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Abstract: The drought response index (DRI) is an indicator of drought tolerance after adjustment 

for variation in flowering date and potential yield under well-watered conditions. Using a 

temperate japonica mapping population of 97 recombinant inbred lines from a cross between 

Otomemochi (OTM) and Yumenohatamochi (YHM), we evaluated DRI during the reproductive 

stage under very severe drought in one year and under severe drought in the next year. DRI under 

very severe drought (−6.4 to 15.9) and severe drought (−3.9 to 8.3) positively correlated with grain 

dry weight under drought. Three QTLs for DRI were identified: RM3703–RM6911–RM6379 and 

RM6733–RM3850 both on chromosome 2 in both years combined;. and RM8120–RM2615–RM7023 

on chromosome 6 in the second year. The latter collocated with putative genes for signaling and 

defense mechanisms (e.g., PIN1B, BZIP46) revealed by database analysis. Top-DRI lines retained 

root dry weight and had bigger steles. QTL-by-environment interaction had a greater relative 

contribution than the main effects of QTLs. Comparison with three previous studies revealed that 

the QTLs for DRI were unique to each experiment and/or population; most of them closely 

colocalized with reported drought-yield QTLs.  

Keywords: rice (Oryza sativa); drought recovery; drought tolerance;  

QTL-by-environment interaction 

 

Introduction 

Strengthening plant stress tolerance under unfavorable growing conditions, such as drought, 

has gained attention with increasing limitations in available resources and unpredictable weather. 

Phenotypic quantification of drought tolerance has been extremely difficult. 

Drought tolerance is the capacity of a plant to tolerate a defined level of internal water status, 

but few studies have shown genotype differences in plant performance under water-limiting 

conditions by assessing internal water status such as relative water content or plant tissue water 

potential. 

To assess drought tolerance in field experiments, measuring yield under both well-watered and 

drought conditions is required, so that yield under drought could be adjusted by taking into account 

the potential yield under well-watered condition. Similarly, because even a slight variation in 

phenology affects plant performance in the field, phenological adjustment of yield is needed. The 

drought response index (DRI) is an indicator of drought tolerance determined in field experiments; 

a high DRI indicates drought tolerance. DRI is calculated as the portion of variation of grain yield 

under drought adjusted by yield potential and time of flowering. DRI has been reported in rice [1], 

pearl millet [2] and chickpea [3]; it may be useful in crop breeding, but its ecophysiological and 
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genetic bases are not sufficiently understood. DRI is effectively used for comparing genotypes with 

different phenology. 

In rice, main-effect QTLs for DRI have been reported on chromosomes 1, 2, 6, 8, 9, and 10 in two 

types of soil (sandy and paddy) in the population from a paddy rice Zhenshan 97 (indica) and an 

upland rice IRAT109 (tropical japonica) [4], on chromosomes 7 and 11 in the population from CT9993-

5-10-1-M (abbreviated as CT9993), an upland japonica from Colombia and IR62266-42-6-2 

(abbreviated as IR62266), a lowland indica from Philippines [5], and on chromosome 12 in the 

population from Vandana (Aus/japonica) and Way Rarem (the upland cultivars) [6]. However, no 

report is available in populations obtained from temperate japonica crosses or by comprehensive eco-

physiological and genetic assessment of DRI genomic information. Furthermore, it is unclear whether 

the drought-tolerant yield QTLs (qDTY) and QTLs for DRI are connected to one another [7]. 

DRI should indicate drought tolerance of a genotype, but different drought tolerance 

mechanisms might be involved in crop production to different degrees depending on the type of 

drought [8]. As the duration and intensity of drought stress can vary greatly, the genomic regions for 

DRI may also interact with drought conditions, but no information is available on QTL-by-

environment interaction for DRI. 

Drought resistance of rice has been studied using mapping populations, mostly indica × japonica 

[8] and fewer japonica × japonica, partly because of smaller chances of polymorphism. However, 

differences in putative drought resistance traits such as root architecture or root anatomy have been 

reported even within japonica ecotypes [9,10]. Comparing QTLs for DRI of various genetic origins 

would be possible with the use of mapping populations from temperate japonica parents. Moreover, 

a considerable number of studies on drought resistance improvement were conducted during late 

season or early season droughts, such as those in semi-arid tropical regions or Mediterranean climates 

e.g., [3,52–54]. These conditions differ greatly from mid-season water scarcity in the moderate 

monsoon environment of Japan e.g., [12]. 

The current study aimed to explore the genetic basis of DRI by using a mapping population 

obtained from two temperate japonica cultivars under mid-season upland drought in Japanese 

temperate monsoon climate conditions. The first objective was to estimate the main-effect QTLs for 

DRI in this population. The second objective was to estimate QTL-by-environment interaction for 

DRI. Earlier data on DRI QTLs from other three mapping populations [4–6] were thoroughly 

analyzed, along with the analysis of potential qDTY. 

Materials and Method 

Plant Materials  

A population of 97 recombinant inbred lines (RILs) of the F8 generation was derived from a cross 

between two japonica waxy cultivars, lowland Otomemochi (OTM; early maturity) and upland 

Yumenohatamochi (YHM; intermediate maturity), at the Plant Biotechnology Institute, Ibaraki 

Agricultural Center, Japan. OTM has a short stature, is resistant to rice blast, and is drought 

susceptible, whereas YHM has a deeper root system, is drought resistant, and is well adapted to 

upland conditions [11–13].  

Experimental Condition  

The experiments were conducted in upland fields at the Institute for Sustainable Agro-

ecosystem services, The University of Tokyo (U Tokyo ISAS), Nishitokyo, Japan (35 °43′ N, 39 °32′ E), 

from late April to early November in 2011 (Experiment 1) and 2012 (Experiment 2) (Table S1). The 

soil was a volcanic ash soil of the Kanto loam type (humic Andosol). The progeny and the two 

parental cultivars of the mapping population (OY population) were planted in both irrigated and 

drought fields, each of which had three replications of an 11 × 11 Latin square design with the two 

parents at least once in each row and column (11 replications). 

The drought field was covered by a polyvinyl rainout shelter to exclude rainfall (Figure S1). The 

drought continued from 5 July to 3 September in Experiment 1 (60 days, very severe drought) and 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2024                   doi:10.20944/preprints202408.0354.v1

https://doi.org/10.20944/preprints202408.0354.v1


 3 

 

from 19 July to 2 September in Experiment 2 (45 days, severe drought). Crops were rewatered and 

recovered from drought. In the control fields, irrigation was provided 12 times, in total 150 mm in 

Experiment 1 and 175 mm in Experiment 2 during the drought. 

Growth Conditions 

Maximum and minimum daily air temperatures, total daily solar radiation, and daily rainfall 

(Figure S2) were measured by a weather station (WatchDog 2900ET, Spectrum Technologies Inc., 

Aurora, IL, USA) installed at the side of the field. Average daily solar radiation from May to October 

was 11.6 ± 5.3 MJ m−2 in Experiment 1 and 16.0 ± 6.8 MJ m−2 in Experiment 2. 

The daily minimum and maximum air temperatures were 19.5 ± 4.9 °C (mean ± standard 

deviation) and 28.8 ± 5.7 °C, respectively, in Experiment 1, and 19.3 ± 4.7 °C and 29.2 ± 5.3 °C in 

Experiment 2 (Figure S1a, b). The total amount of rainfall was 926 mm in Experiment 1 and 916 mm 

in Experiment 2. 

In Experiment 1, seeds were soaked in cups on 23 April 2011, transferred to a nursery box on 28 

April, and transplanted on 22 May (Table S1). Hill spacing was 20 cm × 20 cm. Basal fertilizer (12% 

N, 16% P2O5, 18% K2O) and calcium silicate were applied at 50 and 100 g/m2, respectively, on 13 May, 

and urea fertilizer was applied at 4.3 g /m2 on 3 July. 

In Experiment 2, seeds were soaked on 24 April 2012, transferred on 1 May, and transplanted on 

25 May as in Experiment 1. Fertilizers were applied as in Experiment 1, with urea was applied on 5 

July. 

Measurements to Determine Drought Intensity 

Soil Water Conditions 

We used a time-domain reflectometer (TDR, FieldScout TDR 300 moisture meter, Spectrum 

Technologies, Inc.) at a depth of 0–12 cm to monitor the soil volumetric water content (VWC) around 

the panicle initiation and flowering stages in both years. TDR readings were calibrated with VWC 

(%) obtained from the core sampling of the soils in the same zone: 

VWC = 1.3665 TDR + 7.63…………………………………. (1) 

Soil water potential at 10 and 40 cm soil depth was measured by tensiometers (DIK 8333, Daiki 

Rika Kogyo Co. Ltd, Saitama, Japan) in drought and control fields. 

Relative Water Content of the Leaf Blade 

The relative water content (RWC) of the leaf blade was calculated as: 

RWC (%) = [(FW − DW) / (TW − DW)] × 100 ………………. (2) 

where FW is fresh weight, TW is turgid fresh weight, and DW is dry weight of the samples. A single 

leaf from each parent was collected between 0600 and 0900 on 7 August from both drought and 

control fields. The sampled leaves were immediately weighed in the field to determined FW, then 

wrapped immediately in zip lock covers, placed in an ice box to minimize respiration loss, and 

quickly carried to a refrigerator in the laboratory. They were stored in deionized water overnight in 

the fridge (4 °C), water was gently removed from the leaf surface, and the leaves were weighed to 

determine TW. The leaves were oven dried for 3 days at 80 °C to determine DW. 

Phenotypic Evaluation 

Flowering date was determined by daily monitoring as the date when about half of the panicles 

were flowering. Flowering delay under drought in comparison with the control was calculated for 

each genotype in each replication. Leaf rolling and drying scores under drought ranged from 1 (no 

leaf rolling/drying) to 9 (complete rolling and drying of all leaves on a plant) according to the 

Standard Evaluation System (SES) of Rice [14]. Plant height was recorded, and its reduction under 

drought in comparison with the control was also calculated. At maturity, one plant per replication 

was harvested and oven dried at 80 °C for 2–3 days to determine grain and aboveground dry weights 

per hill. Grain dry weight was calculated per area and used as a proxy for grain yield. In Experiment 
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1, grain dry weight was determined separately for panicles emerging before rewatering and after 

rewatering. Root dry weight was determined only in Experiment 1. 

The drought response index (DRI) was used as a measure of the magnitude of genotypic 

response; the grain yield of each genotype under drought was adjusted for flowering date and 

potential yield of the respective control. DRI was calculated [2,15] as: 

DRI = (Yact – Yest)/ SD of Yest………………………… (3) 

where Yact is the actual grain yield of each line in each replication under drought, Yest is the estimated 

grain yield of each line, and SD of Yest is the standard deviation of estimated grain yield of all lines. 

Yest was derived by multiple regression as: 

(Yest)i = a(Yp)i + b(FL)i + c …………………………… (4) 

where (Yp)i is the potential grain yield in the control, (FL)i is the time to 50% flowering in the control, 

and a, b, c are the regression parameters. 

Phenotypic Data Analysis  

Phenotypic data were analyzed by both general ANOVA and an unbalanced design taking row–

column effects into account according to the Latin square design (GenStat 16.0). Parental values were 

compared by Duncan’s multiple range test (significance at P < 0.05).  

QTL Analysis 

The genetic map of the OY population was established at the Plant Biotechnology Institute, using 

106 simple sequence repeat (SSR) markers to genotype the 212 RILs [16]. Composite interval mapping 

was conducted in QTL Cartographer v. 2.5 software [17] for each year and both years combined. 

Putative QTLs with LOD scores >2.5 (P = 0.05; 1000 permutations) were selected. The linkage map 

with the QTL locations was constructed in MapChart v. 2.32 software [18]. QTL-by-environment 

interaction was analyzed in QTLMapper v. 1.6 software [19] to compare the additive and additive-

by-environment interaction effects. 

Comparison between Top- and Bottom-DRI Progeny 

Top- and bottom-DRI lines (10 each) were marked in each year and in combined average, and 

overall 10 lines were selected. Lines with top DRI in one year but negative and low values in the other 

year were rejected. A t-test was conducted between the two groups for phenology, growth and 

productivity traits, leaf rolling, and root dry weight change from the control to drought in Experiment 

1. The population was phenotyped for root vascular traits such as stele transversal area (STA) and its 

proportion to root transversal area (%STA) [20]. These root vascular traits were also compared 

between the two groups. 

Review of Rice DRI QTL Papers 

We extracted the experimental conditions, chromosomal regions, and allelic contributions 

reported in three papers on QTLs for DRI in rice [4–7,21,56–59,62]. QTL positions from different 

studies were clarified by using the Gramene database (https://archive.gramene.org/markers/), 
although only approximate positions could be identified. Collocation of previously reported QTLs 

for yield under drought [7] and meta-QTLs for drought response [21] were analyzed. 

Selection of Putative Genes for Drought Resistance 

We searched Rice Annotation Project Database (RAP-DB) (https://rapdb.dna.affrc.go.jp/), Q-

TARO (http://qtaro.abr.affrc.go.jp/ogro), and Oryzabase (https://shigen.nig.ac.jp/rice/oryzabase) 

databases to select putative genes related to plant growth, grain development, or drought responses 

within the markers flanking the key genomic regions for DRI reported here. The start and end (bp) 

of the key genomic regions were extracted from the Gramene Markers Database 

(https://archive.gramene.org/markers/). 
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Results 

Soil Water Conditions and Relative Water Content of the Leaf Blade 

In Experiment 1, VWC declined to 19.3% ± 1.7% (N = 170) on 31 August. In Experiment 2, it was 

maintained at 49% in the control, but declined to 28% under drought. Soil moisture content in the 

drought trial increased to 42% after rewatering but did not reach the control value. 

At 41 days of drought in 2011 (15 August), RWC was 93% ± 2% for OTM and 88% ± 2% for YHM 

in the control, and 68% ± 2% for OTM and 75% ± 11% for YHM under drought. At 41 days of drought 

in 2012 (29 August), RWC was 83% ± 3% for OTM and 83% ± 1% for YHM in the control, and 67% ± 

6% for OTM and 75% ± 12% for YHM under drought. 

Phenotypic Analysis 

Grain Dry Weight and Drought Response Index 

In Experiment 1, grain dry weight under drought was not related to either 50% flowering date 

in the control (Figure 1a) or grain dry weight in the control (Fig 1b), but was strongly positively 

related to DRI (Figure 1c). DRI was −3.6 for OTM and 22.6 for YHM, and −6.4 to 15.9 for their progeny 

(Table 1). Grain dry weight in the control was related to 50% flowering date in the control (Figure 1d) 

because of the poor grain filling of a few late-flowering progeny. 

In Experiment 2, grain dry weight under drought was negatively related to 50% flowering date 

in the control (Figure 1e) but not to grain dry weight in the control (Figure 1f). Grain dry weight 

under drought was strongly positively related to DRI (Figure 1g). DRI was −1.26 for OTM and 3.61 

for YHM, and −3.9 to 8.3 for their progeny (Table 1). Grain dry weight in the control was related to 

50% flowering date in the control (Figure 1h). 

 

Figure 1. Relationship of grain dry weight under drought with (a, e) time of 50% flowering in the 

control, (b, f) grain dry weight in the control, and (c, g) drought response index (DRI); (d, h) 

relationship of grain dry weight in the control with time of 50% flowering in the control in the 

Otomemochi × Yumenohatamochi (OY) population in Experiment 1 (a-d) and Experiment 2 (f-h). 
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Yield Formation 

Data on traits related to yield formation are shown in Table 1. In both controls, OTM reached 

50% flowering a few days earlier than YHM in early August, and that of their progeny ranged from 

late July to late August. In Experiment 1, flowering was more than 5 weeks later under drought than 

in the control in OTM, YHM, and their progeny. YHM was taller than OTM in the control and drought 

in both years. Drought reduced height of both cultivars in Experiment 1, but of only OTM in 

Experiment 2. Grain dry weight was higher in YHM than in OTM in the control in both years. Grain 

dry weight was lower under drought than in the control; the effect was more remarkable in 

Experiment 1 than in Experiment 2. Grain dry weight under drought was higher in YHM than OTM 

in both years. Leaf rolling score was lower in YHM than in OTM in both years. 

Table 1. Growth and production traits of Otomemochi × Yumenohatamochi (OY) population. 

Experiment 1    

Trait Otomemochi Yumenohatamochi Progeny 

Average Minimum Maximum N SD P 

value 

Control 

Date of 50% 

flowering 

8/4/2011 8/9/2011 8/9/2011 7/31/2011 8/24/2011 97 6.3 <0.001 

Grain dry weight 

per hill (g) 

10.8 23.2 16.2 3.4 31.6 97 5.8 <0.001 

Estimated yield 

(g/m2) 

269 580 407 92 790 97 145 <0.001 

Total dry weight per 

hill (g) 

28.8 46.6 48.1 15.9 81.9 97 14.2 <0.001 

Harvest index 0.39 0.50 0.34 0.12 0.58 97 0.07 <0.001 

Plant height (cm) 79 94 80 57 96 97 8.0 <0.001 

Dry root weight (g) 2.7 2.7 2.8 0.9 6.5 97 1.1 <0.001 

Drought 

Date of 50% 

flowering 

9/14/2011 9/20/2011 9/13/2011 8/1/2011 9/25/2011 97 12 <0.001 

Grain dry weight 

per hill (g) 

0.9 6.2 1.5 0.1 6.5 97 1.2 <0.001 

Estimated yield 

(g/m2) 

23 154 37 1 162 97 31 <0.001 

Grain dry weight 

after rewatering (g) 

0.7 4.9 1.1 0.0 6.4 97 1.01 <0.001 

Total dry weight per 

hill (g) 

9.9 24.8 17.3 5.0 35.2 97 6.4 <0.001 

Harvest index 0.05 0.21 0.07 0.01 0.21 97 0.04 <0.001 

Plant Height (cm) 56 66 61 47 76 97 6.1 <0.001 

Root dry weight (g) 2.5 2.4 2.7 1.2 5.5 97 0.92 <0.001 

Leaf rolling score 6.2 1.4 3.1 0.0 9.2 97 2.2 <0.001 
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Flowering delay 

(days) 

−41 −42 −35 0 −52 97 11 <0.001 

Plant height 

reduction (cm) 

−23 −28 −18 −34 4 97 8 <0.001 

Drought response 

index 

−3.6 22.6 0.0 −6.4 15.9 97 4.7 – 

Experiment 2         

Trait Otomemochi Yumenohatamochi Progeny 

Average Minimum Maximum N SD P 

value 

Control 

Date of 50% 

flowering 

8/5/2012 8/7/2012 8/6/2012 7/23/2012 8/20/2012 97 6.3 <0.001 

Grain dry weight per 

hill (g) 

16.9 32.0 14.3 3.7 27.6 97 5.8 <0.001 

Estimated yield 

(g/m2) 

422 800 357 92 690 97 145 <0.001 

Total dry weight per 

hill (g) 

46.5 73.3 36.1 9.6 73.6 97 12.3 <0.001 

Harvest index 0.44 0.37 0.39 0.22 0.56 97 0.08 <0.001 

Plant height (cm) 77 96 88 70 112 97 9.5 <0.001 

Drought 

Date of 50% 

flowering 

8/5/2012 8/7/2012 8/7/2012 7/28/2012 8/23/2012 97 6.6 <0.001 

Grain dry weight per 

hill (g) 

4.1 10.8 5.0 0 16.1 97 3.2 <0.001 

Estimated yield 

(g/m2) 

102 270 125 0 402 97 80 <0.001 

Total dry weight per 

hill (g) 

36.4 59.3 37.5 12.7 63.1 97 10.8 <0.001 

Harvest index 0.11 0.18 0.14 0 0.47 96 0.09 <0.001 

Plant height (cm) 66 82 67 48 89 97 8.4 <0.001 

Leaf rolling 6.2 4.4 5.5 2.4 8.3 97 1.3 0.02 

Flowering delay 

(days) 

−0 0 1 −11 10 97 4 <0.001 

Plant height 

reduction (cm) 

−31 4 −20 −46 10 97 13 <0.001 

Drought response 

index 

−1.3 3.6 0.0 −3.9 8.3 97 2.5 <0.001 

DRI was positively correlated with grain dry weight and harvest index in both experiments and 

with total dry weight in Experiment 1 (Table 2). In Experiment 1, grain dry weight from panicles 

produced after rewatering had a greater positive effect on DRI than had that from panicles developed 

before rewatering. In Experiment 1, DRI was correlated weakly positively with root dry weight and 
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negatively with leaf rolling. In Experiment 2, DRI was correlated weakly negatively with flowering 

delay.  

Table 2. Correlation coefficients between drought response index (DRI) and production traits under 

drought in Otomemochi × Yumenohatamochi (OY) population. 

Experiment 50% 

flowering 

Plant 

height 

Total 

dry 

weight 

Harvest 

index 

Grain 

dry 

weight 

Grain weight 

before 

rewatering 

Grain 

weight 

after 

rewatering 

Root 

dry 

weight 

Leaf 

rolling 

Flowering 

delay 

Plant 

height 

reduction 

Experiment 1 0.04 0.10 0.48** 0.77** 0.98** 0.42** 0.76** 0.28* −0.34** 0.04 0.22 

Experiment 2 −0.13 0.13 0.03 0.72** 0.93** – – - −0.05 −0.23* 0.03 

Genomic Analysis 

Main-Effect QTLs for DRI 

In Experiment 1, 22 main-effect QTLs (control, 6; drought, 16), in Experiment 2, 16 QTLs (control, 

4; drought 12), and in combined analysis, 12 QTLs (control, 4; drought, 8) were identified (Table S2).. 

Among the 20 key genomic regions (Figure 2), the following regions repeatedly showed the QTLs for 

production traits; RM1332–RM3029 on chromosome 3 collocated with QTLs for grain dry weight and 

harvest index under drought; with their positive allelic effects from YHM (Table S2). RM216–RM467 

on chromosome 10 collocated with QTLs for grain and total dry weight in the control, with their 

positive allelic effects from YHM. QTLs for leaf rolling score were found in RM3475–RM1297–

RM6696 on chromosome 1 (Experiment 2), in RM6379–RM6933–RM3857 on chromosome 2 (both 

years and the combined analysis), in RM1388–RM5503 on chromosome 4 (Experiment 2), and in the 

short arm tip (~)–RM247 on chromosome 12 (Experiment 1). QTLs for 50% flowering date were found 

in ~–RM4853 on chromosome 3, in ~–RM4501 on chromosome 5, and in RM536–RM206 on 

chromosome 11. 

QTLs for DRI were identified in three genomic regions (Table 3, Figure 2): (1) RM3703–RM6911–

RM6379 on chromosome 2 (Experiment 1 and combined analysis), collocated with QTLs for grain dry 

weight after rewatering, grain dry weight, and harvest index in Experiment 1; (2) RM6733–RM3850 

on chromosome 2 (combined analysis); and (3) RM8120–RM7023 on chromosome 6 (Experiment 2), 

collocated with QTLs for grain dry weight under drought (Experiment 2 and the combined analysis) 

and root dry weight in the control (Experiment 1).  

Table 3. Putative QTLs for drought response index (DRI) in Otomemochi × Yumenohatamochi (OY) 

population. 

Experiment(s) Chr. Trait Marker interval a Position b LOD c R2 d A e 

1 2 DRI RM3703–RM6911 37.4 5.9 19.9 2.24 

2 6 DRI RM8120–RM7023 31.0 3.6 12.4 −0.90 

1 + 2 combined 2 DRI RM3703–RM6379 40.4 5.1 26.3 1.42 

1 + 2 combined 2 DRI RM6733–RM3850 151.5 3.3 10.3 −0.87 

a Markers flanking the 1-LOD confidence interval. b Position of LOD peak in centimorgans from the 

short arm of the chromosome. c Peak LOD score obtained from composite interval mapping. 
d Percentage of phenotypic variance explained by the given QTL. e Positive (negative) value indicates 

a positive (negative) effect of the Yumenohatamochi (Otomemochi) allele on the trait. 
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Figure 2. Twenty key genomic regions for drought response index (DRI) and production traits for 

Otomemochi x Yumenohatamochi (OY) population under very severe drought intensity in 

Experiment 1 and severe drought intensity in Experiment 2. Arrows indicate LOD peaks. 

QTL-by-Environment Interaction 

The additive effect was higher for the QTL-by-environment interaction (0.16) than for the 

putative QTLs (0.08) for DRI (Table 4), but the main effect was higher for 50% flowering date and leaf 

rolling. In spite of minor differences, the QTLs detected in each experiment were mostly consistent 

with those from the combined analysis. 

Table 4. QTL-by-environment interaction for drought response index (DRI) and other production 

traits in Otomemochi × Yumenohatamochi (OY) population in Experiments 1 and 2 combined. 

Trait Chr Interval LOD A P H2 AE 

Drought response index 2 RM6911–RM6379 7.96 1.08 0.33 0.08 0.16 

50% flowering C 3 RM3372–RM4853 9.08 −2.58 0.00 0.23 0.02 
 

11 RM536–RM287 3.40 −1.56 0.00 

Plant height C 5 RM2010–RM4501 4.10 −1.90 0.29 0.04 0.06 

Total dry weight C 10 RM216–RM184 3.69 3.69 0.11 0.07 0.04 

Harvest index C 6 RM2615–RM7023 3.96 0.02 0.03 0.05 0.02 

Grain yield C 10 RM216–RM184 4.14 1.63 0.24 0.08 0.09 

Plant height D 11 RM536–RM287 5.80 −1.56 0.49 0.04 0.15 

Harvest index D 11 RM441–RM536 3.39 0.02 0.20 0.06 0.06 

Grain yield D 3 RM1332–RM3029 2.60 0.51 0.15 0.06 0.08 
 

6 RM4447–RM6734 4.34 −0.56 0.41 

Leaf rolling D 1 RM1387–RM1067 2.44† −0.27 0.30 0.14 0.09 
 

2 RM6933–RM3857 11.56 −0.70 0.09 
 

4 RM3288–RM5503 2.64 −0.35 0.00 

Chr, chromosome number. LOD, the LOD scores inferred from likelihood ratio values. A, additive 

genetic effects estimated at the testing points. P, the two-tail probabilities of Student’s t-values for 
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testing the additive effects. H2, relative contributions from the additive effects of the putative QTLs. 

AE, additive-by-environment interaction effects. †Also included in Table 4. 

Performances of Top and Bottom 10 DRI Lines 

Top-DRI lines (4.7) and bottom-DRI lines (−3.7) did not differ in phenology, plant height, or grain 

dry weight in the control, but the former had a significantly higher grain dry weight under drought 

(Table 5). Flowering time under drought was similar, while the top group tended to have lower leaf 

rolling score (P < 0.1). The bottom group reduced root dry weight under drought but the top group 

increased it. The top group also had higher STA and %STA than the bottom group had. 

Table 5. Characteristics of 10 top-drought response index (DRI) and 10 bottom-DRI lines: phenology, 

production, and adaptive traits in OY population. 

Group DRI Control (combined) Drought (combined) Experiment 1 [20] 

50% 

flowering 

Plant 

height 

(cm) 

Grain dry 

weight (g) 

50% 

flowering 

Plant 

height 

(cm) 

Grain dry 

weight (g) 

Leaf 

rolling 

Root weight 

change under 

drought (g) 

Stele transversal 

area (STA) (μm2) 

%STA ratio to 

root transversal 

area 

Top-DRI lines 4.7 220 83 16.7 240 66 5.5 3.7 0.69 52.7 6.4 

Bottom-DRI lines −3.4 220 85 16.4 239 64 1.4 5.0 −0.49 39.4 5.4 

P ** ns ns ns ns Ns ** + * * * 

Review of Previous Studies on QTLs for DRI 

We also analyzed the published data on QTLs for DRI in the crosses of Vandana/Way Rarem [6], 

CT9993/IR62266 [5], and Zhenshan 97/IRAT109 [4]. The effect of flowering time on grain yield under 

drought differed among the studies. For DRI, 7 QTLs (2 in paddy soil and 5 in sandy soil [4]) and 1 

to 3 QTLs [5,6] have been identified. RM6733–RM3850, the second region on chromosome 2 in 

OTM/YHM, was relatively close to RM573–RM318 on chromosome 2 in Zhenshan 97/IRAT109; these 

are possibly collocated with a QTL for grain yield under drought, qDTY2,3. However, all the other 

reported QTLs were specific to each study and each population. Interestingly, a QTL on chromosome 

12 [6] was collocated with the drought yield QTL on chromosome 12, qDTY12,1, and some other QTLs 

for DRI were found to be located close to the drought yield QTLs. 

Table 6. Genomic information of main effect QTLs for drought response index (DRI) in 4 rice mapping 

populations (our study and [4–6]). 

  

Ch Marker interval
# Position LOD R 2 A Contributing parent Year-wise analysis Indicative collocated meta-

QTL, qDTY

Collocated QTLs for other traits

2 RM3703-RM6911-RM6379 37.4, 40.4 5.9, 5.1 19.9, 26.3 2.24, 1.42 Yumenohatamochi 2011, 2-year combined qDTY2,2 (Aday Sel, N22) [7,

56]

Harvest index D, grain yield D, grain yield D after

rewatering

2 RM6733-RM3850 151.5 3.3 10.3 -0.87 Otomemochi 2-year combined qDTY2,3 (Kali Aus) [57],

MQTL2.2 [21]

–

6 RM8120-RM2615-RM7023 31.0 3.6 12.4 -0.90 Otomemochi 2012 Root dry weight C, grain yield D (2012, 2 years

combined)

12 RM28048-RM28130-RM511 51 39.0 37.0 0.89 Way Raem 2-year combined qDTY12.1 Grain yield D, biomass D, harvest index D, plant

height D, panicle number D, flowering delay, days

7 CD038 142 4.2 22.7 0.32 CT9993 2007 MQTL7.3 [21] Harvest index D, flowering delay

11 ME2_6 60 3.7 19.8 0.33 CT9993 2007 MQTL11.1 [21] Grain yield C

1 RM237-RM403 145.4-153.8 3.0 9.3 -0.22 Zhenshan97 Paddy soil qDTY1.1 [7] Relative yield, days to flowering

2 RM279-RM555 11.2-22.3 3.8 12.1 -0.25 Zhenshan97 Paddy soil qDTY2,1 (Apo) [56] Canopy temperature

2 RM573-RM318 131.8-136.9 3.7 12.3 -0.47 Zhenshan97 Sandy soil qDTY2,3  (Kali Aus) [57],

MQTL2.2 [21]

6 RM176-RM494 137.4-143.4 2.9 9.0 0.38 IRAT109 Sandy soil Canopy temperature

8 RM339-RM342 50.2-63.6 5.3 19.1 -0.53 Zhenshan97 Sandy soil Canopy temperature

9 RM160-RM215 61.3-71.0 2.4 4.9 0.28 IRAT109 Sandy soil qDTY9.1 (Aday Sel) [56] Days to flowering

10 RM596-RM271 34.8-41.7 4.5 15.5 -0.5 Zhenshan97 Sandy soil qDTY10.1  (Aday Sel) [7]

R 2, relative contribution of a QTL.

A , allelic contribution of a QTL.

qDTY, drought yield QTL; QTLs for other traits are also shown.  

DRI -1.19–2.28, Yield D and phenology no correlation

Flowering (79–107 C, 79–121 D, 14 days delay in flowering under D)

Zhenshan97/IRAT109 [4]

DRI -2.07～ 1.57, Relative yield D positively correlated with phenology (0.3)

Flowering (20-50 C, synchronize, 6.6 and 6.2 days delay in floweing under D, paddy soil and sandy soil experiments, respectively)

Otomemochi/Yumenohatamochi (this study)

DRI −6.4–+15.9 (2011), −3.9–+8.3 (2012), Yield D no correlation (2011) and weak negative correlation (2012) with phenology.

Flowering (94–118 C2011, 95–150 D2011, 35 days delay in flowering under D2011,  90–118 C2012, 95–121 D2012, 1 day delay in flowering under D2012).

Vandana/Way Rarem [6]

DRI -2.39–4.78, Yield D negatively correlated with phenology (-0.59 C, -0.73 D)

Flowering (62–96 C, 59–109 D, 1.9 days delay in flowering under D)

CT9993/IR62266 [5]
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Putative Genes for Drought Resistance 

Within the markers flanking the 3 key genomic regions for DRI, putative genes related to plant 

growth, grain development, or drought responses were selected from the databases (Table 7). In the 

first region on chromosome 2, GW2 encodes a RING-type E3 ubiquitin ligase, which decreases grain 

width and weight [22,23]. EP3 encodes a protein that controls erect panicle and its branching, as well 

as culm mechanical strength [24,25]. OsGTE4 encodes a bromo-domain-containing protein 

homologous to Arabidopsis GTE4, which maintains root meristem and regulates cell cycle [26–28]. 

AIM1 encodes 3-hydroxyacyl-CoA dehydrogenase, which maintains root meristem activity 

[27,29,31]. RPBF [30,31] and PYL/RCAR3 [32] encodes a transcription factor and PYL/RCAR3 [32] 

encodes an abscisic acid (ABA) receptor. 

In the second region on chromosome 2, MGD2 encodes monogalactosyldiacylglycerol synthase, 

which enhances salt, drought, and submergence stress tolerance [33]. PIP1;3 encodes a plasma 

membrane intrinsic protein, which promotes plant tolerance to water deficit [34, 35]. SMG1 encodes 

mitogen-activated protein kinase 4 involved in defense response, cell proliferation, and grainn 

growth [36,37]. LGS1 encodes a basic helix-loop-helix transcription factor, which regulates grain size 

[38,39]. BLS1 encodes DUF640 and ALOG domain-containing protein, which regulates plant height, 

floral development, grain yield, and spikelet morphogenesis [40,41]. LKR/SDH encodes lysine 

ketoglutarate reductase/saccharopine dehydrogenase in developing grain [30,31]. 

In the third region (chromosome 6), BZIP46 encodes a bZIP transcription factor, which promotes 

ABA signaling and drought tolerance [42,43]. P1N1B encodes PIN protein, which is an auxin efflux 

carrier involved in auxin transport and signaling and in the development of root, shoot, and 

inflorescence [44,45]. KRP2 encodes cyclin-dependent kinase inhibitor 2 [46]. SK2 encodes shikimate 

kinase 2, involved in defense response and panicle development [47,48]. MADS55, which encodes a 

short vegetative phase (SVP)-group MADS-box protein [49], and BU1 [50,51], both regulate plant 

development through brassinosteroids. 

Table 7. Putative genes related to drought stress in the three key genomic regions for DRI identified 

in this study. The genes were retrieved from RAP-DB (https://rapdb.dna.affrc.go.jp/), Q-TARO 

(http://qtaro.abr.affrc.go.jp/ogro), and Oryzabase (https://shigen.nig.ac.jp/rice/oryzabase). Only 

genes located between the flanking markers are listed. 

Gene Chr

. 

Encoded proteins and their 

functions  

Start End Location Conditions and 

references 

GW2 2 RING-type E3 ubiquitin 

ligase, Negative regulation 

of grain width and size 

8115223 8121651 LOC_Os02g14720.1

-2 

[22] 

Paddy [23] 

OsGTE4 2 Bromo-domain-containing 

protein, Homologous to 

Arabidopsis GTE4, 

Maintenance of root 

meristem, Cell cycle 

regulation 

8490392 8498003 LOC_Os02g15220.1 Petri dish, 1/2 

strength MS [28] 

7-day-old plantlets 

[26] 

RPBF 2 Dof zinc finger 

transcription activator 

(factor), Grain filling, GA 

response in aleurone cell 

8590318 8593735 LOC_Os02g15350.1 Greenhouse 

[30,31] 
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PYL/ 

RCAR3 

2 ABA receptor, Pyrabactin 

resistance-like (PYL) ABA 

receptor family protein, 

Survival rate under cold 

and drought stress, ABA-

mediated inhibition of seed 

germination 

8801325 8805273 LOC_Os02g15640.1 3 weeks after 

sowing, water 

withhold for 10 

days, rehydrated 

for 7 days 

(drought) and cold 

treatment [32] 

EP3 2 Erect panicle, Panicle 

branching, Tillering, Culm 

mechanical strength 

9071132 9075127 LOC_Os02g15950.1 Greenhouse and 

field [24] 

Paddy standard 

condition [25] 

AIM1 2 3-Hydroxyacyl-CoA 

dehydrogenase, Salicylic 

acid biosynthesis, 

Maintenance of root 

meristem activity, Beta-

oxidation of fatty acids 

1000154

3 

1001022

8 

LOC_Os02g17390.1 Continuous 

illumination [29] 

Hydroponic in JA, 

DIECA, CA BA 

[27] 

LKR/SD

H 

2 Lysine ketoglutarate 

reductase/saccharopine 

dehydrogenase, Lysine-

degrading enzyme in 

developing grain 

3325338

6 

3326491

3 

LOC_Os02g54254.1

-4 

Greenhouse 

[30,31] 

SMG1 2 Mitogen-activated protein 

kinase 4, Defense response, 

Cell proliferation, Grain 

growth 

3344207

0 

3344394

8 

LOC_Os02g54600.1 Field, natural 

condition [36,37] 

MGD2 2 Monogalactosyldiacylglyce

rol synthase, upregulated 

under stress 

3422373

8 

3422736

9 

LOC_Os02g55910.1

-2 

Pot with salt, 

submerged, 

drought, cold 

treatments [33] 

LGS1 2 Basic helix-loop-helix 

transcription factor, 

Regulation of grain size 

3435373

0 

3435678

7 

LOC_Os02g56140.1 Field, natural 

conditions [38,39] 

BLS1 2 DUF640 domain-

containing protein, ALOG 

domain-containing nuclear 

protein, Regulation of plant 

height, floral development 

and grain yield, Spikelet 

morphogenesis 

3468762

4 

3468972

3 

LOC_Os02g56610.1 Field, natural 

conditions [40] 

Paddy, natural 

conditions [41] 
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PIP1;3 2 Plasma membrane intrinsic 

protein, Higher water 

potential and root 

hydraulic conductivity 

under water stress, Taller 

plants with more leaves 

3534967

3 

3535122

1 

LOC_Os02g57720.1 Water deficit at –

0.82 MPa [34] 

Water deficit at 

SRWC 85% [35] 

BZIP46 6 bZIP transcription factor, 

Positive regulator of ABA 

signaling, Survival rate 

5677157 5681985 LOC_Os06g10880.1

-3 

Growth chamber, 

3-week-old with 

drought, salinity, 

oxidative stress 

[42] 

Pot, drought, cold, 

and heat stress [43] 

KRP2 6 Cyclin-dependent kinase 

inhibitor 2, KIP-related 

protein, Grain filling, Seed 

germination, Seed 

morphogenesis 

5791466 5795810 LOC_Os06g11050.1 Greenhouse, 60%–

70% relative 

humidity [46] 

MADS5

5 

6 Short vegetative phase 

group MADS-box protein, 

Negative regulation of 

brassinosteroid responses, 

Dwarfism, Leaf angle, 

Brassinosteroid sensitivity 

5952599 5963309 LOC_Os06g11330.1 Paddy field, 

glasshouse 

BL, GA, BR 

treatment [49] 

SK2 6 Shikimate kinase 2, Defense 

response, Development 

(panicle) 

6495212 6497797 LOC_Os06g12150.1

-2 

Medium with 

elicitor (N-

acetylchitoheptaos

e) treatment 

[47,48] 

BU1 6 Leaf angle, Grain size, 

Brassinosteroid sensitivity 

6556697 6557748 LOC_Os06g12210.1 Greenhouse [50] 

Field, natural 

conditions [51] 

PIN1B 6 PIN protein, Auxin efflux 

carrier, Auxin transport 

and signaling, 

Development (root, shoot, 

and inflorescence) 

6866393 6869521 LOC_Os02g50960.1

-2 

Hydroponic 

[44]Greenhouse 

and N, P deficit 

treatment [45] 

Start and end bp according to the Gramene Markers Database; https://archive.gramene.org/markers/. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 August 2024                   doi:10.20944/preprints202408.0354.v1

https://doi.org/10.20944/preprints202408.0354.v1


 14 

 

Discussion  

Phenotypic Assessment of DRI  

This study tested DRI in a japonica × japonica mapping population in two 1-year field experiments 

with severe or very severe drought during the reproductive stage up to flowering (July to early 

September). The rainfall at the study site is generally sufficient during the rice vegetative stage (before 

early July) and after flowering (from early September). Owing to the extreme severity of the imposed 

drought, no significant link was detected in Experiment 1 between grain dry weight under drought 

and the 50% flowering date, nor between the grain dry weights under drought and in the control. 

The reduction in yield was greater in Experiment 1 than in Experiment 2 because of its extended 

period of very severe drought. We found that the plant capacity to respond to rewatering was 

positively correlated with both DRI and grain dry weight under drought; this capacity was expressed 

as grain dry weight derived from panicles formed after rewatering. This is the first demonstration of 

a link between DRI and the capacity to respond to rewatering. Prior DRI research on rice was carried 

out in semi-arid tropics during late-season drought, where phenology accounted for a larger portion 

of the fluctuation in yield during drought [1,52–54]. Our study site is located in a temperate monsoon 

climate, with drought mainly from mid-July to late August; in September, when many lines and 

cultivars were in the middle of the grain filling period, water supply was good. Experiment 1 revealed 

that the recovery capacity following rewatering was more important than phenology. 

Genotype rankings of neither DRI nor grain dry weight under drought were consistent in 2 

years, showing genotype-by-year interaction. The DRI range among the progeny was larger in 

Experiment 1 (from −6.4 to +15.9) than in Experiment 2 (from −3.9 to +8.3). A genotype-by-drought 

environment interaction has been reported for DRI [52,53]. However, the existence of genotypes with 

consistently high DRI was reported [1,55], and hence it is possible to select a few progeny with 

consistently high DRI. Such genotypes should have consistently high harvest index and associated 

traits for yield formation. Such efforts may gradually attain superior rice genotypes under drought-

prone upland environments. 

Genetic Assessment of DRI with QTLs for Other Yield-Related Traits and Drought Resistance Genes 

In the temperate japonica population, three genetic sites (two on chromosome 2 and one on 

chromosomes 6) for DRI QTLs affecting field drought tolerance were identified for the first time. Both 

regions on chromosome 2 were collocated with either the reported DRI QTL [4] or drought yield 

QTLs qDTY2,2 [7,56] and qDTY2,3 [57]. QTLs for DRI and yield under drought can be considered as 

genetic bases for field drought tolerance, and collocation of the QTL for DRI and qDTY12,1 on 

chromosome 12 have been reported [6]. However, qDTYs could be still linked to phenology, as in the 

case of DTY2,1 and qDTY2,2 [58,59]. Since the DRI equation takes into account and minimizes influences 

of both phenology and yield potential, genetic analysis of DRI could be more useful as an indicator 

of drought tolerance and may supplement direct investigation of qDTYs. The third region 

(chromosome 6) was uniquely identified in the temperate japonica population in this study. This 

uniqueness may be related with the different combinations of rice ecotypes (Table 6) together with 

the different experimental settings including yield level, yield–phenology interaction, and drought 

intensity and duration. 

The effects of these three genomic regions on responses to different stress intensities were 

assessed. The first region on chromosome 2 was detected in Experiment 1 and in the combined data; 

the YHM allele had a positive contribution. Together with more productive panicles and grains (data 

not shown), the QTL collocation suggested that this region controls drought resistance by improving 

drought recovery after rewatering, maintaining greater harvest index and yield under drought. This 

region was adjacent to a large-effect QTL for yield under drought, RM236–RM555 (qDTY2,2; Aday Sel 

× IR64 population under both lowland and upland drought [7,56]). A somewhat close but differently 

located QTL for DRI, RM279–RM555, has been found (indica Zhenshan 97 × tropical japonica IRAT109 

under severe drought [4]), which is close to another large-effect QTL for yield under drought, 

RM3549–RM324 (qDTY2,1; Swarna × Apo population under lowland drought [56]). This region 
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encodes stress-responsive transcription factors such as RPBF, a Dof zinc finger transcriptional 

activator and transcription factor [30,31], and PYL/RCAR3, a pyrabactin resistance-like (PYL) ABA 

receptor family protein with cold and drought stress tolerance [32], as well as GW2, a negative 

regulator of grain width and size [22,23]) (Table 7). In Experiment 1, recovery of the capacity to 

produce grains after rewatering may have overridden the effect of drought. 

In the same region, a QTL for root vascular traits was identified in the OY population [20]. STA 

and % STA of roots are important for maintenance of leaf water potential and grain yield under 

water-limiting conditions [60]; they were larger in the 10 top-DRI lines than in the 10 bottom-DRI 

lines. The 10 top-DRI lines showed superior drought response to the 10 bottom-DRI lines through 

incremental root growth under drought, less leaf rolling, and less reduction in yield. Genes to 

maintain root meristem activity such as OsGTE4 and AIM1 were identified in this region [26,27]. Stele 

size measured under upland water-limiting conditions may be important as a drought adaptation. 

Stele size may be to some extent constitutive, but responsive to water deficit and depends on 

genotype. A drought resistance gene, DROUGHT1, is expressed in vascular bundles within stele; it 

is directly repressed by ERF3 and activated by ERF71 in rice (both drought-responsive transcription 

factors), which could adjust cell wall structure by increasing cellulose content and maintaining 

cellulose crystallinity [61]. 

The second region for DRI on chromosome 2 was collocated with a QTL for DRI detected in the 

Zhenshan 97 × IRAT109 population in RM573–RM318 under mild drought [4]. This region was also 

collocated with qDTY2,3, a QTL for yield under drought in the Kali Aus × IR64 population [57]. This 

region had its allelic contribution from OTM and Zhenshan 97, the drought-susceptible lowland 

parents. It includes stress-tolerance and stress-responsive genes for defense such as MGD2 [33] and 

PIP1;3 [34,35], and genes for grain growth such as LKR/SDH [30], SMG1 [36,37], LGS1 [38,39], and 

BLS1 [40,41]. Three QTLs for yield under drought on chromosome 2 [7,56,57,62] and 2 meta-QTLs 

(107.52 cM, MQTL 2.1; 132.4 cM, MQTL 2.2) for drought response have been reported on chromosome 

2 [21]. MQTL 2.1 (319 genes) encodes proteins involved in protein phosphorylation, DNA integration, 

and RNA-dependent DNA biosynthesis, and a locus linked to ABA and mitochondrion termination 

factor (MTERF). MQTL 2.2 (19 genes) includes 5 genes for water transport (e.g., aquaporins PIP1 and 

PIP2) and isoprenoid biosynthesis (i.e., heterodimeric geranylgeranyl pyrophosphate synthase small 

subunit protein). These might be candidate genes for the two putative QTLs for DRI on chromosome 

2 in the OY population under severe upland drought conditions in this study. 

The third region for DRI (chromosome 6) was collocated with QTLs for grain dry weight under 

drought and root dry weight under control, with OTM allelic contribution. This region was not close 

to the reported QTL for DRI on chromosome 6 [4]. QTLs for root number, root-to-shoot ratio, and 

index of drought resistance (defined as yield under drought relative to those in lowland treatments) 

have been reported in the IRAT109 × Yuefu population (tropical japonica and temperate japonica) in 

upland conditions [63]. Two meta-QTLs for root traits (25.86 cM) and for yield and flowering (33.84 

cM) have been identified [21] relatively close to this region. Putative genes for defense (e.g., KRP2, 

SK2), signaling (BZIP46, P1N1B), and development associated with brassinosteroids (e.g., MADS55, 

BU1), a bZIP transcription factor gene that positive regulates ABA signaling and drought tolerance 

(BZIP46) [42,43], and a PIN protein gene for auxin transport and signaling for root development 

(PIN1B) [44,45], are located in this region. A transcription factor for tolerance to phosphate starvation, 

OsPTF1, increases rice phosphorus content [64]; as drought could lead to the immobilization of 

phosphate in soils, this region might be linked to better uptake or utilization of phosphate. 

Genes/QTLs for heading and flowering dates (e.g., Hd-3, qFL-6, RFT1) have been also identified near 

this region [65–67]. This region was identified only in Experiment 2; it contained genes involved in 

the regulation of drought-responsive hormones, such as auxin, ABA, and brassinosteroids. The nexus 

of these genes to drought tolerance traits would be anticipated. 

The putative genes in the three DRI regions encode proteins with the functions of (1) enhancing 

cell defense or (2) signal transmission such as plant hormone signaling or transcription factors, and 

(3) regulating spikelet and grain development (Table 7). The QTL for DRI found on chromosome 2 

under severe water deficit collocated with several genes regulating grain development. Varying the 
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magnitude of drought severity may lead not only to the identification of different genomic regions 

but also different categories of drought-tolerance genes. Detection of year-specific QTLs for DRI (the 

first region for severe prolonged drought, the third one for shorter drought) suggests that different 

genomic regions may be important depending on the environmental conditions. The third QTL 

associated with root traits may be linked to the mechanisms of resource acquisition (see [8]), which 

would be possible under short drought but not under very prolonged drought. The larger effect of 

QTL-by-environment interaction than the additive effect also supports the importance of drought 

severity. The additive effect was largest in the first region (2.24, 19.9% of PVE, Experiment 1; 1.42, 

26.3% of PVE, combined) followed by the second region (−0.87, 10.3%) and the third region (−0.9, 

12.4%). This is understandable, since the effects of drought tolerance are larger as the stress becomes 

more severe, as in Experiment 1. The difference in drought intensity is likely to affect DNA 

transcription and RNA translation, and a number of microRNAs (small noncoding regulatory RNAs 

that modulate gene expression during abiotic stress) have been identified that mediate drought 

resistance in rice [62,68]. The importance of QTL-by-environment interaction for maize shoot and 

root growth under well-watered and drought environments has been also reported [69]. This study 

demonstrates the complexity of field drought tolerance and opens up new possibilities for the genetic 

analysis of DRI in rice. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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