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ABSTRACT

Dissecting the mechanism of drought resistance (DR) and designing drought-resistant rice varieties are

promising strategies to address the challenge of climate change. Here, we selected a typical drought-

avoidant (DA) variety, IRAT109, and a drought-tolerant (DT) variety, Hanhui15, as parents to develop a stable

recombinant inbred line (RIL) population (F8, 1262 lines). The de novo assembled genomes of both parents

were released. By resequencing of the RIL population, a set of 1 189 216 reliable SNPs were obtained and

used to construct a dense genetic map. Using above- and belowground phenomic platforms and multi-

modal cameras, we captured 139 040 image-based traits (i-traits) of whole-plant phenotypes in response

to drought stress throughout the entire rice growth period and identified 32 586 drought-responsive quan-

titative trait loci (QTLs), including 2097 unique QTLs. QTLs associated with panicle i-traits occurred more

than 600 times on the middle of chromosome 8, and QTLs associated with leaf i-traits occurred more

than 800 times on the 50 end of chromosome 3, indicating the potential effects of these QTLs on plant phe-

notypes. We selected three candidate genes (OsMADS50,OsGhd8,OsSAUR11) related to leaf, panicle, and

root traits, respectively, and verified their functions in DR. OsMADS50was found to negatively regulate DR

bymodulating leaf dehydration, grain size, and downward root growth. A total of 18 and 21 composite QTLs

significantly related to grain weight and plant biomass were also screened from 597 lines in the RIL popu-

lation under drought conditions in field experiments, and the composite QTL regions showed substantial

overlap (76.9%) with known DR gene regions. Based on three candidate DR genes, we proposed a haplo-

type design suitable for different environments and breeding objectives. This study provides a valuable

reference for multimodal and time-series phenomic analyses, deciphers the genetic mechanisms of DA

and DT rice varieties, and offers a molecular navigation map for breeding of DR varieties.
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INTRODUCTION

With the increasing extreme weather in recent years, world food

security has been severely threatened (Pollmann et al., 2019).

Rice is the main grain crop supporting more than half of the

global population, but rice production is vulnerable to climate

change (Sreenivasulu et al., 2015). Among all abiotic stresses,

drought stress (DS) causes serious yield reductions (Yang et al.,

2022b). Moreover, planting rice with good drought resistance

(DR) can save irrigation water and reduce methane (CH4)

release in non-flooding fields (Xia et al., 2022). Therefore,

dissecting the drought-resistance mechanism of rice and

cultivating drought-resistant rice varieties represent a promising

strategy to address the challenge of climate change.

DR is a complex trait that involves various physiological,

biochemical, and genetic responses and can be influenced by a

large number of micro-effect loci (Blum, 2010; Fukao and

Xiong, 2013). Under DS, rice plants undergo a series of

phenotypic changes such as rolling and withering of leaves,

morphological changes in roots, delayed flowering, and

reduced biomass and yield (Kim et al., 2020; Bhandari et al.,

2023). A large number of drought-related loci have been mapped

by quantitative trait locus (QTL) analysis and candidate gene

cloning in rice (Champoux et al., 1995; Price et al., 1997; Yue

et al., 2006; Khowaja and Price, 2008; Guo et al., 2018). Cloned

DR genes can affect multiple biological processes such as cell-

wall composition, reactive oxygen species scavenging,

stomatal closure, hormonal regulation, and deep rooting (Seo

et al., 2011; Uga et al., 2013, 2015; You et al., 2013; Li et al.,

2017; Xiong et al., 2018; Yu et al., 2018). However, there have

been few comprehensive reports on whole-plant responses to

drought throughout the entire rice growth cycle.

There are four inherent mechanisms of DR: drought avoidance

(DA), drought tolerance (DT), drought recovery, and drought

escape (Luo and Zhang, 2001). These mechanisms jointly

determine plant performance under DS. In most cases, DA and

DT are the main mechanisms that affect plant DR. DA

contributes to the maintenance of high water potential in plants

through water absorption by strong roots and reductions in

canopy water loss. DT assists plants in maintaining normal

physiological functions in the case of low water potential mainly

through osmotic adjustment (Luo, 2010). Therefore, the

belowground root system performs major functions in DA,

whereas the aboveground leaf and panicle are the main organs

involved in the response to DS through DT. Genetic research

based on refined genome assemblies of typical DA and DT rice

varieties and linkage mapping of their recombinant inbred line

(RIL) populations can provide valuable genomic resources and

a new perspective for investigating rice drought adaptability

and breeding drought-resistant rice varieties.

A lack of phenotypic data has become the key bottleneck to the

genetic dissection of important agronomic traits in crops (Araus

et al., 2018; Song et al., 2021b). With the rapid development of

imaging technologies and big data, phenomics is playing a

more and more important role in crop research and breeding

(Chen et al., 2014; Yang et al., 2020). Various automatic

imaging equipment enables the collection of non-destructive,

accurate, large-scale, and high-dimensional phenotypic data
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throughout the whole plant growth period (Houle et al.,

2010; Tang et al., 2023; Yang et al., 2023). Considering the

high complexity of plant responses to DS, a high-throughput

phenotyping system with multimodal cameras seems to be the

best choice for the simultaneous and non-destructive

acquisition of multiple phenotypic features such as color,

shape, texture, canopy temperature, flowering time, and yield.

High-throughput phenotyping has proven to be an effective tool

for investigating the genetic basis of DR at the population level

across several plant species (Guo et al., 2018; Briglia et al.,

2020; Li et al., 2020; Wu et al., 2021). However, little research

has been performed to capture phenotypic changes in both

aboveground and belowground plant parts in response to DS

throughout the entire rice growth period by combining multiple

imaging methods.

Molecular design represents a new trend in future breeding (Xu

et al., 2012; Oladosu et al., 2019). Exploring the relationship

between genes and the environment and the effects of genes

on agronomic traits are very important for the design of

drought-resistant varieties. For example, plants have evolved

different mechanisms to resist DS in different environments.

When crops are grown in an upland field without a hard plow

pan, roots play an important role in resisting DS, because plant

roots can absorb water from the deep soil. However, in lowland

fields with a hard plow pan, the aboveground parts of crops

may become more important than the belowground roots.

Therefore, it is essential to obtain information related to

different environments, different growth stages, and different

organs to support the molecular design of drought-resistant

varieties.

In our previous study, we developed a high-throughput phenomics

platform (HTPP) toquantifyDR-relatedphenotypic traits (Gaoetal.,

2022a, 2022b). On this HTPP, we can implement gradient drought

treatments with plants from the same plot to ensure identical

growth conditions (except for soil moisture). Moreover, the HTPP

equipped with multimodal cameras can examine as many as

50 000 rice plants in a population simultaneously. In the present

study, we comprehensively investigated aboveground and

belowground traits related to DR and identified QTLs based on

these traits. First, we selected two varieties with good DA and

DT, respectively (Figure 1A), assembled their genomes de novo,

and established a stable RIL population containing 1262 lines. All

the RILs were resequenced to construct a high-density genetic

map (Figure 1B). Second, we phenotyped 217 lines in the field

and in root boxes under drought treatment at consecutive growth

stages and screened out more than 50 000 highly heritable and

drought-sensitive image traits (i-traits). Five hundred ninety-seven

unused lines (out of 1262 lines) were manually phenotyped under

drought in a natural field in Hainan province, China (Figure 1C).

Third, more than 2000 unique DR QTLs were identified from

i-traits using the transcriptomic data, three drought-related candi-

date genes were identified, and their functions in DR were deter-

mined (Figure 1D). Finally, we developed machine-learning-based

models to predict the DR index. Through a chi-squared test, a

number of QTLs identified by i-traits were also found to be

correlated with rice yield under DS (Figure 1E). The superior

alleles of these candidate genes were proposed for use in the

molecular design of rice DR varieties. Assisted by phenomics,

this study reports the largest number of rice DR QTLs identified to
uthor(s).



Figure 1. The main framework of this study.
(A) Construction of a stable recombinant inbred line (RIL) rice population using IRAT109 (P1, a drought avoidant variety) and HH15 (P2, a drought tolerant

variety) as parents through the single-seed descent (SSD) method.

(B) Genotyping of the RIL population, including de novo assembly of the parental genomes and resequencing of the RIL population to construct a high-

density genetic map. Upper graph: multicollinearity among the genomes of IRAT109 (orange), HH15 (blue), and Nipponbare (purple); gray and yellow lines

represent collinearity and large inversions (>10 kb), respectively, and red blocks indicate genomic gaps. Lower graph: the high-density genetic map

(green) is displayed alongside its collinearity with the physical map (red) of the variety IRAT109.

(C) Phenotyping 217 lines of the RIL population with above- and belowground high-throughput phenomics platforms (HTPPs) in Shanghai and Wuhan to

capture whole-plant i-traits and by manual evaluation of drought resistance for the unused 597 lines under natural field conditions in Hainan province.

(D) Using genetic and phenotypic data from (B) and (C), QTL mapping was performed to identify drought-resistance QTLs, and several candidate genes

were selected for further functional validation. As an example, QTLs of RGB-derived leaf i-traits during the continuous drought treatment were mapped to

chromosome 3 and validated with mutant materials.

(E) Breeding guidelines for drought resistance, including a predictive model of drought resistance based on image traits and the supply of some elite

haplotypes.
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date and provides useful genetic resources for breeding design

aimed at improvement of rice DR.
RESULTS

Construction of a stable population with diverse DR
capacities

Over the last two decades, we have collected a large number of

drought-resistant rice germplasm resources from around the

world (Lou et al., 2015; Wu et al., 2015). Through multiyear
Plant Commu
multisite phenotypic screening, IRAT109 and Hanhui15 (HH15)

were found to be a typical DA variety and DT variety, respectively.

IRAT109 (japonica, represented by P1, which originated in Africa)

possesses a deep root system, but it exhibits relatively poor DT

when its root system is limited in a shallow soil layer or in pots.

HH15 (indica, represented by P2) is a water-saving and

drought-tolerant rice (WDR) restorer line developed by Shanghai

Agrobiological Gene Center (SAGC) that exhibits a desirable DT

despite its shallow root system (Figure 1A and Supplemental

Figure 1). These two representative lines with their distinct DA

and DT traits were selected as parents to develop a stable
nications 6, 101218, February 10 2025 ª 2024 The Author(s). 3



Plant Communications Molecular design of drought resistance in rice

Please cite this article in press as: Lou et al., Phenomics-assisted genetic dissection and molecular design of drought resistance in rice, Plant Commu-
nications (2024), https://doi.org/10.1016/j.xplc.2024.101218
population of RILs using the single-seed descent (SSD) method.

A total of 1262 stable RILs were developed through eight gener-

ations of self-crossing within five years.

Genotyping of the parents and population

Using second- and third-generation sequencing techniques, the

genomes of both parents were assembled de novo and publicly

released. The assembled HH15 genome reached a high-quality

genome level with a BUSCO value of 98.7% and an LAI value of

23.46, and the IRAT109 genome also reached a high-quality

genome level with a BUSCO value of 98.7% and an LAI value of

21.92. Compared with the Nipponbare genome (a japonica

variety, the first and most widely used rice reference genome),

our indica rice HH15 genome exhibited a greater total length

(399 426 935 bp with only 10 gaps) (Figure 1B and Supplemental

Table 1), whereas the japonica rice IRAT109 genome had a shorter

total length (377 412 274 bp) with 77 gaps. Relative to the Nippon-

bare genome, genomes of both these drought-resistant rice

varieties displayed several long inversions on chromosomes 6, 7,

8, and 9, such as the notable 5-Mb inversion in the middle of

chromosome 6 in the IRAT109 genome. Through genome align-

ment of HH15 and IRAT109, we identified 2 268 907 SNPs and

421 111 InDels, with approximately 40% (915 368) of the SNPs

located in gene regions (Supplemental Table 2). On the basis of

transcriptome and proteome data, 61 947 genes were annotated

in the HH15 genome and 55 498 genes in the IRAT109 genome.

About 350.0 Mb (92.7%) of the IRAT109 genome sequences

were highly collinear with 369.5 Mb (92.5%) of the HH15 genome

sequences, involving 53 040 (95.6%) genes in the IRAT109

genome and 58 794 (94.9%) genes in the HH15 genome. Through

comparisonwith the genomesof 17other non-DA rice varieties,we

identified 9209 genes as specific to the IRAT109 genome, and

through comparison with the genomes of 17 other non-DT rice va-

rieties, we identified 14 584 genes as specific to the HH15 genome

(Supplemental Tables 3 and 4). These genes may therefore be

specifically associated with DA or DT.

Through whole-genome resequencing of the RIL population

(1262 lines), we obtained an average of 2.3 Gb of sequence

data per line, with an average genome coverage of 91.43%. We

identified 1 189 216 reliable SNPs, fromwhich 11 785 binmarkers

were developed and used to construct a genetic linkagemapwith

a total length of 1151.7 cM (Figure 1B). In the genetic linkagemap,

the average chromosome length was 95.98 cM; chromosome 9

was shortest (69.57 cM), and chromosome 1 was longest

(136.79 cM). Because bin markers were evenly distributed with

a short average genetic distance of 0.11 cM between adjacent

markers, this genetic linkage map could be used for

subsequent genetic mapping (Supplemental Table 5).

Population phenotyping

We collected aboveground and belowground phenotypic

data in a continuous time series under DS and well-watered

(WW) treatments (Figure 1C). For aboveground phenotype

experiments, the HTPP was used to capture image-based traits

(i-traits) using hyperspectral (HSI), infrared (IR), and visible-light

(red, green, and blue light [RGB]) cameras at 17 time points from

day 75 post sowing into the field (D75) to D126 in Jinshan,

Shanghai. For belowground phenotype experiments, root i-traits

were captured using a visible-light camera at nine time points
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from D21 to D45 post sowing into root boxes in Wuhan, Hubei.

As drought became increasingly severe, differences were

observed in the HSI, IR, and RGB images between DS and WW

samples (Figure 2A). The WW samples had greater plant

heights, earlier flowering, greener canopies, and shallower root

distributions than the DS samples.

We developed an efficient pipeline for processing of image data

in this study (Figure 2B and Supplemental Video 1). After image

processing, 910 HSI-derived, 27 IR-derived, and 70 RGB-

derived aboveground traits and 29 RGB-derived belowground

(root) traits were obtained at one time point, and 17 380 above-

ground and belowground i-traits were obtained across all sample

collection time points (Supplemental Tables 6–8). The total

number of DR-related raw i-traits was calculated as 17 380 3 2

(DS and DS/WW) 3 4 (three replicates and their averages),

which was 139 040. In addition, data for 10 yield-related traits

were manually collected (Supplemental Table 9). All data were

uploaded to a public website (http://plantphenomics.hzau.edu.

cn/en/information).

As shown in Figure 3A, there were significant differences in the

distributions of the 10 manually measured traits between the

WW and DS treatments (p < 0.05). We selected four

representative i-traits from a total of 1036 i-traits as phenotype

traits in responses to DS: three aboveground i-traits and one

belowground i-trait. ‘‘Water band index’’ (WBI) is an i-trait

obtained by the HSI camera that shows high sensitivity to

variations in canopy moisture status and is calculated according

to the formula WBI = r900=r970 (Peñuelas et al., 1997) (Figure 3B).

Canopy temperature is a common indicator of DS (Yoshimoto

et al., 2005). ‘‘Mean temperature’’ refers to the mean

temperature of all the canopy pixels in an IR image (Figure 3C).

The RGB-derived i-trait ‘‘TPA_panicle’’ denotes the projected

area of panicles and represents panicle biomass (Figure 3D). The

soil water potential was recorded in WW and DS plots using

wireless soil water potential probes throughout the entire DS

process (Figure 3E). During the early stage of drought (D75–D90),

there were no significant differences in water potential between

the WW and DS treatments and, accordingly, no significant

differences in i-traits. As differences in water potential increased

from D96 onward, differences in WBI (pD75 = 0.96, pD96 = 1.63e�6)
,

MeanTemperature (pD75 = 0.99, pD96 = 3.60e�6)
, and TPA_panicle

(pD75 = 0.25, pD96 = 3.21e�3)
between WW and DS treatments became

increasingly significant. The trend in WBI during the late stage of

drought (D96–D126) was consistent with the pattern of soil water

potential. The difference in TPA_panicle between DS and WW

remained stable after D111, perhaps because rice plants had

completed heading by this time and panicle architecture

therefore showed few changes. Although MeanTemperature was

influenced by ambient temperature, the differences between

WW and DS were stable, with consistently higher canopy

temperatures in the DS plot than in the WW plot (Figure 3F).

Root depth was a belowground i-trait, and the DS plants

always had a deeper rooting depth than the WW plants as

DS progressed (pD21 = 1.92e�6). Taken together, our data

demonstrate that the selected i-traits were sensitive to DS and

could thus serve as indicators reflecting drought-induced

variations. As shown in Figure 3G, most of the m-traits (manually

measured traits; 8/10) had high heritability (H> 0:5), and the

panicle-related traits showed clear correlations with TPA_panicle
uthor(s).
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Figure 2. Pipeline for acquisition of i-traits (image traits).
(A) Phenomics platform and image capture. The automated phenotyping experiment consisted of two sections: aboveground (top half) and belowground

(bottom half). The left panel shows the actual scenario of the phenomics experiment; the middle panel presents a schematic of the experimental design;

and the right panel displays four series of images captured by hyperspectral (HSI), infrared (IR), and visible-light (red, green, and blue light [RGB])

cameras and belowground RGB cameras.

(B) Image processing and trait acquisition. The four schematic diagrams indicate the workflow for processing images from aboveground HSI, IR, and

RGB and belowground RGB (root) images to obtain i-traits. All raw data are available at http://plantphenomics.hzau.edu.cn/en/information.
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( RFGN = 0:38; RGrainWeight = 0:41). TheHSI-derived aboveground

i-traits also tended to demonstrate high heritability (H> 0:5)

(Figure 3H), whereas the IR-derived i-traits generally exhibited

low heritability (H< 0:3), perhaps owing to the influence of

environmental factors on canopy temperature (Figure 3I).

Clustering analysis showed that the heritability of aboveground

RGB-derived i-traits classified them into two distinct groups,

panicle traits and leaf traits (Figure 3J). In general, panicle traits

displayed lower heritability (H< 0:3) than leaf traits in the early

drought stage (D75–D96) but higher heritability at the late
Plant Commu
drought stage (D99–D126) (H> 0:5). In addition, the belowground

i-traits generally exhibited lower heritability than the

aboveground i-traits (H< 0:3, Figure 3K). The heritability of

belowground i-traits related to root length, mass, and density

was higher than that of other belowground i-traits such as

angle (H> 0:3).

In addition to automatic phenomics identification, we also evalu-

ated DRmanually in the field in Hainan province under natural DS

(Figure 1C). This experiment included 597 lines from the RIL
nications 6, 101218, February 10 2025 ª 2024 The Author(s). 5
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Figure 3. General demonstration and anal-
ysis of i-traits in response to drought.
(A)Manual trait distribution between WW and DS

treatments.

(B–F) Temporal changes in aboveground i-traits

derived from HSI (B), IR (C), and RGB

(D) cameras, soil water potential (E), and root

depth (F) between WW and DS treatments. The

gray line in (C) represents the ambient tempera-

ture.

(G) Broad heritability of the manual traits and their

correlations with the i-trait TPA_panicle (TPA,

total projected area).(H–K) Broad-sense herita-

bility of aboveground HSI-derived (H), IR-derived

(I), and RGB-derived (J) i-traits, as well as

belowground i-traits (K), at different time points.

**p < 0.01, ***p < 0.001 (t-test, N = 651).
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population (out of 1262 lines; unused in the HTPP experiments)

with three replicates (6 3 6 plants per plot). The mean

aboveground dry weight per plant of the 597 lines was 104.67

g with a standard deviation of 18.02 g, and the average total

grain weight per plant of the 597 lines was 11.49 g with

a standard deviation of 6.89 g. These two traits were used for

screening of reliable DR-related QTLs.

QTL mapping and candidate gene validation

After data preprocessing, 52 984 DR-related i-traits from various

imaging sources and time points were selected for use in QTL

mapping, including 41 912 (total 123 760) HSI-derived i-traits,

2268 (total 3672) IR-derived i-traits, 7732 (total 9520) RGB-

derived i-traits, and 1072 (total 2088) root-related i-traits.

From the 52 984 i-traits, we selected 18 976 i-traits for which

at least one QTL had a likelihood of odds (LOD) score >2.5,

and 32 586 significant QTLs were mapped from these 18 976

i-traits (Figure 4A and Supplemental Table 10). As shown

in Figure 4A, root trait-related QTLs were mostly located on
6 Plant Communications 6, 101218, February 10 2025 ª 2024 The Author(s).
chromosomes 2, 3, 9, and 12. Among

these, chromosome 2 had the largest num-

ber of QTLs (up to 128), accounting for

about 26.9% of all root-related QTLs.

Most QTLs appeared in the late growth

stage. Regions where aboveground and

belowground QTLs co-localized were

densely distributed on chromosomes 2, 3,

9, and 12, suggesting that these co-

localized QTLs might be genetic loci that

influence both aboveground and below-

ground phenotypes. This possibility will

require further investigation in future DR

studies and breeding efforts. HSI-derived

QTLs were predominantly distributed on

chromosomes 3, 5, 8, 9, and 11, with a

5-Mb region of chromosome 8 exhibiting

the densest QTL distribution. Different

QTL distribution patterns were observed

at different DS stages. For example,

QTLs were detectable on chromosome 3

throughout the entire DS period, whereas

QTLs emerged on chromosome 8 mostly
in the late stage of DS treatment, and QTLs on chromosome

11 emerged predominantly during the early to middle stages

of DS. IR-derived QTLs were mainly located on chromosomes

2, 3, 4, and 6 and RGB-derived QTLs on chromosomes 2, 3,

8, and 9. Notably, clear QTL peaks were observed near the

0- to 2-Mb region of chromosome 3 and the 4- to 6-Mb

region of chromosome 8 (Figures 4B and 4C). QTLs related

to multiple leaf i-traits occurred on chromosome 3 more

than 800 times (QTL peak region); this was the highest

frequency of QTL occurrence at the genome level, and

these QTLs occurred primarily during the mid-stage of DS,

suggesting that the genes in this QTL peak region might

regulate leaf responses to DS. QTLs related to panicle

RGB-derived i-traits occurred on chromosome 8 over 600

times, forming the QTL peak region with the second highest

occurrence frequency. These QTLs occurred primarily in the

mid- to late-DS stages, suggesting that the genes in this QTL

peak region might modulate panicle morphology in response

to DS.



Figure 4. QTL mapping of DR-related
i-traits from different sources and time
points.
(A) The overall distribution of QTLs identified from

DR-related i-traits. The four concentric circles,

from inside to outside, represent QTLs from root-

related i-traits (blue), HSI-derived i-traits (purple),

IR-derived i-traits (green), and RGB-derived

i-traits (orange). Black vertical lines between the

blue and purple circles represent co-localized

QTLs for both above- and belowground traits.

Sectors of the circular diagram represent the

chromosomal locations of QTLs.

(B and C) Distribution of RGB-derived QTLs on

chromosome 3 (B) and chromosome 8 (C),

providing more detailed views of the regions

highlighted in (A). The upper section displays a

histogram of QTL occurrences, where yellow bars

represent QTLs related to leaf i-traits and orange

bars represent QTLs related to panicle i-traits.

The lower section is a heatmap showing the

proportion of QTLs identified at each time point

relative to the total number of QTLs, with darker

colors indicating higher proportions.

(D) Venn diagram showing the numbers of QTLs

identified from HSI-derived i-traits, IR-derived

i-traits, RGB-derived i-traits, root-related i-traits,

and manual traits, with overlapping areas indi-

cating co-localized QTLs from different sources.
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The 32 586 mapped QTLs exhibited substantial overlap among

different sources of i-traits, and a total of 2097 unique QTLs

were mapped. QTLs from different sources included 1591 HSI-

derived aboveground QTLs, 230 IR-derived aboveground QTLs,

579 RGB-derived aboveground QTLs, and 225 RGB-derived

belowground QTLs (Figure 4D). In general, aboveground

QTLs from different sources exhibited a high overlap rate.

Specifically, HSI-derived QTLs showed a high overlap rate with

RGB-derived QTLs and IR-derived QTLs, accounting for 60.0%

of all RGB-derived QTLs and 52.2% of all IR-derived QTLs.

However, the overlap rate between belowground (root) and

aboveground QTLs was much lower (27.6%), suggesting inde-

pendent genetic DR mechanisms between aboveground and

belowground systems in rice. About 57.1% of all 84 m-trait

QTLs were co-localized with i-trait QTLs, providing evidence for

the reliability of imaging QTL mapping.

The QTL mapping results showed that a 21.8-cM region

on chromosome 8 was a region of highly dense co-localized

QTLs that were mainly related to panicle i-traits and rarely to
Plant Communications 6, 101218, F
leaf i-traits (Figure 4C). The TPA_

panicle_D105 trait (panicle projection

area measured on day 105 after sowing)

was selected as a phenotypic indicator

(Figure 5A). Further analysis indicated

that the LOD score of this QTL reached

9.54, and the p value between the two

parental haplotypes was 2.15e�13.

Bioinformatics analysis revealed that

OsGhd8, located within this region (a 21.8-

cM region on chromosome 8), has been
reported to be associated with panicle morphology (Yan

et al., 2011). Transcriptome analysis indicated that this

gene responded to DS, exhibiting significant differences in

expression between the two parental lines (Figure 5B, p < 0.01).

The CRISPR-Cas9 technique was used to develop an

OsGhd8 knockout mutant for functional analysis. Knockout of

OsGhd8 reduced the number of primary branches in the

main panicle (Figure 5C). Drought experiments performed

in pots demonstrated the reduced DR of the mutant plants,

as evidenced by increased curling and wilting of leaves

compared with wild-type plants (Figure 5D). Under DS, the

green projection area/total projection area ratio (GPAR) was

significantly lower in the mutant than in the wild type, and

the perimeter/projection area ratio (PAR) was significantly

higher in the mutant, signifying greater leaf curling and

wilting (Figure 5E, p < 0.01). Seed-setting percentage

was also significantly lower in the mutant than in the wild type

under drought treatment (p < 0.01). All these results

suggest that the candidate gene OsGhd8 may be a drought-

responsive gene.
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Figure 5. Verification of the DR candidate gene OsGhd8 identified from panicle-related i-traits.
(A) Difference in panicle projection area (TPA_panicle) between two haplotypes of the candidate QTL in the population: (a) IRAT109 haplotype; (b) HH15

haplotype.

(B) Differential expression of OsGhd8 under WW and DS treatments in the parental lines (N = 3). P1, IRAT109; P2, HH15.

(C) Morphological changes in the primary panicle of OsGhd8-knockout mutants.

(D) Whole-plant DR changes in OsGhd8-knockout mutants at day 15.

(E) Variations in four DR-related traits in mutants under drought treatment (N = 6).

GPAR, green projected area/total projected area ratio; PAR, perimeter/total projection area ratio. WT(ZH11), wild-type Zhonghua11 (ZH11); KO-1 and

KO-2, OsGhd8-knockout mutants in the ZH11 background. *p < 0.05, **p < 0.01 (t-test).
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Adense region of co-localized QTLs related to root traits was pre-

sent in the middle-end region of chromosome 2 (Figure 4A).

We examined a QTL related to the Mass_3_L_Ratio trait

(deep-layer root length/shallow-layer root length) (Supplemental

Figure 2) and found that its LOD score was 3.88 and that

there was a significant difference between the two parental

haplotypes (p = 9.46e�05). This QTL region contained the gene

OsSAUR11, which has been identified as responsible for deep

rooting (Xu et al., 2023). In this study, we found that OsSAUR11
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responded to DS by increasing the depth of the root system,

and its knockout resulted in reduced DR, whereas its

overexpression enhanced DR.

The 50 end of chromosome 3 was another region of densely co-

localized QTLs in which intense QTL genetic mapping signals

were detected for aboveground and belowground i-traits from

different imaging sources (Figure 4A). Interestingly, these

mapped QTLs were primarily related to leaf, panicle, and root
uthor(s).



Figure 6. Functional study of the multifunctional DR candidate gene OsMADS50.
(A) General information on the candidate gene OsMADS50, including QTL mapping for leaf-related (TPA_leaf), panicle-related (T10_panicle), and root-

related (Area_root) i-traits; gene expression in parental lines under WW and DS treatments (N = 3); and variations in plant morphology, plant height, and

seed-setting percentage between WT and mutants (N = 5). The red double-sided arrow indicates a significant difference between the WW and DS

treatment groups. P1, IRAT109; P2, HH15. (a) QTL haplotype of IRAT109; (b) QTL haplotype of HH15.

(B) Effect of OsMADS50 on leaves, including changes in water-loss rate and expression of water-loss-related genes (N = 3).

(C) Effect of OsMADS50 on panicles, specifically alterations in grain morphology in two mutant materials with different backgrounds (N = 50).

(legend continued on next page)
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traits (Figure 6A). The LOD scores of QTLs related to TPA_leaf,

T10_Panicle, and Area_root traits were 11.0, 6.56, and 5.39,

respectively, and there was an extremely significant difference

between the two parental haplotypes (p < 0.001). This region of

co-localized QTLs included the gene OsMADS50, which has

been reported to affect rice heading date and plant architecture

(Kojima et al., 2002; Lee et al., 2004), although there have

been no reports of its function in DR. Our results revealed

that OsMADS50 exhibited significantly higher expression in P2

(HH15) than in P1 (IRAT109) (p < 0.001), and it was specifically

induced by drought in P2. Further study indicated that the

OsMADS50-overexpressing Heigeng2 (HG2) line displayed

accelerated heading and reduced plant height, whereas

knockout of OsMADS50 delayed heading and increased

plant height. After drought treatment, both wild-type and

OsMADS50-overexpressing plants exhibited significantly

reduced plant height and seed-setting percentage (p < 0.001),

whereas OsMADS50-knockout plants showed no significant

changes in plant height or seed-setting percentage before and af-

ter DS. Compared with the wild type, OsMADS50-overexpress-

ing plants showed a decrease in seed-setting percentage under

DS, suggesting a negative regulatory effect of this gene on DR.

Leaf water loss is closely linked to DR, and we therefore investi-

gated the water-loss rate every half hour for 8 h (Figure 6B). The

OsMADS50-overexpressing lines exhibited the fastest water loss

from detached leaves. It took approximately 4.5 h for the

OsMADS50-overexpressing plants to reach the highest water

loss, whereas it took 7.5 h for wild-type plants and the

knockout mutants. This may be one of the reasons for the lower

DR of the overexpression lines. Some genes have been

reported to affect stomatal closure and wax synthesis in leaves,

thus increasing leaf dehydration and decreasing plant DR (Yu

et al., 2008; Moon et al., 2017; Nguyen et al., 2018). The

expression of three genes (KAT2, WSL1, and OsABCG9) was

significantly reduced in the OsMADS50-overexpressing lines (p

< 0.05), implying that OsMADS50 might be involved in regulating

leaf water loss. OsMADS50-knockout mutants in the HG2 and

Zhonghua11 (ZH11) backgrounds exhibited larger grain size

than wild-type plants, which may have been due primarily to an

increase in grain length (Figure 6C). Knockout of OsMADS50

resulted in improvement of DR and an increase in grain size. In

addition to its effects on aboveground traits, this gene also

influenced belowground traits. Compared with the wild type,

the OsMADS50-knockout mutants showed greater root weight

and length, whereas the OsMADS50-overexpressing plants

exhibited lower root weight and length (Figure 6D). In a

simulated drought experiment, the root growth rate was

significantly faster in the knockout mutants than in the wild-type

and overexpression plants (p < 0.05). The enhanced downward

growth rate of roots in the knockout mutants facilitated water

acquisition, thus increasing DR. Taken together, these results

indicate that OsMADS50 is a multifunctional gene that

negatively regulates DR. One possible mechanism is that

OsMADS50 negatively regulates the expression of other water-

loss-related genes, thus promoting dehydration, decreasing
(D) Effect ofOsMADS50 on roots, including differences in root morphology und

under simulated drought conditions (N = 30). The red line represents the wate

WT, wild-type Heigeng2 (HG2); OE,OsMADS50-overexpressing line in the HG

WT(ZH11), wild type of Zhonghua11 (ZH11); KO-1 and KO-2, OsMADS50-kn
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grain size, inhibiting root development, and finally decreasing

plant DR.
Drought-resistance breeding guidelines

We next established yield prediction models based on i-traits by

stepwise linear regression. Some i-traits exhibited good predictive

capabilities for themanuallymeasuredagronomic traits (Figure7A).

The models were divided into two categories according to their

predictive performance. Category I exhibited desirable predictive

performance for traits of biomass, plant height, grain weight, and

grain number, especially predicted by i-traits at the late drought

stage (Rmax
Biomass = 0:65; Rmax

Grain weight = 0:62, Supplemental

Figure 3). Category II displayed relatively weak predictive

performance for traits of grain length and 1000-grain weight

(Rmax
Grain length = 0:31; Rmax

1000�grain weight = 0:38). This may be

because it is challenging to capture these fine-grain phenotypic

traits from canopy images. Using these prediction models, we

could predict mature-stage yield under drought conditions at the

early growth stage. For example, on the basis of images captured

at D96, we could accurately predict final biomass, plant height,

grain weight, and grain number (R > 0.6) to achieve time- and

labor-saving smart DR breeding.

The most critical trait for breeders is rice yield in the field under

DS, including both biological and economic yield, which refer to

total aboveground weight and total grain weight, respectively.

We manually evaluated these two traits for 597 lines in the RIL

population in Hainan province, and we developed four extreme

pools (top and bottom 50 lines for each trait) with extremely

high and low yields for further analysis. Through an extreme-

pool-based chi-squared test, we screened more reliable DR-

related QTLs from the QTLs mapped using i-traits (Figure 7B).

A total of 248 QTLs related to grain weight under DS showed

significantly skewed distributions between the two extreme

pools (p < 0.05), indicating that these 248 QTLs were closely

associated with economic yield under drought conditions

(Supplemental Table 11). These economic-yield-related QTLs

were distributed on chromosomes 1, 2, 3, 8, 9, 11, and 12, with

the largest number of QTLs (68) on chromosome 8 and the

second largest number (64) on chromosome 9. The majority

(77.8%) of these 248 QTLs had drought-resistant alleles from

P1 (IRAT109), whereas only QTLs on chromosomes 2 and 12

had drought-resistant alleles from P2 (HH15). Approximately

91.5% of these 248 QTLs were related to aboveground i-traits,

whereas only 21 QTLs were related to belowground i-traits.

Nine of the QTLs were co-localized to the 30 end of chromosome

9 by both aboveground and belowground i-traits. A total of 272

QTLs related to the aboveground dry weight trait displayed signif-

icantly skewed distributions between the two extreme pools (p <

0.05), indicating that these 272 QTLs were strongly correlated

with biological yield (Supplemental Table 12). These biological-

yield-related QTLs were mainly distributed on chromosomes 1,

2, 3, 5, 9, and 12, with the largest number of QTLs (95) on

chromosome 3 and the second largest number (72) on

chromosome 9. The majority (83.1%) of these 272 QTLs had
er normal watering conditions and variations in root downward growth rate

r level in the drought treatment.

2 background; KO,OsMADS50-knockout mutant in the HG2 background;

ockout mutants in the ZH11 background. *p < 0.05, **p < 0.01 (t-test).
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Figure 7. Breeding guidelines for improve-
ment of drought resistance in rice.
(A) Modeling effect (R) of image traits on some

manual traits at different time points.

(B) Distribution of composite QTLs screened by

chi-squared tests of grain weight and biomass

under DS treatment. The x axis shows the

genomic positions of the QTLs; the y axis in-

dicates the allele frequency difference between

the extreme pools. A positive value means that

the alleles from P1 (IRAT109) are superior DR al-

leles, whereas a negative value means that the P2

(HH15) alleles are superior. Different shapes

indicate different sources of QTLs: upright tri-

angles indicate QTLs that come from above-

ground traits; crosses indicate QTLs that were

detected from both belowground and above-

ground traits; inverted triangles indicate QTLs

that come from belowground traits. QTLs related

to grain weight are colored green, and QTLs

related to biomass weight are colored pink. The

size of the symbol indicates the number of QTLs

converged in this composite QTL region.

(C) Allele analysis of three drought-resistant

genes in extreme pools for grain weight and

biomass. Blue indicates the IRAT109 allele, or-

ange indicates the HH15 allele, purple indicates

the hybrid allele type of the parents, and the

number in columns indicates the percentage of

alleles. ‘‘Total’’ refers to the entire subpopulation

of 597 RIL lines evaluated in the field in Hainan

province; ‘‘Top 50’’ indicates the 50 lines with the

highest grain weight or biomass; ‘‘Bottom 50’’

indicates the 50 lines with the lowest grain weight

or biomass. The violin diagram on the left shows

the grain weight and biomass distribution of the

top and bottom lines. **p < 0.01, ***p < 0.001 (chi-

squared test, N = 50).
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drought-resistant alleles from P1, whereas only QTLs on chromo-

somes 2, 8, and 12 exhibited drought-resistant haplotypes from

P2. About 83.1% (226) of these 272 QTLs were primarily related

to aboveground i-traits; only 46 were related to belowground

i-traits, and 11 QTLs were co-localized by aboveground and

belowground i-traits. There were more belowground biological-

yield-related QTLs (46) than belowground economic-yield-

related QTLs (21), suggesting that belowground traits play an

important role in improving biomass under DS. The QTLs co-

localized by both aboveground and belowground traits deserve

more attention in future studies. Figure 7B shows the key QTLs

with their related traits and contribution directions, providing

valuable guidance for the improvement of DR traits and

drought-resistant rice breeding.

We also analyzed the haplotype distribution of the three DR

genes identified in this study. Figure 7C illustrates the
Plant Communications 6, 101218, F
haplotype percentages of the three DR

genes in the extreme pools for the yield

trait. The distribution frequency of the two

haplotypes of the drought candidate gene

OsSAUR11 related to root traits in the

whole population (597 lines) was 56.42%
for P1 and 41.06% for P2. No significantly skewed distribution

was detected in the extreme pools for grain weight and

aboveground dry weight (biomass) traits, indicating no

significant contribution of this root-related gene to grain yield

and biomass traits, perhaps because of the limited effect of roots

in the clay soil conditions of Hainan province. The haplotype fre-

quency ratio of themulti-effect DR geneOsMADS50 from the two

parent lines in the whole population was nearly 1:1. In the top-50

pools of grain weight and aboveground biomass traits, the P1

haplotype was dominant over the P2 haplotype (p < 0.05),

whereas in the bottom-50 pool of the aboveground biomass trait,

the P2 haplotypewas overwhelmingly dominant (90%) over the P1

haplotype. This suggested that the P1 haplotype of this gene was

superior to the P2 haplotype for DR. It is therefore advisable to

introduce the P1 haplotype and minimize the P2 haplotype to

improve grain weight or biomass in DR breeding through molec-

ular design. Supplemental Figure 4 presents the molecular
ebruary 10 2025 ª 2024 The Author(s). 11



Plant Communications Molecular design of drought resistance in rice

Please cite this article in press as: Lou et al., Phenomics-assisted genetic dissection and molecular design of drought resistance in rice, Plant Commu-
nications (2024), https://doi.org/10.1016/j.xplc.2024.101218
clustering of three DR-related genes in the genomes of 20 rice va-

rieties. The genes of IRAT109 (P1) were distant from those of other

varieties, forming an independent cluster. This distinctive haplo-

type of IRAT109might be a rare and valuable genetic resource for

DR breeding. In this regard, only the HH15 (P2) haplotype of the

DR gene OsGhd8, which controls panicle traits, was significantly

enriched in the bottom-50 pool of the grain-weight trait (p < 0.01).

This result indicates a negative regulatory effect of the P2 haplo-

type on grain weight, and introduction of the P2 haplotype of

OsGhd8 should therefore be minimized in DR breeding. The mo-

lecular evolutionary tree also showed that OsGhd8 from the rice

variety OSPr106 was identical to that from HH15 (P2), suggesting

that the haplotype of the HH15-like variety should be avoided as a

genetic resource, especially in DR breeding (Supplemental

Figure 4).

DISCUSSION

In this study, we used HTPPs to obtain dynamic phenomic data

for 217 rice lines in the field and in root boxes under drought

and non-drought conditions by multimodal imaging. We con-

structed a linkage map of drought-resistant rice varieties that

contained a large number of QTLs (32 586) localized by extremely

abundant i-traits (139 040). The abundant and comprehensive

i-traits and the corresponding QTLs obtained in this experiment

can serve as a rich resource for the breeding of drought-resistant

rice varieties. Furthermore, compared with pot-based drought

treatments (Chen et al., 2014; Guo et al., 2018; Wu et al., 2021),

the DS progression in our field experiment was slower and

milder and thus much closer to the real scenario of DS in actual

rice production. The aboveground i-traits captured by the HTPP

from Shanghai and the manually measured m-traits from

Shanghai and Hainan were all obtained from field experiments,

rendering our experimental results more reliable and applicable

to actual breeding practices.

Compared with the IRAT109 genome (377 Mbp, 305 gaps)

released by Wang et al. (2024), our assembled genome (384

Mbp, 77 gaps) was slightly longer and had many fewer gaps

(Supplemental Figure 5). In addition to the centromere region,

chromosomes 1, 6, 9, and 11 also differed in the two versions

of the IRAT109 genome. Unlike conventional genome assembly,

this study used a linkage map as the skeleton to assist in assem-

bly and integrated a proteogenomic database to improve gene

annotation, thus obtaining a high-quality genome. Only 35 066

genes were annotated in the previously reported IRAT109

genome, whereas 55 498 genes were annotated in our IRAT109

genome.We also assembled and released a high-quality genome

of HH15, the first genome of a typical drought-tolerant rice, with a

total of 61 947 annotated genes. By analyzing the collinearity

among IRAT109, HH15, and 16 previously published rice ge-

nomes, we identified 9209 genes specific to the typical DA variety

IRAT109 and 14 584 genes specific to the DT variety HH15

(Supplemental Tables 3 and 4). All these findings will be useful

for genetic dissection and DR breeding.

We usedmultimodal cameras for continuous data collection at 17

timepoints andobtainedavastdataset (withabout4Tbof imaging

data). Data processing and feature extraction posed a significant

challenge. Toaddress this challenge,weestablishedanautomatic

image-processing pipeline (Supplemental Video 1), and the
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images captured by various multimodal (HSI, IR, and RGB)

cameras enabled the analysis of complicated traits such as DR.

Moreover, selection of a suitable time for i-trait collection is very

important, because the heritability and the effects of QTL

mapping and model prediction are closely related to plant

growth stage. For example, leaf traits tend to appear earlier than

panicle traits; hence, data collection for leaf traits should be

preceded by that for panicle traits. Furthermore, we constructed

prediction models to predict m-traits on the basis of i-traits at

the early growth stage. Overall, this study provides a valuable

reference for multimodal time-series phenomic analyses of com-

plex traits.

Weusedan extreme-pool-basedQTL screeningmethod to screen

numerous QTLs as an intermediate product (Figure 7B). The

skewed distribution of QTL peaks exhibited a regional and

continuous pattern, enabling the QTLs to be clustered into a

smaller number of composite QTLs on the basis of linkage

distance, contributing to their practical application in breeding

(Supplemental Tables 11 and 12). A total of 18 composite QTLs

related to the grain-weight trait and 21 composite QTLs related

to the biomass trait were obtained by merging adjacent QTLs

based on a genetic distance of 3 cM. A total of 33 and 52 known

genes related to rice DR were captured, respectively, by the

composite QTLs for grain weight and biomass. Twelve known

genes were captured by the QTLs for both grain and biomass

traits, including DSM2, HYR, OMTN3, ONAC022, Os9BGlu33,

OsCDPK1, OsDREB1A, OsDSG1, OsHB22, Oshox4, OsRF1, and

OsSAP1 (Dubouzet et al., 2003; Du et al., 2010; Park et al., 2010;

Giri et al., 2011; Chen et al., 2012; Ho et al., 2013; Ambavaram

et al., 2014; Fang et al., 2014; Ren et al., 2019; Zhou et al., 2020;

Kim et al., 2021; Yang et al., 2022a). These composite QTLs can

be used directly for future marker-assisted selection during

breeding. Yield-related QTLs were predominantly distributed on

chromosomes 8 and 9, whereas biomass-related QTLs were

mainly found on chromosomes 3 and 9. Alleles that improved yield

and biomass under DS were derived mainly from the IRAT109

parent. Therefore, the DA rice variety IRAT109 might be an excel-

lent genetic resource for DR breeding.

It is crucial to select different combinations of haplotypes accord-

ing to various environments and objectives for molecular-design

breeding. Different DR traits need to be considered for

environment-specific breeding. For instance, in upland environ-

ments, a deep-rooting-related drought-avoidance trait is more

crucial than other traits, because growth in uplands requires roots

to grow deeper to absorb water from deeper soil layers. There-

fore, DR QTLs related to root traits should be considered for up-

land rice breeding. The clay soil environment is unfavorable to

root penetration; thus, the DT of aboveground parts becomes

pivotal, and DR QTLs associated with aboveground traits should

be considered. In addition, different breeding objectives necessi-

tate distinct genetic loci. For example, in breeding aimed at

increasing grain yield under DS, great emphasis should be placed

onQTLs that control grain, such asQTLs on chromosome 8 in this

study. By contrast, when breeding for forage purposes, QTLs on

chromosomes 1 and 3 that enhance aboveground biomass

should be given preference. Moreover, the QTL region at the 30

end of chromosome 9 was consistently found to be related to

both economic and biological yield traits, indicating that this

QTL region has great application potential for future DR breeding.
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METHODS

Materials

IRAT109 is a typical upland rice variety developed and first released in

Cote d’Ivoire. Hanhui15 (HH15) is a WDR restorer line developed by

SAGC. The RIL population with 1500 lines was developed by crossing

IRAT109 with HH15 and self-crossing from the F2 to the F8 generation

via an SSD method. The genome resequencing data for 1262 lines were

used to construct the linkage map, and 217 lines that differed in growth

duration by <10 days were used for phenotypic scanning on the HTPP.

Five hundred ninety seven lines from the RIL population (out of 1262 lines

and not used in the aforementioned HTPP) were grown during the dry sea-

son with three biological replicates in Hainan, China, to measure their total

aboveground weight and total grain weight in the field under natural

drought conditions.

An OsGhd8 knockout mutant was obtained by the CRISPR-Cas9 tech-

nique in the ZH11 background. A knockout mutant of OsSAUR11 was

generated in the IRAT109 background, and a mutant overexpressing Os-

SAUR11 was developed in the Nipponbare background (Xu et al., 2023).

OsMADS50 knockout and overexpression mutants in the HG2

background were provided by Professor Chuanzao Mao’s laboratory in

Zhejiang University, China (Shao et al., 2019). Another OsMADS50

knockout mutant in the ZH11 background was purchased from BIOGLE

GeneTech (Hangzhou, China). The sequence information for the three

candidate genes in the parent lines is shown in Supplemental Table 13,

and the sequence information for the transgenic/mutant materials is

shown in Supplemental Figure 6.

Genome sequencing and de novo assembly

The gDNA samples of the parents (IRAT109 as P1 and HH15 as P2) were

sequenced by NRGENE using Illumina second-generation sequencing

with a total coverage depth of 3193 and 2793 in 2018. Accurate raw

data were obtained from paired-end and mate-pair libraries. Third-gener-

ation sequencing libraries were also prepared, and the parent samples

were sequenced to obtain additional sequencing data with a coverage

depth of 443 for P1 and 403 for P2. About 28 Gb of PacBio HiFi reads

(with a coverage depth of 703 and average sub-read length of

15 092 bp) from the HH15 variety were obtained to assemble the genome.

The genomes of IRAT109 and HH15 were assembled de novo, using the

genetic map of the RIL population derived from these two parents as

the skeleton. The assembly procedures were as follows. First, the hetero-

zygosity of the genomes was estimated using Jellyfish v.2.2.6 (k-mer anal-

ysis) and GenomeScope 1.0 software. Second, reads were assembled

into contigs using Hifiasm (v.0.16.1-r375), Canu (v.2.1.1), Falcon

(v.1.8.4), and Flye (v.2.9) software. Third, the contigs were assembled

into pseudo-chromosomes using Genome Puzzle Master, with

MH63RS3 as the reference (Song et al., 2021a). Finally, chromosome

sequences were polished using Racon (v.1.3.3) to improve single-base

quality. The whole proteome of multiple organs of IRAT109 at different

developmental stages under non-drought and drought conditions was

developed as reported previously (Yang et al., 2014), then used to

construct a proteomic database to minimize possible errors in the

genome assembly and improve the IRAT109 genome annotation. On the

basis of the transcriptome and proteome data, the genomewas annotated

using MAKER software, and more than 50 000 genes were annotated in

each of the HH15 and IRAT109 genomes. The sequence collinearity of

the two genomes was then compared using MUMmer software. Further-

more, some genes specific to the HH15 (DA variety) and IRAT109 (DT va-

riety) genomeswere comparedwith those in 17 other rice variety genomes

in the Rice Gene Index database (Yu et al., 2023).

Sequencing of the RIL population and construction of a genetic
map

DNAwas extracted from leaf samples collected from a single plant of each

RIL in April 2020 for library construction. Whole-genome paired-end rese-
Plant Commu
quencing was performed on the Illumina NovaSeq platform with an

average genomic coverage of 53. SNP loci were identified and filtered us-

ing UnifiedGenotyper with a stand_call_conf of 30 and a stand_emit_

conf of 10. A total of 11 785 bin markers were identified by the Bayesian

algorithm with the parameters frequency >0.3, heterozygosity <0.2, and

distance >200 bp. A linkage map with a total length of 1151.7 cM was

developed based on linkage groups of bins determined using ‘‘onemap’’

and marker ordering within linkage groups based on the Kosambi algo-

rithm (Margarido et al., 2007).

Drought treatment and aboveground phenomic data collection
by HTPP

In the summer of 2021, phenotypic data for 217 lines from the RIL popu-

lation that differed in growth duration by <10 days were collected under

gradient water scenarios on the HTPP specialized for DR at Jinshan

Experimental Farm of the SAGC (Langxia, Jinshan, Shanghai; 121.2�E,
30.8�N). Similar to the method used in our previous drought screening fa-

cility (Liu et al., 2006), the plot (6.8m in total length), known as the ‘‘drought

screening island,’’ was divided by a middle shallow ditch (about 30 cm in

depth, serving as the water supplier) into two back-to-back subplots with

a length of nearly 3 m each, enabling soil water gradients through

infiltration irrigation, and there was a deep drainage channel (2 m in

depth) along both sides of the plot. Rice seeds were sown in the

nursery at the end of May 2021, and seedlings were then transplanted

to the HTPP at the end of June. Each subplot had four rows with 16

plants per row, 20 cm between rows, and 18 cm between plants,

following a randomized block design with three replicates. After 1 month

of normal growth (under non-drought conditions), irrigation was stopped,

and the water level in the drainage channel was decreased to about 1.8 m

below the soil surface. Only in the middle water ditch was a water layer of

about 15 cm maintained by infiltration irrigation for about 45 days, after

which full irrigation was restored at the stage of rice grain filling and matu-

ration. After irrigation was stopped, rice plants located near the drainage

channels suffered from increasing water-deficit stress, i.e., they were un-

der DS treatment, whereas a normal water level was maintained for rice

plants near the middle water ditch, i.e., they were under WW treatment.

For plants under the DS and WW treatments, all environmental factors

except soil moisture were identical, enabling the comparison of plant

DR under DS and WW treatments.

A gantry moving system (sensor to plant) carrying multimodal imaging de-

vices including HSI, IR, and RGB cameras was set up as one part of the

aboveground HTPP. All plots were scanned once every 3 days from day

75 post sowing (D75), and hyperspectral and visible-light imaging was

performed from 19:00 h to 05:00 h the next day, with infrared imaging

from 14:00 h to 17:00 h. From D75 to D126, 17 instances of image acqui-

sition were performed, with one missing on D117. Five representative

plants with uniform growth status were selected from the DS and WW re-

gions of each subplot for manual measurement of traits including plant

height, plant tiller number, aboveground biomass (dry weight), panicle

number, grain dry weight, seed-setting percentage, and 1000-grain

weight at the maturing stage.

Development of predictive models

Predictive models were developed by stepwise linear regression, with the

i-traits of aboveground parts obtained at each time point as independent

variables and the m-traits as dependent variables. The dataset was split

into training and test sets using a 5-fold cross-validation method. The

model was trained and tested 100 times, and the average correlation co-

efficient (R) on the test set was used to evaluate the effectiveness of the

model.

Drought treatment and belowground phenomic data collection
from root boxes

The phenotypic data for belowground parts were collected from the same

population used for aboveground part examination in autumn 2022 in
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Wuhan. The root boxes (30 cmwidth3 50 cm depth) were arrayed side by

side with an inclination angle from the ground. Root-system images were

captured by high-resolution visible-light cameras carried by a small rail

vehicle in sensor-to-plant mode. Seeds were sown atop each root box

with six replicates per line. Full irrigation was initially applied to all root

boxes. Irrigation was stopped for half of the root boxes at day 21 post

sowing (D21) to enable the development of DS, while the other half of

the root boxeswerewell watered. Beginning on the date of irrigation termi-

nation (D21), visible-light imaging of all root boxes was performed once

every 3 days, from 07:00 h to 22:00 h (in total, nine time points from D21

to D45). Finally, the lengths and weights of whole plants and roots were

measured manually.

Manual acquisition of yield traits for 597 unused lines (out of
1262) in the field

Five hundred ninety-seven lines with a similar heading date in the RIL pop-

ulation from Hainan province were selected for manual investigation of

DR. The field experiments were performed from December 2021 to May

2022 during the dry season at the Shanghai Nanfan Experimental Station.

Each plot consisted of 5 rows 3 7 plants, with three replicates for each

line. After 2 months of normal growth, drought treatment was initiated

by stopping watering, and watering was then restored 1 month later.

Five plants with uniform growth status from each subplot were harvested

at the mature stage to measure their biomass and grain weight.

Drought treatment of mutant materials in pots for phenotyping

Phenotypes of the three candidate genemutants were investigated inWu-

han by pot drought experiments. In mid-May 2023, seedlings at the two-

leaf stage were transferred to pots (20 cm in diameter and 18 cm in depth).

There were 12 replicates for each line. After 60 days of normal growth, the

plants were moved to a greenhouse for drought experiments. The pots

were weighed daily from day 10 post watering termination. According to

themeasuredweight, water was added tomaintain 15% relative soil mois-

ture. After 10 days of treatment, pots were moved to an imaging darkroom

and photographed every 2 days to obtain i-traits such as TPA (total pro-

jected area), GPAR, and PAR. After a 20-day drought treatment, plants

were rewatered at the mature stage, and their aboveground parts were

harvested for manual measurement of yield traits to obtain m-traits such

as panicle number, grain number per panicle, grain weight, grain size,

and seed-setting percentage.

Drought-stress simulation in root chambers and phenotyping

In June 2023, seeds were germinated at 30�C for 2 days. Uniformly germi-

nated seeds were sown into open-bottomed 96-well PCR plates and

grown in a nutrient solution for 14 days. Seedlings with uniform growth

status were selected, and their roots were trimmed to 0.5 cm and placed

into root chambers (14 cm length, 14 cm width, 28 cm depth) (Figure 6D).

The root of each seedling was positioned at the same height between the

black filter paper and the transparent chamber wall. Nutrient solution was

added to the chamber (10 cm below the roots), thus maintaining a certain

humidity near the roots through the filter paper. This systemwas designed

to simulate DS, ensuring that the roots were not saturated with water,

while maintaining a certain level of humidity. Each side wall of one

chamber accommodated five seedlings, with 30 replicates for each line.

After initial trimming, root lengths were measured every day to evaluate

root growth rate.

Environmental data collection

One hundred water potential sensors were evenly installed in the field of

the HTPP before drought treatment to monitor changes in soil water po-

tential at a depth of 15 cm from the soil surface. Two meteorological sta-

tions were installed, one inside and one outside the greenhouse of the

HTPP, to monitor meteorological parameters such as air temperature,

humidity, and light intensity. All data were measured automatically and

automatically saved every hour.
14 Plant Communications 6, 101218, February 10 2025 ª 2024 The A
Phenotypic trait screening

First, three replicates of all the i-traits from the DS andWW treatments and

their mean values were obtained for subsequent analysis. Second, the 3s

rule was used to eliminate outliers. A two-sample equal-variance t-test

was performed to assess the differences between the WW and DS treat-

ments. Only traits with a confidence interval >95% were selected for sub-

sequent genetic analysis. The broad-sense heritability for i-traits at

different time points was calculated according to the following formula.

Hb =
bs2
g

bs2
g+bs

2
e

=
V1 � V2

V1+ðr � 1ÞV2

;

where V1 represents the between-group variance; V2 denotes the within-

group variance; and r is the number of replicates. Only traits with a herita-

bility >0.1 were retained for subsequent genetic analysis.

QTL mapping

Genetic mapping of phenotypic traits was performed to identify major-

effect QTLs. The genetic distance was calculated by the Kosambi method

in the CIM function of R/qtl software (Peñuelas et al., 1997). The Haley–

Knott method was used for QTL scanning. QTLs with an LOD score

>2.5 were considered to be candidate QTLs and used for subsequent an-

alyses. A span of 150 kb on either side of the SNP with the highest LOD in

the QTL was defined as the QTL region. Adjacent QTLs whose 150-kb

span regions overlapped were designated composite QTLs.

Transcriptomes of parental lines underwater-deficit conditions

In the summer of 2022, after 70 days of growth under normal conditions,

potted plants of the IRAT109 and HH15 parental lines were subjected to a

10-day drought treatment (Supplemental Figure 1C). Five leaves were

collected from potted plants for transcriptome sequencing, with three

replicates of each line and treatment. Transcriptome sequencing was

performed by Shanghai Majorbio Bio-pharm Technology (Shanghai,

China) following standard procedures for RNA extraction, reverse transcrip-

tion, library construction, and sequencing. Transcriptome information for the

DR-related genes in the parental lines is provided in Supplemental Table 14.

Gene-expression quantification

The expression levels of target genes were detected by qPCR using the

TransStart Top Green qPCR Supermix kit (Transgene) and the CFX96

real-time PCR system (Bio-Rad). Gene expression was calculated using

the 2�DDCt method and normalized using the rice actin gene OsACT2 as

the reference gene. The nucleic acid sequences of primers used in

qPCR were:

KAT2F: CGA GTT GCA GTC CTG TAG TT; KAT2R: TCC ACA GAT CAT

AGA GGG C;

WSL1F: GGT TGC CAA GAA GGT CCT CA; WSL2R: TGT GCC AGT CAG

TCA ACT CC;

ABCG9F: CAC CCA GGT TTC TCC CAC TA; ABCG9R: GCT TCG GAA

TGT CGT AAG GA.

Leaf dehydration rate

After approximately 60 days of normal growth, leaves were collected from

plants. Leaves were cut into segments (10 cm in length) and placed in a

25�C environment for natural dehydration. To measure leaf dehydration

rate, the weight of five leaves from each replicate was measured every

half hour from 0 to 8 h post collection, with five replicates for each line.

i-Trait QTLs screened by chi-squared test

On the basis of the experiment results from Hainan province, we estab-

lished extreme pools containing the top and bottom 50 lines for above-

ground biomass and grain yield. A chi-squared test was performed to
uthor(s).
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screen QTLs with a significantly skewed distribution between the two

parental alleles and for which these two parental allele frequency differ-

ences were >0.2 between the top and bottom pools. The i-trait QTLs

screened according to biomass or grain yield under DS from the validated

subpopulation may be promising loci for use in drought-resistant rice

breeding. A similar chi-squared test was performed for three candidate

genes.

DATA AND CODE AVAILABILITY
All the phenome data and core data-handling code have been deposited

online.

Genome data

https://riceome.hzau.edu.cn/download.html.

Aboveground data

http://plantphenomics.hzau.edu.cn/usercrop/Rice/image/2021-

JinshanAboveground.

Belowground data

http://plantphenomics.hzau.edu.cn/usercrop/Rice/image/2022-

WuhanUnderground.

Project home page

https://github.com/Crystalysafer/Rice-Drought-program.

Deep-learning model and GUI

https://github.com/Crystalysafer/Rice-Drought-program/releases/

tag/V1.0.
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