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Abstract 16 

Background: Rice crop is known as very sensitive to water deficit, especially during the 17 

reproductive phase when growth of vegetative organs and formation of spikelets are 18 

concomitant. The present study questioned whether the maintenance of vegetative organ 19 

expansion during a water deficit at the reproductive phase affects the reproductive structure 20 

organogenesis, and if relevant traits for adaptation can be identified. To answer these queries, 21 

the response to a same reproductive water deficit of six contrasted japonica genotypes has 22 

been analyzed under two contrasted climates differing in incident radiation, air hygrometry 23 

and temperature (greenhouse in Brazil, Sitis, and growth chamber in France, GC). 24 
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Results: Under irrigation, plant growth rate was reduced in GC while crop duration was 25 

extended: the trade-offs resulted in similar plant height and biomass. From a method able to 26 

determine a posteriori the date of panicle initiation (PI), elementary processes were 27 

positioned in time, allowing to evaluate how much each process was affected, despite the 28 

diversity in phenology across genotypes. Elongation rate decreased with water deficit and 29 

was highly associated with an increase in soluble sugars in stem and flag leaf in both 30 

experiments, while starch was reduced in Sitis and negligible in GC. This unique response, 31 

however, induced a different effect across experiments on branch and spikelet formation. In 32 

short, in both experiments, maintenance of spikelet number was highly associated with 33 

maintenance of flag leaf and internode width. All variables, including branch and spikelet 34 

number, were highly affected with IAC 25 in both experiments, while variations were non-35 

significant with Cirad 409. In addition, some other genotypes expressed a differential 36 

response between Sitis and GC, conveying a specific sensitivity to low radiation or to high 37 

air temperature.  38 

Conclusions: This study highlighted the importance of finely mapping in time elementary 39 

growth processes, thanks to PI date determination, in order to detect key traits of adaptation 40 

to abiotic stress through phenotyping across genotypes of diverse phenology. The 41 

maintenance of flag leaf width or internode diameter under a mild water deficit was 42 

highlighted here as a trait associated with the maintenance of yield components. 43 

 44 

Keywords: Oryza sativa, fine phenotyping, reproductive phase, drought tolerance, yield 45 

components, flag leaf width. 46 

 47 

Background  48 
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Rice (Oryza sativa L.) is known to be particularly sensitive to soil water deficit 49 

because of its semi-aquatic origin (Kumar et al. 2014). Drought is therefore considered as 50 

the most important constraint reducing yield in rainfed areas (Kumar et al. 2008; Serraj et 51 

al. 2009). Water deficit may impact rice yield components according to its timing, duration 52 

and intensity: at vegetative stage, it can affect development rate, plant height, leaf area and 53 

tillering. During the reproductive phase, it mainly affects panicle branching, spikelet 54 

formation and pollen viability. After flowering, it can affect grain setting and filling and their 55 

resulting grain number and weight. Literature converges in pinpointing the reproductive 56 

phase as the most sensitive. According to Matsushima (1966), the period of time between 57 

minus eleven and minus three days before heading is the most sensitive period by its impact 58 

on final yield. Similarly, comparing the effect of water deficit at different growth periods, 59 

Lilley and Fukai (1994) and Boonjung and Fukai (1996a) demonstrated that drought has 60 

non-significant or small impact on subsequent development and grain yield when it occurs 61 

at the vegetative stage, while the same deficit during the reproductive phase causes yield and 62 

spikelet number reduction by 20-70 % and 60 %, respectively. This can be accounted for by 63 

the phenotypic plasticity of cereals at early stages due to the trade-offs between yield 64 

components, i.e. panicle density, grain number per panicle and grain weight (Wey et al. 65 

1998; Siband et al. 1999), particularly in rice where tillering is more effective than in maize 66 

or wheat. 67 

Upland rice in Brazil is cultivated in large areas in the central Cerrado, where it 68 

is regularly subjected to drought but at distinct growth periods and with different intensities. 69 

Heinemann et al. (2015) classified upland ecosystems in three target populations of 70 

environment (TPE): one highly favorable environment (HFE) mainly stress-free, one 71 

favorable environment (FE) where mild water deficit occurs equally at the reproductive and 72 

terminal phases, and one least favorable environment (LFE) dominated by water deficit 73 
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occurring at the reproductive phase. They have concluded on the priority to improve 74 

tolerance of upland rice to water deficit at the reproductive phase. 75 

The high complexity of combining adaptive with productive traits in the same 76 

genetic materials lowed the progress for improving genetic tolerance to drought (Kumar et 77 

al. 2008). Breeding programs for tolerance opened two complementary ways: 1) the direct 78 

selection on grain yield under drought, assuming that yield is the target objective beyond the 79 

sequential mechanisms that generated it, focusing on the detection of QTL for yield and 80 

yield components (Lanceras et al. 2004;Kumar et al. 2008; Serraj et al. 2011; Kumar et al. 81 

2014, Kumar et al. 2018; Sandhu et al. 2019;); 2) the selection based on secondary traits, 82 

that are defined as stable traits correlated to high yielding genetic materials in favorable 83 

conditions and in predominant stress situations (Lafitte et al. 2003), relying on indicators of 84 

tolerance (Subashri et al. 2009; Sellamuthu et al. 2011; He and Serraj 2012). 85 

The present paper targets to identify, through fine phenotyping, the processes 86 

triggered underwater deficit imposed during the reproductive phase and to assess which 87 

elementary processes could be identified as adaptive, contributing to the maintenance of 88 

yield and yield components under stress. 89 

The reproductive phase starts with panicle initiation (PI) on the main tiller, a 90 

period when plant faces the concomitance of vegetative organ growth and reproductive 91 

structure formation (Counce et al. 2000, Figure 1). At plant level, tillering goes on after PI 92 

and young tillers act as a sink for carbon, before becoming autotrophic (Matsuo and 93 

Hoshikawa, 1993). At tiller level, demand in assimilate originates from the last four inner 94 

developing leaves and the subsequent elongation of upper internodes and peduncle. 95 

Complete expansion of these organs is critical as: 1) the three last leaves are responsible for 96 

up to 86 % of carbon assimilate importation of the panicle in good conditions (Cock and 97 

Yoshida, 1972) and 2) the stem and peduncle elongation drives the achievement of panicle 98 
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exertion and flowering ability. Any reduction in leaf expansion will thus reduce assimilate 99 

supply for stem elongation and panicle formation. Oppositely, if the source is performant, 100 

assimilate surplus can also be stored in stems and sheaths, in order to support efficiently 101 

grain filling after flowering, especially under drought conditions (de Raïssac, 1992). The 102 

period between PI and flowering is thus a time of high competition for carbohydrates within 103 

a tiller, between growth of existing vegetative organs and initiation/expansion of new 104 

reproductive structures, driving (i) the dimensioning of the future carbon source (elongating 105 

leaves); (ii) the panicle exertion ability (elongating internodes and peduncle); and (iii) the 106 

dimensioning of the ultimate carbon sink (branches and spikelets under development). 107 

Figure 1 - Timing of developmental processes during the reproductive phase in rice 108 

The occurrence of water deficit during the reproductive phase modifies this 109 

development pattern. Tillering decreases or -if maintained- generates mainly unfertile tillers 110 

(Alou et al. 2018), and plant growth rate is slowed down, which reduces grain number and 111 

potential grain size (Lilley and Fukai 1994a). In addition, flowering is systematically delayed 112 

(Boonjung and Fukai 1996b; Lilley and Fukai 1994a), up to 2 to 3 weeks depending on the 113 

intensity of the stress (Fischer and Fukai, 2003; Lafitte et al. 2003). Garrity and O’Toole 114 

(1994), and Swamy et al. (2017), found a negative correlation between the delay in flowering 115 

and yield, and proposed to use the delay as an indicator of plant sensitivity to drought 116 

(Subashri et al. 2009; Swamy et al. 2017). In some cases, the inflorescence does not emerge, 117 

partially or fully (Lafitte et al. 2003), preventing flowering. This delay and the poor panicle 118 

exertion can be associated with the lengthening in phyllochron and be the direct consequence 119 

of the decrease in peduncle elongation (Serraj et al. 2009; He and Serraj 2012), that accounts 120 

for 70-75% of spikelet sterility (O’ Toole and Namuco, 1983). The reduction in branch and 121 

spikelet number, main components determining the potential yield, is another major effect 122 

of the reproductive water deficit (Lilley and Fukai 1994b; Boonjung and Fukai 1996a). 123 
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When the deficit occurs just before heading, it also affects pollen viability and the associated 124 

increase in spikelet sterility (Fischer and Fukai, 2003). 125 

In conditions of limited CO2 assimilation due to water deficit during the 126 

reproductive phase, the question raises in what extent (i) carbon is limiting for plant growth 127 

and development in terms of elongation processes and (ii) carbon investment into growing 128 

vegetative structures (leaves and stems) benefits or jeopardizes development of the 129 

reproductive structures (panicles). By comparing maize, soybean and sunflower, Boyer 130 

(1970) demonstrated that leaf enlargement decreases prior to photosynthesis in response to 131 

the reduction in water potential. This leads to an accumulation of sugars in plant organs, as 132 

observed in sunflower (Dosio et al. 2011), in coffee tree (Franck et al. 2006) or in rice 133 

(Luquet et al. 2006; Luquet et al. 2008; Rebolledo et al. 2012), giving evidence that growth 134 

is sink, rather than source, limited (Muller et al. 2011; Tardieu et al. 2018). Pantin et al. 135 

(2011) and Pantin et al. (2012) even proposed a switch from a metabolic to a hydro-136 

mechanical limitation of leaf growth during the course of leaf ontogeny. 137 

The present study analyses the response to the same reproductive water deficit 138 

of a set of six genotypes grown under two contrasted environments differing by the levels of 139 

incident radiation, air vapor pressure deficit and maximum temperature. It aims at exploring 140 

whether (i) the same mechanisms trigger the response to reproductive water deficit whatever 141 

plant growing conditions, (ii) there is synergy or competition between vegetative organ 142 

elongation and reproductive organ setting and development, and (iii) there are specific 143 

adaptive mechanisms and more tolerant genotypes able to preserve productivity during a 144 

reproductive water deficit. 145 

Methods 146 

Genetic materials 147 
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Six genotypes were used within two experiments. They were extracted from the 148 

PRAY japonica collection, retrievable on line (GRiSP- Global Rice Phenotyping Network, 149 

2020). The selection was made in order to compare short cycle materials with a large genetic 150 

diversity and distinct geographic origins (Table 1). Data collected in previous experiments 151 

in Brazil and in controlled environments in France (Table 2) show that the genotype 152 

classification for cycle duration is only partially maintained between experiments, with an 153 

approximatively two week lengthening of duration in France. 154 

Table 1. 155 

Table 1 – Upland rice genotypes used in the trials Sitis and Growth Chamber. 156 

Genotypes Parents Country of origin 

CIRAD 392 Latsidahy x FOFIFA 62 Madagascar 
CIRAD 409 CT11537 x CT10035 Colombia 
EM IAC 165 Douradoprecoce x IAC 1246 Brazil 
GUARANI IAC 25 x 63-83 Brazil 

HD 1-4 IRAT 146 x Beira Campo France 
IAC 25 Douradoprecoce x IAC 1246 Brazil 

 157 

Table 2. 158 

Table 2 – Duration in days from planting obtained from previous experiment.  159 

Genotypes 

Days to Flowering 

Field 2014, 

Brazil 

Growth Chamber 

2016, France 

Greenhouse 

2008, France 

CIRAD 392 58 75 71 
CIRAD 409 56 69 70 
EM IAC 165 61 79 71 
GUARANI 58 71 77 

HD 1-4 59 68 77 
IAC 25 59 73 71 
 160 

Sitis experiment (Sitis) 161 

This experiment was conducted in Goiânia, Brazil, at Embrapa Rice and Beans, 162 

at an altitude of 823 m, latitude 16o28'00"S and longitude 49o17'00"W. The SITIS (Integrated 163 

System for Induced Treatment of Drought) phenotyping platform was used. The platform, 164 

set up in the greenhouse, is composed of a set of 100 cm high and 25 cm diameter PVC 165 

pipes, each one filled with soil and placed upon an automatic scale that allows a continuous 166 
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weighting of the pipes and monitoring of irrigation. The soil was ared latosol with medium 167 

texture, previously homogenized with a 1.25 cm mesh sieve to remove larger aggregates. 168 

The six genotypes were placed in a complete randomized block design with three 169 

replications and two water treatments: fully irrigated (IRR) and water stressed (STR) 170 

treatments, totalizing 36 plots. To secure three plants in each pot, a germination test has been 171 

carried out and plants were sown in excess on September 24, 2015. An application of 4 g of 172 

fertilizer NPK 04-14-08 was performed at planting, according to the recommendations for 173 

rice cultivation in relation with soil mineral analysis. Ten days after plant emergence, 174 

thinning was done to obtain three plants per pot. Climate conditions were monitored by an 175 

AKSO® device placed in the center of the greenhouse, continuously measuring air 176 

temperature and humidity, as well as solar radiation (Table 3).  177 

Table 3. 178 

Table 3 – Climate conditions in Sitis experiment. 179 

 Min Average Max 

T min (°C) 17.4 20.3 24.8 
T max (°C) 24.6 31.8 37.6 
Rad (MJ/m²/day) 1.9 16.7 26.0 
VDP (kPA) 0.67 3.35 5.87 

T min: minimal temperature; T max: maximal temperature; Rad: daily cumulated incident radiation; VPD: Air 180 

Vapor Pressure Deficit; Min and Max are respectively the minimal and maximal values monitored during the 181 

experiment; Average is the mean value during the same period. 182 

Soil physical analysis provided values of 24.5% and 11.5% for field capacity 183 

(FC) and wilting point (WP) respectively. Before planting, pots were slightly over-irrigated. 184 

The water in excess drained off and the weight at field capacity was determined 24 hours 185 

after this irrigation. Taking into account PVC pipe and plate weights, soil weights at FC and 186 

WP were then calculated. To quantify water availability within the pots, the FTSW indicator, 187 

Fraction of Transpirable Soil Water, was used (Sinclair and Ludlow 1986). It was calculated 188 

as the ratio between the actual available water and the maximum available water, according 189 

to the following formula: 190 
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𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  
(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴 𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤ℎ𝐴𝐴 − 𝐹𝐹𝑠𝑠𝑠𝑠𝐴𝐴 𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤ℎ𝐴𝐴 𝐴𝐴𝐴𝐴 𝐹𝐹𝑊𝑊)

(𝐹𝐹𝑠𝑠𝑠𝑠𝐴𝐴 𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤ℎ𝐴𝐴 𝐴𝐴𝐴𝐴 𝐹𝐹𝐹𝐹 − 𝐹𝐹𝑠𝑠𝑠𝑠𝐴𝐴 𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤ℎ𝐴𝐴 𝐴𝐴𝐴𝐴 𝐹𝐹𝑊𝑊)
 191 

The pots of both treatments were adjusted daily to field capacity during the 192 

whole vegetative phase and the beginning of the reproductive phase. Two days before water 193 

stress application in the STR treatment, all pots were adjusted to FTSW = 0.8. The water 194 

stress was applied in an “a priori” mode: using field data from Brazilian 2014 experiment 195 

(Table 2), we applied water stress 20 days before the estimated flowering date, expecting a 196 

duration of 10-14 days from PI. Stress application started on October 30, 2015 for Cirad 392, 197 

Cirad 409 and Guarani, and on November 03, 2015 for EM IAC 165, HD 1-4 and IAC 25, 198 

according to available data. After a 4-5 day period of dry-down, pots were daily adjusted to 199 

FTSW 0.4 with a bottom-up irrigation: water was simply provided in the plate below the 200 

pot, considering that observation confirmed that few primary roots had appeared at the base 201 

of the pot for each genotype, meaning that the whole soil profile was colonized. Water deficit 202 

treatment ended when at least 50% of main-tiller panicles of the irrigated treatment has 203 

emerged (when at least 5 plants on the 9 plants in the 3 irrigated replications were at heading 204 

stage). 205 

In each pot, one plant tagged with a wool yarn and noted “plant 1” was observed 206 

for non-destructive phenological traits up to the end of the differential water treatments. This 207 

plant was then dissected while the two other plants of the pot were further grown at full 208 

irrigation from heading to grain maturity and harvesting (results not presented here). 209 

Growth Chamber experiments (GC) 210 

Two experiments were carried out under the same climate conditions in a growth 211 

chamber in Montpellier in 2016 and 2017: it was set up as a 12/12 hours photoperiod, with 212 

day and night temperature and air humidity regulated at 28°C and 20°C, and at 65% and 213 

90%, respectively (Table 4). 214 



10 

 

Table 4. 215 

Table 4 – Climate conditions in Growth Chamber experiment. 216 

 Min Average Max 

T min (°C) 19.9 20.1 21.6 
T max (°C) 26.7 27.8 28.4 
Rad (MJ.m-2.day-1) 1.3 5.8 9.0 
VDP (kPA) 1.26 1.41 1.54 

T min: minimal temperature; T max: maximal temperature; Rad: daily cumulated incident radiation; VPD: Air 217 

Vapor Pressure Deficit; Min and Max are respectively the minimal and maximal values monitored during the 218 

experiment; Average is the mean value during the same period. 219 

A first methodological experiment addressed the choice of soil substrate and the 220 

intensity of water deficit, as well as checking genotype cycle duration from planting to 221 

flowering. It was a complete randomized design with six genotypes and one water treatment 222 

(full irrigation). After germination, planting was achieved on 20 September, 2016. The 223 

number of days to panicle initiation was estimated by using the Haun index method (see 224 

below). Duration from planting to panicle initiation varied between genotypes, from 26.4 225 

days with HD 1-4 to 36.3 days with EM IAC 165. The reference genotype IR 64 was added, 226 

to which two levels of water deficit were applied from 10 days after panicle initiation to 227 

panicle emergence: one adjusted each two days to FTSW 0.4, the other to FTSW 0.2, 228 

meaning that FTSW was lower than its ceiling value between two consecutive irrigations. 229 

The FTSW 0.2 treatment was finally too severe as it prevented any development of the plants 230 

during the reproductive phase. The FTSW 0.4 treatment was then selected (as a “mild” water 231 

deficit) for the final experiment. 232 

The second and main experiment was conducted in a completely randomized 233 

design with six genotypes grown under two water treatments, irrigated (IRR) and stressed 234 

(STR), in three replications for a total of 36 pots. Each replicate was composed of a 3.5 liter 235 

polyethylene pot containing one single plant. Seeds were pre-germinated in an incubator set 236 

up at 30oC for three days. Three seedlings were transplanted on 5 January, 2017 and 237 

subsequently thinned to one plant per pot. The pots were filled with 1470 grams of a 238 
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commercial referent substrate (Tref Riz Cirad 2), specifically adapted to rice, mixed with 239 

seven grams of Basacote 6M+, a slow-release fertilizer. For each pot, a soil sample was 240 

weighted and oven-dried in order to determine the initial effective soil humidity and the real 241 

soil dry weight. Pot weights at FC and at WP were then deduced in order to calculate FTSW. 242 

The water deficit treatment was applied as in the Sitis experiment on an “a priori” mode: 243 

water irrigation was with hold ten days after the date of panicle initiation estimated from the 244 

pre-experiment. At the beginning of the water deficit application, the pots were covered with 245 

polystyrene micro balls to avoid water loss by soil evaporation, and to measure the plant 246 

water consumption between two consecutive irrigations. The exact quantity of water was 247 

then supplied every two days by top irrigation in order to adjust to FTSW 0.8 and 0.4 in IRR 248 

and STR treatments, respectively. The genotype-based water deficit treatment was 249 

maintained up to panicle emergence on the main tiller of the irrigated plants. Plants were 250 

then dissected and dried to obtain the partitioning of plant biomass.  251 

Measurements in both experiments 252 

Phenological development monitoring 253 

Mean air temperature was calculated on a daily step in both experiments. 254 

Thermal time was calculated using Samara model values (Kumar et al. 2017), with following 255 

cardinal temperatures: Tb = 10, Topt1 = 28, Topt2 = 36, Tmax = 44. 256 

The Haun Index (HI, Haun, 1973), which is calculated as the number of leaves 257 

on the main stem whose ligules is visible plus the ratio to full elongation of the portion of 258 

the visible blade length of the youngest leaf, was monitored three times a week on the main 259 

tiller of each plant. The phyllochron was calculated as the time -in days or thermal time-260 

separating the ligules emergence of two successive leaves of the main tiller. The early 261 

phyllochron was determined before PI and under non-limiting water supply for all 262 

genotypes, so between 14 and 27 days after planting (DAP) in Sitis, and between 11 and 24 263 
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DAP in GC. Phyllochron was also determined between the onset of water treatments and 264 

ligules emergence of the flag leaf (Phyllochron PI to Max HI). 265 

The date of PI was retrospectively estimated for each plant, according to the 266 

method illustrated in Figure 2 for Cirad 409 grown in GC under irrigated conditions: because 267 

the final leaf number (FLNb) on the main tiller is obtained at panicle emergence and because 268 

PI is known to occur at FLNb-4 (Nemotoet al. 1995), the precise date of PI is estimated by 269 

interpolation between the two consecutive phenological observations comprising the target 270 

PI. In the illustrated case (Figure1), FLNb is 10, PI is consequently estimated at 6HI and PI 271 

date estimated by interpolation at 34 DAP. This method was applied to all individual plants 272 

in both experiments. Plant height, defined as the distance between the soil and the last ligules 273 

on the main stem, was measured twice a week. Panicle emergence stage was determined 274 

when more than 50% of main tiller panicles of one genotype has emerged within the irrigated 275 

treatment. 276 

Figure 2 - Determination of the panicle initiation date with Cirad 409 under irrigated 277 

condition in the growth chamber experiment 278 

At panicle emergence in both experiments, after tiller counting, plant dissection 279 

has been done, to determine the following data: 280 

• main-tiller internode 1 and 2 length and width (diameter), considering 281 

internode 1 as the first internode below the peduncle; 282 

• main-tiller panicle, leaf and node dry weight; 283 

• main-tiller first and second order branches number; 284 

• main-tiller spikelet number; 285 

• remaining tiller dry weight; 286 

In addition, the length and width of all leaves of the main tiller were measured 287 

as soon as they were fully emerged. Specifically in Sitis experiment, plant dry weight was 288 
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measured at thinning at 14 DAP. Specifically in GC experiment, the panicle main axis length 289 

and the total length of branches primary and secondary were measured. 290 

Carbohydrate analysis 291 

Flag leaf blade (FL) and internodes 1 and 2 (IN1 and IN2) were sampled early 292 

morning, or the beginning of the light period and plunged into liquid nitrogen right after 293 

sampling, freeze-dried (72h), grinded with a ball mill Retsch MM400 (particules < 50 µm) 294 

and then stored in a freezer at -80°C. Sugar content was measured in Sitis according to the 295 

method described by Gibon et al. (2009) and in the growth chamber by Luquet et al. (2006). 296 

The sugar extractions and starch hydrolysis are similar with two methods, the 297 

methodological difference concerns only the sugar quantification. The first method uses 298 

spectrophotometry and the other one is based on high performance liquid chromatography. 299 

Samples were previously used to ensure that the results could be comparable. The results are 300 

expressed as glucose equivalents per unit dry matter (mg.g-1) for starch (Starch) and as 301 

soluble sugar (SolSug) per unit dry matter (mg.g-1) corresponding to the amount in hexoses 302 

and sucrose. 303 

Gas exchange measurement 304 

In Sitis, transpiration was measured at the end of the experiment, between 9 and 305 

11 a.m., with the flag leaf of each plant n°1, using the LC-Pro-IRGA® device, regulated at 306 

a 300 ml.min-1 air flow with a 1200 µmol.m-2.s-1light source. 307 

In the growth chamber, photosynthesis and transpiration were measured the day 308 

before dissection by the Walz GFS 3000. 309 

Derived variable calculation 310 

The main tiller elongation rate was calculated as the increase in height during 311 

the stress period (in IRR and STR plants) divided by the number of days. An estimation of 312 

the relative plant growth rate (RGR) was calculated differently in Sitis and GC experiments. 313 
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In Sitis, genotype shoot dry weight was measured on six plants from the IRR treatment at 14 314 

DAP-at time of thinning- and at panicle emergence. RGR was then calculated for IRR 315 

treatment as following: 316 

𝑅𝑅𝑅𝑅𝑅𝑅 =  
Δ Ln (shoot dry weight) ΔDate

 317 

The mean genotype RGR was then used to estimate by intrapolation shoot dry 318 

weight of plants at the onset of water deficit application. Considering shoot dry weight at the 319 

onset of water deficit and at heading (end of the experiment), RGR (g.day-1) and GR (Growth 320 

rate - g.day-1) were calculated during the whole period when differential water treatments 321 

were effective. In the growth chamber, an allometric correlation between height and biomass 322 

was used to estimate the shoot dry weight of the plants at the onset of water deficit 323 

application. 324 

In GC, because pots were covered by polystyrene bills preventing direct soil 325 

evaporation, the monitoring of pot weights before and after irrigation allows calculating the 326 

daily plant transpiration, as well as a cumulated plant transpiration during the differential 327 

water treatment period. The cumulated water use efficiency was then calculated as the ratio 328 

of the increase in biomass to the amount of water consumed during the same period. 329 

To quantify genotype response to water deficit, response indexes were calculated 330 

as the relative variation between IRR and STR treatments, as defined below: 331 

𝑅𝑅𝑤𝑤𝑠𝑠𝑅𝑅𝑠𝑠𝑅𝑅𝑅𝑅𝑤𝑤 𝑠𝑠𝑅𝑅𝑅𝑅𝑤𝑤𝑖𝑖 =  
(𝐹𝐹𝐹𝐹𝑅𝑅 − 𝐼𝐼𝑅𝑅𝑅𝑅)𝐼𝐼𝑅𝑅𝑅𝑅  332 

Where: 333 

STR is the genotype adjusted mean of the considered variable for the water deficit treatment; 334 

IRR is the adjusted mean of the considered variable for the irrigated treatment. 335 

Statistical analysis 336 
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Anovas were run using R packages “agricolae” (de Mendiburu 2014), 337 

“ScottKnot” (Jelihovschi et al. 2014), “doBy” (Hojsgaard et al. 2019) and “ggplot2” 338 

(Wickham 2016). The response indexes were validated by a test of orthogonal contrasts, 339 

where the adjusted means of the IRR treatment were compared to the adjusted means of the 340 

STR treatment, using F Test and R software. 341 

Results 342 

Impact of the timing of water deficit on developmental processes. 343 

Identification of the precise dates of occurrence of water deficit for each 344 

genotype was determined before going through any analysis. First, the date of panicle 345 

initiation (PI) was retrospectively estimated for each individual plant, as described in 346 

Methods. The time lag between PI and the actual start of water deficit application was then 347 

determined: a global index of the relative progress of the reproductive phase at time of stress 348 

application was calculated, as the ratio (in days) of the elapsed time from PI to the onset of 349 

water deficit to the total reproductive phase duration (Table 5). 350 

Table 5. 351 

Table 5 – Mean progress of reproductive phase at start of water deficit application. 352 

Genotypes Trial 
Heading 

(DAP) 

Water deficit 

application 

(Days after 

PI) 

Reproductive 

phase 

duration 

(Days) 

Reproductive 

phase achieved 

(%) 

CIRAD 392 

SITIS 

53 15.0 32.0 46.8 
CIRAD 409 47 15.3 26.3 58.1 
EM IAC 165 54 16.0 30.0 53.3 
GUARANI 53 13.0 30.0 43.3 

HD 1-4 54 17.7 31.7 55.8 
IAC 25 54 16.0 30.0 53.3 

Mean 52.5 15.6 30.1 51.8 

CIRAD 392 

Growth 

Chamber 

(GC) 

68 7.0 41.0 17,0 
CIRAD 409 59 2.0 31.0 6,4 
EM IAC 165 71 9.0 45.0 20,0 
GUARANI 64 3.0 34.0 8,8 

HD 1-4 62 5.0 36.0 13,9 
IAC 25 64 10.0 39.0 25,6 

Mean 64.6 6.0 37.7 15.3 

 353 
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The application of water deficit occurred earlier in GC than in Sitis: the average 354 

relative progress of the reproductive phase was 15.3 % in GC, and 51.8 % in Sitis. This was 355 

mainly due to a lack of reliable field data in Sitis to predict plant cycle duration and so to 356 

estimate time of PI, while the pre-experiment in GC with controlled conditions helped to 357 

overcome this difficulty. Thus, the water deficit was applied later in Sitis than in GC, but 358 

with the same intensity as determined by pot water content adjusted at FTSW 0.4 each two 359 

days on both experiments. 360 

The rate in time to which each single phenological process was affected due to 361 

the application of water deficit was finally computed for each genotype and in each trial 362 

(Tables 6 and 7), with reference to the timing and position of each one of these processes 363 

(Figure 1). To develop a subsequent reliable analysis, these rates were used as the basis to 364 

only study the processes that were completed during water deficit.  365 

Table 6. 366 

Table 6 – Impact of water deficit on reproductive phase processes in Sitis. 367 

Table 7. 368 

Table 7 – Impact of water deficit on reproductive phase processes in Growth chamber. 369 

One key element of this study was to quantify the effect of water deficit on any 370 

phenological processes that occurred at the early reproductive phase (flag leaf formation, 371 

bract formation) since these processes were over before the end of the water treatment which 372 

occurred at panicle exertion in the irrigated plants. So, in the water stress treatment, these 373 

processes were fully affected by water deficit in one or both experiments. This was, however, 374 

irrelevant to quantify the effect of water deficit on processes that were still on-going heading, 375 

like internode 1 and peduncle elongation, or pollen viability. Indeed, at the time of high 376 

elongation rate of internode 1 or peduncle, any slight delay in development due to the 377 

application of water deficit can lead to huge differences in internode and peduncle lengths, 378 
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as measured with destructive observation. Any differences between treatments were thus the 379 

consequence of the effect of water deficit but also of the likely delay in plant development. 380 

In this way, the inter-genotype and inter-treatment variability in peduncle length data were 381 

huge – and in a lower extent that in internode 1-, but that has included a strong effect of the 382 

delay in phenology. These variables, as well as pollen viability, have not been considered 383 

for further analysis 384 

The robustness of the estimates at Tables 6 and 7 was confirmed by the 385 

comparison of the flag leaf length. The water deficit was not applied during the leaf 386 

elongation phase in Sitis while it was in GC, hence, no effect was expected in Sitis to the 387 

difference of GC. An anova conducted separately on both experiments confirmed this 388 

hypothesis, with a significant effect in GC only (Table 8 and Figure 3). As no Treatments X 389 

Genotypes interaction was observed in GC, it is reported that leaf elongation across 390 

genotypes reacted the same way to water availability. 391 

Table 8. 392 

Table 8– Leaf length analysis of variance in Sitis and Growth Chamber. 393 

 Sitis Growth Chamber 

SV DF Pr (>F) Significance DF Pr (>F) Significance 

Block 2 0.86 NS - - - 

Treatments 1 0.40 NS 1 0.00 *** 

Genotypes 5 0.27 NS 5 0.30 NS 

Trmnt. X Genotypes 5 0.22 NS 5 0.96 NS 

CV% 11.79 19.36 
Means were calculated on 6 genotypes x 3 replicates (18 values) for each water treatment in each experiment. 394 

The response index was calculated as described in Material & Methods. NS: Non significant; ***: significant 395 

at P < 0.001 396 

Figure 3 - Flag leaf length in relation with the experiments and water treatments. 397 

Lower internode elongation was not submitted to water deficit in Sitis, while it 398 

was partially in GC. As reported earlier, some other processes were fully affected since their 399 

initiation (so reported as 100% in Tables 6 and 7) but were likely interrupted before their 400 

completion (Internode 1 and peduncle elongation, pollen viability) due to the end of the 401 
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experiment. These processes were excluded from the analysis. In contrast, some processes 402 

were affected by water deficit, partially in Sitis and totally in GC (see Tables 6 and 7), like 403 

branching I and II (32 and 100% respectively), internode 2 elongation (36 and 100% 404 

respectively) and spikelet formation (88 and 100% respectively). These were completed at 405 

the end of experiment and are the main processes that will be investigated in the subsequent 406 

analyses of this paper.  407 

Effect of environmental conditions on plant development rate and cycle duration 408 

The cumulated thermal time from planting to heading increased quicker in Sitis 409 

than in GC (Figure 4). The slope, indicating the mean daily cumulated thermal time, was 410 

17.5 °C days and 13.7 °C days respectively. The slower accumulation of thermal time from 411 

planting to heading in GC accounted for its longer growth period duration (in days), the 412 

flowering date occurring 16.7 days later and the reproductive phase lasting 6.5 days longer 413 

(37.7 vs. 30.1 days, Table 5) in GC than Sitis. Based on thermal time, the early phyllochron 414 

was also longer in GC than Sitis for the six genotypes. The ratio of phyllochron of GC to 415 

Sitis ranged from 1.36 in Cirad 409 to 1.17 in IAC 25. Another cause of the rise in cycle 416 

duration in GC was the increase in the final leaf number on the main tiller (Table 9), between 417 

1 to 1.5 leaf respective of the genotype. Conclusively, the longer cycle duration (in days) in 418 

GC is due to the combined effect of a lower thermal time accumulation, a lengthening in 419 

phyllochron measured in odays and a higher number of emitted leaves. 420 

Figure 4 - Cumulated thermal time in Sitis and Growth Chamber experiments in 421 

function of calendar time 422 

Table 9. 423 

Table 9 – Final leaf number on the main stem in Sitis and Growth Chamber 424 

experiments. 425 

Genotypes SITIS Growth Chamber 

CIRAD 392 9.0 11.3 
CIRAD 409 8.7 10.3 
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EM IAC 165 9.0 10.2 
GUARANI 9.2 11.2 

HD 1-4 8.7 9.5 
IAC 25 9.0 10.0 

 426 

Effect of environmental conditions on plant morphological and physiological traits and 427 

their response to water deficit 428 

Relevant traits that were affected by water deficit in at least one experiment and 429 

whose processes were completed at heading were studied in a split-plot analysis. This 430 

analysis considered that both experiments display a completely randomized design, with the 431 

first factor (the experiments) at two levels and the second factor (water treatments) at two 432 

levels, the genotype factor not being considered. Data are shown at Table 10. 433 

Table 10. 434 

Table 10 – Effect of experiment conditions and water treatments on rice plant traits. 435 

 Means Response Index Significancy 

 Sitis Growth Chamber 
Sitis 

Growth 

Chamber 
Exp Trtmnt 

Exp x 

Trmnt Traits Irrigated Stressed Irrigated Stressed 

TillNb 9.7 8.7 6.8 6.9 -0.11 0.01 *** NS NS 

Plant Height (mm) 697.9 561.4 813.4 689.2 -0.20 -0.15 *** *** NS 

Plant Biomass (g) 16.2 13.0 15.7 13.2 -0.20 -0.16 NS *** NS 

GrowthRate (g.day-1) 1.14 0.90 0.40 0.33 -0.21 -0.18 *** *** NS 
FLLength (mm) 436.5 428.1 604.2 499.3 -0.02 -0.17 *** *** *** 

FLWidth (mm) 17.3 17.3 18.7 17.3 0.00 -0.07 NS NS NS 

IN2Length (mm) 141.3 104.1 140.3 119.3 -0.26 -0.15 NS *** NS 

IN2Width (mm) 5.6 5.3 5.9 5.1 -0.04 -0.13 NS *** NS 

TotalBranchNb 35.2 29.8 37.9 28.2 -0.15 -0.26 NS *** NS 

SpikeletNb 155.2 131.9 156.7 118.8 -0.15 -0.24 NS *** NS 

ElongRate (mm.day-1) 26.3 16.3 14.6 11.1 -0.38 -0.24 *** *** *** 

FLSolSug (mg.g-1) 66.0 108.7 60.7 72.9 0.65 0.20 *** *** *** 

FLStarch (mg.g-1) 54.5 47.5 0.7 0.8 -0.13 0.14 *** *** *** 

IN2SolSug (mg.g-1) 55.2 104.9 78.4 88.7 0.90 0.13 NS * NS 

IN2Starch (mg.g-1) 128.4 108.1 25.8 24.5 -0.16 -0.05 * NS NS 

LeafTransp (mmol.m-2.s-1) 4.6 3.9 4.4 3.8 -0.15 -0.14 NS * NS 

Phyllochron (days) 7.9 9.5 7.8 8.5 0.21 0.09 NS NS NS 

Means were calculated on 6 genotypes x 3 replications (18 values) for each water treatment in each experiment. 436 

The response index was calculated as described in Material & Methods. NS: Non significant; *: significant at 437 

P < 0.05; **: significant at P < 0.01; and ***: significant at P < 0.001. 438 

 439 
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Under irrigated conditions, whole plant growth rate during reproductive phase 440 

decreased by 64 % from Sitis to GC (from 1.14 to 0.40  g.day-1) which was associated with 441 

a 65 % decrease in incoming radiation (from 16.7 MJ.m-2.day-1 to 5.8 MJ.m-2.day-1), and a 442 

24 % decrease in maximum daily temperature (from 37.6 to 28.4 °C, see Tables 3 and 4), 443 

leading to a significant reduction in tiller number per plant (6.8 in GC vs. 9.7 in Sitis). In the 444 

same line, while concentration of soluble sugars was in the same range across both 445 

environments in the flag leaf (66.0 mg.g-1 in Sitis vs 60.7 mg.g-1 in GC) and in internode 2 446 

(55.2 mg.g-1 in Sitis vs 78.4 mg.g-1 in GC), that of starch was drastically reduced from Sitis 447 

to GC for these 2 organs (from 54.5 mg.g-1 to 0.7 mg.g-1 in flag leaf and from 128.4 mg.g-1 448 

to 25.4 mg.g-1 in internode 2). Interestingly, as a consequence of the delay in heading time 449 

in GC, the final whole plant biomass was not significantly different between both 450 

experiments (16.2 g in Sitis and 15.7 g in GC). The extended growth duration in GC 451 

contributed in generating taller plants than in Sitis (813.4 mm vs. 697.9 mm) whereas stem 452 

elongation rate was significantly lower(14.6 mm.day-1in GC vs 26.3 mm.day-1 in Sitis). 453 

Similarly, flag leaf was longer in GC (604.2 mm) than in Sitis (436.5 mm). These results are 454 

in accordance with the reduction of leaf elongation observed in maize in response to high 455 

VPD, as it was in S (Tardieu 2005; Bouchabké et al. 2006). Like plant biomass, some other 456 

traits relative to organ morphology and number determined during the reproductive phase 457 

were not significantly modified across growing conditions: no significant differences were 458 

observed for internode 2 length (141.3 mm vs 140.3 mm), internode 2 width (5.6 mm vs 5.9 459 

mm), total branch number (35.2 vs 37.9) and spikelet number (155.2 vs 156.7). The 460 

transpiration rate of the flag leaf of the main tiller measured right before heading did not also 461 

differ between experiments. 462 

Experiment x Treatment interactions were revealed for some traits (Table 10) 463 

and can be explained by two main reasons. The first one is the lag in the timing of water 464 
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deficit applications between both experiments: respective to the physiological time, the 465 

deficit was applied later in Sitis than in GC and so did not affect some processes the same 466 

way. As already seen, flag leaf length was not affected in Sitis, but was in GC as its 467 

elongation was already over when the deficit was applied in GC. Similarly but not 468 

significantly, flag leaf width was not affected in Sitis but was in GC. The second reason is 469 

directly related to environment conditions: in the flag leaf, in response to water deficit, 470 

soluble sugars increased poorly in GC (from 60.7 to 72.9 mg.g-1) and strongly in Sitis (from 471 

66.0 to 108.7 mg.g-1) (Table 10). At the same time, starch content was stable and nearly 472 

negligible in GC (from 0.7 to 0.8 mg.g-1) while it decreased in Sitis (from 54.5 to 47.5 mg.g-
473 

1), in agreement with previous results (Rebolledo et al. 2012) and in accordance with the low 474 

radiation and the consecutive poor carbon availability in GC. No other interactions in 475 

response to water deficit has been detected with the other traits under study, i.e. plant height 476 

and biomass, internode 2 length and width, branch and spikelet number and final leaf 477 

transpiration. As an example, a strong correlation was reported for the length of internode 2 478 

between values reported from GC and those reported from Sitis (Figure 5), giving 479 

consistency to our results. 480 

Figure 5 - Relationship between internode 2 length in Growth Chamber and Sitis 481 

experiments 482 

Genotype response to water deficit at reproductive phase 483 

The integrated response of the six genotypes to water deficit was analyzed based 484 

on the response indexes as defined in Methods. The PCA on the response indexes of all the 485 

studied morphological and physiological traits was run using the variations of total branch 486 

number (ΔTotBranchNb) and spikelet number (ΔSpikeletNb) as supplementary variables: 487 

these two variables were considered as the final products of the plant at the stage when the 488 
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trial was stopped (heading) and so the best indicators of plant adaptability to water deficit 489 

established during the reproductive stage. The correlation matrix is given in Table 11. 490 

Table 11 – Correlations matrix of the studied variables. 491 

As expected, ΔTotBranchNb and ΔSpikeletNb were highly correlated 492 

(+0.945***) to each other. The ΔTotBranch Nb was highly correlated to ΔFLLength 493 

(+0.730**), ΔFLWidth (+0.736**) and ΔIN2Width (+0.728**): the reduction in flag leaf 494 

and internode 2 dimensions in response to water deficit was closely associated with the 495 

reduction in the panicle branch number. The ΔSpikeletNb was correlated also to the same 496 

variables at 5% (*). The ΔLeafTransp was also positively correlated to ΔSpikeletNb 497 

(+0.578*) and logically more weakly to ΔTotBranchNb (+0.526°), as the formation of 498 

branches occurs prior to spikelet formation. 499 

In addition, ΔTillNb was the only trait negatively correlated to ΔTotBranchNb 500 

(at 10%), while it was positively and strongly correlated to ΔGrowthRate. And ΔGrowthRate 501 

did not display any correlation with other traits, representative neither of organ growth 502 

(morphogenesis), or of organ generation (organogenesis). The ΔElongRate was positively 503 

correlated to ΔIN2Length (**) and ΔFLStarch (*), and negatively to ΔPhyllochron (**) and 504 

ΔFLSolSug (*).The ΔPhyllochron was positively correlated to ΔIN2SolSug. 505 

The PCA representation on the two first components explained 55.4% of the 506 

total variability (Figure 6). The first component (31.2%) was principally defined (i) 507 

positively by ΔElongRate and ΔIN2Length and (ii) negatively by ΔFLSolSug and 508 

ΔPhyllochoron. The second component (24.4%) was defined positively by ΔIN2Width and 509 

ΔFLWidth and negatively ΔTillNb. 510 

Figure 6 - Principal Component Analysis representation on the two first components 511 

of the response index 512 
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The supplementary variables ΔTotBranchNb and ΔSpikeletNb were both almost 513 

fully positioned positively on the second component, and tightly associated with the 514 

maintenance of flag leaf and internode 2 diameters (ΔFLWidth and ΔIN2Width). Tiller 515 

number variation was fully opposed to yield components and was the unique trait displaying 516 

high negative correlations with them (-0.511 and -0.470 with ΔTotBranchNb and 517 

ΔSpikeletNb, respectively): this correlation means that the more tillers were initiated under 518 

water deficit, during the reproductive phase, the less branch and spikelet number was set in 519 

the main tiller panicle. 520 

A strong difference between Sitis and Growth Chamber experiments and a large 521 

gradient of genotype responses are visible in Figure 6 and Table 12. In both experiments, 522 

water deficit was associated with a reduction in the stem elongation process (ΔElongRate, 523 

ΔIN2Length) and organ starch content (ΔFLStarch and ΔIN2Starch), while phyllochron and 524 

soluble sugar content increased (ΔFLSolSug and ΔIN2SolSug), illustrated by the genotype 525 

gradient along the PCA first component (Figure 6). In contrast, along the second component, 526 

the genotype increase in soluble sugar was rather associated with the maintenance in yield 527 

components in Sitis but not in GC. Interestingly, the singular behavior of Cirad 409, 528 

minimizing its response to water deficit in both experiments, is noticeable. 529 

Table 12.  530 

Table 12 – Response index in Sitis and in Growth Chamber experiments for all studied 531 

traits and genotypes. 532 

In Sitis, no trait variation was observed with Cirad 409, except for flag leaf starch 533 

(ΔFLStarch), which was reduced by 28%, while the reduction was 39% in IAC 25 and 13% 534 

in EM IAC 165. As the most sensitive trait, soluble sugars increased up to 97% in the flag 535 

leaf (HD 1-4) and to 148% in the internode 2 (Cirad 392). Main tiller elongation rate was 536 

also very sensitive to water deficit, with significant variations ranging between 31% (HD 1-537 



24 

 

4) and 55% (EM IAC 165). Variations of total branch number were smaller, mainly non-538 

significant, except in IAC 25 and HD 1-4 (-31% and -23% respectively). Spikelet number 539 

was also poorly affected, except in IAC 25 (- 33%), confirming the weak adaptability of this 540 

genotype. Interestingly, values of yield components were maintained under water deficit 541 

with Cirad 392, while significant variations in stem elongation and soluble sugar contents 542 

were reported. 543 

In the Growth Chamber, no significant response index was observed with Cirad 544 

409: in this genotype, all variables were maintained unchanged under moderate water deficit, 545 

as observed in Sitis (with the exception of ΔFLStarch). The evolution is quite different with 546 

other genotypes. Variation in flag leaf soluble sugars was very poor compared to Sitis, only 547 

Guarani and EM IAC 165 displayed a significant increase by +27 % and +29%, respectively. 548 

Oppositely, variation in soluble sugars of internode 2was remarkably contrasted depending 549 

on the genotype: it ranged from a reduction of 62% with Cirad 392, with a stability with HD 550 

1-4, to an increase of 191% with EM IAC 165. And the sensitivity of the elongation rate to 551 

water deficit was also remarkable within all genotypes except with Cirad 409: it decreased 552 

from 17% (Guarani) to 34% (Cirad 392). Finally, except for the case of HD 1-4, yield 553 

components were more affected in GC than in Sitis: EM IAC 165 and IAC 25 were the most 554 

sensitive genotypes, with reduction in branch number by 46 and 25 % and spikelet number 555 

by 45 and 26%, respectively. 556 

Discussion 557 

In this study, we have investigated the response to a water deficit applied during 558 

the reproductive phase of six rice genotypes grown under two contrasted climate conditions: 559 

high temperatures, high radiation and VPD in Sitis; optimum temperatures, low radiation 560 

and VPD in GC. 561 

Phenotyping for tolerance to mild water deficit at reproductive stage 562 
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A varietal comparative analysis of the effect of a water deficit during the 563 

reproductive phase in cereals requires applying the constraint at the same phenological age 564 

for all varieties. Indeed, considering the precise timing of initiation and development of each 565 

organ during that phase, any time lag in the phenology of two varieties would prevent from 566 

comparing the effect of a constraint established at a single date on plant traits, like organ size 567 

or yield components (grain weight, grain and spikelet number). Indeed here, a strong 568 

correlation between time of water deficit application and its impact on organ development 569 

was highlighted: flag leaf length was not affected when water deficit application was delayed 570 

(Sitis), but was in case of an earlier application (Growth Chamber). One major challenge of 571 

the present study was yet to apply the water deficit at the same phenological age whatever 572 

the genotype. This was achieved in Montpellier due to: i) a preliminary dedicated trial whose 573 

goal was to observe the respective phenology of each variety; ii) a highly controlled and 574 

identical environment for both the preliminary and the main trials. However, this was only 575 

partially achieved in Sitis as the daily variation of radiation, temperature and photoperiod 576 

has impacted plant phenology and prevented the authors from (a) considering the 577 

preliminary available field data as useful to predict plant phenology and (b) setting up an 578 

initial trial (which should have been organized a year earlier) because of the photoperiod 579 

sensitivity. 580 

The use of thermal time, instead of days, is widely accepted as a common way 581 

to overcome this difficulty to take into account phenological stage durations. Underlying the 582 

assertion that development rate is driven by temperature (Jamieson et al. 1995), thermal time 583 

turns possible the comparison of plant phenology across environments despite their 584 

differences in temperature (Bouman et al. 2001). However, the rate of leaf emergence in the 585 

present study, even expressed in thermal time, differed across trials, the phyllochron being 586 

shorter in Sitis than in GC.  We hypothesized here that the temperature effect may have been 587 
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modified by an additional effect of daily radiation, the later one displaying average values 588 

of 5.8 MJ.m-2.day-1 in GC and 16.7 MJ.m-2.day-1 in Sitis. In rice, Islam and Morison (1992) 589 

introduced the photothermal quotient (PQ) - as the ratio between cumulated radiation and 590 

cumulated thermal time (MJ.m-2.°C-1) - during the 30 days- day period before harvest in 591 

order to predict yield. Recently, Baumont et al. (2019) indicated in wheat the joint role of 592 

temperature and carbon availability on plant development rate and concluded that the use of 593 

photothermal quotient (PQ) is relevant to better model cycle durations in different light and 594 

temperature environments. In order to compare phyllochron between environments, it is 595 

suggested here that thermal time is appropriate when environments differ mainly by their 596 

temperature conditions, while PQ is when facing contrasted environments, differing by 597 

incident radiation, temperature and VPD, as it was the case in our study. 598 

The phenological framework described here in Figure 2 allowed to determine a 599 

posteriori the PI dates for each genotype and to quantify how much in time each process of 600 

plant development has been affected by the water deficit (Figure 1, Tables 6 and 7). This 601 

was possible even without a tight control of the onset of water deficit in relation with the 602 

timing of the reproductive phase. A comparative analysis between sites of the effect of water 603 

deficit, having the same intensity and timing between genotypes within one experiment, 604 

could then be run between the two sites, as long as it has focused on traits that were actually 605 

affected by water deficit in both experiments. 606 

This a posteriori determination of the PI date shall be particularly useful in field 607 

conditions, within breeder's trials or large-scale phenotyping trials, where the triggering of a 608 

water deficit cannot be driven at the plant or genotype level, as we did with plants in pipes 609 

or in pots. Indeed, in case of a large plant diversity within the breeder’s field, the occurrence 610 

of a single water deficit period might affect plants at quite distinct stages (some might be 611 

already in the reproductive while others are still in the vegetative). In the field, to deal with 612 
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a large panel of genotypes differing in earliness, and so to minimize this discrepancy in 613 

phenology, several methods have been used in the literature. Garrity and O’Toole (1994) 614 

synchronized the flowering dates of 55 cultivars by clustering genotypes and by planting 615 

date respective of their cycle duration (based on previous data). In contrast, Lilley and Fukai 616 

(1994) triggered water deficit at a single fixed time after PI had occurred for all materials. 617 

In the same line, Subashri et al. (2009) used the same date for establishing the water deficit 618 

accepting some slight differences in earliness within a set of near genetic materials. Another 619 

time-consuming option implemented by Sellamuthu et al. (2011) is to regularly dissect extra 620 

plants and withhold irrigation when 50% of the studied genetic population is at PI, but with 621 

the high probability of not impacting the reproductive traits with the same intensity in all 622 

materials. Practically, it is proposed here to control the genotype development upstream and 623 

downstream by: (1) using PQ to better estimate the development rate of genotypes across a 624 

large range of environments, (2) conducting an initial trial for flowering time observation 625 

and clustering genotypes with respect to their crop duration, (3) running the main trial with 626 

distinct sowing dates respective of genotype clusters, (4) monitoring Haun Index all along 627 

the experiment in order to identify a posteriori the actual dates of PI and the genotype traits 628 

effectively affected by water deficit, that can be statistically compared for water deficit 629 

tolerance. 630 

Stability of water deficit response through contrasted climate conditions 631 

Comparing plant growth in favorable water conditions between the two sites was 632 

the first step to overcome before analyzing the response of genotypes to water deficit. The 633 

sites were discriminated respective of temperatures and VPD which were lower in GC 634 

compared to Sitis, and of incoming radiation which was even reduced by 63% in GC. This 635 

led to a drastic reduction in plant growth rate, elongation rate and leaf appearance rate, in 636 

GC compared to Sitis. In compensation, cycle duration -in days and in thermal time- was 637 
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longer in GC than in Sitis. Finally, no significant differences in plant biomass or plant height 638 

between sites were observed, highlighting the existence of trade-offs between phenological 639 

rates and duration. Thus, Cookson et al. (2005) observed in leaf of Arabidopsis thaliana that 640 

initial expansion rate was negatively correlated to the duration of expansion. Using radiation 641 

treatments, Chenu et al. (2005) also found an increase in duration along with a decrease in 642 

elongation rate under low radiation treatment, while Cookson and Granier (2006) observed 643 

that the trade-off was not complete. Oppositely, when Arabidopsis thaliana was submitted 644 

to water deficit, Aguirrezabal et al. (2006) found a complete compensation between the 645 

extended duration and the decrease in elongation rate, supporting our own results in rice 646 

when submitted to water deficit. 647 

The contrasted climate conditions associated with the same intensity in water 648 

deficit provided here the appropriate framework to evaluate whether or not any detected 649 

relationships characterizing plant response to water deficit are strong enough to be valid in 650 

a large range of environments. In our study, considering that the trial in GC ended at heading, 651 

we considered the maintenance of the reproductive sink size (branch and spikelet number) 652 

as the best indicator of water deficit tolerance, since it guaranteed yield potential. By 653 

combining the two trials, the analysis showed that the variation of spikelet and branch 654 

number was apparently independent of the variation in elongation rate (Table 11), meaning 655 

that the maintenance of organ elongation cannot be related to the maintenance of 656 

development of the reproductive organs. Nevertheless, at trial level, the global trend was not 657 

validated and environment specific plant responses to water deficit were reported: the more 658 

a genotype reduced internode elongation and increased soluble sugar content under water 659 

deficit, the more sink size (spikelet and branch number) was maintained in Sitis but reduced 660 

in GC (Figure 6). This observation is likely related to the difference in plant carbon 661 

availability. This emphasizes how much the response of these traits to water deficit is 662 
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dependent on climate conditions, and how conclusions often have to be restricted to the 663 

conditions under study. 664 

Other correlations are conserved across the two conditions. This is the case with 665 

the reduction in elongation rate, highly associated here with an increase in soluble sugars: 666 

soluble sugar content in plant organs is widely reported as increasing in response to water 667 

deficit, because organ elongation is reduced before any effect on leaf photosynthesis is 668 

detected (Boyer 1970; Muller et al. 2011). Thus, the plant diminishing carbon demand leads 669 

to an accumulation of sugars in source leaf and sink organs, which in turn appears as a good 670 

indicator of stress perception. Equally, the decrease in elongation rate is highly correlated to 671 

phyllochron lengthening, generating a delay in panicle emergence, trait widely considered 672 

as indicative of plant sensitivity to water deficit (Garrity and O’Toole 1994; Boonjung and 673 

Fukai 1996b; Subashri et al. 2009; Sellamuthu et al. 2011; He and Serraj 2012; Sheoran et 674 

al. 2014; Swamy et al. 2017). This is confirmed in GC but not in Sitis. We hypothesize high 675 

VPD and radiation in Sitis –and the low radiation and VPD in GC- are responsible for the 676 

differential responses to water deficit across trials. 677 

Tolerance criteria and genotype performance 678 

Flag leaf width and internode 2 diameter reduction were tightly correlated to sink 679 

size (Total Branch Number and Spikelet Number) reduction in both trials, whereas most of 680 

the other traits under investigation were not. This could be associated with the size of the 681 

apical meristem. Matsushima (1966) form early highlighted a strong correlation between 682 

internode 1 thickness and spikelet number of the panicle. Likewise, Dingkuhn et al. (2015) 683 

and Adriani et al. (2016) observed a high positive correlation between flag leaf area and 684 

spikelet number of the panicle. Kobayasi et al. (2002) demonstrated with different nitrogen 685 

treatments the correlation between the apical dome diameter at panicle initiation and the 686 

number of branches and spikelets of the panicle. And comparing wild (Oryza Barthii) and 687 
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domesticated (Oryza Glaberrima) African rice, Ta et al (2017) found in O. Glaberrimaa 688 

wider rachis meristem associated with a more branched panicle. In fact, correlations between 689 

apical meristem and leaf size were widely reported: according to Itoh et al. (2005), the apical 690 

meristem size increased with leaf rank, generating longer and wider leaves; Fiorani et al. 691 

(2000) observed leaf dimensions and elongation rate increased with meristem size; and 692 

Lacube et al. (2017) found in maize that meristem size drove leaf width. These results 693 

suggested that meristem size and activity conditioned morphogenesis (leaf dimension) and 694 

organogenesis (branch and spikelet number) of initiated organs. The maintenance of flag 695 

leaf width under water deficit is then an indicator of the apical meristem size maintenance 696 

at early stage of the reproductive phase and thus of the ability of the plant to maintain high 697 

branch and spikelet number on the panicle. 698 

A comprehensive representation of tolerance to water deficit relies then on the 699 

relationship between variations in flag leaf width and in branch number, as shown in Figure 700 

7. Here, the overall tolerance of Cirad 409 and the overall sensitivity of IAC 25 were 701 

reported. More, stem elongation rate was maintained with Cirad 409 under both climate 702 

conditions, supporting the sink theory, as expressed by (Tardieu et al. 2018). In addition, the 703 

response to water deficit of these two genotypes, as well as of HD 1-4 and Guarani, was 704 

consistent across trials, through contrasted conditions of incoming radiation and 705 

temperature, which highlighted the validity of this response over a large range of conditions. 706 

Oppositely, the response of the other two genotypes, EM IAC 165 and Cirad 392, was not 707 

consistent over the present climate conditions: these genotypes may be poorly adapted to 708 

low radiation, or to high temperatures and VPD. 709 

Figure 7 -Relative variation of branch number and flag leaf width under water deficit. 710 

Conclusions 711 
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The plants grown in the two contrasted environments under study displayed 712 

phenological and morphological differences at the time when water deficit was applied. 713 

Considering these distinct initial status, plants reacted to water deficit with the same 714 

processes, but with different intensity according to radiation and VPD conditions: the 715 

increase in phyllochron, and in soluble sugar content in source and sink organs, were 716 

associated with the decrease in stem elongation rate. Across both environments, this unique 717 

response did not have the same impact on the performance of yield components (branch and 718 

spikelet number on the panicle) with respect to genotypes, and could explain why a genotype 719 

is adapted or not. This highlights the necessity to restrict the validity of results and 720 

interpretation to the conditions explored by the study. 721 

One key methodological practice here during the reproductive phase was to 722 

identify elementary traits that are actually affected by the transient water deficit and to 723 

conduct phenotyping only on these traits. Considering the diversity within phenological age 724 

across genotypes during the reproductive phase, it was necessary for this purpose to map 725 

panicle initiation respective of each genotype. Also in this study, it was a central hypothesis 726 

to consider that the most tolerant genotypes were those minimizing the effect of the transient 727 

water deficit on growth processes. 728 

The flag leaf width finally appeared as a key trait to detect tolerance in case of a 729 

water deficit occurring at the early and medium stages of the reproductive phase. In both 730 

environments tested in this study, flag leaf width reduction in response to water deficit was 731 

highly correlated with the reduction in branch and spikelet number in the panicle of the same 732 

tiller. The reduction in flag leaf width was already reported in the literature as being a solid 733 

indicator of the decrease in size and activity of the apical meristem. We emphasize here that 734 

other traits could also be used for screening for drought tolerance according to the exact 735 

timing of water stress, like the variation in the diameter of an internode or the peduncle. The 736 
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advantage to target such “secondary traits” resides in their capacity (i) to quantify precisely 737 

the genotype-based effect of water deficit and so to distinguish the stress response across 738 

genotypes and (ii) to detect relevant QTLs, closer from the basic metabolic processes that 739 

drive rice plant response to water deficit. 740 
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Table 6 – Impact of water deficit on reproductive phase processes in Sitis. 

  % of time process affected by water deficit 

  SITIS 

Genotypes 

Panicle 

primordium 

formation 

Flag leaf 

formation 

Lower 

Internode 

elongation 

Branching I 

formation 

Branching II 

formation 

Internode 2 

elongation 

Spikelet 

formation 

Internode 1 

elongation 

Pollen 

viability 

Peduncle 

elongation 

CIRAD 409 0 0 0 0 0 0 73 89 100 100 

HD 1-4 0 0 0 23 33 33 73 100 100 100 

CIRAD 392 0 0 0 30 38 38 94 100 100 100 

IAC 25 0 0 0 30 38 38 94 100 100 100 

EM IAC 165 0 0 0 36 44 44 94 100 100 100 

GUARANI 0 0 0 45 63 63 100 100 100 100 

 

Table 7 – Impact of water deficit on reproductive phase processes in Growth Chamber. 

  % of time process affected by water deficit 

  Growth chamber 

Genotypes 

Panicle 

primordium 

formation 

Flag leaf 

formation 

Lower 

internode 

elongation 

Branching I 

formation 

Branching II 

formation 

Internode 2 

elongation 

Spikelet 

formation 

Internode 1 

elongation 

Pollen 

viability 

Peduncle 

elongation 

IAC 25 0 38 38 100 100 100 100 100 100 100 

EM IAC 165 10 50 50 100 100 100 100 100 100 100 

CIRAD 392 23 62 62 100 100 100 100 100 100 100 

HD 1-4 44 69 69 100 100 100 100 100 100 100 

GUARANI 57 79 79 100 100 100 100 100 100 100 

CIRAD 409 64 84 84 100 100 100 100 100 100 100 
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Table 11 – Correlations matrix of the studied variables. 

Variables 
ΔGrowt

h rate 

ΔElong 

rate 

ΔTiller

Nb 

ΔFL 

length 

ΔFL 

width 

ΔIN2 

length 

ΔIN2 

width 

ΔLeafT

ransp 

ΔFlagLe

af 

 SolSug 

ΔFlag

LeafSt

arch 

ΔIN2 

SolSug 

ΔIN2 

Starch 
ΔPhyllochron 

ΔTotal 

BranchNb 

ΔGrowthRate 1              

ΔElongRate 0.218 1             

ΔTillNb 0.455° -0.049 1            

ΔFLLength -0.209 -0.204 -0.369 1           

ΔFLWidth -0.196 -0.054 -0.521 0.580* 1          

ΔIN2Length 0.412 0.869*** -0.129 -0.301 -0.050 1         

ΔIN2Width 0.149 -0.001 -0.498 0.435 0.712** 0.266 1        

ΔLeafTransp -0.188 0.291 -0.419 0.131 0.044 0.438 0.396 1       

ΔFLSolSug -0.188 -0.659* -0.329 0.447 0.220 -0.594* 0.239 -0.194 1      

ΔFLStarch 0.222 0.686* -0.425 -0.141 0.329 0.769** 0.482 0.402 -0.195 1     

ΔIN2SolSug 0.287 -0.518° -0.009 0.151 -0.052 -0.209 0.458 0.097 0.593* -0.055 1    

ΔIN2Starch 0.203 0.453 0.218 -0.254 -0.322 0.434 0.063 0.217 -0.221 0.370 0.305 1   

ΔPhyllochron 0.045 -0.759** -0.073 -0.117 -0.006 -0.401 0.193 -0.124 0.376 -0.318 0.644* -0.220 1  

ΔTotal BranchNb -0.178 0.047 -0.511° 0.730** 0.736** 0.032 0.728** 0.526° 0.207 0.375 0.193 0.025 -0.136 1 

ΔSpikeletNb -0.160 0.209 -0.470 0.712** 0.703* 0.155 0.619* 0.578* 0.071 0.413 -0.036 -0.064 -0.331 0.945*** 

°:Significant at P< 0.1; *: significant at P < 0.05; **: significant at P < 0.01; and ***: significant at P < 0.001. 
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Table 12 – Response index in Sitis and in Growth Chamber experiments for all studied traits and genotypes. 

 CIRAD 392 CIRAD 409 EM IAC165 GUARANI HD1-4 IAC25 

Traits SITIS 
Growth 

Chamber 
SITIS 

Growth 

Chamber 
SITIS 

Growth 

Chamber 
SITIS 

Growth 

Chamber 
SITIS 

Growth 

Chamber 
SITIS 

Growth 

Chamber 

ΔTillNb -0.12ns 0.13ns 0.04ns -0.26ns -0.10ns 0.26ns -0.13ns 0.06ns -0.07ns -0.11ns -0.27* -0.06ns 

ΔPlant Height (mm) -0.26** -0.23** -0.03ns 0.02ns -0.28** -0.18** -0.21** -0.12* -0.15* -0.19** -0.20** -0.19** 

ΔPlant Biomass (g) -0.14ns -0.40** -0.01ns 0.04ns -0.16ns 0.31* -0.19ns -0.15ns -0.21* -0.36* -0.38** -0.21ns 

ΔGrowth Rate (g.day-1) -0.15 -0.39** -0.01ns 0.03ns -0.16ns 0.41* -0.19ns -0.17ns -0.21* -0.38* -0.38** -0.21ns 

ΔFLLength (mm) 0.16ns -0.17ns 0.03ns -0.15ns -0.16ns -0.25ns 0.00 -0.18ns -0.02ns -0.13ns -0.09ns -0.16ns 

ΔFLWidth (mm) 0.08ns 0.00 0.04ns 0.07ns 0.03ns -0.17** -0.02ns -0.12ns -0.07ns -0.11ns -0.03ns -0.05ns 

ΔIN2Length (mm) -0.39* -0.34* -0.04ns 0.21ns -0.32* -0.12ns -0.26* -0.06ns -0.27* -0.13ns -0.22* -0.28** 

ΔIN2Width (mm) -0.03ns -0.18** 0.00 0.01ns 0.03ns -0.17** -0.03ns -0.09ns -0.14* -0.16* n -0.09ns 0.16** 

ΔTotalBranchNb 0.09ns -0.31* -0.07ns -0.08ns -0.12ns -0.46** -0.13ns -0.19ns -0.23* -0.17ns -0.31** -0.25ns 

ΔSpikeletNb 0.06ns -0.28* -0.01ns -0.03ns -0.17* -045** -0.19* -0.24ns -0.17* -0.10ns -0.33** -0.26* 

ΔElongRate (mm.day-1) -0.44** -0.34** -0.20ns -0.01ns -0.55** -0.33** -0.38** -0.17* -0.31* -0.26** -0.41** -0.28** 

ΔFLSolSug (mg.g-1) 0.90** 0.26ns -0.02ns 0.18ns 0.82** 0.27* 0.66** 0.29* 0.97** 0.06ns 0.68** 0.15ns 

ΔFLStarch (mg.g-1) -0.18** -0.43ns -0.28** 1.16ns -0.13ns -0.38ns -0.34** 0.14ns -0.27** -0.18ns -0.39** -0.37ns 

ΔIN2SolSug (mg.g-1) 1.48** -0.62* 0.08ns -0.02ns 1.91** 1.21* 1.10** 1.40* 0.38ns -0.04ns 0.85** -0.35ns 

ΔIN2Starch (mg.g-1) -0.06ns -0.34ns -0.01ns 0.17ns -0.17ns 0.09ns -0.26** 1.47ns -0.17ns -0.19ns -0.20* -0.06ns 

ΔLeafTransp (mmol.m-2.s-1) -0.17ns -0.36** -0.05ns -0.05ns 0.06ns -0.31* -0.15ns -0.05ns -0.17* 0.15ns -0.20* -0.25* 
Response index represents the relative variation of a trait between stressed and control treatments (see Mat 1 Meth); negative value means a reduction in stressed plants in relation with control 
ones. **: significant by F test at 1% probability; *: significant by F test at 5%; ns: not significant. 
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Figure 1- Timing of developmental processes during the reproductive phase in rice 

 

Figure 2 - Determination of the panicle initiation date on irrigated Cirad 409 in the growth 

chamber experiment 
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Figure 3 - Flag leaf length in relation with the experiments and water treatments. 
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Figure 4 - Cumulated thermal time in Sitis and growth chamber experiments in function of 

calendar time. 

 
Figure 5 - Relationship between internode 2 length in Growth Chamber and Sitis 

experiments 
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Figure 6 - Principal Component Analysis representation on the two first components of the 

response index. 

 

 
Figure 7 - Relative variation of branch number and flag leaf width under water deficit. 
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