231 

injected into a continuous-flow isotope ratio mass spectrometer (Thermo Finnigan Delta V, Bremen, 232 

Germany) through the interface ConFlo IV dilutor device (Thermo Finningan, Bremen, Germany). 233 

Samples were measured in duplicate. The isotope ratios were expressed in δ‰ against Vienna-Pee 234 

Dee Belemnite for δ13C and air for δ15N according to the following equation: 235 

𝛿‰ =  
𝑅𝑆𝐴 − 𝑅𝑅𝐸𝐹

𝑅𝑅𝐸𝐹
 236 

 237 



where RSA is the isotope ratio measured for the sample and RREF is the international standard isotope 238 

ratio. The isotopic values for δ13C and δ15N were calculated through the development of a linear 239 

equation against working in-house standards, which were themselves calibrated against 240 

international reference materials: potassium nitrate IAEA-NO3 (IAEA-International Atomic Energy 241 

Agency, Vienna, Austria) for 15N/14N, L-glutamic acid USGS 40 (U.S. Geological Survey, Reston, 242 

VA, USA) for 13C/12C and 15N/14N, fuel oil NBS-22 and IAEA-CH-6 for 13C/12C. For δ13C and δ15N the 243 

uncertainty of measurement (calculated as one standard deviations) was 0.1‰ and 0.2‰, 244 

respectively.  245 

Gas-exchange protocols 246 

Gas-exchange analysis was carried out in Experiment 2 under controlled environment conditions. 247 

All the data were collected with a Li-Cor 6400 (Li-Cor, Lincoln, NE,USA) with an integrated 248 

fluorescence leaf cuvette (LI-6400-40; Li-Cor). To evaluate the temporal response of stomatal 249 

conductance (gs) of the six genotypes chosen to dynamic light conditions, a step-change in light 250 

protocol was carried out (n=5). Briefly, between 800 and 1400 plants were moved from the 251 

greenhouse prior to analysis and acclimated to the climate-controlled room (20°C and 60%RH on 252 

average) for 30 minutes. Subsequently, the 7th leaf from the base of the plant (for all the plants, the 253 

7th leaf represented the fully-expanded leaf) for each genotype was clamped into the LiCor cuvette 254 

and first equilibrated at a near-saturating photosynthetic photon flux density (PPFD) of 1000 µmol 255 

m−2 s−1 until both CO2 assimilation rate (A) and stomatal gs reached ‘steady state,’ defined as a ∼2% 256 

maximum change in rate during a 10 min period (generally 60 min). After equilibration, PPFD was 257 

reduced to 100 µmol m−2 s−1 for 1 h. Data were logged every minute. The conditions inside the leaf 258 

cuvette were kept constant at 25 ± 0.1°C leaf temperature, at VPD of 1.5 kPa and at 400 µmol CO2 259 

mol−1 air (ambient CO2 concentration, Ca). To evaluate the temporal response of gs to rapid changes 260 

in vapor pressure deficit (VPD) conditions, a step-change in VPD protocol was carried out. 261 

Acclimation was carried out as for light step-changes and the 7th leaf for each genotype was clamped 262 

into the LiCor cuvette and first equilibrated at an average VPD of 1.5 kPa. After equilibration, RH 263 

inside the cuvette was reduced from 70 to 10% and VPD was kept constant to 3.5 kPa on average 264 

for 1h. Data were logged every minute. The conditions inside the leaf cuvette were kept constant at 265 

30 ± 0.1◦C leaf temperature, at a near-saturating PPFD of 1000 µmol m−2 s−1 and and at 400 µmol 266 

CO2 mol−1 air (ambient CO2 concentration, Ca). CO2 assimilation rate at saturating light (Asat), 267 

stomatal conductance at saturating light (gsat), intrinsic water-use efficiency (iWUE, Asat/gsat ratio) and 268 

delta gs (difference between gsat and gs after 1h of protocol) were estimated from step-changes in 269 

light curves and mentioned as steady-state parameters. Curves of gs to time (minutes) were 270 

subsequently analyzed with a log decay fitting (𝑔𝑠 = (𝑔𝑠0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∙  𝑒(−𝐾∗𝑇𝑖𝑚𝑒) + 𝑃𝑙𝑎𝑡𝑒𝑎𝑢). T50 is 271 

expressed in the time units of the X axis and represents the time to reach 50% of stomatal closure 272 

following either low light or high VPD.  273 



Statistical analysis 274 

All data were analyzed with Rstudio. Data were checked for normality and residuals vs fitted value 275 

and all the physiological traits were analysed with a one– or two-way analysis of variance (ANOVA) 276 

(depending on factor number) via the aov function. All the graphs were produced with ggplot2. 277 

Correlations were carried out with the ggcorr package. Curve fitting was analyzed for dynamic 278 

responses as above. Associations between traits were assessed via linear regression and Pearson 279 

test. When present, Fisher’s test was used for multiple comparison while t-test was used for two-280 

group comparisons.  281 

Results  282 

Experiment 1 283 

Significant variation (p<0.001) was observed in anatomical stomatal traits analyzed in Experiment 1 284 

(Figure 1). Mean stomatal density per mm-2 on the abaxial surface ranged from 83.8 ± 8.7 (Fethiye 285 

56-64) to 176.2 ± 8.3 (Albariño) (Supplementary Table 2). Stomata were not observed on the adaxial 286 

surface for all the genotypes. When grouped by sub-species, there was no significant difference in 287 

stomatal density between sativa and sylvestris. On the contrary, significant variation was observed 288 

between sativa and sylvestris in stomatal size (p<0.001) with sativa showing greater size than 289 

sylvestris while significant variation was observed for all the cultivars with stomatal size ranging from 290 

400 to 1000 µm2. There were no differences (p=0.139) for anatomical gmax between subspecies, 291 

although a significant variation was observed between genotypes (i.e. both sativa and sylvestris) for 292 

gmax ranging from 1.2 ± 0.06 to 3.0 ± 0.08 mol m-2 s-1.  293 

Significant variation (p<0.001, p=0.001 for reduction in Fv/Fm) was observed for functional leaf traits 294 

analyzed in the field. The reduction in Fv/Fm under heat stress compared to the control was 10.6% 295 

on average with significant variation between genotypes (p=0.001), while the difference between 296 

subspecies was not significant (p=0.563). Intrinsic water-use efficiency assessed through δ13C 297 

highlighted a significant variation (p=0.024) between subspecies, with sativa being more efficient at 298 

using water than sylvestris. Genotypic variation for δ13C was significant (p<0.001). δ15N significantly 299 

varied between genotypes (p<0.001) and subspecies (p<0.001). 300 



 301 

Figure 1. Boxplots showing traits assessed during Experiment 1 (n=5 for 49 genotypes). Stomatal 302 

anatomical traits included stomatal density, stomatal size and anatomical gmax. Functional leaf traits 303 

included reduction in Fv/Fm under heat stress, carbon (δ13C) and nitrogen (δ15N) discrimination. 304 

Data were checked for normality and analysed with one-way ANOVA (p<0.05).  305 

Correlations between traits (Figure 2A) show positive and significant (p<0.001) associations between 306 

gmax and stomatal density or size. In addition, stomatal size was positively correlated with δ15N 307 

(p<0.01) and δ13C (p<0.05). A significant (p<0.05) and positive relationship was also present 308 

between δ15N and δ13C. No significant correlations were observed between stomatal size and density 309 

or heat sensitivity (reduction in Fv/Fm) and other anatomical and functional traits. In Figure 2B, a 310 

scatter plot of the average values between δ13C and reduction in Fv/Fm is shown for the selected 311 

lines in Experiment 2. Some genotypes (Sinni and Cabernet Sauvignon, red circle) showed high 312 

iWUE and high sensitivity to heat stress while there were genotypes displaying low iWUE and limited 313 

sensitivity to high temperatures (light blue circle). Some genotypes showed high iWUE followed by 314 

low sensitivity of PSII to thermal stress (e.g. Teroldego and Regina, black circles). These lines with 315 



such a contrasting combination of δ13C and reduction in Fv/Fm under heat stress were chosen for 316 

Experiment 2.  317 

 318 

Figure 2. Correlation matrix for the traits analyzed in Experiment 1 (A), including r-value and 319 

significance (*** p<0.001, ** p<0.01, *p<0.05). Colors show positive or negative association. In B a 320 

scatter plot between average values of δ13C and reduction in Fv/Fm is shown for the selected lines 321 

used for greenhouse experiment (Experiment 2). Data are means and genotypes are described in 322 

the figure. Light blue circle represent genotypes with low iWUE – HS tolerant while red circle 323 

represent high iWUE – HS sensitive respectively. Outsiders (i.e. genotypes with high iWUE and HS 324 

tolerant) are highlighted with black circle.  325 

Experiment 2 326 

Stomatal anatomical traits 327 

Greenhouse assessment of stomatal anatomical features revealed significant differences between 328 

the selected genotypes in stomatal density (p<0.001), stomatal size (p=0.004) and anatomical gmax 329 

(p<0.001) (Figure 3). Stomatal densities in the greenhouse were generally lower than those in the 330 

field while stomatal sizes were similar, leading to a lower gmax for the genotypes assessed. Significant 331 

and positive correlations existed between greenhouse and field traits (Supplementary Figure 3) 332 

suggesting conserved phenotypes for different environmental conditions. In general, Ketsch and 333 

Cabernet Sauvignon showed the highest stomatal densities while Syrah and Regina the lowest. 334 

Stomatal size was higher in Teroldego and Regina when compared to Cabernet Sauvignon and 335 

Sinni and this led to lower gmax in Regina and Syrah when compared to Cabernet Sauvignon, 336 

Teroldego and, in particular, Ketsch.  337 



 338 

Figure 3. Stomatal anatomical traits assessed in Experiment 2 and for all the genotypes selected 339 

(n=5). A) Stomatal density, B) Stomata size and C) Anatomical gmax. Data were analyzed with one-340 

way ANOVA (n=6) and different letters represent significant differences according to Fisher’s test.  341 

Stomatal kinetics following a step increase in irradiance  342 

Steady-state gas-exchange traits at near-saturating light intensity highlighted significant variation for 343 

most of the traits analysed (Figure 4). Ketsch and Teroldego showed higher gsat than Cabernet 344 

Sauvignon and Sinni (p=0.011) while no significant differences were observed for Asat (p=0.380). On 345 

the contrary, a significant variation was observed for iWUE between lines with Sinni and Cabernet 346 

Sauvignon having higher iWUE than Regina, Ketsch and in particular Syrah (p<0.001). The 347 

difference between gsat and steady-state gs at low light (δgs) showed a higher delta for Ketsch and 348 

Teroldego when compared to Syrah and Cabernet Sauvignon (p=0.015)  349 

 350 

Figure 4. Steady-state traits estimated from step-changes analysis. A) stomatal conductance (gsat); 351 

B) CO2 assimilation rate at saturating light (Asat); C) intrinsic water-sue efficiency calculated as 352 



Asat/gsat (iWUE) and D) difference between gsat and steady-state gs at low light (δgs). Data were 353 

analysed with one-way ANOVA (n=5) and different letters represent significant differences 354 

according to Fisher’s test.  355 

The dynamics of stomatal closure following a step change in light (1000 to 100 µmol m−2 s−1 PPFD) 356 

for all the genotypes are shown in Figure 5 along with the dynamic of iWUE. The modeled log 357 

decay fitting is also shown (Figure 5G). There was a significant difference for time to reach 50% of 358 

stomatal closure (T50) (p=0.022, Figure 5H). In Cabernet Sauvignon, Sinni and Ketsch T50 was 359 

achieved between 15 and 20 minutes, while stomatal closure was faster in Teroldego, Syrah and 360 

Regina with an average T50 between 6 and 10 minutes.  361 

 362 

Figure 5. Dynamics of gs and iWUE for all the genotypes subjected to a high to low light transition 363 

(A to F, 1000 to 100 µmol m−2 s−1 PPFD) and over 60 minutes. Data are means (n=3-6) ± standard 364 

error of the mean (SEM). In G, the modeled log decay function fitted for average gs values of each 365 

genotype. In H, time to reach 50% of stomatal closure (T50) for each genotype and estimated with 366 

a log decay function. Data were analyzed with one-way ANOVA (n=5) and different letters 367 

represent significant differences according to Fisher’s test.  368 



Stomatal kinetics in response to changes in VPD  369 

The fitted log decay function for each genotype and for average gs values after a step-change 370 

increase in VPD (1.5 to 3.5 kPa) is shown in Figure 6A. There was a significant variation in the 371 

time to reach 50% of stomatal closure (T50) (p=0.003) with Sinni and Ketsch being the slowest 372 

while all the sativa showed faster T50 (10 minutes on average). The absolute gshighVPD (gs after one 373 

hour of high VPD treatment) show significant variation between genotypes (p=0.044) with Syrah 374 

and Regina showing higher gs values (around 0.10 mol m-2 s-1) than Cabernet Sauvignon and 375 

Sinni. This different sensitivity to VPD between cultivars led to lower limitation of CO2 assimilation 376 

by gs with higher reduction in Asat for Cabernet Sauvignon than Syrah.  377 

 378 

 379 

Figure 6. A) Fitted log decay function for average gs values of each genotype following a low to 380 

high VPD transition. B) Time to reach 50% of stomatal closure (T50) for each genotype and 381 

estimated with a log decay function (n=5). C) Steady state gs at high VPD for each genotype. D) 382 

Limitation of A by gs following a step-change in VPD (%). Data were analyzed with one-way 383 

ANOVA (n=3-4) different letters represent significant differences according to Fisher’s test while in 384 

D data were analyzed with t-test. 385 

Discussion 386 

In this study, we characterized forty-nine genotypes belonging to two Vitis vinifera subspecies under 387 

field conditions for several physiological traits. Our initial objective was to assess whether a 388 

relationship exists between iWUE estimated with carbon isotope discrimination and sensitivity to HS 389 

conditions. Under non-limiting water conditions, high transpiration rate can be a preferable trait to 390 

overcome heat waves (Venios et al., 2020). Since stomata are the main drivers of transpiration 391 

(Faralli et al., 2019), we hypothesized a higher sensitivity to HS (i.e. marked reduction in Fv/Fm as 392 



proposed in other species by Sharma et al. 2017) in genotypes with enhanced seasonal iWUE and 393 

that this relationship could be explained by differences in stomatal anatomical features. In addition, 394 

key genotypes were characterized under controlled conditions to assess whether dynamic 395 

responses to environmental cues may partially explain some of the variation found in the field for 396 

adaptive traits. Indeed, heat waves and prolonged conditions of HS are expected to increase in the 397 

near future and are already experienced by crops worldwide (Jagadish et al., 2021). Water 398 

conservation is a priority for agriculture although it can often lead to reduced leaf evaporative cooling 399 

and sub-optimal leaf temperature for photosynthesis (Faralli et al., 2019). Adaptive strategies to heat 400 

and drought have often been considered antithetical and dissecting preferable traits that may induce 401 

adaptation to combination of stresses is surely a priority that needs to be addressed, in particular in 402 

a valuable crop such as V. vinifera.  403 

Variation exists between genotypes for anatomical and key adaptive steady-state traits in V. vinifera 404 

In our study, large variation was observed in stomatal anatomical traits, which resulted in significant 405 

variation in gmax. Our results (SD ~100-200 stomata mm-2, SS ~400-900 μm-2) are in line with 406 

genotypic variation for stomatal anatomical traits observed in Vitis in previous work (Coupel-Ledru 407 

et al., 2016; Rogiers et al., 2009). Previous research has suggested a negative relationship between 408 

SD and SS, with decreasing SS with increasing SD (Franks et al., 2009; Dittberner et al., 2018). For 409 

instance in Eucalyptus globulus, anatomical gmax was constrained by the negative SS-SD 410 

relationship, and higher gmax were observed in a combination of low SS and high SD (Franks et al., 411 

2009). Interestingly, this negative association was linked to an improved economy of epidermal 412 

space allocation (Lawson and McElwain, 2016; Dow et al., 2014) and reversion back to smaller 413 

numbers of larger stomata was hypothesized as a better strategy for conditions in which lower gmax 414 

is required. On the contrary, smaller stomata have often been proposed to have faster responses to 415 

environmental stimuli potentially due to more rapid changes in solute concentrations associated to 416 

small guard cells (Lawson and Vialet‐Chabrand, 2019). In our work there was no significant 417 

relationship between SD and SS in accordance with several recent studies in a range of species 418 

(e.g. McAusland et al., 2016; Eyland et al., 2021; Stevens et al., 2021) suggesting that plasticity in 419 

maximum stomatal conductance may not be constrained by the presence of a negative relationship 420 

in grapevine. However, while carbon dioxide (Lawson et al., 2002) and light intensity (Poole et al., 421 

2000) are factors known to control the definite development of stomata and the spatial patterning 422 

over the leaf, interactions between temperature, humidity and soil moisture deficit can influence 423 

epidermal cells spacing (McElwain, 2004). This can result in different SD for a similar stomatal index 424 

(ratio of stomata to number of epidermal cells; Lawson et al., 2002). In our work, environmental 425 

conditions and vine management were similar for all the genotypes during the growing season and 426 

therefore the potential environmental effect or carbohydrate status on stomatal density is unlikely. 427 

However, genotypic variation for sensitivity to environmental cues may have influenced epidermal 428 



cells spacing in some genotypes, thus leading to altered SD with subsequent influences on gas-429 

exchange per unit of leaf area.  430 

A large variation for HS tolerance assessed as reduction of Fv/Fm between control and HS condition 431 

was observed between the cultivars. However, this variation was not explained by either stomatal 432 

size or density suggesting that i) leaf evaporative cooling is mainly determined by operational 433 

stomatal conductance and that ii) maximum anatomical conductance is a bad predictor of grapevine 434 

performances under developing stress conditions. Indeed, although anatomically possible, plants do 435 

not operate close to their gmax (McElwain et al., 2016) while their operating gs instead usually remains 436 

at around 20% of their maximum capacity, which corresponds to the turgor pressure in which guard-437 

cells can most efficiently control pore apertures (Dow et al., 2014). Indeed, carbon isotope 438 

discrimination analysis revealed an overall broad variation between genotypes with larger SS 439 

associated with higher iWUE. Previous studies confirmed that larger SS (yet, somehow lower SD) 440 

induced lower gmax and therefore a more efficient use of water (Franks et al., 2009). However, in this 441 

study the correlation between carbon isotope discrimination and reduction in Fv/Fm was not 442 

significant, with several genotypes being both water-use efficient and heat stress tolerant. Restricted 443 

transpiration rates are generally found in genotypes with elevated sensitivity to VPD and water stress 444 

(so-called isohydric behavior). For instance, some genotypes, e.g. Syrah and Cabernet Sauvignon, 445 

showed either low iWUE and elevated tolerance to HS (Syrah) or high iWUE but significant Fv/Fm 446 

reductions under developing HS. This behavior was also corroborated by gas-exchange analysis, in 447 

which Syrah showed a high gsat compared with Cabernet Sauvignon. The anisohydric and water-448 

spender behavior was already proposed in previous studies where Syrah showed a non-449 

conservative response to increasing VPD levels or water stress (Soar et al., 2009). Similarly, 450 

Cabernet Sauvignon showed a tight stomatal control under developing water stress, putatively 451 

modulated by either ABA sensitivity or hydraulic traits (e.g. xylem vessels diameter). This wide 452 

phenotypic variation can be exploited in breeding programs focusing at enhancing grapevine 453 

adaptation to environmental stresses and may assist management decision for physiological fine-454 

tuning under disadvantageous conditions. 455 

Domestication and breeding increased iWUE, yet enhancing stomatal size and maintaining high gs 456 

under low light conditions   457 

Vitis vinifera subsp. sativa has been a source of food and wine since its hypothesized domestication 458 

∼8.0 kya from its wild progenitor, V. vinifera subsp. sylvestris. Advances have been focusing at 459 

understanding grapevine evolutionary domestication, with Zhou et al., (2017) showing that in 460 

cultivated grapes, candidate-selected genes were identified for sugar metabolism, flower 461 

development, and stress responses while candidate-selected genes in the wild sample were limited 462 

to abiotic and biotic stress responses. However, in our work, V. vinifera subsp. sativa showed higher 463 

iWUE than subsp. sylvestris, suggesting that crop improvement led to a more careful use of water 464 

during the growing season. The increase in iWUE was also accompanied by increases in stomatal 465 



size and generally higher gs values under low light conditions. Increasing stomatal size should yield 466 

higher gmax hence reducing iWUE, at least under steady-state conditions. Similarly, higher gs values 467 

under low light conditions should increase water loss from the leaf followed by limited photosynthetic 468 

capacity. However, these traits in subsp. sativa were accompanied by a generally higher sensitivity 469 

(i.e. faster stomatal closure) to increasing VPD levels than subsp. sylvestris, suggesting that a fast 470 

restricted transpiration to high evaporative demand was either i) an unintentional trait selected with 471 

breeding or ii) a strategy resulting from the domestication process. VPD response in grapevine have 472 

been associated with ABA metabolism, with cultivars displaying a conservative response to VPD 473 

also showing higher ABA levels in xylem sap and leaf during daily developing increases in VPD 474 

although passive hydraulic VPD response has been also hypothesized (Merilo et al., 2018). In 475 

general, subsp. sylvestris seems to be less conservative under developing VPD, suggesting that leaf 476 

evaporative cooling and A maintenance are prioritized under fast transition from low to high VPD. 477 

When plants were subjected to high to low light transition, a similar behavior was observed (apart 478 

from Cabernet Sauvignon) with subsp. sylvestris showing slower stomatal closure than subsp. 479 

sativa. Sluggish stomatal responses to fluctuating light intensities can reduce seasonal iWUE 480 

following a substantial water loss for a limited CO2 fixed (Lawson & Blatt, 2014; Lawson & Vialet 481 

Chabrand 2019; Vialet-Chabrand et al., 2017; Matthews et al., 2018). In rice, genotypes with fast 482 

stomatal closure under high to low light transition had higher iWUE and lower biomass penalties 483 

under reduced water availability (Qu et al., 2016) suggesting that stomatal dynamics under 484 

fluctuating light is an important component of drought tolerance and soil moisture conservation. 485 

Therefore, our data show that a series of preferable traits were selected in subsp. sativa (high gs at 486 

low light, greater stomatal size, fast stomatal closure under low light and VPD) in particular related 487 

to a more careful water-use behavior under dynamic field conditions yet maintaining high steady-488 

state values.  489 

Preferable combination of responses to light (fast) and VPD (slow) is present in genotypes with 490 

greater HS tolerance and high iWUE 491 

 492 

Figure 7. Linear regression for field and greenhouse data and between time to reach 50% stomatal 493 

closure (T50) after a high to low light transition and  δ13C (A), intrinsic water use efficiency at 494 

saturating light and reduction in Fv/Fm compared to control under HS (B), time to reach 50% 495 

stomatal closure (T50) after a high to low light transition and reduction in Fv/Fm compared to control 496 



under HS (C), and gs after one hour at 3.5 kPa VPD and reduction in Fv/Fm compared to control 497 

under HS. Data points are individual values and lines were fitted with linear function in ggplot2. 498 

Coefficient of determination (r2) is shown in the graphs and asterisks represent p-values (p<0.05*; 499 

p<0.01**). 500 

Speed of stomatal responses to fluctuating environmental conditions is an underrated physiological 501 

trait with potential for contribution to future crop improvement. However, while variation has been 502 

shown in a few crop species (McAusland et al., 2016; Eyland et al., 2021; Acevedo-Siaca et al., 503 

2021, Faralli et al., 2019), to our knowledge, this is the first report presenting phenotypic variation in 504 

gs for rapid variation in VPD and light levels in grapevine. One of the most interesting output of this 505 

work is the significant genotypic variation observed for gs responses under different environmental 506 

stimuli (in this case, VPD and light intensity) and that these contrasting behaviors partially explained 507 

the unexpected performance under HS of some cultivars with high iWUE. 508 

Stomatal closure to reduced light intensity is mainly governed by the ion transport across the plasma 509 

membrane and tonoplast, and increasing guard cell volume to surface ratio has been associated to 510 

an increased time to adjust solute content within the cell volume (Lawson and Blatt, 2014). Indeed, 511 

often, speed of stomatal responses to light were linearly correlated with stomatal anatomical features 512 

and smaller stomata were frequently exhibiting fast gs responses (Hetherington and Woodward, 513 

2003). In some species, however, this correlation was not observed and in rice, larger stomata had 514 

faster A and gs induction than smaller stomata (Zhang et al., 2019). In our work, no significant 515 

association was observed between anatomical traits and speed of stomatal closure to light, while a 516 

significant negative correlation (p=0.026) was observed between gsmin and T50 (i.e. genotypes with 517 

higher gsmin had faster gs induction) (Supplementary Figure 4). Similarly, a positive correlation was 518 

present between δgs and T50 (p=0.045), overall suggesting that faster stomatal responses were 519 

present in cultivars with a higher gsmin. Previous work on woody plants (Meinzer et al., 2017) showed 520 

that anisohydric species responded rapidly to light accompanied by generally lower iWUE than 521 

isohydric species and similar results were observed in other species (Barratt et al., 2021). Indeed, 522 

for Vitis vinifera subsp. sativa, Cabernet Sauvignon, a commonly so-called isohydric cultivar, had 523 

high steady-state iWUE yet slow stomatal closure while the opposite was observed in Syrah. This 524 

clearly corroborates the opposite behavior for seasonal iWUE between Syrah and Cabernet 525 

Sauvignon, with the latter showing a pronounced iWUE majorly explained by low steady state gs 526 

values, slow responses to light but high sensitivity to VPD.  527 

Assuming transpiration as the main driver of leaf heat dissipation, seasonal iWUE should be 528 

negatively correlated with evaporative cooling and gs while a positive association is expected 529 

between iWUE and reduction of Fv/Fm under developing HS. However, this relationship was not 530 

significant between field and greenhouse datasets, while T50 was negatively correlated with δ13C, 531 

and positively with reduction in Fv/Fm (Figure 7). Similarly, iWUE was positively associated with δ13C 532 

and gshighVPD negatively associated with reduction in Fv/Fm. Regina and Syrah had quick responses 533 



to light and slow responses to VPD, suggesting that dynamic responses were the main drivers of 534 

seasonal iWUE with these varieties potentially showing desirable dynamic traits. Rapid stomatal 535 

closure in Regina under a high to low light transition may be the cause of an enhanced seasonal 536 

iWUE and, coupled with an insensitivity to VPD and a maintenance of high gs at high VPD levels, 537 

explains the relatively low reduction in Fv/Fm under field conditions. Indeed, in dark adapted and 538 

detached leaves, the range of Fv/Fm reduction for the different cultivars was not maintained 539 

(Supplementary Figure 5). Similarly, as already partially reported in the literature (Soar et al., 2006; 540 

Soar et al., 2009) Syrah was characterized by a quick gs reduction under fluctuating light, high 541 

steady-state gs, and limited sensitivity to fast changes in VPD. In the field, these behaviors can 542 

prioritize either iWUE and evaporative cooling depending on the stressor at which the plants are 543 

subjected and therefore better optimizing gas-exchange in short time-frames. The trends observed 544 

in this work should be additionally validated in the field where the time-course of canopy temperature 545 

and leaf water status may help dissecting potentially contrasting strategies between genotypes and 546 

cultivars x rootstock combinations. Indeed, further work should focus at determining the underlying 547 

mechanisms of speedy stomata in grapevine, understanding the interaction with standard grapevine 548 

management approaches such as irrigation and link these preferable traits with rootstock-scion 549 

physiology.  550 

Conclusions 551 

Our field screening provides a large physiological characterization for several traits in Vitis vinifera 552 

and shows the presence of a wide phenotypic variation both in sativa and in sylvestris subspecies. 553 

We also observed for the first time that a series of desirable traits (e.g. higher stomatal size and high 554 

iWUE) were present in subsp. sativa when compared to subsp. sylvestris, suggesting that 555 

unintentional selection for iWUE has been carried out, potentially as a result of domestication. 556 

However, in natural field conditions, leaf overlapping and cloud cover impose fast changes in light 557 

and VPD levels; suboptimal stomatal adjustment can lead to nonsynchronous behavior between A 558 

and gs, which can result in reduced iWUE and lowered leaf evaporative cooling under high 559 

temperature conditions. Our data for the first time show that preferable combination of traits for 560 

optimizing gas-exchange under natural field conditions are present in Vitis vinifera subsp. sativa. In 561 

particular, Regina was characterized by high seasonal iWUE despite a relatively high steady-state 562 

gs, potentially owing to a capacity to quickly react to fluctuating light conditions. Yet, reduced stomatal 563 

sensitivity to fast increasing VPD levels may maintain leaf heat dissipation and optimal leaf 564 

temperature for photosynthesis (i.e. Syrah), thus enhancing heat tolerance under the natural 565 

fluctuating environmental conditions. We propose that stomatal behavior to fast changes in light and 566 

VPD can play a critical role in leaf thermoregulation and water conservation in grapevine.  567 

 568 

 569 
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