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Reduced nighttime transpiration is a relevant breeding
target for high water-use efficiency in grapevine
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Increasing water scarcity challenges crop sustainability in many regions.
As a consequence, the enhancement of transpiration efficiency (TE)}—
that is, the biomass produced per unit of water transpired—has be-
come crucial in breeding programs. This could be achieved by reduc-
ing plant transpiration through a better closure of the stomatal pores
at the leaf surface. However, this strategy generally also lowers
growth, as stomatal opening is necessary for the capture of atmo-
spheric CO, that feeds daytime photosynthesis. Here, we considered
the reduction in transpiration rate at night (E,)) as a possible strategy
to limit water use without altering growth. For this purpose, we carried
out a genetic analysis for E,, and TE in grapevine, a major crop in
drought-prone areas. Using recently developed phenotyping facilities,
potted plants of a cross between Syrah and Grenache cultivars were
screened for 2 y under well-watered and moderate soil water deficit
scenarios. High genetic variability was found for E,, under both sce-
narios and was primarily associated with residual diffusion through
the stomata. Five quantitative trait loci (QTLs) were detected that
underlay genetic variability in E,. Interestingly, four of them colocal-
ized with QTLs for TE. Moreover, genotypes with favorable alleles on
these common QTLs exhibited reduced E, without altered growth.
These results demonstrate the interest of breeding grapevine for
lower water loss at night and pave the way to breeding other crops
with this underexploited trait for higher TE.

night transpiration | transpiration efficiency | growth | stomata | QTL

nderstanding how plants make efficient use of water has be-
come a priority in the context of climate change and reduced
water availability (1, 2). Plants inevitably lose water vapor by transpi-
ration while capturing atmospheric CO, for photosynthesis through
stomatal pores at the leaf surface. Photosynthesis and transpiration
covary with the aperture and density of stomatal pores depending on
genotypes and environmental conditions (3, 4). In addition, photo-
synthesis and transpiration rates are codetermined by the leaf area,
which is involved in light capture and is subjected to evaporation.
Thus, plant productivity is positively coupled with transpirational water
losses through stomatal characteristics and shoot development. This
coupling has prompted plant scientists to define transpiration effi-
ciency (TE) as the amount of biomass produced per unit of water used
through transpiration (5). Because TE shows significant variations
across species and varieties, it has been proposed as a relevant target
in breeding programs for areas with restricted water availability (2).
Breeders have substantially improved TE by selecting plants with
more efficient photosynthesis or higher allocation of photosynthates to
harvested organs (6). Another way to improve TE is to decrease the
amount of water lost by transpiration. However, the tight coupling
between transpiration and photosynthesis during the day in C; and Cy4
species makes it challenging to decrease water loss without reducing
crop yield: genotypes that save the most water often show the lowest
photosynthesis rate and yield (7). This drawback may be circumvented
by selecting alleles or manipulating genes that uncouple transpiration
from photosynthesis. Such a selection has been facilitated by the
widespread use of "°C, a proxy for daytime TE based on the carbon
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isotope discrimination that occurs during photosynthesis (8). This
strategy has been successfully implemented in both model plants
and crops to detect genomic regions associated with the control of
TE, which are being exploited in breeding programs (9, 10), or serve
as starting points to investigate the genetic determinism and eco-
logical significance of the variation in TE (11-13).

An alternative yet unexplored strategy to improve TE (14) could
be to select plants with a reduced rate of water loss at night (E,),
when photosynthesis is not operating due to the absence of light.
Although plants actively close their stomata in the dark, stomatal
closure is largely incomplete and nighttime transpiration can be sub-
stantial, accounting for up to 30% of the plant’s daytime water loss
(15). Furthermore, variation in E, has been identified across (15-17)
and within (15, 18-20) plant species, but little is known about the
underlying genetic determinisms. In the model plant Arabidopsis thaliana,
natural variation in nighttime transpiration was detected (21, 22)
and found to contribute significantly to total transpiration (23).
However, genotypes with reduced E,, also exhibited lower pho-
tosynthesis rate and growth (21), hindering further developments
in breeding programs. More recently, A. thaliana mutants were
isolated, showing impaired nighttime transpiration and intact
growth (24). This suggests that genomic regions may be identified
with beneficial alleles, allowing plants to save water at night
without altering growth. However, no study so far has attempted
to jointly analyze the genetic determinisms of E,,, TE, and growth
at the whole genome scale of a plant species.

Significance

Breeding crops with more biomass produced per drop of water
transpired is a key challenge in the context of climate change.
However, the tight coupling between transpiration and carbon
assimilation during the day makes it challenging to decrease wa-
ter loss without altering photosynthesis and reducing crop yield.
We tested whether reducing transpiration at night when photo-
synthesis is inactive could substantially reduce water loss without
altering growth—a hypothesis that, to our knowledge, has never
been genetically addressed in any species. By studying a whole
progeny in grapevine, a major crop for drought-prone areas, we
identified genomic regions where selection could be operated to
reduce transpiration at night and maintain growth. This opens
new horizons for breeding crops with higher water-use efficiency.
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Here we show that TE can be bred by reducing E,, independently
of daytime stomatal behavior in grapevine (Vitis vinifera L.), a
cultivated perennial species of high economic importance for
drought-prone areas. Genetic variations in TE (25) and E,, (20, 26,
27) have been independently reported in V. vinifera, but the genetic
basis of a possible link between these two traits has never been
examined. In our study, we jointly examine TE and E,, in a mapping
population obtained from the cross between two widespread cul-
tivars, Syrah and Grenache (SxG), previously described as exhib-
iting different daytime water use (28, 29). We highlight that part of
the genetic variation in TE is tightly linked to the variation in E,,.
Incomplete stomatal closure and, to a lesser extent, water loss
through the cuticle account for a large part of the genetic variability
in E,. Several genomic loci underlying the variation in E, are
identified under well-watered (WW) conditions and soil water
deficit (WD). Based on genetic information on these loci, offspring
genotypes could be selected with favorable alleles that enhance TE
by reducing E, without altering plant growth.

Results and Discussion

Nocturnal Transpiration in Grapevine: Substantial Losses Under Tight
Genetic Control. We first characterized the variability of nighttime
water loss and its response to soil WD in a pseudo-F1 population
obtained from a cross between the two grapevine cultivars Syrah
and Grenache. Potted plants (186 offspring plus the parents) were
grown in a phenotyping platform in a greenhouse under both WW
and WD conditions. Transpiration rates were determined in a
chamber under stabilized climatic conditions. Experiments were
repeated over 2 successive years and gave similar mean values with
similar genetic variability, although with slight differences between
years for most of the traits (SI Appendix, Table S1). Genotypic
values reported hereafter for all traits were estimated as Best
Linear Unbiased Predictions (BLUPs) from mixed models using
replicates from either 2012, 2013, or both years.

Substantial, nocturnal rates of water loss (E,) were recorded with
a highly significant genotypic effect regardless of the year and
watering scenario (SI Appendix, Table S1), resulting in broad-sense
heritability up to 0.86 (SI Appendix, Table S2). Mean genotypic E,,
values recorded under WW conditions for Grenache and Syrah
(0.070 and 0.091 mmol-m™—2s~", respectively) were consistent with
previous reports (20). The offsprlng exhibited much higher contrasts,
with E,, ranging from 0.054 to 0.136 mmol-m—%s~" (Fig. 1C), similar
to ranges reported in several species (15). Comparatlvelg diurnal
rates of water loss (E4) ranged from 0.69 to 1.13 mmol-m2s~" (Fig.
1D). WD decreased mean E,, of the population by 37% compared
with WW (Fig. 1C), whereas it decreased Eq by 50% (Fig. 1D),
resulting in a stronger contribution of E, to daily water loss under
WD. Interestingly, genotype ranking for E, was mostly conserved
between WW and WD conditions, as indicated by the tight correlation
between the genotypic values of E,, under these two conditions (Fig.
1F). The correlation was looser for Eq (Fig. 1G). This suggests that the
genetic determinism of E, is less subjected to environmental in-
teraction than E4, making E,, a simpler target for breeding. The
E,/Eq ratio, which gives the extent of nighttime compared with
daytime transpiration, was ruled by a significant effect of the ge-
notype (SI Appendix, Table S1) and high heritability (up to 0.87).
E, accounted for 6-14% of Eq under WW conditions, whereas it
reached up to 23% of E4 under WD conditions (Fig. 1E). The
ranking of genotypes for E,/Eq was largely conserved between both
watering scenarios (Fig. 1H). Most importantly, the genotypic values
of E,, and E, only loosely correlated, notably under WD (Fig. 1 7 and
J). Deviation from this correlation suggests that genotypes with low
E, but high E; could be exploited to substantially reduce water loss
at night without lowering gas exchange in the daytime.

To test whether results obtained in controlled environment were
conserved in outdoor conditions, a subset of 14 genotypes with con-
trasting transpiration rates were grown outdoors. Potted plants were
regularly weighed over a 24-h period on a clear summer night followed
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Fig. 1. Genetic variability in transpiration rates measured in the nighttime (E,)
and daytime (Eg) on potted plants of an SxG population. Offspring and parents
(188 genotypes) were grown and subjected to either WW or WD conditions on a
greenhouse phenotyping platform (A) during two experiments in 2012 and 2013.
Plants were transferred to a controlled environment chamber (B) to determine E,,
and Eg. (G-F) Boxplots of the genotypic values (BLUPs for the whole dataset
merging 2012 and 2013) for E,,, Eg4, and E,/E4 under WW and WD conditions. (F-H)
Comparisons of genotypic values between WW and WD scenarios. (/ and J) Cor-
relation between daytime and nighttime genotypic values of transpiration rates
under WW (/) and WD (J) conditions. (K) Comparison of genotypic values of E/E4
between controlled (x axis) and outdoor (y axis) conditions for a subset of 14
genotypes. Pearson’s determination coefficients (R?) are indicated with their sig-
nificance level as follows: **P < 0.01, ***P < 0.001. Regression lines are repre-
sented in black and bisecting lines in dotted gray. Means and SD of genotypic
values are presented in S/ Appendix, Table S1 together with effects of genotype,
water scenario, and year.

by a bright sunny day, typical of the Mediterranean climate. Overall,
genotype ranks for the contribution of night relative to daytime water
losses (E,/E4) were mostly conserved regardless of conditions (Fig.
1K). Compared with controlled conditions, outdoor daytime evapo-
rative demand and light were particularly high (S Appendix, Table
S3), resulting in a general decrease in E,/Eq4 (Fig. 1K). Nevertheless,
E,/Eq values still reached up to 10% for extreme genotypes (Fig. 1K).

Genetic Variability in Nighttime Transpiration Mostly Originates from
Incomplete Stomatal Closure in the Dark. The fact that a significant
transpiration rate was found at night even under WD (Fig. 1C)
raises questions about the origin of this nocturnal water loss. Al-
though recent studies have shown that stomata remain partially
open in the dark (30, 31), including in grapevine (32), a slightly
permeable cuticle might also be responsible for these observations.
To decipher the respective contributions of stomata and cuticle to
the genetic variability of E,, a subset of 28 genotypes with con-
trasting E,, were selected from the SxG population. Detached
leaves from potted plants cultivated outdoors were fed with solu-
tions of artificial sap, and E,, was determined once stabilized under
controlled atmospheric conditions in darkness (control in Fig. 24).
A significant effect of the genotype on E,, was detected (P < 0.001),
and genotypic values measured on detached leaves correlated with
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values obtained on whole plants (Fig. 2B). Higher values for de-
tached leaves than for whole plants were consistent with a higher
stomatal density (168 + 31 stomata mm™2) that is typical of plants
grown outdoors rather than under greenhouse conditions (108 + 25
stomata mm ). The detached leaves were then transferred to a
solution supplemented with abscisic acid (ABA), a drought hor-
mone that induces stomatal closure. The ABA treatment signifi-
cantly reduced E,, by 70% on average compared with control (Fig.
24), indicating that stomata had remained substantially open under
dark conditions before ABA addition. Stomatal contribution to E,
was calculated as the percentage variation in E, induced by ABA,
assuming that feeding detached leaves with ABA at supra-
physiological concentration induced maximal stomatal closure.
Stomatal contribution largely varied across genotypes (P <
0.001), ranging from 30% to 90%, and strongly correlated with
E, (Fig. 2C). This indicates that variability in the stomatal con-
tribution to water loss at night, as estimated with the ABA assay,
accounted for an important part of the genetic variability of E,,.
Genotypes with higher E,, also displayed higher stomatal density
in a subset of five genotypes (Fig. 2D). This suggests that sto-
matal density also contributed to the genetic variability of E,
observed in our study, contrasting with a previous report (33).

Cuticular Water Losses: Tight Genetic Control for a Small Fraction of
Nighttime Transpiration. A small but consistent rate of water loss
was still recorded on detached leaves after the ABA treatment (Fig.
2A4). This remaining loss may be due to the inability of stomata to
fully close (34) or to a slight permeability of the cuticle on the leaf
epidermis. Taking advantage of the hypostomatous feature of
grapevine—that is, the absence of stomata on the adaxial side of
the leaves—we quantified water loss through the adaxial cuticle by
waterproofing the abaxial side of detached leaves with petroleum
jelly. As an average for all genotypes tested, the resulting, residual
rate of water loss accounted for 15% of total E, observed for
control leaves (Fig. 24). It approached half of E, observed upon
ABA treatment, suggesting that water loss through the abaxial
cuticle was close to that of the adaxial cuticle. Assuming that water
loss through the cuticle was similar on both leaf sides (i.e., negli-
gible part played by water vapor leaks through ABA-treated sto-
mata), we inferred that total cuticular water loss from both sides
accounted for 30% of E,, the remaining 70% being due to in-
complete stomatal closure in the dark, in agreement with previous
estimates in grapevine (27, 35). Moreover, we found a significant
effect of the genotype on cuticular water loss (P < 0.001). This
suggests that cuticular water loss, although low compared with
stomatal transpiration under WW conditions, may represent a
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relevant breeding target, with a likely higher contribution under
WD when stomata close more fully.

Nighttime Transpiration, Daytime Transpiration, and Growth Only
Partly Share Their Genetic Determinisms. The genetic determinism
of E, was examined in whole plants by searching for underlying
QTLs. Detection was performed on BLUPs calculated for indi-
vidual years (2012 or 2013) and for the 2-y dataset on the consensus
SxG map (36). Significant QTLs for E, were detected on five
linkage groups (LGs) for 2012 and/or 2013 and WW and/or WD
(Fig. 3), with a higher confidence level under WD (SI Appendix,
Table S5). Contributions of alleles to individual QTLs were mainly
due to additive effects with very few dominance effects between
alleles (SI Appendix, Table S5). Each of these QTLs individually
accounted for 8-24% of the total variance (SI Appendix, Table S5)
and for up to 36% altogether (for WD in 2012). Three genomic
regions of particular interest, located on LGs 1, 4, and 13, contained
stable QTLs for E, in 2012 and 2013 under WD. The identification
of stable QTLs where alleles had mostly additive effects is a
promising, primary step toward marker-assisted selection on E,,.

We then examined whether the genetic variations of E, and Eq4
could be uncoupled from each other, as suggested by the weak
correlations between the two traits (Fig. 1 [ andJ). Five QTLs were
found on LGs 1, 2, 10, and 17 as determining genetic variation in E4
(Fig. 3 and SI Appendix, Table S5). Although E4 was much larger
than E,, the associated QTLs were less stable across years and
watering scenarios, probably due to stronger differences in climatic
conditions during the day between the 2 y of experiment (29). Im-
portantly, most of the QTLs detected for E4 did not colocalize with
QTLs for E,,. The only exception was a colocalization on LG 1 (Fig.
3), where allelic variation had parallel effects on both traits (Fig. 44
and SI Appendix, Fig. S1 A and B). The four other QTLs that were
exclusively detected for E,, suggested they could be related to spe-
cific regulators of stomatal closure in darkness, such as those recently
classified as OPEN ALL NIGHT LONG (24). Thus, choosing
favorable alleles on QTLs for E, that do not colocalize with
QTLs for E4 should allow a reduction in nighttime water loss
without altering daytime gas exchange.

Finally, we assessed whether genetic variations in E4 and E,
were associated to variations in growth. Growth rate (ABiomass)
was estimated for the whole offspring in the greenhouse over
periods of 10-15 d with stabilized soil water content by analyzing
sequences of images taken in the phenotyping platform. ABiomass
was ruled by a highly significant effect of the genotype, and her-
itability reached up to 0.71. Five QTLs were detected on LGs 4,
10, 15, 17, and 18 (Fig. 3), altogether accounting for up to 30% of
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Fig. 2. Genetic variability in nighttime transpiration (E,) measured on detached leaves subjected to different treatments for a subset of genotypes selected in the SxG
population. (A) Detached leaves fed with control, artificial sap; effect of 128 mmol m= (+) ABA added to the solution (boxplots for 28 genotypes) and effect of wa-
terproofing of the abaxial side (boxplot for 15 genotypes). The Inset picture shows a representative leaf in solution. (B) Comparison for 28 genotypes between E,
measured on detached leaves fed with control, artificial sap (mean for n =5 leaves per genotype, y axis) and genotypic E,, values measured on WW whole plants (2013
experiment, x axis). (C) Comparison between total E,, measured on detached leaves fed with artificial sap (E,, +ot) and estimate of stomatal contribution to E,, calculated as
the percentage reduction in E,, induced by ABA (E,, stomata) relative to Ej, 1o for 28 genotypes. (D) Correlation between E,, measured on detached leaves fed with artificial
sap and stomatal density for five genotypes; pictures show imprints of the abaxial leaf surface for two genotypes with low (Left) or high (Right) stomatal density. (Scale
bar, 60 pm.) In C and D, mean + SE for five leaves per genotype.
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Localization on the SxG linkage map of the most important QTLs detected for transpiration rates during the nighttime (E,) and daytime (Eg), transpiration

efficiency (TE), predawn water potential (¥,q4), shoot growth (ABiomass), and leaf area (LA). Each QTL is represented by three bars, either filled when significant in 2012
(left), 2013 (middle), and 2012+2013 (right) or left empty if not, and colored in blue or red when detected under WW or WD conditions or filled with black when
detected under both conditions or else hatched when detected with the multiscenario dataset (WW+WD). Central mark in the bars indicates the position L where
maximum logarithm of odds (LOD) score was obtained, and bar length represents the confidence region for the QTL (where LOD score exceeded maximum LOD - 1).
When several QTLs were detected for the same trait with different positions L but with overlapping confidence regions, only one bar was figured with L corresponding
to the highest LOD score; when the length of their confidence regions differed, the shorter one was figured. Fully informative markers (segregating in four allelic classes)
are underlined. The longest marker names have been truncated and suffixed * (29). Complete description of the QTLs is provided in S/ Appendix, Table S5.

the variance. Stable localizations between years were found on two
LGs (4 and 18; SI Appendix, Table S5). Two QTL colocalizations were
found for ABiomass and E4 with parallel allelic effects (SI Appendix,
Fig. S2), reflecting the positive relationship between transpiration and
photosynthesis rates in the daytime. As expected from this relation-
ship, genotypes with reduced transpiration rates also exhibited reduced
growth, especially under WD (SI Appendix, Table S4). By contrast, the
genotypic values of E;, and ABiomass did not correlate under WW (S
Appendix, Table S4). Furthermore, a negative correlation was ob-
served under WD (S Appendix, Table S4): genotypes with reduced E,,
tended to maintain higher growth rates. Accordingly, a common QTL
for E, and ABiomass was detected on LG 4 (Fig. 3) with opposite
allelic effects on each trait (Fig. 4B and SI Appendix, Fig. S1 C and D).
The relationship between reduced transpiration at night and enhanced
growth may be due to an improved restoration of the plant water
status during the night with low E,, favoring cell expansion before the
onset of transpiration at dawn (37). High transpiration rate at night, by
contrast, prevents overnight equilibration between plant and soil water
potentials (38, 39). In line with this interpretation, a significant, neg-
ative correlation was observed between the genotypic values of E,, and
predawn leaf water potential (¥p,q; SI Appendix, Table S4). Moreover,
two colocalizations between QTLs for E, and ¥4 were detected
(on LG 13 and 17) with opposite allelic effects (SI Appendix, Fig.
S3). Reduced transpiration at night may also favor plant growth by
limiting plant vulnerability to embolism in the daytime (20). Our
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results support that reduced E, does not necessarily decrease
productivity and can even result in higher growth.

Shared Genetic Determinisms for Nighttime Transpiration and TE.
The genetic analysis of the SXG population suggested that selec-
tion could be effectively operated on E, independently of E4 and
without causing detrimental effects on plant growth or even having
a positive influence under WD. Such a breeding strategy would be
of agronomical relevance if lower E,, significantly improved TE. We
addressed this possibility by determining TE at the whole shoot
level as the ratio of ABiomass to the amount of water lost over a
period of 10-15 d. A highly significant genotypic effect on TE was
found (SI Appendix, Table S1), with TE ranging from 5.0 to 6.7 gL ™"
under WW and from 1.8 to 3.2 gL ™' under WD (SI Appendix, Fig.
S4A4). A negative correlation was found between TE and E,, under
both watering scenarios, supporting our initial hypothesis that water
saving at night could substantially contribute to an efficient use of
this resource (SI Appendix, Fig. S4 B and C). However, individual
genotypes largely deviated from this general trend, which prompted
us to dissect the genetic links between E,, and TE.

Six QTLs for TE were detected on six LGs (Fig. 3), altogether
accounting for up to 33% of the variance (for WW in 2012). The
most significant QTL, on LG 4, remained stable over the 2 y and
accounted for more than 18% of the variance (SI Appendix, Table S5).
Four QTLs for TE colocalized with QTLs for E,, on LGs 4, 8, 13, and
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17 (Fig. 3), with opposite allelic effects (Fig. 4 D-G). Allelic
variation at the QTL detected on LG 4 combined an increase in
TE not only with a reduction in E, (Fig. 4D) but also with an
enhancement of growth (Fig. 4C). The three remaining loci (on
LGs 8, 13, and 17) hosted genetic variation with specific im-
pacts on E, without significant effect on Eq4 or growth (Figs. 3
and 4 E-G). All these QTLs therefore arise as preferential
targets to breed for higher TE. Only one QTL of TE was
common to E4 and growth (on LG 10), suggesting a dominating role
of E,, in determining the genetic variability of TE in the SXG pop-
ulation. A lot of genetic analyses of TE that are based on gas ex-
change in the daytime or 8"°C may therefore miss important
components that are unrelated to daytime physiology (40, 41). In our
study, this drawback was circumvented by using an integrated esti-
mation of TE over several day—night cycles to reveal the effect of
nighttime transpiration therein.

That nocturnal transpiration might be associated to a less effi-
cient use of water raises the question of why plants evolved with
substantial water losses at night. First, night transpiration may
lower leaf temperature by evaporative cooling, thereby decreasing
carbon losses through dark respiration (42). Night water fluxes
may otherwise have beneficial roles in nutrient transport (43) and
O, supply to the xylem parenchyma (16, 44). Incomplete stomatal
closure at night may also accelerate photosynthesis resumption at
sunrise (45), but this has not always been observed (46). All these
putative benefits were probably masked by stronger physiological
influences in our study, as we did not observe any general, positive
relationship between night transpiration and plant growth.

Lowering Nighttime Transpiration as a Breeding Strategy to Anticipate
Climate Change. The genetic uncoupling between day and night wa-
ter losses allowed us to identify QTLs for nighttime transpiration with
an associated impact on TE in grapevine. One of these QTLs where
alleles also favor plant growth arose as a promising target for marker-
assisted selection. Implementing such a breeding strategy becomes all
the more relevant in light of climate change projections (1).

First, the intensity and duration of drought episodes are likely to
increase in Mediterranean regions. Our study highlights that soil
WD further loosens the relationship between day and night tran-
spiration (Fig. 1 I and J) and increases the confidence level on the
QTLs identified (Fig. 3 and SI Appendix, Table S5). The level of water
stress we imposed was deliberately moderate, to capture the physi-
ological events triggered at incipient stages of soil drying. Such stages
correspond to extended periods of major relevance for water saving
in Mediterranean vineyards (47). Investigating more stressful con-
ditions would certainly have led to the detection of alternative QTL
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and SEs of allelic values are calculated as BLUPs from the
whole dataset. Separate analyses for each water sce-
nario are detailed in S/ Appendix, Figs. S1, S2, and S5.

localizations but most likely associated with avoidance or survival
strategies, which are less relevant in an agricultural perspective (48).
Gradual change in the physiological processes mobilized by plants to
cope with progressive soil drying could be illustrated by the QTLs of
E, that were detected exclusively under WD but not under WW
conditions (e.g, on LG 17). Such QTLs could be related to a sub-
stantial influence of the cuticle on nocturnal transpiration under WD,
whereas it could be masked by the predominant contribution of sto-
mata under WW conditions (Fig. 2). These QTLs could also be re-
lated to differences in stomatal density, which is affected by water
stress and ABA (49) and modulates TE (50). Further studies are
required to dissect these previously unidentified QTLs of E, and
their interaction with the severity of water stress.

Second, evaporative demand and thus transpiration are expec-
ted to increase faster in the nighttime than in the daytime due to
multiple impacts of climate change. An increase in temperature
that drives higher vapor pressure deficit appears to proceed faster
at night with global warming (1). Consequences on transpiration
rate are expected to be attenuated preferentially in the daytime
due to a forecasted increase in atmospheric water vapor concen-
tration (51). Additionally, the projected elevation in atmospheric
CO, concentration is expected to reduce stomatal aperture and
transpiration more strongly in the presence of light than in dark-
ness (52). Overall, climate projections therefore intimate an en-
hancement of transpiration at night relative to the day, making
nocturnal control of transpiration a relevant target to breed crops
for enhanced TE.

In conclusion, this study supports that crops can be bred for
reduced transpiration at night with a substantial gain in TE. Field
experiments that address the control of nighttime transpiration in
relation to climate change projections will contribute to the design
of a more sustainable agriculture.

Materials and Methods

The SxG pseudo-F1 population was obtained from the reciprocal cross between
Syrah and Grenache V. vinifera cultivars. In 2012 and 2013, six and five clones,
respectively, of each genotype (all offspring and the two parents) were studied as
replicates in randomized blocks into the PHENOARCH high-throughput pheno-
typing platform (53) in a greenhouse. Watering scenarios were imposed by
maintaining soil water content in pots at target values using watering stations.
Total water loss by transpiration over a period of 10-15 d, when soil water con-
tent had stabilized, was calculated as the sum of daily water losses recorded for
each potted plant by the weighing terminals and corrected for soil evaporation.
Individual plant fresh weights were calculated daily using images taken in
the platform and processed for conversion into biomass. Growth rates over 10-15d
periods were then calculated as increases in dry biomass per unit time
(ABiomass) from processed images of plants. Whole plant TE was determined as
the ratio between biomass increase and the total amount of transpired water
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over the same period. E, E4, and predawn water potential (¥,4) were mea-
sured on a specific day when the plants were taken off the platform and placed
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Sl Materials and M ethods

Plant material

A pseudo-F1 population of 186 two year-old genosypas obtained from a reciprocal cross between
the grapevine cultivars Syrah and Grenache (1ebruary 2010, 20 clones of each offspring and the
parents were grafted on 110Richter rootstoek erlandieri x V. rupestri and then cultivated
outside with ferti-irrigation in 9 L individual pstcontaining a 30:70 (v/v) mixture of loamy soildan
organic compost. Experiments on these plants wene tarried out during three successive years as
described below.

M easurementsin a phenotyping platform on entire plants of the whole population

Growth conditions and watering scenarios in greenhouse. Six (in 2012) and five other (in 2013)
clones of each genotype (all the offspring andtihe parents) were studied as replicates. On late
winter preceding each experiment, potted plantevikansferred for budburst to a first greenhouse
and grown there for 1 month as previously descrii®d All inflorescences and branches were
removed in order to ensure full growth of one leakys per plant. The plants were then transferred
into the PhenoArch phenotyping platform (3) in dotgreenhouse located at Montpellier, France
(https://mvww6.montpellier.inra.fr/lepse_eng/M3P). ithih  this platform, water treatments were
imposed to all the offspring and the parents byntaaming soil water content in pots at target value
This was achieved by daily watering of each pongisivatering stations made up of weighing
terminals with 1 g accuracy (ST-Ex, Bizerba, BatingGermany) and high-precision pump-watering
stations (520U, Watson Marlow, Wilmington, MA, USApell-watered (WW) replicates (three in
2012 and two in 2013) were maintained at 1.50 gemwper g dry substrate (corresponding to a soil
water potential of -0.055 MPa), and a moderate magécit (WD) was imposed to the other replicates
(three on each year) by restricting irrigation Liité soil water content gradually declined to 1g0§*
(corresponding to a soil water potential of -0.1¥a&)l and this level was maintained thereafter by
daily watering (2). The WW scenario was chosenaslimiting for growth (as detailed in reference
2). With the WD scenario, we aimed at charactegizime plants responses to early stages of water
deficit which have large impacts on growth and sm@ration in the field (4) and are thus decisive on
the yield and the amount of water used over tleymtion cycle. The WD scenario was thus chosen
moderate as compared to late stages of soil diyirfipld conditions, when the soil water potential
frequently decreases down to -0.6 MPa (5).

Soil water potential ¥s,;) was estimated for each plant from the soil watentent in the
corresponding pot, using a calibration curve thas wreviously established for the same soil (2& Th
desired soil water potential for WW or WD scenanigss reached in the phenotyping platform with
high reproducibility between plants (SE ¥g,; was <0.0014 MPa and <0.014 MPa for WW and WD
plants, respectively) and years (m&ag, for all WD plants averaged —0.154 + 0.014 MPa ih2and
—0.151 £ 0.005 MPa in 2013).

Determination of transpiration efficiency in the greenhouse. Transpiration efficiency (TE) was
calculated for each genotype in both years andrimgtescenarios, over a period of 10 to 15 days
starting 2-3 days after stabilization of soil watentent. Total water loss by evapotranspiratioerov
this period was calculated as the sum of the dedlier losses recorded by the weighing terminals for
each potted plant. Mean soil evaporation was rextbooh pots without plants and subtracted from total
weight loss of each potted plant to obtain trarsdmn. Daily estimates of fresh weight of individlua
plant were calculated using images automaticalkertain a cabin located in the platform and



processed for conversion into fresh matter weighpeviously described (2). Plant relative water
content (g HO g* fresh weight) was obtained in 2012 for 6 plants genotype by weighing whole
plants at harvest (newly formed leafy shoots cuthatr bases) and after oven drying. Dry matter
weight was then calculated at any stage for eaahtgby using the fresh weight deduced from
processed images and the relative water contemifigpto each genotype and watering scenario,
which both had significant effects. The total drattar weight increment over the period was then
calculated as the difference in whole-plant dryteratveight between the end and the beginning of the
10-15 day period of each experiment. Mean growt waas calculated for each plant over this period
by dividing dry matter weight increment by the periduration. Whole plant transpiration efficiency
(TE) was finally determined as the ratio betweamrdment in dry matter weight and the total amount
of transpired water over the same period.

Leaf area. Individual whole plant leaf area (LA) was estimatbtbugh processed images taken every
two days in the platform imaging cabin, as previpdgscribed (2).

Nighttime, daytime transpiration rates and predawn water potential in climatic chamber under fully
controlled conditions. Transpiration rate was determined during both nagid daytime on the whole
population by sequentially placing plants in a chemadjacent to the phenotyping platform with
controlled temperature, relative humidity (RH), wap pressure deficit (VPD), and light.
Measurements in climatic chamber were performedd2y® after the stabilization of both watering
scenarios (WW and WD) in the platform and at a lsimimean developmental stage for all of the
offspring (2). Pots were bagged to prevent evammrdtom the soil. Once placed in the chamber,
plants were first submitted to a dark period witkirailar timing to that prevailing in the greenheus
(for about 12 h), then lights were switched ondominimum of 6 h. Air temperature and RH were
measured every 30 s (HMP35A probe, Oy, Helsinkildfid) and the temperature was set to an
average of 20 °C during the night (27 °C duringdbg). VPD was controlled by manipulating RH to
maintain 1.5 £ 0.2 kPa during the first 7 hourgtef night period (to favour transpiration) and 8.8
0.2 kPa during the next 5 hours of the same nighibg (to facilitate equilibration of water poteals
between leaf and soil). VPD was maintained at 22tk®a during the whole light period. During the
daytime period, a bank of sodium lamps providechatg@synthetic photon flux density (PPFD) of
~480 pmol-ni>-s' at the height where leaves were sampled. Eachwast weighed with 0.1 g
accuracy (Sartorius balance, IB 34 EDEP, Gottinggarmany) at the beginning and end of each
period (night and day). Weight losses over 12 Ispeetively 6 h) period were used to calculate
average nighttime (respectively daytime) transjratate on a leaf area basis (respectivelyaid
Ed).

Predawn leaf water potential’(y) was measured at the end of the dark period,befsire the lights
were switched on and while the VPD had stabilize@.8 + 0.2 kPa for about 4 hours. We used up to
six Scholander pressure chambers (Soil Moisturadaeent Corp., Santa Barbara, CA, USA) which
were cross-calibrated with a distributed, presgarizitrogen source.

Statistical analyses. Natural logarithm or root square transformation wasplied when data
distribution deviated from normality (Shapiro—Wikkst (6)). Linear regression analyses, calculation
of Pearson’s correlation coefficients and analyfisvariance (ANOVA) were performed with R
packages (7).

For each trait measured on the whole populatiom,Bbst Linear Unbiased Predictors (BLUPS) of
genetic values were then estimated for use in Q&tedion. Models selected were those with the



lowest Bayesian Information Criterion, among selverixed models where fixed effects of operator,
year, water scenario and their interactions westetke(2).

Variance estimates of the selected models were tosgetermine the broad-sense heritability) (bf
each trait as the ratio between the phenotypi@maéd and the total variance as follows:
o=
- 2
(026+0)

where 6% is the genetic variance’: the residual variance, armithe number of replicates per
genotype.

When significant, an interaction between the ggp®@gnd the year (G x Y) was included in the model
and the heritability was calculated as follows:

O'ZG

H2 =
(02 L 92Gxy , 9°R )
G ng nxng

where R is the number of years (2 in the present case).

When significant, an interaction between the gepetand the water scenario (G x S) was also
included, and the calculation was:

2
Hz = 2 026 2
(02 :‘7G><Y+UG><SI 0“R )
G ng ns nXxng Xng

where Ris the number of water scenarios (2 in the precasg).

QTL detection. Quantitative trait locus analyses were carriedoasuBLUPSs for each above-described
trait. The linkage map had previously been builhgs 53 simple sequence repeat (SSR) markers (8),
most of them being fully informative ones (with faallelic classes in the offspring). QTL detection
was performed on BLUPs with MapQTL 4.0 software {8ing the consensus map which combined
segregation information from the two parents. vaémapping was performed in combination with
multiple QTL model mapping (MQM) (10, 11) as an eqlent of composite interval mapping. QTL
significance was determined at the genome-widd (@ by calculating thresholds for the logarithm
of odds (LOD) score through 1000 permutations (f&JLs were declared significant when detected
at the whole-genome level {80.05), or putative when only significant at therarthosome level
(Pcn<0.05) (13). The confidence interval for each QThswcalculated as the chromosome region
where the LOD score was higher than the maximum 1so@re of the QTL minus 1. Co-localization
between QTLs was diagnosed when the confidencevaitseof these QTLs overlapped. To check
dubious QTLs (e.g. in case of distorted segregalizge interval between nearest markers, or skewed
distribution of residuals), the MQM results werammemented by a non-parametric Kruskal-Wallis
rank sum test at flanking markers.

Additive and dominance effects for the QTLs werewated as described by (14):

[ (Maa + Hac) — (Mpa + Mpe)]

B

AS=



Ag == [ (Mae + Hpe) — (Maq + Hpa)]

D =—[(gc t+ Mpa) — (Mpc + Haa)]

el NN N

with Ag the additive effect associated with Syrah allélesb when heterozygous)cAhe additive
effect associated with Grenache alleles (c, d wietarozygous), D the dominance effect, apgiu.,
lae a@ndp,q the phenotypic means corresponding to the fousiplesrecombinations (less in some
cases of homozygous locus for one parent or one silale for the 2 parents).

Outdoor s measur ements on contrasted genotypes

Growth conditions. A subset of 14 genotypes was selected within theulation based on their
contrasting behaviour for daytime and/or night $fg@ration as observed in 2013 in the controlled
environment chamber. They were grown outdoors fer additional year and pruned to produce one,
unbranched shoot axis with their inflorescencesorerd. Ferti-irrigation was complemented by
regular manual weighing and watering of pots tauemshat they were maintained close to the well-
watered regime (1.50 g of water per g of dry sualbsjr

Transpiration and predawn leaf water potential measurements. In July 2014, 5 plants per genotype

were studied during a whole 24 h cycle while potssevmaintained outdoors under a well-watered
regime at Montpellier (southern France; 43°38N,3EbHand bagged to prevent evaporation from the
soil. Environmental conditions (air temperaturdatiee humidity, wind speed and global radiation)

were recorded during the experiment using a melegical station installed within the experimental

area. Air temperature and relative humidity wereasoeed with a capacitive hygrometer (HMP35A

Vaisala; Oy, Helsinki, Finland) protected from direadiation and placed at a height of 2.5 m. PPFD
was calculated from global solar radiation measwigd a pyranometer (bp Solar, SX 10 M; Madrid,

Spain). Data were collected every 30 s, averagedstored in a data logger (CR10X; Campbell

Scientific Ltd, 20 Shepshed, Leics, UK).

Individual whole plant leaf area was calculatednfrahe leaves secondary vein lengths using
allometric relationships. One allometric relatioipsiper genotype had previously been built with
n=200 leaves per genotype that were sampled agstairv 2012 and 2013 on 6 plants per genotype (5
in 2013) (all the leaves of each plant were codgt

Plants were weighed in their pots with 0.1 g accyrégsartorius balance, IB 34 EDEP, Gottingen,
Germany) every three hours during the whole 24 loyate. Weight losses over dark (10:00 pm-
07:00 am) and light (08:00 am— 08:00 pm) periodsewesed to calculate average nighttime
(respectively daytime) transpiration rates on &deea basis (Eand E).

Experiments on detached leaves

Growth conditions. A subset of 28 genotypes (5 plants per genotypey sedected within the
population as representative of the contrastingliserved during 2012 and 2013 experiments and the
different allelic compositions at the main stabléL® identified for E. Plants were grown outside for
one additional year and pruned to one, unbranckefy laxis with their inflorescences removed. In
July 2014, plants were transferred to a controlEd/iironment chamber one night prior to
measurements in order to ensure reproducible, lamspiring conditions.



Transpiration in controlled environment chamber and response to ABA. On the day of
measurements, leaves were excised from plantgkcgaditions and their petioles were immediately
immersed in individual 5 mL containers filled wighfiltered (0.2um), degassed control solution of
artificial sap [2 mol if KH,PQ,, 1 mol m® MES, 0.4 mol rif Ca(NQ),] adjusted to pH 6.5. Petioles
were tightly sealed to the containers caps. Eaahieits container was placed in the chamber itk da
conditions, with VPD maintained at 1.5 + 0.2 kPd &amperature at 22 + 0.5 °C. Transpiration rate in
the dark was determined by weighing leaves fed wdtlution in their container every 20 min over a
1h30 time period.

Leaves were then transferred to solutions complésdenith abscisic acid (synthetic (+)-ABA, Fluka,
Buchs, Switzerland) with a final concentration @8Immol ni® (+)-ABA. Average transpiration rate
of detached leaves fed with ABA, still in the dankgs determined as previously described for control
solution once the weight declined at a stabilizaté (which occurred about 45 minutes after transfer
to ABA solutions).

For another set of leaves, after 1h30 in contrbaltg&m, the abaxial face was completely coated with
petroleum jelly which stopped water loss on thisefal ranspiration rate was quantified over a 2h30
time period as described above.

Main genotype and genotypextreatment interactitecesf were tested by ANOVA.

Stomatal density. Stomatal counts were determined on 3 leaves peatyges for 5 genotypes chosen
within the subset presented above. Leaves werelednap nodes 11-14, similar to those used for
measurement of transpiration on detached leavestwoncomplementary plants (replicates) per
genotype. Nail polish was applied to the abaxid¢ if the leaf to obtain an imprint of the leafface

and allowed to dry for 10 min. Clear adhesive tajas used to peel off the nail polish, and the tape
was then mounted on a microscope slide. Stomatdityevas assessed at three positions of standard
area (0.37 mm?) in the lower quadrant of each leff to the midrib on the abaxial surface. Stoata
counts were performed under a microscope (Leitz RB) Leica, Wetzlar, Germany) coupled to an
image analyser (ImageJd, (15)).
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Table S1. Effects of watering scenario, genotype and year on the traits assessed on two years on the SyrahxGrenache mapping population (two
parents+186 offsprings)

Water scenario effect

Genotypic and Year effects

WW vs WD ww WD
Trait Description Year Ps Mean Ps Py Mean Ps Py
E, Nighttime transpiration in the controlled 2012 *oEx 0.077 £0.017 Hokx * 0.05 £ 0.016 *kx ns
chamber (mmol m”s™) 2013 Hoxk 0.082+£0.010  *** 0.048 + 0.009 ok
£ Daytime transpiration in the controlled 2012 e 0.87 +0.092 *okx sekok 0.46 + 0.056 *k % —
¢ chamber (mmol m?s™) 2013 i 0.96 + 0.090 * 0.50 £ 0.068 Hohk
Ratio of nighttime transpiration over 2012 ek 0.091 +0.015 oxx ns 0.11 +0.040 e .
En/Eq daytime transpiration in the control 2013 . 0.092 + 0.012 . 0.10 + 0.020 .
chamber
w Predawn leaf water potential in the 2012 ek -0.26 £0.016 * . -0.41+0.028 o o
pd controlled chamber (MPa) 2013 *kk -0.19 £ 0.010 * -0.31+£0.035 *Ex
LA Leaf area on the day of measurements 2012 - 0.15+£0.024 e - 0.24 £ 0.044 e -
in the chamber (m?) 2013 - 0.21 +0.035 *Ex 0.23 +0.035 *Ex
TE Whole plant transpiration efficie_rllcy in 2012 e 4.10+0.33 e - 1.92£0.25 o -
the greenhouse (g dry biomass L~ water) 2013 Hkx 6.50+0.68 rkx 3.26+0.42 R
ABi sh h q 4t 2012 *k* 0.38 £ 0.082 *Ex e 0.26 £ 0.062 *Ex e
iomass oot growth rate (g dry matter d™) 2013 ks 0.49 + 0.095 ks 0.29+0.07 sk

En Eg, Woa and LA were measured on the day when the plants were placed into a controlled environment chamber. ABiomass and TE were calculated over a period of 10 to
15 days in the greenhouse. For E,, E4, E,/Eqand W4 means + SD of 188 genotypic values (BLUPs) determined on three clones of each genotype in each condition, except WW
in 2013 where two clones were measured. For ABiomass and TE: means + SD of 188 genotypic values determined on three clones of each genotype in each condition, except
WW in 2013 where five clones were measured when the WW scenario was stabilized before irrigation withholding. The significance of watering scenario (Ps), genotype (Pg),
and year (Py) effects is indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ns, non-significant. The experimental design was organized so that measurements in the
controlled chamber were performed at similar mean developmental stage (and thus similar LA) for the total progeny whatever the water scenario (2) so that Ps is not
relevant for this trait.



Table S2. Broad sense heritability (H?) calculated on the traits assessed on the SyrahxGrenache
mapping population.

Trait Scenario H2(2012) H2(2013) H2(2012+2013)
ww 0.73 0.50 0.73
En WD 0.86 0.70 0.59
WW + WD 0.83 0.54 0.74
WW 0.55 0.44 0.66
Eq4 WD 0.55 0.57 0.68
WW + WD 0.38 0.65 0.48
ww 0.61 0.52 0.66
E,/ Eq WD 0.87 0.75 0.62
WW + WD 0.62 0.75 0.52
ww 0.28 0.19 0.11
W WD 0.41 0.56 0.53
WW + WD 0.50 0.44 0.45
ww 0.68 0.60 0.40
LA WD 0.69 0.69 0.53
WW + WD 0.81 0.76 0.82
WW 0.40 0.61 0.41
TE WD 0.45 0.45 0.52
WW + WD 0.56 0.34 0.53
ww 0.64 0.58 0.50
ABiomass WD 0.53 0.60 0.66
WW + WD 0.48 0.44 0.30

Heritability was calculated from genotypic and residual variances obtained by fitting mixed linear models to
data sets for each of the WW and WD scenarios, and for the multi-scenario data sets (‘WW+WD’). Same
abbreviations as in Table S1.



Table S3. Comparison of transpiration rates measured in the daytime (Ey) and the nighttime (E,),
and their ratio E,/E; between plants experimented in a controlled chamber and outdoors. (A)
Environmental conditions during experiments. (B) Statistical analysis for experimental conditions and
genotype effects. Means and SD of 14 genotypes maintained under well-watered (WW) conditions
(n=3 plants in the controlled environment chamber and n=5 plants in the outdoors experiment).

A Experiment Mean Minimum Maximum SD
VPDgay (kPa) Chamber 2.10 1.34 2.93 0.27
Outdoors 2.44 1.79 2.92 0.37
VPDignt (kPa) Chamber 1.12 0.57 1.62 0.21
Outdoors 1.22 0.76 1.62 0.22
Taay (°C) Chamber 26.97 21.00 32.20 1.23
Outdoors 29.50 26.23 31.32 1.50
Tt (C) Chamber 20.05 16.00 22.90 0.91
night Outdoors 22.69 21.02 25.53 1.38
Daily cumulative ~ Chamber 10.40 - - -
PPFD (molm™j") Outdoors 61.00 - - -
B Experiment Mean Minimum Maximum EffECt.Of Effect of
experiment  genotype
E. (mmol m? s Chamber 0.079 £ 0.03 0.025 0.17 - oAk
" Outdoors 0.16 £ 0.054 0.11 0.39 oAk
E, (mmol m? s™) Chamber 0.87 £0.33 0.26 1.88 . *Ak
¢ Outdoors  3.10 +0.41 2.32 4.28 *
EJE Chamber 0.096 £ 0.036  0.029 0.19 - oAk
/= Outdoors 0.055+0.019 0.030 0.14 *k

Asterisks indicate significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001. Statistics have been determined
for vapor pressure deficit during the night (VPD,jg) and daytime (VPDg,,) together with temperatures (Tyight
and Tg,,) during the same periods of time and daily cumulative photosynthetic photon flux density (PPFD). See
Table S1 for the meaning of other abbreviations.



Table S4. Pearson’s correlation coefficients for genotypic correlations between well-watered
(below the diagonal) and water deficit (above the diagonal) conditions for the 188 genotypes (2
parents + 186 offspring) of the SyrahxGrenache mapping population.

E, Eq4 LA Wop TE ABiomass
E, - 0.28 *** -0.22 * -0.45 *** -0.37 *** -0.21%*
Eq 0.48 *** - -0.41 *** 0.33 *** 0.27 *** 0.29 ***
LA -0.097 * -0.21 ** - 0.085 ns 0.036 ns 0.71 ***
Woq -0.14 * 0.17 * 0.22 ** - 0.32 *** 0.44 ***
TE -0.43 *** 0.06 ns 0.05 ns -0.083 ns - 0.72 ***
ABiomass -0.081 ns 0.25 *** 0.71 *** 0.28 *** 0.24 *** -

Correlations between genotypic values (BLUPs) calculated within the two years dataset (2012 + 2013), with n=5
plants per genotype in the WW scenario and n=6 in the WD scenario. Asterisks indicate significance as follows:
*P<0.05, **P<0.01, ***P < 0.001. See Table S1 for abbreviations.



Table S5. Significant quantitative trait loci (QTL) detected on the consensus map of the SxG
mapping population (same abbreviations as in Table S1 and S4). Results of multi-year (‘2012+2013’)
and single-year (2012’ or 2013’) analyses are presented for well-watered (WW) and water-deficit
(WD) scenarios, and for the multi-scenario datasets ("WW+WD’).

Trait ar':d LG Year LOD L(cM) Cl (cM) %V Effect
scenario
E, WW 4 2013 3.8 39.1 36.5-45.7 9.1 As
E, WW 4 2012+2013 4.1 44.1 36.5-45.7 10.8 As
E, WW 8 2012 4.5 56.3 48.4-60.7 9.5 Ag Ag
E, WW 8 2012+2013 3.8 56.3 43.4-70.1 8.2 As, Ag
E, WW 13 2012 4.6 5 0-19.6 10.6 As
E, WW 13 2012 4.6 12.1 0-19.6 10.6 As
E, WW 13 2013 34 5 0-19.6 10.6 As
E, WW 13 2012+2013 4.1 7.1 0-29.8 8.8 As,D
E, WD 1 2013 6.6 0 0-10 15.7 Ag Ag
E, WD 1 2012+2013 4.5 5 0-15 10.6 As
E, WD 4 2012 4.3 44.1 36.5-56 8.5 As
E, WD 4 2012 4.2 50.7 36.5-56 8.3 As
E, WD 4 2013 5.8 39.1 36.8-55.7 13.5 As
E, WD 4 2012+2013 5.3 39.1 36.5-56 10.2 As
E, WD 4 2012+2013 4.8 50.7 36.5-56 10.2 As
E, WD 13 2012 6.6 0 0-12.1 13.3 As
E, WD 13 2013 3.7 12.1 0-29.8 9.9 As
E, WD 13 2012+2013 5.4 0 0-17.1 12.1 A
E, WD 17 2012 10.6 26.9 22.4-36.9 23.7 Ag Ag
E, WD 17 2012+2013 7.7 26.9 22.4-36.9 17.8 As Ag
E, WW+WD 1 2013 4.5 0 0-15 11.7 As, Ag
E, WW+WD 4 2012 3.7 44.1 36.5-56.0 8.6 As
E, WW+WD 4 2013 4.8 39.1 36.5-55.7 10.1 As
E, WW+WD 4 2012+2013 53 44.1 36.5-55.7 12 As
E, WW+WD 4 2012+2013 5.0 50.7 36.5-56 11.6 As
E, WW+WD 13 2012 4.9 0 0-17.1 11 As
E, WW+WD 13 2013 4.3 7.1 0-19.6 10.2 As
E, WW+WD 13 2012+2013 5.2 0 0-19.6 12,5 As
E, WW+WD 17 2012 6.1 26.9 22.4-37.8 14.3 As, Ag
E, WW+WD 17 2012+2013 5.3 26.9 22.4-37.8 12.4 As Ag
Eq WW 2 2012 4.8 5 0-20 13.3 As, Ag
Eq WW 2 2012+2013 4.3 0 0-20 10.8 As, Ag
Eq WD 1 2013 4.4 5 0-15 11.6 As
Eq WD 10 2013 4.7 10.3 0-20.3 12.5 Ag Ag
Eq WD 17 2012 4.6 5 0-14.1 12.8 D
Eq WW+WD 2 2012 4.8 0 0-15 12.3 As, Ag
Eq WW+WD 10 2012+2013 4.2 10.3 0-20.3 12.6 As, Ag

Eq WW+WD 17 2012+2013 4.4 14.1 5-19.1 9.4 As Ac
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LA WW+WD 18 2012+2013 8.4 46.5 39.9-50 19.5 Ag Ag

ABiomass WW 4 2012 3.6 56.0 50.7-56 15.6 As
ABiomass WW 4 2013 7.3 56.0 50.7-56 15.6 A
ABiomass WW 4 2012+2013 7.0 56.0 50.7-56 12.8 As
ABiomass WW 15 2012+2013 4.8 46.9 33.9-46.9 10.3 As, D
ABiomass WW 18 2012 4.1 54.8 53.5-61.8 13.9 Ag
ABiomass WW 18 2012 4.9 59.9 53.5-61.8 13.3 Ag
ABiomass WW 18 2013 4.3 59.9 53.5-61.8 115 Ag
ABiomass WW 18 2012+2013 6.2 59.9 53.5-61.8 135 Ag
ABiomass WD 10 2012 3.79 5.3 0.0-15.3 8.0 A
ABiomass WD 17 2012 4.8 224 19.1-26.9 12.9 Ag
ABiomass WD 17 2012+2013 5.5 14.1 9.320.4 12.8 Ag
ABiomass
4 2013 6.0 55.7 45.7-56.0 14.5 A
WW+WD
ABiomass
4 2012+2013 5.1 56.0 50.7-56 9.6 Ag
WW+WD
ABiomass
10 2012 4.9 5.3 0.0-15.3 9.3 A
WW+WD
ABiomass
17 2012 4.6 19.1 9.3-20.4 10.2 Ag
WW+WD
ABiomass
17 2012+2013 5.0 14.1 9.320.4 9.1 Ag
WW+WD
ABiomass
18 2012 4.6 59.9 53.561.8 10.7 Ag
WW+WD

LG, linkage group. L, location of maximum LOD score for the QTL on the LG in cM. Cl, confidence interval for the
QTL. %V, percentage variance of the trait explained by allelic variation at the QTL. As and Ag, additive effects
associated respectively with Syrah and Grenache alleles and D, dominance effect. The column entitled ‘Effect’
indicates the main effects at the considered locus, satisfying the following condition: (|As| or |Ag| or
[D])/(|1As|+]As|+|D]) > 0.30. All significant QTLs are figured in bold. Putative QTLs on one year (not in bold
face) are shown only when they colocalize with a significant QTL in the other year or in the multi-year analysis.



Supplemental figure S1. Relationship between allelic values for nighttime transpiration (E,),
daytime transpiration (E,), growth rate (ABiomass) and transpiration efficiency (TE) at the main loci
where colocalizations were noted for QTLs of these traits. (A-B) Biplot of allelic values for E, vs E4 at
VMC4F8 marker on linkage group (LG) 1. (C-D) Biplot of allelic values for ABiomass vs E, at VRZAGS3
marker on LG 4. (E-F) Biplot of allelic values for TE vs ABiomass at VRZAG83 marker on LG 4. Means
and SEs of the BLUPs calculated from the multi-year (2012+2013) dataset either under well-watered
(WW in A, C and E) or water deficit (WD in B, D and F) scenario. Pairs of letters in the legends indicate
the different allelic combinations on markers associated to each QTL, with different letters when

alleles differed and the first and second letters corresponding to alleles, respectively, inherited from
Syrah and Grenache parents.
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Supplemental figure S2. Relationship between allelic values for growth rate (ABiomass) and
daytime transpiration (E,) at the two loci where colocalizations were noted for QTLs of both traits.
(A-B) Comparison of allelic values at VVIHO1 marker on linkage group (LG) 1 (A) and at VVIN73
marker on LG 17 (B) for the BLUPs calculated from the multi-year (2012+2013) dataset under the
well-watered (WW) scenario. (C-D) Comparison of allelic values at VVIHO1 marker on LG 1 (A) and at
VVIN73 marker on LG 17 (B) for the BLUPs calculated from the multi-year (2012+2013) dataset under

the water deficit (WD) scenario. Same convention for allelic combinations mentioned in the bottom
legends as in Fig. S1.
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Supplemental figure S3. Relationship between allelic values for predawn leaf water potential (W,4)
and nighttime transpiration (E,) at the two loci where co-localizations were noted for QTLs of both
traits. (A-B) Comparison of allelic values at VVIH54 marker on linkage group (LG) 13 (A) and at
VMC9G4 marker on LG 17 (B) for the BLUPs calculated from the multi-year (2012+2013) dataset
under the well-watered (WW) scenario. (C-D) Comparison of allelic values at VVIH54 marker on LG
13 (C) and at VMC9G4 marker on LG 17 (D) for the BLUPs calculated from the multi-year (2012+2013)
dataset under the water deficit (WD) scenario. Same convention for allelic combinations mentioned
in the bottom legends as in Fig. S1.
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Supplemental figure S4. Distribution of whole plant transpiration efficiency (TE) and its correlation
with nighttime transpiration (E,) measured on potted plants under well-watered (WW) and water
deficit (WD) scenarios for the whole SyrahxGrenache population. (A): Boxplots of TE genotypic
values calculated for each offspring under WW and WD conditions (BLUPs of the 188 genotypes
calculated for each scenario for the multiyear dataset 2012+2013). (B, C): Correlation between TE
and E, genotypic values (n=188 genotypes, BLUPs calculated for the multiyear dataset 2012+2013
under the WW scenario (B) or under the WD scenario (C)). Pearson’s determination coefficients (R?)
are indicated with their significance level as follows: ***P < 0.001. Regression lines are represented
in black.
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Supplemental figure S5. Relationship between allelic values for transpiration efficiency (TE) and
nighttime transpiration (E,) at the four loci where colocalizations were noted for QTLs of both
traits. (A,E) Comparison of allelic values for TE vs E, at VRZAG83 marker on linkage group (LG) 4. (B,F)
Comparison of allelic values for TE vs E, at VVIB66 marker on LG 8. (C,G) Comparison of allelic values
for TE vs E, at VVIH54 marker on LG 13. (D,H) Comparison of allelic values for TE vs E, at VMC9G4
marker on LG 17. Means and SEs of the BLUPs calculated from the multi-year (2012+2013) dataset
under either well-watered (WW in A, B, C and D) or water deficit (WD in E, F, G and H) scenario. Same
convention for allelic combinations mentioned in the bottom legends as in Fig. S1.
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