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Abstract 
Plants acclimate to drought optimizing the trade-off between biomass production and water loss 
while ensuring their survival and reproduction. Plants also modify their growth or phenology as 
complementary strategies in response to stress. Despite evidence of an interaction between flo- 
wering time and plant growth response to environmental stresses, this interaction in response to 
drought is under debate. To contribute to the analysis of this interaction, leaf growth of 35 geneti- 
cally modified lines of Arabidopsis thaliana and their common wild-type, Col-0 was analyzed by a 
quantitative multi-scale phenotyping approach from cellular to whole plant scale both in well- 
watered and soil moderate water deficit conditions. These genotypes were selected for the various 
physiological functions potentially altered by their genetic modification and that could interact 
with plant growth and/or their drought responses. In all genotypes, leaf expansion decreased in 
response to drought both at the whole rosette and the individual leaf levels. Additionally, epider- 
mal cell area and/or epidermal cell number decreased in response to the drought treatment. In 
contrast, the number of rosette leaves was reduced in only half of the genotypes and leaf growth 
duration was only modified in 4 of them. Despite long photoperiod conditions, the duration of the 
vegetative phase, i.e. the time elapsed between germination and flowering stage, varied from 12 to 
27 days among genotypes under well watered conditions. Our analyses revealed that the differences 
of flowering time observed in well-watered condition impacted the leaf area response to drought. 
Early-flowering genotypes slightly decreased their final leaf number, but strongly reduced their 
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individual leaf area compared with the late-flowering ones. This result underlines the difficulty to 
analyze plant response to environmental stresses when genotypes with different flowering dates 
are compared.  
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1. Introduction 
Understanding how plants are facing drought stress is a central concern and consequently it has been the subject 
of many studies and reviews [1]-[3]. Under drought, plants combine both developmental and growth modifica- 
tions to ensure their survival and reproduction on the one hand and to optimize the trade-off between biomass 
production and water loss on the other hand. Plants responses to drought are often separated into “drought es- 
cape strategy”, when plants accelerate their development in order to complete their life cycle before the period 
of severe stress or “dehydration avoidance strategy” when plants set up a suite of phenological, morphological 
and physiological adjustments to avoid desiccation during the stress period and consequently complete their life 
cycle often with a delay [4]-[7]. In Arabidopsis thaliana, the multiscale analysis of shoot growth in plants sub- 
jected to drought revealed a complex integrated response. Compensations occur at several scales depending on 
the water deficit scenario, i.e. the rate at which soil water content decreases, the stress intensity and duration, 
and the developmental stage reached by the plant when the stress occurs [3]. A common response to different 
water deficit scenarios is the reduction of leaf expansion, which is interpreted as a strategy to limit water losses 
by reducing evaporative surface. However, depending on stress intensity, soil water deficits that reduce leaf ex- 
pansion do not necessarily affect carbon metabolism, transcripts and proteins productions [8]. In many examples, 
leaves exposed to a mild soil water deficit present an adaptive response with a reduction of cell division and/or 
cell expansion, a maintenance of net photosynthesis and a lengthening of leaf expansion duration [2] [3] [9] [10]. 
The molecular control of this adaptation to a mild water deficit at the leaf scale differs from the ones reported 
for severe drought stresses or osmotic shocks [2] [8] [11] [12]. Many studies based on the natural variation in A. 
thaliana showed that the modification of leaf expansion by drought was genetically controlled and that poly-
morphism existed among A. thaliana ecotypes [9] [13] [14]. Different populations of recombinant inbred lines 
have also been studied to identify Quantitative Trait Loci that control leaf growth response to soil water deficit 
[15]-[19]. These studies led to the identification of many flowering time related polymorphisms. This is not sur-
prising as it is reported in many studies that flowering time strongly impacts leaf growth. The duration of the 
vegetative phase is related to many other shoot growth related variables, including the number of leaves pro-
duced by the plant [15], more intriguingly individual leaf expansion and epidermal cell expansion in individual 
leaves [18] [20]. A delay in flowering date causes an increase in leaf number, in the duration of leaf expansion, 
and in epidermal cell area in leaves, and all these changes interact to impact whole shoot development and leaf 
expansion.  

The role of flowering genes in the control of leaf growth was demonstrated in various studies [21]-[24]. The 
variations found for leaf growth and flowering time and their drought responses have been analyzed among nat- 
ural Arabidopsis thaliana accessions and recombinant inbred line populations. However, the relationship be- 
tween flowering time, leaf production and leaf expansion is not always clear and leads to different conclusions 
depending on the study. Within a set of 25 natural accessions, there was no relationship between flowering time 
and leaf growth response to drought [9]. In contrast, in the Ler x An-1 RIL population, late flowering lines bet- 
ter maintained their whole rosette expansion and individual leaf area in response to water deficit [18] [19], whe- 
reas in another study early flowering accessions were those that maintained their leaf expansion [13] [25]. 

The identification of molecular networks controlling the response of leaf expansion to water deficit (or to 
another treatment that would also affect jointly flowering time and leaf growth) is hampered by the relationship 
between flowering time and leaf growth at different scales. Is it really possible to analyze the response of plant 
leaf growth to drought without considering plant reproductive performance? In this context and with the aim to 
carry a contribution to this debate, we analyzed the leaf growth performance of 36 genotypes under moderate 
soil water deficit conditions by a multi-scale leaf growth phenotyping approach. Whereas many previous studies 
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have focused on the impacts of extreme climatic events such as severe drought stress, under temperate climate, a 
moderate but continuous soil water deficit may occur and affect also plant productivity. In the present study, we 
compared leaf growth and its response to a moderate and stable soil water deficit imposed during the whole 
plant cycle except germination. In contrast to similar studies that have assessed this question in natural acces- 
sions, recombinant inbred lines or near-isogenic lines, we selected for our study a set of mutants impaired in 
different functional pathways including carbohydrate metabolism, circadian clock, signaling or hormonal status. 
These mutants were selected for an expected variability in leaf growth under well-watered condition and/or in 
the soil water deficit regime. The aim of this work was also to explore whether certain specific physiological 
pathways are more significant than others in mediating leaf growth responses to drought, and could be advanta- 
geous for maintaining leaf growth under a continuous mild water deficit. We explored the relationships between 
the duration of the vegetative phase and the leaf growth performance in response to a moderate soil water deficit 
condition. Our results illustrate the complexity to conclude about how a (single) mutation impacts shoot growth 
and its plasticity when this mutation also affects whole plant growth duration among genotypes and conditions. 

2. Materials and Methods 
2.1. Plant Material and Growth Conditions 
A set of 36 genotypes listed in Table 1 were grown in 10 replicates pots in the PHENOPSIS automated pheno- 
typing platform [13]. They included ems mutant, knock-out, transgenic OE or knock-downs and all lines were in 
the Col-0 background, cleaned up and homozygous. These mutants were affected in genes encoding proteins 
known to control processes related to plant carbon metabolism, circadian clock, signaling or hormonal status in 
Arabidopsis thaliana (Table 1).  

All micro-meteorological conditions were controlled to remain constant over the experiment and homoge- 
neous across the growth-chamber [13]. Day-length was maintained at 16 h and light was provided by HQi lamps 
and additional cool white fluorescent tubes. Incident light was measured continuously at the plant level, using a 
photosynthetic photon flux density (PPFD) sensor (LI-190SB, LICOR, Lincoln, Nebraska, USA) and daily in-
cident PPFD was calculated by multiplying day-length and mean instantaneous incident PPFD. It reached a 
mean value of 10 mol∙m−2∙d−1 over the whole period of the experiment. Air temperature and relative humidity 
were measured every 20 s (HMP35A Vaisala Oy, Helsinki, Finland) and reached a mean value of 21˚C and 70%, 
respectively. All measurements of temperature, PPFD and relative humidity were averaged and stored every 600 
s in a datalogger (Campbell Scientific, LTD-CR10 Wiring Panel, Shepshed, Leicestershire, England). All de-
tailed environmental data, including daily soil water content, air temperature and VPDair, are available in the 
PHENOPSIS database [26].  

Two to three seeds were sown at the soil surface in 225 ml conical pots (9 cm height and 4.5 cm diameter) 
filled with a mixture (1:1, v/v) of a loamy soil and organic compost (Neuhaus N2). Each individual pot was 
weighted before and after soil filling. Soil water content, was determined at sowing on samples of soil and 
reached 0.32 g of H2O∙g−1 dry soil. Subsequent changes in pot weight were attributed to a change in soil water 
content without correction by the weight of the plants because preliminary experiments showed that weight of 
the plants for this set of genotypes grown in these conditions modified the estimated soil water content by less 
than 1.5%. Soil water content was calculated from pot weight and was adjusted automatically with the automa-
ton in the PHENOPSIS platform (as described in [13] and [26]). First, all replicates were grown with a daily ad-
justment of soil water content to 0.35 g∙H2O∙g−1 dry soil from germination until emergence of the first true pair 
of leaves (growth stage 1.02, according to [27]). From this stage, half of the replicates were subjected to an op-
timal watering treatment with a daily adjustment of soil water content to 0.40 g∙H2O∙g−1 dry soil. For the other 
half, irrigation was stopped during a few days (4 to 5 depending on the genotype) until soil water content 
reached 0.23 g∙H2O∙g−1 dry soil. Soil water content was then maintained at this value until the end of rosette leaf 
development and this corresponded to a moderate soil water deficit in our conditions [13]. All soil water content 
adjustments were done pot per pot according to individual plant developmental stage. 

2.2. Growth Measurements 
Digital pictures of all individual pots were taken automatically on a daily basis during the whole experiment [13] 
from emergence of the first two leaves (stage 1.02) until first flower open (stage 6.00, as defined in [27]) which  
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Table 1. List of the 35 genotypes grown with the Col-0 wild-type in the PHENOPSIS platform both in well-watered condi-
tion and a moderate soil water deficit.                                                                        

Genotypes Modified functions References 

bam1 Starch utilization at night [50] 

bam1 bam3 Starch utilization at night [50] 

bam3 Starch utilization at night [50] 

dpe1 Starch utilization at night [51] 

dpe2 Starch utilization at night [51] 

mex1 Starch utilization at night [52] 

sex1 Starch utilization at night [53] 

pgm Starch synthesis [54] 

tpt Translocation of photosynthates [55] 

TRE1-OE Trehalose accumulation [56] 

tre1 Trehalose accumulation [56] 

elf3-1 Circadian clock [57] 

elf3-7 Circadian clock [57] 

prr5-prr9 Circadian clock [58] 

prr9-1 Circadian clock [58] 

ein2 Ethylene signal [59] 

etr1 Ethylene signal [60] 

jar1 Jasmonate signal [61] 

npr1 Salicylic acid signal [62] 

pad4 Salicylic acid signal [63] 

sid2 Salicylic acid signal [64] 

anac055 Regulation of transcription [65] 

ataf1 Regulation of transcription [66] 

im24 Regulation of transcription Unpublished 

im38 Regulation of transcription Unpublished 

im4 Regulation of transcription Unpublished 

im56 Regulation of transcription Unpublished 

myb112 Regulation of transcription [67] 

myb2 Regulation of transcription [67] 

myb59 Regulation of transcription [67] 

myb74 Regulation of transcription [67] 

nac Regulation of transcription [68] 

nap Regulation of transcription [69] 

pap1-myb75 Regulation of transcription [70] 

rd26 Regulation of transcription [68] 
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corresponds to the end of rosette leaf expansion in Arabidopsis thaliana (not shown). On these pictures, stages 
of leaf development were manually scored three times a week, for each individual plant as described in [27]. For 
each plant, flowering time was defined as the duration of rosette development and was determined as the time 
elapsed between stage 1.02 and 6.00 to overcome the variability of germination time among plants. At stage 
6.00, the rosettes were cut, leaves were detached, and laminas were separated from the petiole. They were stuck 
with double side adhesive on a sheet of paper in their order of emergence on the rosette. The leaves were then 
scanned for further measurements using an Image J macro developed in our group and available on the 
PHENOPSIS database interface [26]. Individual leaf area was measured on the leaf scans. Rosette area was de-
termined as the sum of the individual leaf blade areas and the number of rosette leaves was estimated by count-
ing the number of leaves produced after the two cotyledons. In addition, a transparent negative film of the 
adaxial epidermis of the 6th leaf was obtained after evaporation of a transparent nail varnish spread on the sur-
face of the leaf. Films of epidermal imprints were placed under a microscope (Leica, Leitz DM RB, Wetzlar, 
Germany) coupled to an image analyzer. Epidermal cell area was estimated by measuring 25 epidermal cell 
areas drawn manually at two different zones on each leaf, near the base, near the tip of the leaf with an image 
analysis software (Bioscan-Optimas V 4.10, Edmonds, WA). Mean epidermal cell area was calculated as the 
mean of these 50 cells. Mean epidermal cell density was estimated by counting the number of epidermal cells in 
the same two different zones on each leaf. Epidermal cell number was estimated from mean epidermal cell den-
sity multiplied by the corresponding 6th leaf area.  

2.3. Statistical Analyses 
Statistical analyses were done using the R software [28]. Traits variations between treatments were tested by 
two-way ANOVA using genotype and soil water content as factors. For each environmental condition Pairwise 
differences between the wild-type and each mutant were tested by ANOVA with planned comparisons with 
Bonferroni p-value correction for multiple testing. A Principal Component Analysis (PCA) was performed to 
explain multivariate growth variance in relation to soil water regimes. Difference between treatments was tested 
with a randomization test (randtest between in the R/ade4 package). The relative response of each variable to 
water deficit was calculated for each line as the difference between the value in well-watered condition and the 
value in water deficit condition divided by the value in well-watered condition. These relative responses to soil 
water deficit were represented for each genotype in a heat map and were compared between genotypes by a hie-
rarchical clustering analysis using Euclidian distances. Linear relationships for each variable measured in the 36 
genotypes were established between the two water regimes and were tested with correlation coefficients. The 
relationships between the relative response to soil water deficit of leaf number, individual leaf area and rosette 
leaf area in the 36 genotypes and the duration of rosette expansion were also tested with correlation coefficients.  

2.4. Data Access 
All meteorological and phenotypical data will be publicly available with all plant scans and rosette images in the 
PHENOPSIS database [26] (http://bioweb.supagro.inra.fr/phenopsis/) after paper publication. 

3. Results 
3.1. A Single Mutation Can Have Various Impacts on Leaf Growth According to the  

Soil Water Regime 
Rosette growth was analyzed with a multi-scale approach in a set of 35 genetically modified genotypes and their 
common wild-type, Columbia-0 (Table 1), both under well-watered and a moderate soil water deficit conditions 
(Table 2).  

Under well-watered condition, among the 35 mutants, 20 changed significantly their rosette area compared to 
the wild-type (Table 2). Only 2 of them, prr5-prr9 and pap1-myb75, showed a positive impact of the mutation 
on rosette area that was increased by 187% and 41%, respectively compared to the wild-type. Rosette area was 
decreased in the 18 other genotypes by 42% to 87%. These significant changes in rosette leaf area were mainly 
related to changes in individual leaf areas. Among these 20 mutants, 16 also showed a significant change in in-
dividual leaf 6 area whereas only 8 showed a significant change in final leaf number. In the prr5-prr9 mutant, 
the high increase in rosette leaf area was due to a strong increase in leaf number. 

http://bioweb.supagro.inra.fr/phenopsis/
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Table 2. Variation of leaf growth traits within the set of 36 genotypes grown under well-watered and water deficit conditions. In the 
table mean + standard deviation values are noted for 6 variables of growth. The traits are: duration of rosette expansion (day), rosette 
leaf number at flowering, rosette leaf area at flowering (cm2), leaf 6 area at flowering (cm2), mean cell area in the upper epidermis of 
mature leaf 6 (µm2) and cell number in the upper epidermis of mature leaf 6. The genotypes are ranked by alphabetical order after the 
wild type.                                                                                                      

 Well watered condition Water deficit condition 

Genotypes Duration Leaf  
number 

Rosette  
area Leaf area Cell area Cell number Duration Leaf  

number 
Rosette 

area Leaf area Cell area Cell number 

Col-0 19.3 ± 1.4 11.3 ± 1.4 12.0 ± 3.2 1.18 ± 0.11 2905 ± 814 41,612 ± 5118 18.4 ± 3.4 9.6 ± 1.3 4.2 ± 2.5 0.48 ± 0.1 2090 ± 869 27,868 ± 2735 

anac055 16.5 ± 1.5 8.5 ± 1 2.6 ± 0.9 0.40 ± 0.16 1913 ± 589 21,392 ± 6976 19.6 ± 2.9 7.5 ± 1.5 0.9 ± 0.6 0.11 ± 0.06 937 ± 340 10,905 ± 7461 

ataf1 16.8 ± 1.8 9.9 ± 1.3 4.9 ± 3.4 0.50 ± 0.22 1675 ± 291 26,511 ± 11,164 17.5 ± 2.1 8.7 ± 0.8 1.5 ± 0.5 0.21 ± 0.07 1259 ± 75 16,062 ± 5196 

bam1 18 ± 1.6 10.2 ± 1.1 9.4 ± 1.8 1.12 ± 0.13 3297 ± 445 34,871 ± 10,830 17.2 ± 1.8 9.3 ± 1.6 4.1 ± 1.1 0.46 ± 0.08 2047 ± 181 23,727 ± 7090 

bam1 bam3 19.2 ± 2.4 10.1 ± 1.2 7.0 ± 2.6 0.76 ± 0.16 2396 ± 271 30,696 ± 6340 20 ± 1.8 8.4 ± 0.7 2.2 ± 0.5 0.34 ± 0.1 1849 ± 100 21,728 ±7729 

bam3 21.8 ± 1.4 11.3 ± 1.4 10.9 ± 3.2 0.93 ± 0.18 3172 ± 814 36,421 ± 5118 23 ± 3.4 9.6 ± 1.3 4.3 ± 2.5 0.43 ± 0.1 1954 ± 869 24,100 ± 2735 

dpe1 20.2 ± 1.7 11.2 ± 1 8.5 ± 3.3 0.74 ± 0.35 2443 ± 583 49,670 ± 13,260 19.6 ± 1.1 9.8 ± 0.9 3.1 ± 0.9 0.36 ± 0.09 1372 ± 124 26,864 ± 4328 

dpe2 21.4 ± 1.1 10.3 ± 1.2 4.9 ± 1.8 0.51 ± 0.13 2441 ± 239 24112 ± 6045 19.5 ± 2 8.9 ± 0.8 2.1 ± 0.8 0.29 ± 0.11 1621 ± 210 18,768 ± 5842 

ein2 18.2 ± 0.4 11.3 ± 2.5 5.7 ± 3.3 0.70 ± 0.48 2536 ± 209 37,920 ± 20,669 19.7 ± 1.9 10.7 ± 1.6 4.9 ± 1.6 0.5 ± 0.11 1891 ± 132 27,195 ± 7829 

elf3-1 12.7 ± 0.6 5 ± 1 1.8 ± 0.6 0.59 ± 0 2542 ± 307 31,004 ± 0 12.7 ± 0.8 5.2 ± 0.4 0.9 ± 1.2 0.19 ± 0 1751 ± 262 10,894 ± 0 

elf3-7 12.6 ± 0.8 4.9 ± 0.9 1.6 ± 0.8 0.55 ± 0.24 2382 ± 167 34,699 ± 355 12.3 ± 0.5 5 ± 0.8 0.9 ± 0.2 0.24 ± 0 1620 ± 53 14,794 ± 0 

etr1 25 ± 2.3 17.2 ± 3.6 12.1 ± 5.7 0.84 ± 0.27 2396 ± 1005 35,573 ± 12,597 21.8 ± 1.3 11.8 ± 0.4 6.6 ± 2.5 0.55 ± 0.2 2215 ± 664 29,927 ± 10,057 

im24 18.3 ± 1.7 11.1 ± 4.2 10.5 ± 5.5 1.02 ± 0.26 2845 ± 348 52,862 ± 6688 17 ± 1.4 9.1 ± 1.2 3.7 ± 1.1 0.51 ± 0.1 1370 ± 199 27,190 ± 5527 

im38 18 ± 0.9 10.8 ± 0.5 11.2 ± 3 1.11 ± 0.26 2655 ± 241 42,805 ± 9008 16.7 ± 0.9 9.2 ± 1 3.6 ± 0.7 0.47 ± 0.1 1328 ± 90 29,525 ± 7699 

im4 19 ± 1.2 12 ± 1 14.0 ± 2.1 1.18 ± 0.18 2535 ± 86 56,937 ± 8809 18.4 ± 1.4 9.9 ± 0.9 5.0 ± 1.4 0.56 ± 0.13 2067 ± 559 28,803 ± 7539 

im56 17.1 ± 1.2 10.7 ± 1.1 12.5 ± 3.6 1.30 ± 0.20 2931 ± 650 55,369 ± 3502 17.2 ± 1.8 9.7 ± 1.3 4.2 ± 1.7 0.47 ± 0.08 1604 ± 196 30,286 ± 7128 

jar1 16.2 ± 1.2 7.9 ± 0.9 6 ± 2.3 1.09 ± 0.11 2568 ± 351 44,617 ± 14621 15.1 ± 0.6 7.3 ± 1 2.1 ±1.1 0.39 ± 0.13 1597 ± 532 26,435 ± 8798 

mex 19 ± 2.4 8.7 ± 0.5 2.3 ± 0.4 0.30 ± 0.05 1621 ± 92 17,427 ± 4477 17.9 ± 0.9 7.8 ± 0.4 1.2 ± 0.3 0.20 ± 0.04 1353 ± 747 16,642 ± 2786 

myb112 18.9 ± 1.2 11.3 ± 1.2 12.6 ± 3 1.14 ± 0.17 3000 ± 297 25,662 ± 5798 17.6 ± 0.8 9.9 ± 0.7 4.1 ± 0.8 0.49 ± 0.05 1788 ± 177 21,310 ± 2695 

myb2 19.4 ± 1.9 11.2 ± 2 7.6 ± 4.4 0.67 ± 0.16 3061 ± 453 21,464 ± 3431 18.6 ± 0.7 8.5 ± 1.1 1.2 ± 0.4 0.18 ± 0.05 1349 ± 173 12,916 ± 1966 

myb59 18.8 ± 1.2 10.9 ± 0.9 11.5 ± 1.3 1.02 ± 0.14 2848 ± 479 27,105 ± 1377 18 ± 0.8 10 ± 0.6 5 ± 0.6 0.59 ± 0.07 1837 ± 144 25,279 ± 3108 

myb74 19.4 ± 2.4 10.8 ± 1.8 5.4 ± 4.6 0.52 ± 0.35 2246 ± 203 23,359 ± 6177 18.6 ± 3.4 9.4 ± 1.5 3.1 ± 2.6 0.35 ± 0.17 1606 ± 265 19,881 ± 4048 

nac 18 ± 2.5 9.3 ± 1.8 1.6 ± 0.9 0.18 ± 0.07 1242 ± 234 14,933 ± 9647 21.3 ± 3.3 8.8 ± 1.2 1 ± 0.7 0.13 ± 0.13 905 ± 477 12,511 ± 6403 

nap 17.4 ± 0.5 9.4 ± 0.8 1.9 ± 1 0.19 ± 0.06 1373 ± 156 16,264 ± 4632 24.8 ± 4.8 9 ± 2.2 0.5 ± 0.3 0.07 ± 0.04 746 ± 19 8645 ± 2419 

npr1 13.7 ± 0.5 6 ± 0.6 1.6 ± 0.6 0.38 ± 0.11 1583 ± 74 19,584 ± 3268 17.4 ± 3.1 5.9 ± 0.6 0.4 ± 0.2 0.13 ± 0.08 1414 ± 326 8264 ± 2279 

pad4 18.7 ± 1.7 11 ± 1 8.5 ± 1.9 0.74 ± 0.17 2324 ± 403 22,514 ± 7966 18.1 ± 0.9 10 ± 1.1 3.4 ± 1.1 0.39 ± 0.09 1713 ± 256 24,070 ± 3627 

pap1-myb75 19.3 ± 2.1 12 ± 1.8 17 ± 7 1.41 ± 0.3 2529 ± 221 37,937 ± 3974 17.6 ± 1.2 10.2 ± 1.5 5.2 ± 1.7 0.57 ± 0.09 1769 ± 126 28,361 ± 6009 

pgm 21.3 ± 1.2 9.6 ± 1.4 5.1 ± 2.5 0.6 ± 0.2 2059 ± 387 26,998 ± 8073 21.2 ± 3 9.5 ± 1.3 3.2 ± 0.4 0.37 ± 0.15 1956 ± 191 19,510 ± 5364 

prr5 prr9 27 ± 1.2 21.8 ± 2 34.5 ± 4.5 1.14 ± 0.29 2403 ± 184 37,947 ± 10,566 29.3 ± 3.3 16 ± 2.5 16 ± 4.9 0.78 ± 0.16 2184 ± 402 30,109 ± 11,024 

prr9-1 19.6 ± 1.8 11.7 ± 1.4 12.8 ± 2 1.17 ± 0.22 3066 ± 312 31,486 ± 4269 20.4 ± 2.3 9.3 ± 1.1 3.7 ± 1.2 0.51 ± 0.12 1680 ± 384 23,899 ± 3645 

rd26 18.6 ± 1.3 10.9 ± 1.1 9.3 ± 2.9 0.85 ± 0.15 2088 ± 282 28,846 ± 7409 17.9 ± 0.7 9.7 ± 1.1 3.2 ± 1.7 0.36 ± 0.15 1391 ± 303 22,307 ± 6800 

sex1 20.2 ± 3.3 9 ± 1.6 3.4 ± 1.7 0.47 ± 0.13 2342 ± 341 17,849 ± 5304 20.7 ± 1.4 8.6 ± 1.5 2 ± 1.6 0.25 ± 0.13 1744 ± 54 12,628 ± 4161 

sid2 19.3 ± 1 10.6 ± 0.9 6.9 ± 1.5 0.75 ± 0.09 2051 ± 228 27,662 ± 4195 18.8 ± 1 9.7 ± 0.9 2.9 ± 1 0.3 ± 0.09 1496 ± 233 16,455 ± 3529 

tpt 16.8 ± 1 9.4 ± 0.7 7.3 ± 1.8 0.92 ± 0.18 2331 ± 475 29,743 ± 3442 15.6 ± 2.1 8.2 ± 1.9 3 ± 1.5 0.41 ± 0.1 1498 ± 251 19,419 ± 4703 

tre1 18.8 ± 1 11 ± 1.7 9.5 ± 2.6 0.93 ± 0.17 2420 ± 252 32,195 ± 7162 17.7 ± 0.8 9.2 ± 0.6 3.4 ± 0.8 0.43 ± 0.11 1749 ± 117 21,960 ± 2213 

TRE1-OE 18 ± 0.7 10.9 ± 1.1 11 ± 2.5 1.08 ± 0.19 3305 ± 173 30,433 ± 4743 18 ± 1.1 10.1 ± 0.9 3.8 ± 0.8 0.45 ± 0.07 1894 ± 54 27,040 ± 16,735 

Values of genotypes that differ significantly from the values of Col-0 wild-type are noted in bold for each variable (ANOVAS and Tukey’s post hoc tests results, 
P < 0.05). 
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Changes in rosette leaf number were associated with modifications in the duration of rosette expansion in 
most genotypes: the longest was the duration of expansion, the highest was the rosette leaf number and recipro-
cally. Finally, in the genotypes analyzed here, the mean epidermal cell area in the 6th leaf was only slightly im-
pacted by the mutations since only 6 mutants presented significant differences in cell area when compared to the 
wild-type. Mean epidermal cell area was decreased in all of them. Epidermal cell number in leaf 6 upper epi-
dermis was significantly decreased in 15 mutants and increased in only one of them compared to the wild-type. 

Soil water deficit caused a reduction in rosette area in all genotypes and it also reduced the variability in ro- 
sette area among the genotypes. In the soil water deficit condition, among the 35 mutants, 15 differed signifi- 
cantly from the wild-type for their rosette leaf area (Table 2). Two mutants, prr5-prr9 and etr1, showed a posi- 
tive impact of the mutation on rosette leaf area whereas all others had a lower rosette area compared to the 
wild-type. This was related to a higher leaf number for etr1 but a cumulative effect of higher leaf number and 
individual leaf area for prr5-prr9 when compared to their wild-type grown in the same condition. The reduction 
of 20 to 15 mutants with significant variation of rosette leaf area between well-watered and water deficit condi- 
tions, respectively, was mainly due to a reduction of the number of mutants with significant changes in their in- 
dividual leaf areas since the mutants with different leaf number were the same under the two water regimes ex- 
cept one mutant (tpt). In the soil water deficit condition, the cellular variables were also less modified by the 
mutations since 7 and 9 mutants had different mean cell area and cell number, respectively, when compared to 
the wild-type. Cell area and/or cell number were decreased in these mutants compared to the wild- type. 

3.2. The Leaf Growth Response to the Drought Treatment Depends on the Genotype 
The statistical analysis of the genotypic (G) and environmental (E) effects on growth variables from cell to ro-
sette scale revealed a predominant effect of the genotype on most variables (from 36% to 66% of variance ex-
plained depending on the considered variable, Table 3). 
Only, for individual leaf 6 area and mean cell area, the genotype and environment effects were comparable 
(from 36% to 38% of the variance). The effect of environmental variability was significant for all variables ex- 
cept for the duration of growth (from 7% to 38% of variance explained depending on the considered variables). 
A significant interaction between the 2 factors was found also for all the variables (from 5% to 10% of the va- 
riance explained) underlining that the variability of response to the water deficit depended on the genotype (Ta- 
ble 3). This G x E interaction was explored deeper by comparing the percentage of variation of each variable 
between the well-watered and water deficit conditions for each genotype (Figure 1). The duration of rosette ex- 
pansion was not affected by the water deficit treatment in most genotypes (a variation less than 10%, Figure 1). 
Only 4 mutants showed an increase in the duration of growth (between 10 and 40% of variation). The main var- 
iations with soil water deficit were observed for individual leaf area and rosette leaf area (Figure 1). These va- 
riables were decreased by 10% to 80% depending on the mutants. As the ANOVA revealed a significant G × E 
interaction, the variation of growth caused by the soil water deficit was also compared between mutants through 
a hierarchical clustering analysis (Figure 1). 

 
Table 3. Analysis of the leaf growth variability among 36 genotypes grown under two contrasted soil water contents (0.4 and 
0.23 g∙H2O∙g−1 dry soil, respectively) by ANOVA. The percentages of variance explained are indicated for each factor (ge-
notype and soil water content, respectively) and for their interaction (genotype × soil water content).                     

 Factors 

Growth traits Genotype Soil water content Genotype × soil water content Total model 

Duration of expansion 65.6*** 0.01 ns 7.8*** 73.4 

Leaf number 65.9*** 7.0*** 4.6*** 77.5 

Rosette area 55.2*** 21.3*** 9.8*** 86.3 

Leaf 6 area 36.7*** 38.1*** 7.8*** 82.6 

Cell area 35.7*** 37.3*** 9.2*** 82.2 

Cell number 43.8*** 18.4*** 8.2*** 70.4 

The level of significance (ns: P > 0.05; ***: P < 0.001) are indicated for each factor and each growth trait. 



C. Massonnet et al. 
 

 
962 

 
Figure 1. Overlay heat map showing the percentage of variation of six leaf growth variables under water stress 
in comparison to the value under the well-watered condition in 36 Arabidopsis thaliana genotypes. The six leaf 
growth variables are (from left to right): rosette area, leaf 6 area, cell area in the upper epidermis of leaf 6, cell 
number in the upper epidermis of leaf 6, number of rosette leaves, and duration of rosette expansion. The per-
centage of variation is represented by a color, with closeness to blue indicating an increase of the value of the 
variable by the soil water deficit and closeness to red reveals a decrease of the value by the water deficit treat-
ment (the numerical scale is given on the top of the figure). The dendrogram on the left represents the proxim-
ity between the response of each variable, as calculated from a hierarchical clustering analysis using Euclidean 
distance and reveals 4 groups. Mutants modified in the same function are noted with the same color (in red: the 
wild-type; in green: the circadian clock mutants; in blue: the carbon mutants; in orange: the transcription fac-
tors mutants and in pink: the signal mutants).                                                        

 
Four significant different groups of mutants were distinguished by this analysis with a mixture of mutants 

from the various functional pathways in each group. The Col-0 wild-type belonged to the 4th group, the group 
with the higher number of genotypes, revealing a similar impact of the water deficit in the wild-type than in a 
large proportion of mutants (Figure 1). The two most distant groups from this 4th group were the groups 1 and 2 
which contained 4 and 7 mutants, respectively. The mean values of leaf growth duration of the genotypes of 
these 4 groups revealed maximal distant values between groups 2 and 3 with 21.3 and 14.6 days, respectively 
whereas groups 1 and 4 presented similar values with 19.4 and 18.7 days, respectively. These groups did not al-
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low identifying mutants with functional pathways specifically affected by the water deficit.  
A principal component analysis (PCA) was performed in order to explore the multivariate impact of the soil 

water deficit treatment on the studied variables and try to identify the specific growth properties of each of the 4 
groups revealed in the clustering analysis (Figure 2). 

First and second components explained 64% and 24% of the total variance, respectively (Figure 2A). The 
projection of the variables in the first factorial plan showed a good representation of all variables (Figure 2A). 
The duration of rosette expansion contributed more to PC1 whereas leaf expansion contributed more to PC2. 
The projection of the genotypes in the first factorial plan with water regime as a factor revealed a significant 
discrimination of the two water treatments in this plan (Figure 2B). The discrimination between treatments was 
overall observed along the second axis, i.e., confirming the absence of impact of the soil water deficit on the du-
ration of expansion in this set of genotypes (Figure 2B). The projection of the mutants in the first factorial plan 
using the four dendrogram groups as factor also revealed a significant discrimination between some of the 
groups (Figure 1, Figure 2C, P = 0.013). Discrimination between groups 2 and 3 was observed along both axes 
as also confirmed by the distance between these two groups in the clustering analysis (Figure 1, Figure 2C). 
However, the separation between groups 1 and 4 observed in the clustering analysis was not confirmed in the 
first factorial plan of the PCA (Figure 2C). The high genotypic variability revealed by the distance of the mu-
tants from the centroid of each treatment or group makes difficult to separate the groups. 

3.3. Plasticity of Leaf Growth Variables in Response to a Moderate Soil Water Deficit  
Depends on the Duration of Rosette Expansion 

We explored the relationships between the 6 leaf growth variables measured on the genotypes grown in the well- 
watered condition and the same leaf growth variables measured on the same genotypes grown in the moderate 
soil water deficit treatment. All 6 correlations were significant with higher correlation coefficient for the va-
riables at the most integrated scale (Figures 3A-D) than at the cellular scale (Figure 3E and Figure 3F). These 
relationships revealed an absence of deviance from the 1:1 line for the duration of growth whereas all the other 
variables showed a decrease of the variable under soil water deficit compared to the well-watered condition. This 
deviation from the 1:1 line was particularly strong for genotypes with large rosette area (Figure 3C). The mu-
tants with the largest rosettes have been more impacted by the water deficit than those with the smallest rosette 
areas. 

 

 
Figure 2. Principal component analysis on rosette growth variables measured on 36 Arabidopsis thaliana geno-
types grown under well-watered (T) and water deficit conditions (S). Only the first two axes are shown. A Repre-
sentation of the variables; duration of rosette expansion, number of rosette leaves, leaf 6 area, cell number in leaf 
6 upper epidermis and cell area in leaf 6 upper epidermis; B Representation of the genotypes with centers of grav-
ity and lines connected to each genotype shown for each condition, T, in blue and S, in pink; C Representation of 
the genotypes with centers of gravity and lines connected to each genotype shown for each group, G1 to G4 (G1: 
in blue; G2: in pink; G3: in red; G4: in orange), defined by the dendrogram presented in Figure 1. Ellipses 
represent inertia ellipses of each group. Each inertia ellipse is centered on the means, its width and height are 
given by 1.5 times the standard deviation of the coordinates on axes, and the covariance sets the slope of the main 
axis.                                                                                          
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Figure 3. Relationships between mean values of rosette growth variables for 
the 36 Arabidopsis thaliana genotypes under well-watered and moderate soil 
water deficit conditions. The six leaf growth variables are the duration of ro-
sette expansion A; the number of rosette leaves B; final rosette area C; leaf 6 
area D; mean cell area in leaf 6 upper epidermis E; mean cell number in leaf 6 
upper epidermis F. The dashed line represents the 1:1 ratio.                   

 
We further explored the relationships between the plasticity of leaf growth variables in response to moderate 

soil water deficit and the duration of rosette expansion of the same genotypes in the well-watered condition 
(Figure 4). The response of leaf 6 area to the soil water deficit treatment was positively correlated to the dura-
tion of rosette expansion in the well-watered condition suggesting that late flowering genotypes could have a 
proportionate advantage under water shortage at the individual leaf scale (Figure 4B). In contrast, the response 
of leaf number to the soil water deficit treatment was negatively correlated to the duration of rosette expansion 
in well-watered condition (Figure 4A). These two correlations were inversed, and there was no significant cor-
relation between the duration of rosette expansion and the whole rosette leaf area suggesting that all leaves of 
the rosette responded similarly than the 6th leaf to the water deficit scenario (Figure 4C). 

4. Discussion 
4.1. Genetic Variability of Leaf Growth and Its Response to Drought 
Reducing leaf expansion is a common response of plants for drought acclimation, diminishing evaporative leaf 
surface area and improving water status at the whole plant level. Optimal plant acclimation is reported for geno- 

Duration of expansion under
well-watered condition (days)

Number of rosette leaves under
well-watered condition

Leaf 6 area under
well-watered condition (cm²)

Epidermal cell area under
well-watered condition (µm²)

Rosette area  under
well-watered condition (cm²)

D
ur

at
io

n 
of

 e
xp

an
si

on
un

de
r

w
at

er
 d

ef
ic

it
(d

ay
s)

N
um

be
r

of
 r

os
et

te
 le

av
es

un
de

r
w

at
er

 d
ef

ic
it

R
os

et
te

 a
re

a 
   

   
   

   
   

  
un

de
r

w
at

er
 d

ef
ic

it
(c

m
²)

L
ea

f6
 a

re
a 

   
   

   
   

   
   

   
   

   
 

un
de

r
w

at
er

 d
ef

ic
it(

cm
²)

E
pi

de
rm

al
ce

ll
ar

ea
   

   
   

   
   

   
 

un
de

r
w

at
er

 d
ef

ic
it

(µ
m

²)

R2=0.61

R2=0.91

R2=0.87

R2=0.73

R2=0.37

R2=0.59

A

B

C

D

E

F

Epidermal cell number under
well-watered condition

E
pi

de
rm

al
ce

ll
nu

m
be

r
un

de
r

w
at

er
 d

ef
ic

it

0 5 10 15 20 25 30

0
5

10
15

20
25

30

0 5 10 15 20

0
5

10
15

20

0 5 10 15 20 25 30 35

0
5

10
15

20
25

30
35

0.0 0.5 1.0 1.5

0.
0

0.
5

1.
0

1.
5

0 1000 2000 3000

0
10

00
20

00
30

00

0 20000 40000 60000

0
20

00
0

40
00

0
60

00
0



C. Massonnet et al. 
 

 
965 

 
Figure 4. Relationships between the duration of rosette expansion 
in well-watered condition and the percentage of variation of three 
growth variables when the same plants are subjected to the mod-
erate soil water deficit treatment. Growth variables are the number 
of rosette leaves A, leaf 6 area B and rosette area C.              

 
types able to minimize the trade-off between growth and water loss [29]. The 35 Arabidopsis thaliana mutants 
selected in this work were chosen because they had been shown to be impaired in functional pathways that could 
interact with this trade-off either via modulation of transcription factors [30], carbon metabolism [31] [32], cir-
cadian clock [33] or signal transduction [34]. Leaf growth variability among mutants and in comparison to their 
common wild-type was measured at different scales and under two water regimes. Ranking of the genotypes 
according to their leaf growth variables depended on the considered scale and on the environmental conditions. 
Despite drastic changes in their physiological, biochemical and/or molecular phenotypes described earlier, final 
rosette areas differ from that of the wild-type in 57% of them in the well-watered condition and 43% of them in 
the water deficit condition. Whole rosette area was reduced in response to the soil water deficit condition in all 
genotypes but the extent of this response differed among them. This first result suggests genetic differences in 
acclimation capacities to drought. The question is to understand what could be the source of this variability? We 
wondered if these differences of behavior in response to drought could be partially due to differences of flower-
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ing time as suggested by some other studies [13] [18] [19]. We addressed this question by conducting a holistic 
approach comparing the relationship between growth related variables that may allow us to reveal emergent prop-
erties that are not visible when we look at the behavior of one genotype. 

4.2. How Growth Duration Does Impact Growth Variables? 
Whereas flowering time is known to be a highly plastic trait in response to the environment (day-length, cold, 
drought [35]), the mild water deficit imposed to the set of genotypes selected in the present study did not lead to 
modification of growth duration in most genotypes. This could be due to the long day conditions in which plants 
were grown. A recent analysis of the effect of water deficit on individual leaf growth in 3-dimensions revealed 
that the increase in duration of expansion caused by water deficit is not observed in long days, i.e. when flower-
ing occurs rapidly and the number of leaves per plant is low [36]. We can suppose that the plant development 
cycle is so fast that plants have not time to implement an adaptive strategy to face drought. Although our expe-
rimental conditions (long days) were favorable to early flowering, few mutants flowered significantly later than 
the wild-type and consequently they also had a higher total number of leaves in rosettes than the wild-type. The 
range of variation in duration of growth was even large among mutants (between 12 and 27 days under well wa-
tered conditions) suggesting the high genetic plasticity of flowering time underlined in [35]. This variability al-
lowed us exploring the impact of the flowering time on the relative response of leaf number, leaf area and ro-
sette area to drought as discussed below. 

In many studies, the effects of environmental conditions on leaf production and leaf expansion are analyzed 
through the effects on the number of leaves as an indicator of leaf production, and the area of a leaf at a given 
nodal position as an indicator of individual leaf expansion [9] [37] [38]. Similarly, the variation in leaf expan-
sion among different genotypes is analyzed by comparing leaf area of a given leaf at a specific rank on the plant 
(the sixth leaf of 200 genotypes in [39]). This leads to a bias when individual leaf expansion is compared in ge-
notypes with different number of rosette leaves because part of individual leaf expansion at each position de-
pends on the number of leaves produced by the plant strongly linked to whole plant cycle duration. Results pre-
sented here show that the analysis is even more complicated as the relationship between individual leaf area at a 
nodal position and the number of rosette leaves is not stable and is affected by environmental conditions such as 
soil water deficit.  

In the well-watered condition, leaf area at a given nodal position is higher for plants with a reduced number of 
leaves as shown for a given genotype grown at different day-lengths: increasing day-length reduces the number 
of rosette leaves and also causes an increase in individual leaf area at a given nodal position [20]. This shows 
close relationship between whole plant vegetative growth duration and individual leaf expansion. It is 
well-established that moderate soil water deficits reduce final individual leaf areas [8] [9] [36] and this is con-
firmed here in the whole set of genotypes. However, we showed that the moderate water deficit affected diffe-
rently the leaf area among mutants according to their duration of rosette development. Figure 3 showed that the 
rosette area was less modified by water deficit in the mutants with small rosette leaf area than in the ones with 
large rosette area. This difference of drought impact can be due to the fact that the early flowering mutants were 
subjected to the stress treatment during a shorter period than the late flowering ones. However the results re-
cently presented in [19] showed contradictory results in near isogenic lines underlining higher capacities of 
drought acclimation in late flowering lines than in early flowering ones. The late flowering lines, i.e. the ones 
with duration of vegetative growth higher than the threshold time of 40 days after sowing, were able to recover 
their growth in the second half of their vegetative development by growing faster in water deficit than in well 
watered condition. In our conditions, under long day-length, all the mutants showed duration of vegetative growth 
lower than this threshold time of 40 days. A higher reduction in the leaf number was observed in the late flo-
wering mutants than in the early flowering mutants. Contrastingly, the individual leaf areas were more affected 
by the water deficit treatment in early flowering mutants whereas late flowering mutants better maintained indi-
vidual leaf areas (Figure 4). 

4.3. Role of Flowering Time in the Drought Response Strategy of Plants 
A study has shown the pleiotropic effects of flowering genes such as FRIGIDA on flowering time and shoot 
growth rate [24]. Our study revealed that a lot of genes have also this pleiotropic effect since various mutants 
showed both variations in leaf growth and flowering time in comparison to the wild-type. We also showed that 
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this pleiotropic effect was dependent of the soil water content underlining the complementary role of growth and 
flowering in the plant adaptation to drought.  

The type of drought response strategy developed by plants is largely dependent of the drought intensity, dura-
tion and period of application but depends also on species or genotypes. A common modification observed in 
the plant stress response is a lengthening of the life cycle, delaying the transition from vegetative to reproductive 
phase. A delay of flowering time by a stress has been reported for Arabidopsis thaliana in response to various 
stresses such as shade [40], phosphorous deficiency [41], drought [42] or biotic interactions [43]. It has been 
suggested that this delay in flowering would allow plant to maximize resources and ensure a successful repro-
duction [5] [41]. The analysis of the set of genotypes presented here shows that the most important differences 
in rosette leaf area between mutants and wild-type is observed when mutants have significant differences in leaf 
number due to different vegetative growth duration. This result confirms the preponderant impact of the vegeta-
tive growth duration in the biomass production. This strategy of delaying flowering time was also described as a 
mean for plants to compensate partially for the leaf expansion decrease by drought since this lengthening of the 
vegetative phase is accompanied by a more important leaf production. For years, big plants were searched in 
crops to increase potential productivity since the late flowering plants have a longer cycle duration and conse-
quently higher biomass. However the results presented here bring new insight into this strategy. Our holistic ap-
proach comparing 36 genotypes under similar growth conditions revealed a strong negative impact of plant size 
in their response to drought (Figure 3). The mutants with the biggest rosettes seem to have been more largely 
impacted by the water deficit than the smallest as already observed in Arabidopsis [44] and Centaurea [45] sug-
gesting that a longer vegetative phase may be a disadvantage to resist to drought. This result underlines an intri-
guing paradox. Whereas the lengthening of plant development delaying the flowering time was described, for 
long time, as a potential adaptative strategy in response to drought, our analysis shows a negative impact of late 
flowering time in the response of plant growth to drought. This conclusion is consistent with a recent study 
which reported that higher fitness was associated with earlier bolting, greater early allocation to increased num-
ber of inflorescences [46]. They showed that the bolting date and the inflorescence mass were the most impor-
tant determinants of the plant fitness: The more a plant invests time and mass in reproduction, the better its fit-
ness is. This early reproduction also allows continuing carbon acquisition as inflorescences contribute signifi-
cantly to the Arabidopsis plant carbon gain during its life time [47]. The plasticity of flowering time response to 
drought between genotypes would be an important component of the plant fitness [5] and flowering would be 
involved in the local adaptation of plants [48]. Our analysis revealed also a more complex role of growth dura-
tion in the drought response strategy. An opposite impact of flowering time was observed on the response of two 
growth variables to drought, leaf number and leaf expansion. Interestingly, the early-flowering mutants, i.e. the 
ones with short growth duration, presented a lower decrease of leaf number but a stronger decrease of the indi-
vidual leaf area expansion than the late-flowering ones. This tendency is consistent with the growth results ob-
served in the interaction between day-length and drought in Arabidopsis. The number of leaves is more affected 
by drought in plants with a long vegetative cycle (grown in short days), than plants with a short vegetative cycle 
[36] (grown in long days). However these results are discordant with previous observations on Near Inbred 
Lines (NILS) issued from the Landsberg erecta x Antwerp-1 population which showed an adaptative strategy to 
drought in the late flowering NILS allowing them a better shoot growth under mild water deficit than the early 
flowering ones [19]. 

5. Conclusion 
The analysis of the genetic variability of leaf growth related variables in response to drought showed a prepon-
derant impact of flowering time on the response of some traits. The variability of flowering time among geno-
types suggested that the late development of reproductive organs in the life cycle could be a disadvantage for 
annual plants to resist or adapt to water deficit. Although some studies use the flowering time as an estimator of 
the level of the drought escape strategy between well watered and water deficit conditions [49], we suggest here 
that a modification of flowering time will not only be a consequence of drought, but also be a determining process 
explaining at least a part of the leaf response to drought. Although some studies such as ours suggest that early 
flowering time can be an advantage in terms of water saving or carbon gain in response to drought, we open the 
question why plants lengthen the vegetative phase under drought when grown under a short day length? 
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