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ABSTRACT15

Salt stress is a major limiting factor that severely affects the survival and growth of16

crops. It is important to understand the salt tolerance ability of Brassica napus and17

explore the underlying related genetic resources. We used a high-throughput18

phenotyping platform to quantify 2,111 image-based traits (i-traits) of a natural19

population under 3 different salt stress conditions and an intervarietal substitution line20

(ISL) population under 9 different stress conditions to monitor and evaluate the salt21

stress tolerance of B. napus over time. We finally identified 928 high-quality i-traits22

associated with the salt stress tolerance of B. napus. Moreover, we mapped the salt23

stress-related loci in the natural population via a genome-wide association study24

(GWAS) and performed a linkage analysis associated with the ISL population,25

respectively. The results revealed 234 candidate genes associated with salt stress26

response, and two novel candidate genes, BnCKX5 and BnERF3, were experimentally27

verified to regulate the salt stress tolerance of B. napus. This study demonstrates the28

feasibility of using high-throughput phenotyping-based QTL mapping to accurately29
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and comprehensively quantify i-traits associated with B. napus. The mapped loci30

could be used for genomics-assisted breeding to genetically improve the salt stress31

tolerance of B. napus.32

Key-words: Brassica napus, high-throughput phenotyping, salt stress, GWAS, linkage33

analysis34

35

INTRODUCTION36

Crops are severely affected by salinity in many areas worldwide (Morton et al., 2019;37

Song and Liu, 2017). Saline land alone has been estimated to incur agricultural losses38

equal to approximately $30 billion (Qadir and Oster, 2004; Tyerman and Munns,39

2019). Although breeders have used many approaches to produce high-yielding crops40

that can be harvested to meet the food needs of the growing population, maintaining41

global food supplies is a challenge (Hickey et al., 2019; Yamaguchi and Blumwald,42

2005; Zhu, 2001).43

The salt stress response is a complex genetic mechanism that is driven by the44

activation of a series of complex gene networks involving signal transduction,45

hormone regulation, epigenetic modification, transcriptional regulation, ion46

transporters, metabolic pathways, etc. (Wani et al., 2013). Salt stress conditions result47

mainly in osmotic and ionic stresses. The osmotic stress response is regulated usually48

by the abscisic acid (ABA)-dependent pathway, and this stress increases the water49

loss of plants under salt stress conditions (Kumar et al., 2013; Munns and Tester,50

2008). Ionic stress arises when plant cells absorb and accumulate a large amount of51

Na+ and Cl- for a long period, which causes ion toxicity, especially in older leaves52

(Tester and Davenport, 2003). Salt stress-related signal transduction pathways include53

mainly ABA-dependent pathways, ABA-independent pathways, Ca2+ ion pathways,54

the salt overly sensitive (SOS) pathway and reactive oxygen species (ROS) pathways55

(Kumar et al., 2013). Multiple transporters and ion channels such as the Na+/H+56

antiporter SOS1 (Shi et al., 2002), the Na+/H+ exchanger NHX (Berkowitz and57

Masmoudi, 2007), the high-affinity potassium transporter HKT1, the vacuolar58
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pyrophosphatase AVP1, and the H+ pyrophosphatase TVP1 as well as nonselective59

cation channels have been shown to play important roles in maintaining cell- and60

plant-level ion homeostasis during salt stress (Gaxiola et al., 2001; Julkowska and61

Testerink, 2015).62

Brassica napus is a vital oil crop species worldwide. Application of exogenous63

glycine betaine and proline at the germination and seedling stages can improve B.64

napus (Athar et al., 2009), and AtNHX1 overexpression in B. napus can increase salt65

tolerance (Zhang et al., 2001). Seventy-five single-nucleotide polymorphisms (SNPs)66

have been revealed to be associated with B. napus (Wan et al., 2017). A total of 1267

quantitative trait loci (QTLs) explaining 4.9% to 10.9% of phenotypic variation68

during salt stress have been mapped to different chromosomes (Jian et al., 2014).69

Approximately 45 QTLs for 10 salt stress tolerance indicators were identified in B.70

napus via an F2:3 population (Lang et al., 2017). These studies of B. napus have71

focused mainly on the evaluation of salt stress tolerance, gene expression analysis and72

QTL mapping. However, the complex genetic basis and molecular mechanism73

underlying the B. napus salt stress response are largely unknown.74

Salt stress tolerance involves various molecular, physiological and metabolic75

processes controlled by a large number of loci (Al-Tamimi et al., 2016; Guo et al.,76

2018). Genetic analysis enables the detection of loci or genes related to the salt stress77

response through the use of traditional agricultural or physiological indexes measured78

by conventional methods, which are low throughput, have a high degree of error, are79

nonstandard, are expensive and are labor intensive. In recent years, the use of80

high-throughput phenotyping platforms has gradually become an effective way to81

obtain high-quality standardized data (Li et al., 2020a; Yang et al., 2014), and many82

associated loci have been identified in Arabidopsis, rice, wheat, maize, B. napus, etc.83

RGB and chlorophyll fluorescence imaging have been used to estimate the growth84

and photosynthesis-related traits of Arabidopsis under salt stress (Awlia et al., 2016;85

Wu et al., 2021). Similarly, hyperspectral (GGP) imaging has been used as a86

high-throughput tool to measure various traits of maize plants, including agricultural,87

https://fanyi.so.com/?src=onebox
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chemical and physiological indicators (Ge et al., 2019; Ge et al., 2016). Loci88

associated with the salinity tolerance of rice have been identified by the combination89

of high-throughput phenotyping and genome-wide association studies (GWASs) to90

determine relative growth rates, transpiration rates, and transpiration use efficiency91

(Al-Tamimi et al., 2016). Genetic loci associated with traits of B. napus roots have92

been identified by high-throughput root phenotyping (Shi et al., 2013).93

High-throughput phenotyping has also been used to parse the dynamic genetic94

architecture driving plant growth and yield (Li et al., 2020b; Wu et al., 2021). In95

summary, the application of high-throughput phenotyping greatly accelerates the96

dissection of the complex genetic architecture of crop plants.97

To study B. napus under salt stress response, image-based traits (i-traits),98

including 54 side-view (CS)-derived and 17 top-view (DS)-derived RGB-derived99

traits and 2,040 hyperspectrum-derived traits, were estimated via a high-throughput100

phenotyping platform from a natural population and an intervarietal substitution line101

(ISL) population. QTLs associated with salt stress tolerance were identified and102

compared by an i-trait-based GWAS and linkage analysis. We predicted 234103

candidate genes associated with the salt stress response, and two unreported genes,104

BnCKX5 and BnERF3 located on ChrA02 and ChrA06, respectively, were105

experimentally verified to regulate the salt stress tolerance of B. napus. Additionally,106

some salt-tolerant and salt-sensitive accessions have been identified as breeding107

materials for genetic improvement of salt stress tolerance of B. napus. It proved to be108

trustworthy that the original images and genotypic and phenotypic data-based GWAS109

and linkage analysis of all 505 B. napus accessions and 91 ISLs are evaluated salt110

stress response in B. napus. Our study provides a promising method to reveal the111

genetic architecture involved in the genetic improvement of B. napus.112

113

MATERIALS AND METHODS114

Materials115

A natural population consisting of 505 B. napus accessions was used in this study116
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(Supporting Information Table S1) (Tang et al., 2021). We also used a rapeseed ISL117

population comprising 91 lines as experimental materials (Supporting Information118

Table S1) (Li et al., 2020b).119

Stress treatments and high-throughput phenotyping120

Five to six seeds (3 replicates per line) were directly sown in pots filled with 4.5 kg of121

soil on October 4, 2016 (for the 505 B. napus accessions), and October 4, 2018 (for122

the 91 ISLs), all of which were sown in one day. After sowing, all the plants were123

watered normally, and organic matter was applied. Fertilization with 200 mL of liquid124

fertilizer was carried out monthly (60 kg of water + 370.68 g of carbamide + 330.76 g125

of potassium dihydrogen phosphate + 94.24 g of potassium chloride; fully dissolved)126

(Guo et al., 2018).127

When they reached the 4–5 leaf-stage, the 505 B. napus accessions were128

cultivated outdoors in pots under control and low salt (L, 0.2%) and high salt (H,129

0.4%) conditions and assessed via high-throughput phenotyping (Supporting130

Information Table S2). Due to the outdoor rainwash, we applied 0.05% salt or other131

treatments at two different time periods. We used RGB and GGP imaging at the first132

three time points (T1–T3), but we used only RGB imaging at the last two time points133

(T4–T5). In addition, we cultivated 91 ISLs in pots to which many various stress134

conditions were imposed, including low salt (LY, 0.2%), high salt (HY, 0.4%), low135

alkali (LJ, 0.15%), high alkali (HJ, 0.25%), low salt and low alkali (LYLJ, LY: 0.2%136

and LJ: 0.15%), low salt and high alkali (LYHJ, LY: 0.2% & HJ: 0.25%), high salt137

and low alkali (HYLJ, HY: 0.4% & LJ: 0.15%) and high salt and high alkali (HYHJ,138

HY: 0.4% and LJ: 0.25%) stress conditions (3 replicates per line), which were139

assessed via the high-throughput phenotyping platform. For the 91 ISLs, we used only140

the RGB images of plants under the various salt and alkali stress conditions during the141

T1–T5 periods. The entire experimental design, measurement time points, trait142

descriptions, weather conditions, and stress imposition methods are described in detail143

in Supporting Information Table S17.144

High-throughput phenotyping image analysis and trait extraction145
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The processing of CS-derived RGB images involved the following 5 steps: 1) A146

predefined rectangular block was used to remove the conveyor and other impurities147

from the original CS images and obtain cropped images; 2) Hue, saturation, and148

intensity (HSI) segmentation was used to obtain segmented binary images from the149

previous RGB image and to calculate the morphology-related traits; 3) Other150

morphology-related traits were calculated using the image convex hulls, which were151

obtained through the binary image processing in step 2. 4) The binary images were152

used as masks of the image obtained in step 1 to process the RGB images and the153

corresponding gray images of the intensity channel, after which the color-related traits154

and histogram texture-related traits were calculated from these images; and 5) Twenty155

CS images were ultimately generated, and the i-traits of each sample were obtained156

(Supporting Information Table S4) (Li et al., 2020b).157

The processing of the DS images was similar to that of the CS images and158

involved 3 steps that differed from those for the CS images processing: 1) A159

predefined rectangular block was used to remove the conveyor and other impurities160

from the original DS images and to obtain the cropped images; 2) Excessive green (E161

x G) segmentation was used to obtain segmented binary images from the original162

DS-derived RGB image and then calculate the morphology-related traits; and 3) The163

binary images were used as masks of the original DS image, and the histogram texture164

trait- and color-related traits were calculated for the processed RGB image, gray165

image of the intensity channel, gray image of the green channel, etc. (Supporting166

Information Table S5) (Li et al., 2020b).167

A GGP imaging system was used for the first time to measure 505 accessions168

under different salt stress conditions. We also provided a flow chart describing the169

GGP image processing that included 3 main steps: 1) A binary data stream was170

obtained for one sample from the HSI imaging system, and these binary data streams171

were reorganized ultimately to obtain 250 GGP images (Supporting Information172

Table S3). 2) Two of these 250 GGP images were selected for segmentation to obtain173

new gray binary images, which were then processed; and 3) The binary images in step174
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2 were used to mask the 250 GGP images, which were subsequently processed to175

calculate the spectral traits, including the total reflectance-related traits, average176

reflectance-related traits, and logarithm-related traits (Supporting Information Table177

S6) (Wu et al., 2021).178

Image processing (CS, DS and GGP image analyses) was performed using179

LabVIEW 2015 (National Instruments, USA), which involved the use of a dynamic180

link library with Visual Studio 2015 (Microsoft, USA) and Open CV 3.4 (Open181

Source:182

https://github.com/fenghuifh2006/Maize-RGB-CT-HSI-program/tree/main/Maize-HSI183

-Program, https://github.com/fenghuifh2006/2-top_features_Rape-phenotyping and184

https://github.com/fenghuifh2006/3-side_features_Rape-phenotyping).185

Destructive measurements for evaluating the high-throughput phenotyping186

platform187

Twenty random accessions were grown and measured to evaluate the measurement188

and performance of the high-throughput phenotyping platform, and a reliable and189

robust model was constructed to assess and predict traditional agricultural traits of the190

plants under 3 salt stress conditions at 5 time points through destructive sampling and191

through nondestructive measurements by the high-throughput phenotyping platform,192

which included CS RGB-derived measurements, DS RGB-derived measurements,193

GGP measurements and manually measurements of traditional agricultural and194

physiological traits (Supporting Information Table S7).195

Leaf chlorophyll content196

Leaf chlorophyll content was measured under salt stress and control conditions using197

a SPAD‐502 Plus chlorophyll meter (Spectrum Technologies, Inc.). Fully expanded198

penultimate leaves were used for the measurements. Each leaf was measured three199

times at different positions while avoiding the veins, and the average of the three200

readings was recorded for the different time points and under different stress201

conditions (Kang et al., 2019).202

Determination of proline levels203
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Proline is an important component of the salt stress response of plants. The proline204

concentration was determined using a standard curve of L‐proline. Approximately 0.1205

g of leaf tissue was homogenized in 1.5 ml of 3% sulfosalicylic acid, and the residue206

was removed by centrifugation at 3000 rpm for 5 min each. One hundred microliters207

of the extract, 2 ml of glacial acetic acid and 2 ml acid ninhydrin (1.25 g of acid208

ninhydrin warmed in a solution comprising 30 ml of glacial acetic acid and 20 ml of 6209

M phosphoric acid until it dissolved) were allowed to react for 60 min at 100 °C, and210

the reaction was then terminated by placement in an ice bath. The reaction mixture211

was extracted with 1 ml of toluene, after which it was vortexed for 30 seconds and212

incubated at room temperature for 10 min. Afterward, chromophore‐containing213

toluene was warmed to room temperature, and its optical density at 520 nm was214

measured (Bates et al., 1973; Khedr and A., 2003).215

Determination of malondialdehyde (MDA) content216

We weighed and obtained approximately 0.1 g of leaf tissue, to which we added 2 ml217

of 10% trichloroacetic acid (TCA) solution followed by additional TCA such that the218

total volume was 3 ml and subsequently centrifuged the sample for 10 min at 4000219

rpm. We transferred 2 ml of the supernatant into new tubes and added 2 ml of distilled220

water and 2 ml of 0.6% thiobarbituric acid (TBA) solution to another sample in221

boiling water for a 15 min reaction, after which the solution was centrifuged and222

cooled. Finally, we measured the MDA content at wavelengths of 450 nm, 532 nm223

and 600 nm via an ultra-microporous plate (MPP) spectrophotometer (BioTek Epoch,224

USA) (Shao et al., 2005; Wang et al., 2006).225

Relative electrical conductivity (REC)226

REC measurements were performed as previously described with minor modifications.227

One fully expanded functional leaf from normal plants was cut into segments of228

similar sizes and immersed in 8 ml of double distilled water in a 10 ml tube for 24 h at229

room temperature with continual shaking at 100 rpm, and then we calculated the REC230

by a conductivity meter. Then, this tube was boiled with water for 15 min of reaction231

cooling, and the REC was calculated by a conductivity meter (Model DDS-IIA,232
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Shanghai Leici Instrument, Inc., Shanghai, China).233

Determination of the high repeatability, high heritability and significant234

treatment effect of traits related to the salt stress response235

To select traits that had high repeatability, high heritability and significant treatment236

effects and that were related to the salt stress response, we developed a series of237

processes, as outlined here. 1) For outlier detection, using R language, we used the238

probability of data appearing outside the range of “±3σ” as P (| x-μ | >3σ) <= 0.3%. 2)239

Repeatability was measured according to the strength of the correlation coefficient240

(R_MAX) among 3 replicates, calculated via R language (Chen et al., 2014b). 3) For241

the heritability test, we calculated the H2b of the traits as follows: H2b = σ2G /(σ2G +242

σ2GE /n + σ2e /nr). This was subjected to analysis of variance (ANOVA) using the243

lme4 package in the R environment (Chen et al., 2014a; Li et al., 2020b). 4) The244

genetic effect (G_effect), treatment effect (E_effect) and interaction effect of the245

genetic and treatment effects (G x E effect) represented the fixed effects of the246

genotype, the environmental effect of the experiment and the genotype-by-experiment247

interaction effect, respectively. Unlike for the controls, we calculated all the genetic248

and treatment effects of all traits using the AVOVA function in the R environment249

(Chen et al., 2014b). 5) For selected traits significantly associated with the salt stress250

response, by combining outlier screening, the repeatability of 3 replicates (R_MAX ≥251

0.5), dynamic heritability analysis (H2b ≥ 0.5) and the treatment effects (P_value ≤252

0.05) at different time points meeting these criteria, we ultimately obtained effective253

traits by the use of a strict screening system (Supporting Information Table S9) (Chen254

et al., 2014b).255

Correlation network of i-traits and traditional agricultural traits256

To link the high-throughput phenotyping-measured traits and traditional agricultural257

and physiological traits that were destructively measured, we performed correlation258

analyses of the i-traits and the traditional traits to construct a large correlation network259

encompassing different growth periods and stress conditions (Pearson's correlation260

coefficient (R) ≥ 0.3, P<0.001). The correlation network was visualized using Gephi261
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0.9.2 (NetBeans, open source).262

Nondestructive prediction model and 5-fold cross validation263

The use of high-throughput phenotyping platforms is gradually becoming an effective264

way to collect high-quality standardized data over time. To improve the data265

collection efficiency and standardization, reduce manual error and reduce labor costs,266

we used stepwise regression analysis to develop a series of nondestructive prediction267

models via destructive measurements, which was implemented with SPSS Statistics268

25 (IBM, USA) (Supporting Information Table S10).269

To understand the generalizability of the prediction model, we used 5-fold cross270

validation. The dataset was divided into five parts. A subset was taken as the271

validation set each time, and the remaining data were taken to compose the training272

set to obtain the index of the fitting effect of the current training model expressed by273

the Mean absolute error (MAE). After this process was repeated five times, many274

MAEs of each model were compared, and parameters corresponding to the minimum275

MAE value were used as the optimal models and parameters. Fivefold cross276

validation was implemented with LabVIEW 2015 (National Instruments, USA)277

(Supporting Information Table S10).278

GWAS279

A total of 505 B. napus accessions were used to construct an association panel. Their280

high-quality clean read data were analyzed by BWA (v0.75) software (Li and Durbin,281

2009). The reference genome information was obtained from the Brassica v4.1282

('Darmor-bzh’) genome (http://www.Genoscope.cns.fr/brassicanapus/data/). We283

adopted a mixed-model approach using a factorial spectrally transformed linear mixed284

model that included 7,862,482 SNPs across the entire B. napus genome. We also285

performed GWASs using the FaST-LMM and GAMMA software models (Listgarten286

et al., 2013; Zhou and Stephens, 2012). The suggested and significant P-value287

threshold of the entire population was 1.0E−06. The candidate genes with different288

gene expression ratios between the control treatment and stress treatment (R ≥ 2 or ≤289

0.5) and summary score (≥ 0.9) were within 200 kb upstream or downstream of the290

http://www.genoscope.cns.fr/brassicanapus/data/
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lead SNP (Supporting Information Table S11-12) (Tang et al., 2021).291

Linkage analysis292

The 91 ISLs are described in detail in a previous study (Li et al., 2020b; Zhang et al.,293

2015) and were sequenced using the genotype-by-sequencing (GBS) method in294

conjunction with 4,214 genotype markers throughout the whole genome. These295

markers covered approximately 350 substituted chromosome segments across the 19296

chromosomes. A total of 2,223 tolerance coefficients (TCs) traits were determined297

using Ici-Mapping 4.1 software with the RSTEP-LRT-ADD model according to a298

LOD threshold of 2.5 (Meng et al., 2015). The QTL intervals (between at least 2299

marker intervals) were then defined as overlap hotspots according to the latest300

published ZS11 genome sequence (Song et al., 2020; Wu et al., 2019). Some genes or301

QTLs were selected as candidates within the 5M region upstream or downstream of a302

significant genotype marker (Supporting Information Table S11; Supporting303

Information Table S13) (Li et al., 2020b; Zhang et al., 2015).304

LD analysis305

LD analysis was performed with PLINK (Tang et al., 2021).306

RNA-seq307

Total RNA was extracted with TRIzol reagent (Invitrogen Life Technologies) from308

the leaves of 4-week-old plants grown in soil in a growth chamber set at a constant309

25 °C temperature, a 16/8 h light/dark photoperiod and 50–60% relative humidity310

(RH). The RNA was dissolved in diethyl phosphorocyanidate (DEPC) water and311

measured with a spectrophotometer (NanoDrop 2000; Thermo Scientific, Waltham,312

MA). The purified RNA was sequenced with GenoSeq (high-throughput313

phenotyping://www.genoseq.cn/) using an Illumina HiSeq platform in paired-end 2x314

150 bp mode, and approximately 10 Gb of clean reads were generated for each315

sample. We then filtered the low-quality sequences with Trimmomatic and calculated316

the normalized transcripts per million (TPM) values (Supporting Information Table317

S15).318

Functional study of candidate genes319
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To verify functions of candidate genes under salt stress, the coding DNA sequences320

(CDSs) of BnaA02g05340D (BnCKX5) and BnaA06g02670D (BnERF3) were cloned321

from accession X182, and the cloned fragments were subsequently ligated into322

pCAMBIA-1300s using the KpnI and XbaI restriction enzymes (Supporting323

Information Table S16). Westar was used as the transgenic receptor material.324

From July to September 2019 and from September to November 2020, we planted325

OE-BnCKX5, OE-BnERF3 and Westar (WT) plants in a growth chamber set at a326

constant 25/16 ℃ day/night temperature, a 16/8 h light/dark photoperiod and 50–60%327

RH to measure PH and ADW. Each genotype was divided into two treatments: a328

control treatment and a salt stress treatment imposed via application of a 385 mM329

NaCl solution of liquid fertilizer (per large box: 30 L of water + 500 g of NaCl; ~385330

mM). Each line included at least 6 biological replicates.331

From early July to September 2020 and from late July to September 2020,332

approximately one-week-old uniform seedlings were transferred to Hoagland solution333

(4.0 mM KNO3, 1.0 mM MgSO4, 4.0 mM Ca(NO3)2, 1.0 mM NH4H2PO4, 1.0 mM334

(NH4)2HPO4, 1 mM NaCl, 41.2 μM Na2-EDTA, 12.5 μM H3BO3, 0.39 μM CuSO4,335

1.59 μM MnSO4, 1.0 μM ZnCl2, and 0.5 μM NaMoO4), the pH of which was adjusted336

to 5.8 with 0.1 M KOH. The growth conditions of the greenhouse included a 25/16 °C337

day/night temperature, a 16/8 h of light/dark photoperiod and 50–60% RH.338

Three-week-old plants were subjected to salt stress (0 mM, mM 50, mM 100 and 150339

mM NaCl) for two weeks, and there were at least 8 biological replicates per treatment.340

Afterward, we measured the PH, ADW and REC traits.341

From late September 2019 to early May 2020 (with only one environmental342

replicate and no high-throughput phenotyping) and from late September 2020 to early343

May 2021 (with two different environmental replicates and high-throughput344

phenotyping), first, 5–6 seeds were directly sown into pots filled with 4.5 kg of soil.345

After sowing, all the plants were watered normally, and organic matter was applied.346

Fertilization with 200 ml of liquid fertilizer was carried out per month (60 kg of water347

+ 370.68 g of carbamide + 330.76 g of potassium dihydrogen phosphate + 94.24 g of348
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potassium chloride; fully dissolved). Each genotype, including at least 3 independent349

transgenic lines with at least 8 biological replicates per line, was divided into two350

treatments for high-throughput phenotyping—a control treatment and salt stress351

treatment via fertilization with approximately 500 ml of a 385 mM NaCl solution of352

liquid fertilizer per pot (30 L of water + 500 g of NaCl; ~285 mM NaCl).353

Data availability354

The CS RGB-derived, DS RGB-derived, GGP and traditional traits are shown in355

Supporting Information Table S3-S7. The significant candidate SNPs, QTLs and356

genes associated with the salt stress response are listed in Supporting Information357

Table S11-S13. All of the original high-throughput phenotyping images, phenotypic358

data, genotypic data and image analysis processes for the different stress conditions359

have been added to the Huazhong Agricultural University high-throughput360

phenotyping platform database. We are also very happy to provide reasonable help361

involving our original images and data, research materials and methods if the362

corresponding authors are contacted.363

364

RESULTS365

High-throughput phenotyping of B. napus under stress conditions366

To explore the genetic basis of the salt stress tolerance of B. napus, we used two367

populations: a population of 505 B. napus accessions (Tang et al., 2021) and a368

population 91 ISLs (Supporting Information Table S1) (Li et al., 2020b). The 505 B.369

napus accessions were cultivated in triplicate under normal (CK), low (L, 0.2% NaCl)370

and high salt stress (H, 0.4% NaCl) conditions at the Huazhong Agricultural371

University and evaluated via a high-throughput phenotyping platform (Fig. 1a;372

Supporting Information Table S2). At the same time, 20 accessions (3 replicates) at 5373

time points were automatically and manually measured to evaluate the correlation374

between the i-traits and manually measured traits. In addition, we cultivated 91 ISLs375

under 9 stress conditions, with 3 replicates per line (Supporting Information Table S2).376

For the 505 accessions, the dynamic salt stress response of each plant was captured by377
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RGB imaging at 5 time points (CS1-CS5 for the CS and DS1-DS5 for the DS) and378

GGP imaging at 3 time points (GGP1-GGP3 for the GGP view) (Fig. 1b). In total, we379

collected 8.3 terabytes of images, which consisted of 454,500 CS-derived RGB380

images (3.9 terabytes), 22,725 DS-derived RGB images (0.2 terabytes) and 13,635381

GGP images (4.2 terabytes). For the 91 ISLs, each plant was evaluated via RGB382

imaging at 5 time points (CS1-CS5 for the CS and DS1-DS5 for DS). In total, we383

collected 2.3 terabytes of imagery, which included 245,700 CS-derived RGB images384

(2.1 terabytes) and 12,285 DS-derived RGB images (0.1 terabytes). Finally, we385

measured several traditional traits manually. In summary, these indicators could be386

classified into five categories throughout the whole growth period: geometric or387

morphological indexes, physiological indexes, GGP indexes, traditional agricultural388

traits and quality indexes (Supporting Information Table S3).389

After the original images were obtained, we used an automatic image analysis390

pipeline (Li et al., 2020b) to extract the i-traits, which involved 54 CS images of391

RGB-derived i-traits (Supporting Information Table S4) and 17 DS images of392

RGB-derived i-traits of the 505 accessions and 91 ISLs (Fig. 1c; Supporting393

Information Table S5). A total of 2,040 GGP i-traits were extracted from the images of394

the 505 accessions (Fig. 1c; Supporting Information Table S6), and RGB-derived and395

hyperspectrum-derived i-traits and manually measured traits were assessed for 20396

accessions (Supporting Information Table S7). We named these i-traits measured397

under different treatment conditions and stages according to the suffix type “trait398

name_time point_treatment”, e.g., E_TEX_SV_CS1_CK. To better evaluated the salt399

stress response, we focused on the salt tolerance coefficient (STC), calculated as the400

ratio of trait values under salt stress conditions and to those under normal conditions401

at different time points, which is represented by the suffix type “trait name_time402

point_treatment_D_control”, e.g., E_TEX_SV_CS2_LDCK. In total, 8,792 original403

i-traits, including 432 CS RGB-derived traits, 136 DS RGB-derived traits, 8,160404

hyperspectrum-derived (GGP) i-traits and 64 traditionally derived (destructively405

obtained) traits, were assessed and further analyzed (Fig. 1c) (Guo et al., 2018). To406
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process the large amount of data collected, we developed a strict data analysis407

pipeline to select i-traits related to the salt stress response (Fig. 1d).408

Determining reliable i-traits related to the salt stress response with high409

repeatability, high heritability and significant treatment effects under salt stress410

To quantify the data, we created a series of filter conditions by a threshold-based411

filtering procedure (median ± 3 SDs (standard deviations)) and assessed the412

repeatability among the 3 biological replicates. The filter standard for repeatability413

was a median correlation coefficient greater than 0.5 (R_MAX ≥ 0.5). In the end, we414

selected 27 (50% of the total), 28 (51.9% of the total), and 28 CS-derived traits415

(51.9% of the total) for the control, low salt stress and high salt stress conditions,416

respectively. We selected 12 (70.6% of the total), 11 (64.7% of the total) and 10417

DS-derived traits (58.8% of the total) for the control, low salt stress and high salt418

stress conditions, respectively. For the hyperspectrum-derived (GGP) traits, including419

any derived characteristics (GGP_marker), we also selected 2,024 (99.2% of the total),420

1,776 (87.1% of the total) and 2,030 GGP traits (99.5% of the total) for the control,421

low salt stress and high salt stress conditions, respectively. These i-traits showed high422

repeatability across all 3 replicates (after the outliers were removed) (Fig. 2a). The423

descriptive statistics, dynamic heatmap and the clustering diagram trends of the salt424

stress response of the i-traits indicated dynamic changes and variation under salt stress425

(Fig. 1a–d; Supporting Information Table S8).426

Heritability is a key factor that is commonly applied in crop science (Holland et al.,427

2010). Here, we first calculated and analyzed the dynamic changes in broad-sense428

heritability (H2b) for the 505 accessions and 91 ISLs under salt stress over time.429

Approximately 64% of i-trait H2b values were greater than 0.5 (Fig. 2b); the genetic430

effect (G_effect) and treatment effect (E_effect) represent the genotypic effect and431

environmental effect, respectively (Chen et al., 2014b). We filtered these traits by low432

salt and high salt treatment effects compared with the control effect, (L_treatment433

effect and H_treatment effect, P_value ≤ 0.05), which were significant under low and434

high salt stress. To choose the effective i-traits associated with the salt stress response,435
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we combined a high heritability median (H2b ≥ 0.5) and a significant low salt436

treatment effect and obtained 1,141 (54.05%) traits. At the same time, we obtained437

1,287 (60.97%) traits with high heritability and high salt treatment effects. In terms of438

the stability across the three replicates, we combined the median dynamic R_MAX439

and low treatment effect, and we ultimately selected 1,801 (85.32%) traits. For the440

dynamic median R_MAX and H_treatment effects, a total of 1,978 (93.6%) traits441

were selected (Fig. 2c; Supporting Information Table S9). Finally, via strict filtering442

criteria, we obtained 928 traits associated with the salt stress response (Fig. 2d;443

Supporting Information Table S9) (Chen et al., 2014b).444

I-traits as salt stress biomarkers for predicting traditional traits445

To predict traditional agronomic traits including plant height (PH), aboveground fresh446

weight (AFB), aboveground dry weight (ADB), leaf area (LA), stem dry weight447

(Stem_DW), stem fresh weight (Stem_FW) and chlorophyll content (SPAD), we448

developed a series of nondestructive methods involving model construction (Fig.449

S2-S4). From the prediction results, most of the predicted indicators’ adjusted450

coefficients of determination (R2) were greater than 0.8 according to stepwise451

regression analysis and 5-fold cross-validation (Supporting Information Table S10).452

Using the prediction model, we predicted the ADB, AFB and PH over time (Fig. S5).453

Taken together, these results demonstrated that our i-trait-based prediction model454

could be used to predict the agronomic traits of B. napus under salt stress in the455

future.456

Dissection of the genetic basis of B. napus457

The relative value of traits between control and treatment conditions is usually458

described as the main salt stress indicator of the growth and development of plants459

under salt stress (Guo et al., 2018). For the natural population, we performed a460

GWAS of 2,246 STCs, including those from 324 CS RGB-derived traits, 102 DS461

RGB-derived traits, 1,756 hyperspectrum-derived (GGP) traits and 64 manually462

measured traits, via a linear mixed model with Fast-LMM (Listgarten et al., 2013) and463

GEMMA for GWAS (Supporting Information Table S11) (Zhou and Stephens, 2012).464
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For the 91 ISL populations, we used ICI-Mapping to map salt stress-related QTLs via465

linkage analysis involving 2,132 tolerance coefficients (TCs) of RGB-derived traits at466

different time points and under different salt stress conditions (Supporting467

Information Table S11) (Meng et al., 2015).468

With respect to the GWAS analysis, we identified a total of 657,136 significant469

SNPs (Supporting Information Table S12). For the manually measured traits, we470

identified 5,531 significant SNPs associated with the salt stress response. However,471

we identified 283,227 SNPs significantly associated with GGP traits; this method was472

more effective than traditional methods to identify additional SNPs related to the salt473

stress response. A total of 1,197 significant SNPs (21.64% of 5,531 significant SNPs474

identified via manually measured traits) colocalized with the significant SNPs475

associated with the i-traits (Fig. 3a). We also assessed the effects of these significant476

SNPs associated with the salt stress response, which were significantly different from477

the effects of random SNPs (Fig. 3b). The numbers of traits with colocalized SNP478

frequencies revealed different hotspot areas and distribution regions across the479

chromosomes (Fig. 3c). To avoid possible false-positive significant SNPs, we defined480

reliable SNPs related to the salt stress response as those with more than 10 colocalized481

SNPs (in terms of frequency), which presented different numbers of SNPs across the482

chromosomes (Fig. 3d; Supporting Information Table S12). Next, we quantified the483

traits sharing colocalized SNPs between the manually measured traits and i-traits.484

Almost half of the manually measured traits revealed colocalization of high-frequency485

SNPs with more than 50 i-traits, such as proline concentration, ADB, relative486

electrical conductivity (REC) and yield (Fig. 3e; Supporting Information Table S12).487

We ultimately focused on 2,814 high-frequency and colocalized SNPs detected488

between the CS RGB-derived traits, DS RGB-derived traits, hyperspectrum-derived489

(GGP) traits and manually measured traits within 234 candidate genes related to the490

salt stress response according to the candidate gene selection criteria (Tang et al.,491

2021). Moreover, many previously reported genes related to the salt stress response,492

such as SnRK2, RD20, SOS3, ABI5 and WRKY33, differentially expressed between493
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wild-type WT plants and salt-stressed plants were identified within the mapped QTLs494

(Fig. S6; Supporting Information Table S12). Moreover, for linkage analysis495

involving 91 ISLs, we identified 204 significant and high-frequency colocalized496

QTLs distributed across different chromosomes (Supporting Information Table S13)497

(Li et al., 2020b). Taken together, these results indicate that high-throughput498

phenotyping-based QTL mapping is an efficient way to reveal the complex genetic499

architecture associated with the salt stress response of B. napus.500

BnCKX5 overexpression increases the sensitivity to salt stress501

For GWAS analysis, we detected 57 high-frequency and colocalized SNPs, including502

4 SNP clusters on ChrA02 (cluster I was from 2062941 to 2518619 bp; cluster II,503

2753745 to 3206647 bp; cluster Ⅲ, 11141835 to 11142240 bp; and cluster Ⅳ,504

23011682 to 23478650 bp) from 2062941 to 24168754. Many vital colocalized SNPs505

for different types of traits were detected on ChrA02 via our GWAS: ADB_HDCK506

and SPAD_LDCK (manually measured traits); GPA_SV_CS5_HDCK and507

HA_SV_CS5_HDCK (RGB traits); and dA234_GGP2_HDCK, M4_HDCK_GGP3508

and M20_HDCK_GGP3 (GGP traits) (Fig. 3f; Fig. S7a). In addition, the peak QTLs509

between markers A02_M1 (logarithm of odds (LOD) = 20.27) and A02_M26 (LOD =510

9.26) of R_SV_CS4_LYLJ and marker A02_M31 (LOD = 4.87) of511

HWR_TV_DS4_HY colocalized on ChrA02 (Fig. S7b). For ChrA02 cluster I, there512

were approximately 50 genes within 200 kb upstream and downstream of the lead513

SNP BnvaA0202316797 associated with ADB based on pairwise linkage514

disequilibrium (LD) correlations (R2 > 0.5) (Fig. 4a–4b). BnaA02g05340 was highly515

induced in response to salt stress and ABA treatment (Fig. 4c), and it contained SNP516

variations leading to amino acid changes (Fig. 4d; Supporting Information Table S14).517

BnaA02g05340 is named BnCKX5 and belongs to CKX subfamily VII; this gene518

encodes cytokinin oxidase/dehydrogenase, which catalyzes the degradation of519

cytokinins to maintain cytokinin homeostasis (Ma et al., 2016). Whether CKXs play a520

role in plant salt stress tolerance remains unknown (Liu et al., 2018).521
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The haplotypes of BnCKX5 were grouped into haplotypes A, B and C (Fig. 4e–4i).522

The ADB of haplotype C under control, low and high salt stress was significantly523

higher than that under haplotype A and haplotype B (Fig. 4e–4g). However, in terms524

of ADB, the ranges of haplotype A ratio between low salt stress and the control525

(ADB_LDCK) conditions were significantly different from those of haplotype B and526

haplotype C but did not differ between haplotype B and haplotype C (Fig. 4h). In527

addition, in terms of ABD, the range of the haplotype B ratio (ADB_HDCK) between528

the high salt stress and control conditions was lower than that of the haplotype A ratio529

(Fig. 4i). Taken together, these results indicate that approximately 30 haplotype530

C-type accessions could be salt stress-resistant germplasms that are valuable resources531

for breeders (Supporting Information Table S14).532

BnCKX5-overexpressing (OE-BnCKX5) and WT plants were grown in soil and533

treated with 285 mmol NaCl (Fig. 4j; Fig. S8d). BnCKX5 was significantly induced in534

response to salt stress in the WT, and the OE-BnCKX5 lines presented significantly535

higher expression levels than the WT plants did (Fig. 4k; Supporting Information536

Table S15). The ADB and PH significantly decreased for the OE-BnCKX5 lines537

compared to the WT plants under salt treatment (Fig. 4l–4m). In addition, the ADB538

and PH were lower for T_OE-BnCKX5 than for the WT (T_WT) under hydroponic539

salt conditions (0 mmol, 50 mmol, 100 mmol and 150 mmol) (Fig. 4n–4p; Fig.540

S8a–8c), and the REC of OE-BnCKX5 was significantly higher than that of the WT541

under 50 and 100 mmol NaCl treatment conditions (Fig. 4q). Moreover, we used a542

high-throughput phenotyping platform to measure the transgenic lines at two different543

time points (Fig. 4r). Compared with the T_WT’ trait, type many high-throughput544

phenotypic traits, such as the height of minimum circumscribed box in CS (H_SV)545

(Fig. 4s), the green projected area in CS (GPA_SV) (Fig. 4t), and the total projected546

area in CS (TPA_SV) (Fig. 4u), were suppressed under salt stress; other traits that547

were clearly affected are shown in Fig. S9. Taken together, the above results indicate548

that BnCKX5 overexpression increases the sensitivity to salt stress. However, its549

detailed molecular mechanism of salt stress remains to be further investigated.550
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BnERF3 overexpression increases the resistance to salt stress551

We obtained 36 high-frequency colocalized SNPs grouped into 3 clusters on ChrA06552

(cluster I was from 1695085 to 2163217 bp; cluster II, 3062521 to 6618806 bp; and553

cluster Ⅲ from 18159306 to 21636994 bp) via different types of trait-based GWASs.554

A series of different types of traits, such as ADB_HDCK and REC_LDCK (manually555

measured traits), HWR_TV_DS2_HDCK, FN_SV_LDCK_CS5 (RGB traits) and dT556

204_GGP3_LDCK and M35_LDCK_GGP2 (hyperspectrum-derived traits), revealed557

many vital colocalized SNPs on ChrA06 via our GWAS (Fig. 3g; Fig. S10a). In558

addition, the peak QTLs between markers A06_M2 (LOD = 26.57) of559

U_TEX_SV_CS4_LY and A06_M2 (LOD = 10.97) of MU3_TEX_TV_HYLJ were560

found by linkage analysis to be colocalized on ChrA06 (Fig. S10b). For ChrA06561

cluster I, there were approximately 40 candidate genes within 200 kb upstream and562

downstream of the lead SNPs BnvaA0601558949 and BnvaA0601662590 associated563

with ADB based on pairwise LD correlations (R2 > 0.5) (Fig. 5a–5b).564

BnaA06g02670D was highly induced in response to salt stress and ABA treatment565

(Fig. 5c), and it contained SNPs leading to amino acid changes (Fig. 5d; Supporting566

Information Table S14). BnaA06g02670D is named BnERF3 and encodes an567

ERF/AP2 transcription factor; however, whether this protein plays a role in plant salt568

stress tolerance remains unknown (Zhang and Huang, 2010). Overexpression of ERF569

family genes has been recently performed in Arabidopsis, rice, B. napus, tomato, etc.,570

and was shown that it could improve the tolerance to many abiotic stresses (Aharoni571

et al., 2004; Song et al., 2005; Gao et al., 2008; Karaba et al., 2007; Ai-Sheng et al.,572

2012; Fischer and Droge-Laser, 2004).573

The haplotypes of BnERF3 were grouped into haplotypes A, B, C and D (Fig.574

5e–5i). The ADB values of the 505 accessions with haplotype B and haplotype C575

were significantly higher than those of haplotype A and haplotype D. Moreover, the576

ADB of haplotype D of was lowest among those of the 4 haploid types under control577

and low and high salt stress conditions (Fig. 5e–5g). However, the ratio ranges of578

ADB (ADB_LDCK and ADB_HDCK) between the low and high salt stress579
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treatments and the control under haplotype C were larger than those of the other580

haplotypes (Fig. 5h–5i). Regardless of the real ADB value and the ratio between the581

treatment and control conditions, the ranges of haplotype B and haplotype C were582

lower than those of the others. Taken together, these results showed that haplotype C583

and haplotype D, which included 25 varieties, may be sensitive varieties and that584

haplotype B, which included 10 varieties, may be resistant to salt stress; these585

materials may be rich germplasm resources for breeders (Supporting Information586

Table S14).587

BnERF3-overexpressing (OE-BnERF3) and WT plants were grown in soil and588

treated with 285 mmol NaCl (Fig. 5j; Fig. S11d). BnERF3 was significantly induced589

in response to salt stress in the WT, and compared with the WT plants, the590

OE-BnERF3 lines under salt stress presented significantly higher expression levels591

(Fig. 5k; Supporting Information Table S15). ADB and PH significantly decreased for592

the OE-BnERF3 lines compared to the WT plants under salt treatment (Fig. 5l–5m).593

In addition, the ADB and PH significantly decreased for OE-BnERF3 lines compared594

to the WT plants under hydroponic salt conditions (0 mmol, 50 mmol, 100 mmol and595

150 mmol) (Fig. 5n–5p; Fig. S11a–c). However, the REC significantly increased in596

the OE-BnERF3 lines compared to the WT plants under salt treatment (Fig. 5q).597

Finally, we used a high-throughput phenotyping platform to measure the transgenic598

lines and WT plants at two different time points (Fig. 5r). Many i-traits, such as the599

H_SV (Fig. 5s), GPA_SV (Fig. 5t) and TPA_SV (Fig. 5u), significantly decreased for600

the OE-BnERF3 lines compared to the WT plants under salt stress at the first time601

point; other i-traits that were clearly affected are shown in Fig. S12. BnERF3602

overexpression increases the resistance to salt stress. However, the regulation603

mechanism of BnERF3 involved in response to salt stress needs further investigation.604

605

DISCUSSION606

High-throughput phenotyping platforms could constitute one of the main bridges from607

phenotype to genotype and have shown great advantages in promoting crop breeding608
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and in functional genomics (Yang et al., 2020). Previously, only RGB-derived traits609

based on GWASs or QTL mapping have been used to reveal the genetic basis of crop610

growth dynamics (Campbell et al., 2015; Xiaqing et al., 2019). In this study, we first611

used a high-throughput phenotyping platform including RGB-derived and especially612

hyperspectrum-derived indicators to reveal the salt stress response based on a GWAS613

and linkage analysis. By using the high-throughput phenotyping image pipeline, we614

obtained 54 CS RGB-derived traits, 17 DS RGB-derived traits and 2,040615

hyperspectrum-derived (GGP) traits over time to reveal and evaluate the genetic616

architecture of the salt stress tolerance of B. napus (Fig. 1). We identified a total of617

2,111 traits, which consisted of some low-quality traits with low repeatability,618

heritability or no significant treatment effect. We ultimately selected 928 high-quality619

indicators associated with the salt stress response and extreme varieties for genetic620

improvement of B. napus with high repeatability, a high H2b and significant treatment621

effects according to strict selection criteria (Fig. 2).622

Compared with the RGB-derived traits, most hyperspectrum-derived traits strongly623

reflected the salt stress response of B. napus, as shown by heatmap and clustering624

trend chart analyses (Fig. S1). The CS RGB-derived traits, such as M_TEX_SV,625

U_TEX_SV and GPA_SV, were significantly associated with the ADB at different626

time periods and under treatment conditions. By using GGP imaging, we found that a627

series of different wavelength ranges, such as lgT1~lgT20 and lgT150~lgT250, were628

associated with ADB. CS RGB-derived traits including SE_TEX_SV, S_TEX_SV and629

GPA_SV were strongly correlated with PH. Chlorophyll fluorescence imaging can be630

used to detect early and late changes in response to salt stress (Awlia et al., 2016; Ge631

et al., 2016). Chlorophyll content is considered a key factor in stress and was found to632

be closely associated with several GGP-type traits, such as ddT122 and633

lgA120~lgA130. The yield trait is important, and we found that some CS634

RGB-derived traits, such as U_TEX_SV, E_TEX_SV, TPA_SV and FDNIC_SV, and635

DS RGB-derived traits, such as M_TEX_TV, U_TEX_TV, E_TEX_TV and GPA_TV,636

were closely related to yield indicators. These different types of traits could be used as637
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indicators to reflect the salt stress response. We also constructed a robust prediction638

model (Fig. S3–S5) that could be used to predict the traditionally measured, dynamic639

and destructively measured traits associated with the salt stress response via a640

high-throughput phenotyping platform to facilitate the breeding of salt stress-tolerant641

B. napus.642

We used two populations to investigate the genetic architecture of the salt stress643

tolerance of B. napus via GWASs and linkage analysis to identify reliable QTLs or644

genes associated with the salt stress response. We identified 657,136 significant SNPs645

(~8.57% of the total) associated with different types of traits (Supporting Information646

Table S12), which showed that they had specific and similar characteristics, indicating647

very large differences between the CS RGB-derived, DS RGB-derived,648

hyperspectrum-derived (GGP) and manually measured traits (Fig. 3a). However, there649

were a large number of redundant, unstable and possible false-positive sites. For the650

manually measured traits, we found only 5,531 significant candidate SNPs (~0.07%651

of the total). However, for only the GGP traits, we detected 283,227 SNPs (~3.69% of652

the total); thus, this process constitutes an effective way to identify additional main653

and microeffects of SNPs on the salt stress response (Supporting Information Table654

S12). In addition, 1,197 significant SNPs (21.64% of the 5,531 significant SNPs655

associated with the traditional traits) were colocalized between the i-traits and656

manually measured traits (Supporting Information Table S12). Finally, combining our657

GWAS and QTL mapping colocalization results (Supporting Information Table658

S12-S13), we ultimately identified 234 candidate genes associated with the salt stress659

response. Two novel candidate genes, BnCKX5 and BnERF3 (Supporting Information660

Table S12), were then identified among the many colocalized traits. These two genes661

were also confirmed by haplotype analyses, sequence variation analyses, RNA662

sequencing (RNA-seq), genetic transformation and functional verification under salt663

stress (Fig. 4-5; Fig. S7–S12). Compared with previous studies, high-throughput664

phenotyping-based GWASs are effective for identifying genes or QTLs that are665
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associated with the salt stress response and have more main and micro-effects, which666

could also fill research gaps concerning the salt stress response of B. napus.667

668

CONCLUSIONS669

High-throughput phenotyping is more flexible and efficient for large germplasm670

populations over time. Combining high-throughput phenotyping and QTL mapping to671

analyze the genetics of Brassica napus in response to salt stress in this study, we are672

confident that our study reveals major breakthroughs and includes a novel and reliable673

method to resolve complex agronomic traits associated with the salt stress response of674

B. napus. We ultimately predicted possible candidate genes through strict selection675

criteria. Nonetheless, notably, some genes or QTLs could be false positives. In this676

study, only two genes were identified, which is not enough to reveal the mechanism of677

B. napus salt stress tolerance. In the future, we need to validate more candidate genes678

associated with the salt stress response. Therefore, the combination of data obtained679

from multiple views with a high-throughput phenotyping platform, GWASs and680

linkage analysis is a promising way to provide novel insight into the genetic and681

molecular mechanisms of B. napus. Moreover, this approach could also be extended682

to other complex crop traits.683
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FIGURE LEGENDS908

909

Fig. 1 Experimental design and data analysis pipeline.910

(a) High-throughput phenotyping platform and experimental design.911
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(b) CS and DS RGB-derived and GGP images and trait measurements via a912

high-throughput phenotyping platform over time under low and high salt stress913

conditions.914

(c) High-throughput phenotyping image analysis and trait extraction (see Materials915

and Methods).916

(d) Flow chart of the data analysis (see Materials and Methods).917

918

919
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920

Fig. 2 Determination of effective traits with high repeatability, high heritability921

and significant treatment effects.922

(a) Repeatability refers to the maximum correlation coefficient of 3 replicates under923

control (R_MAX_CK), low salt (R_MAX_L) and high salt (R_MAX_H) stress924

conditions.925

(b) H2b of CS RGB-derived traits (CS’ H2b), DS RGB-derived traits (DS’ H2b) and926

hyperspectrum-derived traits (GGP’H2b) over time.927
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(c) Assessment of the repeatability (median of R_MAX), heritability (median of H2b)928

and low salt and high salt treatment effects of i-traits via a scatter plot (L_treatment929

effect, H_treatment effect, median negative log-transformed p-values).930

(d) Reliable i-traits related to the salt stress response with high reproducibility, high931

heritability and a significant treatment effect were determined, as shown by a Venn932

diagram.933

934

935
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936

Fig. 3 GWASs and candidate genes.937

(a) Candidate SNPs associated with different types of traits (CS, DS, GGP and938

manually measured traits), as shown by a Venn diagram.939

(b) Density plot showing the P-value distribution of significant SNPs of the candidate940

and randomly selected SNPs. Permutation tests with randomly selected SNPs were941

compared to those of the candidate SNPs. Statistical significance was determined via942

Student’s t-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.943
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(c) Number of traits with colocalized SNPs on chromosomes.944

(d) Number of traits with high frequencies of colocalized SNPs (≥ 10) on945

chromosomes.946

(e) Number of traits with colocalized SNPs between manually measured traits and947

i-traits.948

(f-g) Circular Manhattan plots of multiple traits (P-value ≤ 1E–4) with colocalized949

SNPs on ChrA02 (f) and ChrA06 (g).950

951

952
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953

Fig. 4 Determination of the function of the BnCKX5 gene in plants under salt954

stress.955

(a) Part of the Manhattan plots of loci colocalized on ChrA02. The points represent956

the log-transformed P-values of variants identified via a GWAS of STC of ABD957

(ADB_HDCK). The bottom of the Manhattan plots shows several candidate genes on958

ChrA02.959

(b) Candidate genes within 200 kb upstream or downstream of significant SNPs.960
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(c) Differential expression of candidate genes within 200 kb upstream or downstream961

of significant SNPs of plants under ABA (25 µM solution conditions; 4 h and 24 h)962

and salt stress (385 mM NaCl; one week).963

(d) SNP variants of BnCKX5 labeled with red points on ChrA02.964

(e-i) Boxplots of haplotypes for absolute and relative ADB values of different stress965

conditions and controls via high-throughput phenotyping based on the haplotypes of966

BnCKX5 among the 505 accessions (ADB_CK, e; ADB_L, f; ADB_H, g;967

ADB_LDCK, h; ADB_HDCK, i). The values are the means ± SDs (n = 3 replicates),968

and the different letters indicate differences at P ≤ 0.05 according to two-way969

ANOVA.970

(j-m) Comparison of the gene expression (k), ADW (l) and PH (m) of Westar WT and971

OE-BnCKX5 plants under control and salt stress conditions (0 mM, 385 mM NaCl;972

two weeks; J). Bars = 5 cm. The values are the means ± SDs (n = 6 replicates), and973

the different letters indicate differences at P ≤ 0.05 according to two-way ANOVA.974

(n-q) Comparison of the ADW (o), PH (p) and REC (q) of Westar WT and975

OE-BnCKX5 plants under control and salt stress conditions (0 mM, 50 mM, 100 mM976

and 150 mM NaCl, two weeks; n; Fig. S8a–c). Bars = 10 cm. The values are the977

means ± SDs (n = 8 replicates), and the different letters indicate differences at P ≤978

0.05 according to two-way ANOVA.979

(r-u) Comparison of H_SV (s), GPA_SV (t) and TPA_SV (u) of Westar WT plants980

and OE-BnCKX5 plants via the high-throughput phenotyping platform (0 mM and981

385 mM NaCl; two weeks; r). Bars = 10 cm. Additional traits are shown in Fig. S9a–b.982

The values are the means ± SDs (n = 8 replicates), and the different letters indicate983

differences at P ≤ 0.05 according to two-way ANOVA.984

985

986
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987

Fig. 5 Determination of the function of the BnERF3 gene under salt stress.988

(a) Part of the Manhattan plots of loci colocalized on ChrA06. The points represent989

the log-transformed P-values of variants via a GWAS of STC of ADW (ADB_HDCK).990

The bottom of the Manhattan plots shows several candidate genes on ChrA06.991

(b) Candidate genes within 200 kb upstream or downstream of significant SNPs.992
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(c) Differential expression of candidate genes within 200 kb upstream or downstream993

of significant SNPs in plants under ABA (25 µM solution conditions; 4 h and 24 h)994

and salt stress (385 mM NaCl; one week).995

(d) SNP variants of BnERF3 labeled with red points on ChrA06.996

(e-i) Boxplots of haplotypes for absolute and relative ADB values under different997

stress conditions and control conditions according to high-throughput phenotyping998

based on the haplotypes of BnERF3 among the 505 accessions (ADB_CK, e; ADB_L,999

f; ADB_H, g; ADB_LDCK, h; ADB_HDCK, i). The values are the means ± SDs (n =1000

3 replicates), and the different letters indicate differences at P ≤ 0.05 according to1001

two-way ANOVA.1002

(j-m) Comparison of the gene expression (k), ADW (l) and PH (m) of Westar WT and1003

OE-BnERF3 plants under control and salt stress conditions (0 mM and 385 mM NaCl;1004

two weeks, j). Bars = 5 cm. The values are the means ± SDs (n = 6 replicates), and the1005

different letters indicate differences at P ≤ 0.05 according to two-way ANOVA.1006

(n-q) Comparison of the ADW (o), PH (p) and REC (q) of Westar WT and1007

OE-BnERF3 plants under control and salt stress conditions (0 mM, 50 mM, 100 mM1008

and 150 mM NaCl; two weeks; n; Fig. S11a–c). Bars = 10 cm. The values are the1009

means ± SDs (n = 8 replicates), and the different letters indicate differences at P ≤1010

0.05 according to two-way ANOVA.1011

(r-u) Comparison of H_SV (S), GPA_SV (T) and TPA_SV (U) of Westar WT plants1012

and OE-BnERF3 plants via a high-throughput phenotyping platform (0 mM and 3851013

mM NaCl; two weeks, R). Bars = 10 cm. Additional traits are shown in Fig. S12a–b.1014

The values are the means ± SDs (n = 8 replicates), and the different letters indicate1015

differences at P ≤ 0.05 according to two-way ANOVA.1016

1017
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SUPPORTING INFORMATION1018

Additional Supporting Information may be found online in the Supporting1019

Information section at the end of the article.1020

1021
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1022

Fig. S1 Dynamic heatmap and cluster diagram for salt stress conditions over time.1023

1024

1025
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1026

Fig. S2 Prediction model for manually measured traits of plants under salt stress1027

conditions from CS RGB-derived traits at T1–T5.1028

1029

1030
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1031

Fig. S3 Prediction model for manually measured traits under salt stress conditions1032

from DS RGB-derived traits at T1–T4.1033

1034

1035
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1036

Fig. S4 Prediction model for manually measured traits under salt stress conditions1037

based on GGP traits at T1–T3.1038

1039

1040
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1041

Fig. S5 Boxplot of ADB, AFB and PH at T1–T6 according to the prediction model.1042

1043

1044
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1045

Fig. S6 Expression of genes reportedly associated with salt stress via GWASs.1046

1047

1048
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1049

Fig. S7 Colocalization of loci identified on ChrA02 according to GWASs and linkage1050

analysis.1051

1052

1053
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1054

Fig. S8Westar WT and OE-BnCKX5 plants grown in solution and in soil.1055

1056

1057
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1058

Fig. S9 Westar WT and OE-BnCKX5 plants on the high-throughput phenotyping1059

platform.1060

1061

1062
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1063

Fig. S10 Colocalization of loci on ChrA06 identified via GWASs and linkage1064

analysis.1065

1066

1067
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1068

Fig. S11Westar WT and OE-BnERF3 plants grown in solution and in soil.1069

1070

1071
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1072

Fig. S12 Westar WT and OE-BnERF3 plants on the high-throughput phenotyping1073

platform.1074

1075
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