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High selenium (Se) and low cadmium (Cd) and arsenic (As) contents in rice

grains were good for human health. The genetic basis and relationship of Se, Cd

and As concentrations in rice grains are still largely unknown. In the present

study, large variations were observed in Se, Cd and As concentrations in brown

and milled rice in normal and Se treatment conditions in 307 rice accessions

from 3K Rice Genomes Project. Se fertilizer treatment greatly increased Se

concentrations but had no obvious changes in concentrations of Cd and As

both in brown andmilled rice. Total of 237 QTL were identified for Se, Cd and As

concentrations in brown and milled rice in normal and Se treatment conditions

as well as ratio of concentrations under Se treatment to normal conditions. Only

19QTL (13.4%) weremapped for concentrations of Se andCd, Se and As, and Se,

Cd and As in the same or adjacent regions, indicating that most Se

concentration QTL are independent of Cd and As concentration QTL. Forty-

three favorable alleles were identified for 40 candidate genes by gene-based

association study and haplotype analysis in 14 important QTL regions. Se-

enriched rice variety will be developed by pyramiding favorable alleles at

different Se QTL and excluding undesirable alleles at Cd and As QTL, or

combining favorable alleles at Se QTL with the alleles at Se-sensitive QTL by

marker-assisted selection.
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Introduction

Selenium (Se) is an essential element for humans, which is

important component for many enzymes in our body, and has

immune function (Meplan and Hughes, 2020). Se deficiency

would damage our health, such as Keshan disease, Kashin-Beck

disease and cancer (Tapiero et al., 2003; Cox and Bastiaans,

2007). It is mainly taken up by food, and the recommended daily

intake of Se is 50–200 μg day−1 (Gailer, 2009). In some area of

China, Se concentration in soil is very low, resulting in the Se

deficiency in human diet (Tapiero et al., 2003), and the average

daily intake of Se in this area is 26–32 μg (Chen et al., 2002). On

the other hand, with the intensive anthropogenic activities during

last century such as metal mining, smelting, industrial activities

and use of excess fertilizers (Bolan et al., 2013), two heavy metals,

cadmium (Cd) and arsenic (As), have been large problems and

become a growing concern (Feng et al., 2013). They are mainly

taken up by food and water, and exceeded intake of them would

cause diseases such as renal dysfunction, osteoporosis and cancer

(Rikans and Yamano, 2000; Liu et al., 2007; Akesson et al., 2014).

Because of soil and water contamination, the concentrations of

these two elements exceeded the Chinese maximum permissible

concentrations of them in rice grains in some areas in southern

China (Shang et al., 2012; Du et al., 2013; Zhu et al., 2016; Wang

et al., 2019).

Rice is one of the most important staple crops, and

provides food for two-thirds of world’s population,

especially for Chinese people (Zhang J. et al., 2018), thus it

is also one of the main resources of above three elements.

Biofortification is an effective way to improve Se concentration

in rice grains. However, many variables are involved in Se

biofortification strategies, such as the Se administration mode

(soil fertilization, foliar spray, or hydroponics), Se dose,

species and fertilizer form, crop species, and variety and

growth stage. Foliar application is a valid alternative for Se

enrichment of agricultural products. Besides, it was reported

that Se can inhibit the uptake of heavy metals in plant

including Cd and As (Feng et al., 2013) and reduced

harmful effect of Cd on plants (Pedrero et al., 2008).

Compared to Se fertilization to the soil, foliar application

by-passes any interference due to soil chemistry and

microbiology issues, ensuring a higher efficacy even with

low volumes of Se solution (D’Amato et al., 2020).

Eventually, it is important and fundamental to solve the

problem by developing new variety with rich Se

concentration but minimum Cd and As accumulations in

rice grains, both in brown rice and milled rice.

The concentrations of Se, Cd and As in brown rice range

from 0.025 to 7.500 mg kg−1, 0.002–0.475 mg kg−1, and

0.010–0.750 mg kg−1 in rice germplasms, respectively

(Zhang et al., 2010; Wang et al., 2012; Kuramata et al.,

2013; Zhang G. M. et al., 2018; Liu et al., 2019; Norton

et al., 2019). All of them varied among different rice

varieties (Zou et al., 2018), and belong to quantitative traits

controlled by multiple genes (Zhang G. M. et al., 2018). Using

molecular marker technology, some QTL controlling

concentrations of Se, Cd and As in brown rice have been

identified. For Se concentration, two QTL were identified on

chromosome 5 using an F2 population derived from

Xinfenghongmi and Minghui 100 (Zhang et al., 2010). For

Cd, more than 35 QTL were detected on all 12 chromosomes

using different populations (Li et al., 2020; Pan et al., 2021).

For As concentration, three QTL were identified on

chromosomes 6 and 8 using an F2 population for

methylated arsenic (Kuramata et al., 2013), and two QTL

for As accumulation were identified using an doubled

haploid population (Zhang et al., 2008). Till now, only six

genes including OsHMA2, OsHMA3, OsLCT1, CAL1, OsCd1

and OsNAMP5 have been cloned for Cd concentration in

brown rice (Chen et al., 2019; Yan et al., 2019; Chang et al.,

2020).

In recent years, a new approach named genome-wide

association study (GWAS) was used for identifying QTL for

rice complex traits. It is based on rice germplasm and linkage

disequilibrium (LD). Using this strategy, some QTL for Se, Cd

and As have been detected, and some candidate genes were

identified. Liu et al. (2019) identified 17 and 22 QTL for Cd and

As concentrations in rice grains, respectively in 276 accessions

using 416K SNP genotypes. Norton et al. (2019) detected 74 QTL

for As concentration in rice grains in 266 landraces using 2M

SNP genotypes. Among them, six QTL were stably expressed

across different environments. Zhang G. M. et al. (2018)

identified 3 and 62 QTL for Se and Cd concentrations in rice

grains, respectively, in 698 xian and geng germplasms using 27K

SNP genotypes. Further, 198 candidate genes for Cd

concentration were detected using 2.9M SNP genotypes. Yan

et al. (2019) detected 12 QTL for Cd accumulation in rice grains

using 3M SNP genotypes in 127 rice cultivars, and then

successfully cloned OsCd1 for Cd accumulation. Qiu T. C.

et al. (2021) identified 9 QTL for Se concentration in milled

rice in 207 accessions using 50K SNPs.

In the present study, Se, Cd and As concentrations in brown

and milled rice were measured under normal and Se fertilizer

treatment conditions, in a diverse panel of 307 accessions from

3K RGP (Wang et al., 2018). Based on analysis of distribution and

relationship of the three elements in brown and milled rice under

the two conditions, QTL for Se, Cd and As concentrations in

brown and milled rice were identified by GWAS using high-

quality SNPs from 3K GRP. Then, gene-based association studies

were performed in some important QTL regions using all

available SNPs from RFGB v2.0 database (Wang et al., 2020).

Finally, haplotype analysis was used to identify the candidate

genes and novel alleles. The aim in this study is to explore effects

of Se fertilizer application on concentrations of Se, Cd and As and

the relationships among them both in brown and milled rice at

phenotypic level and genetic mechanisms underlying the
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concentrations of them. Our results will help us better

understand the genetic basis of Se, Cd and As concentrations

in brown and milled rice and provide candidate genes and

favorable alleles for rice breeding of high Se, low Cd and As

concentration by marker-assisted selection (MAS).

Materials and methods

Association mapping panel

In our previous study, a total of 1,016 rice accessions from 3K

RAP (Wang et al., 2018) were identified to flower normally in

Jinghzou of Hubei province, China (Qiu et al., 2020). To avoid

the negative effects of lodging and large difference of heading

date on the concentrations of Se, Cd and As in grains, 307 rice

accessions with plant height below 140 cm and heading date

within 10 days difference were selected as materials in the present

study. They were from 33 countries worldwide (Supplementary

Table S1).

Field experiment and evaluation of Se, Cd
and As concentrations in grains

All accessions were grown in the summer seasons of

2019 and 2020 at the Experimental Farm of College of

Agriculture, Yangtze University, Jingzhou City (30.2°N,

112.7°E), Hubei province, China. The Se, Cd and As

concentrations in the soil were averagely 0.33, 0.27 and

7.15 mg kg−1 in the 2 years. Field experiment was carried out

using a randomized complete design. Each accession was planted

in three rows and ten plants per row with the density of 17 cm

between plants and 20 cm between rows for two replications in

two conditions, i.e., normal condition where field management

was followed as local farmers’ practices, and Se treatment

condition where Se fertilizer in diluent with 3.30 g Na2SeO3

dissolved in 40 kg water per 666.7 m2 was sprayed to rice

plants at booting stage and other field management was

completely same as the normal condition. At mature stage,

seeds were bulk-harvested from each plot, and air-dried and

stored for more than 3 months at room temperature before

assessing of concentrations of selenium (Se), cadmium (Cd)

and arsenic (As) in brown and milled rice.

Seeds of each plot were de-hulled into brown rice, and then

polished into milled rice according to the method described

previously (Qiu et al., 2015). Brown and milled rice were ground

into flour for assessing the three element concentrations by

atomic fluorescence spectrometry (AFS-230E, Beijing

Jinsuokun Technology Developing Co. Ltd, China) after

microwave digestion (ECH-2, Shanghai Sineo Microwave

Chemistry Technology Co. Ltd, China) following the methods

described as Zhang G. M. et al. (2018) and Liu et al. (2019). The

evaluated traits included Se concentration in brown rice and

milled rice in normal condition (SBN, SMN), Cd concentration

in brown rice and milled rice in normal condition (CBN, CMN),

As concentration in brown rice and milled rice in normal

condition (ABN, AMN), Se concentration in brown rice and

milled rice in treatment condition (SBT, SMT), Cd concentration

in brown rice and milled rice in treatment condition (CBT,

CMT), and As concentration in brown rice and milled rice in

treatment condition (ABT, AMT). To reflect effects of Se

fertilizer addressing on concentrations of Se, Cd and As in

rice grains, ratio of Se concentration in brown rice (RSB) and

milled rice (RSM) under Se treatment to normal conditions, ratio

of Cd concentration in brown rice (RCB) and milled rice (RCM)

under Se treatment to normal conditions, and ratio of As

concentration in brown rice (RAB) and milled rice (RAM)

under Se treatment to normal conditions were calculated. All

concentrations were independently tested three times per sample,

and the mean value was used as the trait value for data analysis.

Then, Statistica 5.5 was used for analysis of statistical parameters

and correlations among different traits (Qiu et al., 2017).

SNP data

The 4.8 M SNP dataset of 3K RGP was download from the

Rice SNP-Seek Database (http://snp-seek.irri.org) (Alexandrov

et al., 2015). For structure analysis, PLINK 1.9 was used to obtain

73,162 independent SNPs (Purcell et al., 2007). The parameter

was set as MAF >0.05 and missing data ratio <0.10.
ADMIXTURE program and GCTA software were used to

identify genetic structure and principal component (Alexander

et al., 2009). For GWAS, PLINK 1.9 was also used to identify high

quality SNPs with similar parameter setting as MAF >0.05 and

missing data ratio <0.20.

QTL detection for concentrations of three
elements by GWAS

GWAS was conducted to identify QTL for Se, Cd and As

concentrations, and ratio of Se, Cd and As concentrations of

treatment to normal conditions in brown and milled rice using

405,150 high quality SNPs and trait values of the

307 accessions. The SVS software package v8.4.0 was used

for association analysis (Qiu X. et al., 2021). The EMMAX

(Efficient Mix-Model Association eXpedited) implementation

of the single-locus mixed linear model was fitted to the marker

dataset (Vilhjálmsson and Nordborg, 2013). The threshold

was set as p < 1.0E-05. Since the LD decay of 3K RGP was

about 200 kb (Wang et al., 2018), QTL located in the region of

100 kb each side at the peak SNPs and containing more than

ten SNP with p value above threshold were considered as

one QTL.
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Gene-based association mapping and
haplotypes analysis

Gene-based association mapping and haplotype analysis

were conducted to detect candidate genes and favorable alleles

in the important QTL regions. QTL regions identified for the

same trait in both years and/or for more than two different traits

were considered as important QTL. QTL with peak SNP having

lowest p value in the regions were further analyzed. Firstly, all

genes located within 100 kb up and down the peak SNP were

retrieved from the Rice Genome Annotation Project (http://rice.

plantbiology.msu.edu/). Secondly, all SNPs located on these

genes were retrieved from 32 M SNPs data generated from 3K

RGP in the RFGB v2.0 database (Wang et al., 2020), and they

were used for gene-based association analysis. The threshold was

also set as–log10(P) > 5.0 (p < 1.0E-05). Thirdly, for each QTL

region, all significant SNPs located in promoter region, 5′ UTR
region, non-synonymous SNPs in the exon regions, splice region

in intron and 3’UTR region of each candidate gene were used for

identifying haplotypes. Candidate genes were assigned by testing

significant difference for relevant traits among major haplotypes

(samples more than 8) for each important QTL by ANOVA with

p < 0.01. When QTL containing cloned genes for element-related

traits, the cloned genes were considered as only candidate gene

(s) of the target QTL.

Results

Phenotypic variations in the natural
population

A wide range of concentrations of Se, Cd and As in both

brown and milled rice under normal, treatment and ratio of

treatment to normal conditions reflected the substantial

genotypic variations associated with concentrations of three

elements in the panel of accessions (Table 1). Phenotypic

variations had a similar trend in 2 years. Take the data in

2019 as example, SMN, CMN and AMN amounted to 48.8%,

42.9% and 57.3% of SBN, CBN and ABN, respectively, indicating

that concentrations of the three elements in milled rice

(endosperm) accounted for approximately half of total

TABLE 1 Concentrations of Se, Cd and As in brown and milled rice in normal and treatment conditions and their ratios of treatment to normal
conditions in 307 accessions.

Traita 2019 2020

Mean ± SD Range CV (%) Mean ± SD Range CV (%)

SBN (mg kg−1) 0.041±0.045 0.002–0.452 109.87 0.091±0.232 0.013–1.994 254.54

SMN (mg kg−1) 0.020±0.021 0–0.209 107.24 0.054±0.196 0.006–1.775 360.53

CBN (mg kg−1) 0.007±0.031 0.001–0.430 417.94 0.012±0.091 0.004–0.707 74.59

CMN (mg kg−1) 0.003±0.002 0–0.025 76.74 0.009±0.003 0.003–0.018 35.10

ABN (mg kg−1) 0.419±0.125 0.024–1.037 29.83 0.173±0.042 0.082–0.335 24.43

AMN (mg kg−1) 0.240±0.087 0.106–0.680 36.11 0.125±0.030 0.059–0.199 24.14

SBT (mg kg−1) 0.161±0.150 0.029–1.014 92.90 0.265±0.191 0.038–1.113 72.08

SMT (mg kg−1) 0.100±0.982 0–0.769 99.11 0.180±0.138 0–0.533 76.55

CBT (mg kg−1) 0.006±0.007 0.001–0.069 122.66 0.010±0.004 0.003–0.019 35.90

CMT (mg kg−1) 0.003±0.002 0.001–0.009 50.68 0.008±0.003 0–0.016 39.39

ABT (mg kg−1) 0.374±0.252 0.141–3.392 57.31 0.179±0.039 0.076–0.300 21.63

AMT (mg kg−1) 0.242±0.084 0.022–0.512 34.90 0.133±0.032 0–0.239 24.12

RSB 5.587±4.920 0.304–31.57 88.08 7.878±7.792 0.222–32.298 98.91

RSM 6.991±6.901 0.034–43.016 98.71 9.866±11.947 0.879–59.369 121.09

RCB 1.541±2.395 0.209–19.222 155.38 1.185±0.750 0.206–3.374 63.27

RCM 1.557±1.425 0.310–10.468 91.51 1.026±0.556 0.404–3.147 54.22

RAB 0.961±0.718 0.247–8.438 74.71 1.114±0.393 0.353–3.085 35.31

RAM 1.153±0.519 0.170–3.411 45.01 1.163±0.453 0.330–3.202 38.94

aSBN, se concentration in brown rice in normal condition; SMN, se concentration in milled rice in normal condition; CBN, cd concentration in brown rice in normal condition; CMN, cd

concentration in milled rice in normal condition; ABN, as concentration in brown rice in normal condition; AMN, as concentration in milled rice in normal condition; SBT, se

concentration in brown rice in treatment condition; SMT, se concentration in milled rice in treatment condition; CBT, cd concentration in brown rice in treatment condition; CMT, cd

concentration in milled rice in treatment condition; ABT, as concentration in brown rice in treatment condition; AMT, as concentration in milled rice in treatment condition; RSB, ratio of

Se concentration in brown rice; RSM, ratio of Se concentration in milled rice; RCB, ratio of Cd concentration in brown rice; RCM, ratio of Cd concentration in milled rice; RAB, ratio of As

concentration in brown rice; RAM, ratio of As concentration in milled rice.
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concentrations in brown rice. Averagely, SBT, SMT, CBT, CMT,

ABT and AMT were 3.9, 5.0, 0.9, 1.0, 0.9, and 1.0 times as much

as SBN, SMN, CBN, CMN, ABN and AMN, respectively,

indicating that Se fertilizer treatment substantially improved

Se concentrations but no obvious changes in concentrations of

Cd and As both in brown and milled rice. The ratios of treatment

to normal conditions for the three element concentrations in

milled rice were higher than those in brown rice, suggesting that

Se-treatment accelerated accumulation of the three elements in

endosperm. This was also reflected by the fact that SMT, CMT

and AMT amounted to 62.1%, 50.0% and 64.7% of SBT, CBT and

ABT, respectively, meaning that Se-treatment much improved

the proportions of the three elements in milled rice as compared

with those in normal condition.

Among the 307 accessions, three accessions (IRIS_313–8208,

IRIS_313–8856 and IRIS_313–11968) were consistently

identified to have high Se concentration, and low Cd and As

concentrations in milled rice in normal condition in 2 years

(Supplementary Table S2). Specifically, IRIS_313–8208 averagely

had 0.067 mg kg−1 SMN, 0.005 mg kg−1 CMN and 0.161 mg kg−1

AMN; IRIS_313–8856 averagely had 0.108 mg kg−1 SMN,

0.004 mg kg−1 CMN and 0.189 mg kg−1 AMN; and

IRIS_313–11968 averagely had 0.044 mg kg−1 SMN,

0.004 mg kg−1 CMN and 0.130 mg kg−1 AMN.

IRIS_313–10083 had high Se concentration, and low Cd and

As concentrations in milled rice in Se treatment condition in

2 years, with average 0.333 mg kg−1 SMT, 0.003 mg kg−1 CMT

and 0.139 mg kg−1 AMT. Another four accessions (CX115,

IRIS_313–11039, IRIS_313–11197 and IRIS_313–11943) were

consistently identified as high ratio of Se concentration and low

ratios of Cd and As concentrations in milled rice (Supplementary

Table S2).

Correlation of concentrations in the panel
of accessions

We analyzed correlations of three element concentrations

in different parts under different treatments (Supplementary

Table S3). For the same element between brown and milled

rice under normal and treatment conditions, all three elements

showed consistently highly significant positive correlations

between brown and milled rice both in 2 years, suggesting

accessions with high concentrations of three elements in

brown rice would had high concentrations in milled rice. Se

and Cd concentrations had no significant correlation both in

brown and milled rice in the 2 years under normal and

treatment conditions except for a highly positive correlation

in milled rice in 2020 under treatment condition, suggesting

that Se was almost independent of Cd in milled and brown rice

under normal condition. Se and As had highly significant

negative correlations in brown and milled rice only in

2019 under normal condition, and highly significant

negative correlation in milled rice under treatment

condition in 2 years, indicating that Se was antagonistic to

As in milled rice. There were no significant correlations

between Cd and As in brown and milled rice under normal

and treatment conditions in 2 years except that in milled rice

in 2020 under treatment, indicating that Cd and As are mostly

independent. Correlations of the same elements Se, Cd and As

in the same parts were all no significant between normal and

treatment conditions in brown rice in 2 years. In milled rice,

however, correlation of Se and As was significant positive

between normal and treatment conditions in 2019, indicating

that Se and As were had consistent responses to Se treatment

in milled rice than brown rice among different accessions.

Detection of QTL by GWAS

Three main subpopulations were identified by admixture

analysis and principal component analysis (Supplementary

Figure S1), including xian (indica, 138), geng (japonica, 132),

aus (32). In addition, five accessions belong to admix. Using

405,150 high quality of 307 accessions, a total of 237 QTL were

identified for 16 traits, ranging from four for AMT to 23 for RCB

and RAB. Among them, three QTL were identified in both years

(Supplementary Table S4; Figure 1; Supplementary Table S2).

None QTL was detected for SMT and CMT.

In normal condition, 87 QTL were detected for six traits

(Supplementary Table S4; Figure 1; Supplementary Table S2).

For Se concentrations, 21 QTL for SBN and 18 for SMN were

detected on all 12 chromosomes in 2 years, and explained

phenotypic variations of 1.00%–18.69%. Among them,

qSMN11.1 was stably detected in both years. For Cd

concentrations, 17 QTL for CBN and 13 QTL for CMN

were detected on all 12 chromosomes with average

phenotypic variation of 7.38% and a range from 1.01% to

41.35% in 2 years. Of them, two QTL (qCBN5 and qCBN9)

were stably detected in both years. For As concentration, nine

QTL for each of ABN and AMN were identified on

12 chromosomes except chromosome 10 in 2019,

accounting for phenotypic variation ranging from 1.01% to

23.84%.

A total of 55 QTL were identified for concentrations of

three elements in treatment condition (Supplementary Table

S4; Figure 1; Supplementary Table S2). Ten SBT QTL were

detected on chromosomes 1, 2, 5, 6, 8–10, 12, with an average

phenotypic variation of 11.12%. Nineteen CBT QTL were

detected on all 12 chromosomes in 2019 with 1.45%–

12.76% of phenotypic variations. For As concentration,

22 and 4 QTL for ABT and AMT were identified in

2019 and 2020, respectively. They explained phenotypic

variation from 1.21% to 13.08%.

For ratio of concentrations of three elements under Se

treatment to normal conditions, a total of 95 QTL were
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identified for RSB, RSM, RCB, RCM, RAB and RAM

(Supplementary Table S4; Figure 1; Supplementary Table

S2). Nineteen and 13 QTL for RSB and RSM were detected

on all 12 chromosomes, respectively, explaining phenotypic

variation of 1.79%–40.14%. Nineteen and 22 QTL were

identified for RCB and RCM, respectively, with mean

phenotypic variation of 4.14%, ranging from 1.21% to

12.76%. Twenty-three and five QTL were found for RAB

and RAM on all chromosomes with phenotypic variation of

0.21%–18.37%.

Genetic overlap among QTL underlying
different elements in grains

Comparison of QTL located in the same or adjacent

regions can reveal genetic relationships of the concentration

between brown and milled rice and among three elements.

Total of 46 regions harboring QTL for different traits were

detected (Supplementary Table S5). Among them, 11 regions

were identified for concentrations of the same element

between brown rice and milled rice, including 10 harboring

qSBN2.2 and qSMN2.1, qSBN2.3 and qSMN2.2, qSBN3.1 and

qSMN3.1, qSBN4.2 and qSMN4.2, qSBN5.2 and qSMN5.2,

qSBN6 and qSMN6, qSBN7.2 and qSMN7, qSBN8.2 and

qSMN8, qSBN10 and qSMN10, and qSBN11.2 and

qSMN11.2 for Se concentration in brown and milled rice

under normal conditions, and one harboring qAMN2 and

qABN2 for As concentration in brown and milled rice

under normal condition. It was indicated that pleiotropy is

most probably responsible for association of Se and As

concentrations between brown and milled rice. Seventeen

regions were identified for concentrations of two or three

elements, including three harboring qSMN1.2 and qCBN1.2,

qSBN8.2, qSMN8 and qCBN8.2, and qSBT12 and qCBT12

affecting Se and Cd concentrations in normal or treatment

conditions, 10 harboring qCBN2, qABN2 and qAMN2,

qCBT2.1 and qABT2.1, qCBN3, qCBT3.1 and qABT3.2,

qCBT3.2 and qABT3.3, qCBT4.1, qABT4.1 and qAMT4,

qCBT7 and qABT7, qCBT8.2 and qABT8.3, qCBT9.1 and

qABT9.1, qCBT10 and qABT10.1, and qCBN11 and

qAMN11 for Cd and As concentrations under normal or

treatment condition, and four harboring qSBT1.2, qCBT1.2

and qABT1.2, qSBT5, qCBT5 and qABT5, qSBT8, qCMN8 and

qABT8.1, and qSBT9, qCBT9.2 and qABT9.2 affecting Se, Cd

and As concentrations in brown rice under treatment or

normal condition. Twenty regions were identified for QTL

overlap between concentrations in normal or treatment

conditions and concentration ratio of the three elements. It

was indicated that partial genetic overlaps exist due to

pleiotropy or tightly linkage for the three elements,

especially Cd and As under treatment condition.

FIGURE 1
Manhattan plots and QQ plots of GWAS for Se concentration in 2019 and 2020 in the 307 rice accessions. SBN, Se concentration in brown rice
in normal condition; SMN, Se concentration in milled rice in normal condition; SBT, Se concentration in brown rice in treatment condition; SMT, Se
concentration inmilled rice in treatment condition; RSB, ratio of the Se concentration in brown rice; RSM, ratio of the Se concentration inmilled rice.
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TABLE 2 Information of candidate genes in 14 important QTL regions.

QTL Chr Confidence
interval
(Mb)

MSU ID Annotation Trait affected

qRSB1.1 1 1.95–2.15 LOC_Os01g04580 Ser/Thr protein kinase, putative, expressed RSB/RCM

LOC_Os01g04590 expressed protein RCM/SBT/RSB

qABT1.2 1 24.33–24.53 LOC_Os01g42870 transferase family protein, putative, expressed ABT/SBT/CBT

LOC_Os01g42909 hypothetical protein ABT/CBT

LOC_Os01g42950 protein kinase family protein, putative, expressed ABT/CBT

qRSB1.4 1 42.31–42.51 LOC_Os01g73040 CBS domain-containing protein, putative, expressed RSB/RCM/SBT

LOC_Os01g73080 expressed protein RSB/RCM/SBT

LOC_Os01g73110 expressed protein RSB/RCM/SBT

LOC_Os01g73120 expressed protein RSB/RCM/SBT

LOC_Os01g73130 vacuolar ATP synthase, putative, expressed RSB/RCM/SBT

LOC_Os01g73140 ubiquitin-fold modifier 1 precursor, putative, expressed RSB/RCM/SBT

LOC_Os01g73150 expressed protein RSB/RCM/SBT

LOC_Os01g73170 peroxidase precursor, putative, expressed RSB/RCM/SBT

LOC_Os01g73250 abscisic stress-ripening, putative, expressed RCM

qRAB3.1 3 13.20–13.40 LOC_Os03g22840 retrotransposon protein, putative, unclassified, expressed RAB/ABT/RCB

qRSB4.1 4 5.22–5.42 LOC_Os04g09880 expressed protein RSB/RCM

qABT5 5 1.69–1.89 LOC_Os05g03934 expressed protein ABT/CBT

LOC_Os05g03972 plant protein of unknown function domain containing protein, expressed ABT/CBT/
RCB/RAB

LOC_Os05g04000 expressed protein ABT/CBT/
RCB/RAB

LOC_Os05g04020 plant protein of unknown function domain containing protein, expressed ABT/CBT/RAB

qRAB5.2 5 4.11–4.31 LOC_Os05g07810 universal stress protein domain containing protein, putative, expressed RAB

qCBN5 5 8.95–9.15 LOC_Os05g15960 retrotransposon protein, putative, unclassified, expressed CBN

qCBT7 7 21.02–21.22 LOC_Os07g35290 TKL_IRAK_DUF26-lc.10 - DUF26 kinases have homology to DUF26 containing
loci, expressed

CBT/ABT/RAB

LOC_Os07g35310 TKL_IRAK_DUF26-lc.12 - DUF26 kinases have homology to DUF26 containing
loci, expressed

CBT/ABT/
RCB/RAB

qSMN8 8 24.64–24.84 LOC_Os08g39120 expressed protein SMN/SBN

LOC_Os08g39174 retrotransposon protein, putative, Ty1-copia subclass, expressed SMN/SBN

LOC_Os08g39180 OsWAK73 - OsWAK receptor-like protein kinase, expressed SMN/SBN

qABT8.3 8 25.50–25.70 LOC_Os08g40510 KID-containing protein, putative, expressed ABT/CBT

LOC_Os08g40570 pyridoxamine 5%27-phosphate oxidase family protein, putative, expressed ABT/CBT/RCB

qRAB9.2 9 20.08–20.28 LOC_Os09g34200 OsFBX338 - F-box domain containing protein, expressed RAB/CBT/
ABT/RCB

LOC_Os09g34214 UDP-glucoronosyl and UDP-glucosyl transferase domain containing protein,
expressed

RAB/CBT/
ABT/RCB

LOC_Os09g34230 UDP-glucoronosyl/UDP-glucosyl transferase, putative, expressed RAB/CBT/
ABT/RCB

LOC_Os09g34250 UDP-glucoronosyl and UDP-glucosyl transferase domain containing protein,
expressed

RAB/CBT/
ABT/RCB

LOC_Os09g34270 UDP-glucoronosyl and UDP-glucosyl transferase domain containing protein,
expressed

RAB/CBT/
ABT/RCB

qSMN10 10 15.95–16.15 LOC_Os10g30790 inorganic phosphate transporter, putative, expressed SMN/SBN/RAB

LOC_Os10g30800 expressed protein SMN/SBN/RAB

qSMN11.2 12 25.94–26.14 LOC_Os11g43140 expressed protein SMN/SBN

LOC_Os11g43150 transposon protein, putative, CACTA, En/Spm sub-class, expressed SMN/SBN

LOC_Os11g43160 ransposon protein, putative, CACTA, En/Spm sub-class SMN/SBN

LOC_Os11g43170 hypothetical protein SMN/SBN

SBN, se concentration in brown rice in normal condition; SMN, se concentration in milled rice in normal condition; CBN, cd concentration in brown rice in normal condition; SBT, se

concentration in brown rice in treatment condition; CBT, cd concentration in brown rice in treatment condition; ABT, as concentration in brown rice in treatment condition; RSB, ratio of

Se concentration in brown rice; RCB, ratio of Cd concentration in brown rice; RCM, ratio of Cd concentration inmilled rice; RAB, ratio of As concentration in brown rice. The QTL listed in

Supplementary Table S4.
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Candidate gene analysis for
14 important QTL

Among 237 QTL for concentrations of three elements,

14 important QTL were identified in both years and/or had

effect on more than two different traits. A total of 40 candidate

genes and 43 favorable alleles were identified by gene-based

association analysis and haplotype analysis (Table 2;

Supplementary Table S6; Figure 2).

For qRSB1.1 in 1.95–2.15 Mb on chromosome 1, 1,598 SNPs

were found in 34 genes. Among them, 14 genes were identified.

Significant differences were identified in RSB and RCM in

2019 between different haplotypes for two candidate genes

(LOC_Os01g04580 and LOC_Os01g04590). Also, there was

significant difference in SBT in 2019 between two haplotypes

in LOC_Os01g04590. No haplotype was found for the rest

12 genes.

For qABT1.2 in the region of 24.33–24.53 Mb on

chromosome 1, 449 SNPs were found in 25 genes, and five

candidate genes were identified. Significant differences were

detected in ABT and CBT in 2019 between different

haplotypes in candidate genes LOC_Os01g42870,

LOC_Os01g42909 and LOC_Os01g42950. Besides, there was

significant difference in SBT in 2019 between two haplotypes

in LOC_Os01g42870. No haplotype was found for the other two

genes (LOC_Os01g42920 and LOC_Os01g42934).

For qRSB1.4 in 42.31–42.51 Mb on chromosome 1,

1,137 SNPs were found in 34 genes, and 13 candidate genes

were identified. Significant differences in RSB, SBT and RCM in

2019 were detected between two haplotypes in LOC_Os01g73040,

LOC_Os01g73080, LOC_Os01g73110, LOC_Os01g73120,

LOC_Os01g73130, LOC_Os01g73140, LOC_Os01g73150 and

LOC_Os01g73170. Besides, there was significant difference in

RCM in 2019 between two haplotypes in LOC_Os01g73250. No

FIGURE 2
Manhattan plots of gene-based association analysis in 14 important QTL regions. The rhomb-shaped point represents annotation genes in the
candidate region; the horizontal line represents the threshold.
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haplotype was found for LOC_Os01g72980, LOC_Os01g73100,

LOC_Os01g73160 and LOC_Os01g73310.

For qRAB3.1 in the region of 13.20–13.40 Mb on

chromosome 3, 305 SNPs were found in 26 genes, and

14 candidate genes were identified. Significant differences were

detected in RAB, ABT and RCB in 2019 between different

haplotypes in LOC_Os03g22840. There was no significant

difference in any trait between different haplotypes or no

haplotype available in the rest 13 genes.

For qRSB4.1 in the region of 5.22–5.42 Mb on chromosome

4, 818 SNPs were found in 15 genes, and five candidate genes

were identified. Significant differences were detected in RSB and

RCM in 2019 between two haplotypes in LOC_Os04g09880.

There was no significant difference in any trait between

different haplotypes or no haplotype identified in the rest four

genes.

For qABT5 in the region of 1.69–1.89 Mb on chromosome 5,

1,086 SNPs were found in 29 genes, and 11 candidate genes were

identified. Significant differences were detected in ABT and CBT

in 2019 between different haplotypes in LOC_Os05g03934,

LOC_Os05g03972, LOC_Os05g04000 and LOC_Os05g04020.

Besides, significant differences in RCB and RAB in 2019 were

found between two haplotypes of each of LOC_Os05g03972 and

LOC_Os05g04000, and there was also significant difference in

RAB in 2019 between two haplotypes in LOC_Os05g04020. There

was no significant difference in any trait between different

haplotypes or no haplotype available in the rest seven genes.

For qRAB5.2 in the region of 4.11–4.31 Mb on chromosome

5, 1,508 SNPs were found in 26 genes, and nine candidate genes

were identified. Significant difference was detected in RAB in

2019 between two haplotypes in LOC_Os05g07810. No haplotype

was found in the rest eight genes.

For qCBN5 in the region of 8.95–9.15 Mb on chromosome 5,

596 SNPs were found in 28 genes, and only one candidate gene

(LOC_Os05g15960) was identified. Significant difference was

detected in CBN in 2019 between the two haplotypes.

For qCBT7 in the region of 21.02–21.22 Mb on chromosome

7, 1,245 SNPs were found in 26 genes, and two candidate genes

(LOC_Os07g35290 and LOC_Os07g35310) were identified.

Significant differences were detected in CBT, ABT and RAB

in 2019 between two haplotypes in both the two genes. Besides,

there was significant difference in RCB in 2019 between two

haplotypes in LOC_Os07g35310.

For qSMN8 in the region of 24.64–24.84 Mb on chromosome

8, 629 SNPs were found in 25 genes, and seven candidate genes

were identified. Significant differences were detected in SMN and

SBN in 2020 between two haplotypes in LOC_Os08g39120,

LOC_Os08g39174 and LOC_Os08g39180. No haplotype was

found in LOC_Os08g39150, LOC_Os08g39160,

LOC_Os08g39170 and LOC_Os08g39280.

For qABT8.3 in the region of 25.50–25.70 Mb on

chromosome 8, 620 SNPs were found in 22 genes, and three

candidate genes (LOC_Os08g40470, LOC_Os08g40510 and

LOC_Os08g40570) were identified. Significant differences were

detected in ABT and CBT in 2019 between two haplotypes in

LOC_Os08g40510 and LOC_Os08g40570. Besides, significant

difference was also found in RCB in 2019 between two

haplotypes in LOC_Os08g40570. No haplotype was found in

LOC_Os08g40470.

For qRAB9.2 in the region of 20.08–20.28 Mb on

chromosome 9, 1,162 SNPs were found in 32 genes, and

15 candidate genes were identified. Significant differences were

detected in RAB, ABT, CBT and RCB in 2019 between different

haplotypes in LOC_Os09g34200, LOC_Os09g34214,

LOC_Os09g34230, LOC_Os09g34250 and LOC_Os09g34270.

There was no significant difference in any trait between

different haplotypes or no haplotype available in the rest

10 genes.

For qSMN10 in the region of 15.95–16.15 Mb on

chromosome 10, 807 SNPs were found in 21 genes, and two

candidate genes (LOC_Os10g30790 and LOC_Os10g30800) were

identified. Significant differences were detected in SBN and SMN

in 2020, and RAB in 2019 between two haplotypes in both the

two genes.

For qSMN11.2 in the region of 25.94–26.14 Mb on

chromosome 11, 376 SNPs were found in 16 genes, and four

candidate genes (LOC_Os11g43140, LOC_Os11g43150,

LOC_Os11g43160 and LOC_Os11g43170) were identified.

Significant differences were detected in SMN and SBN in

2020 between two haplotypes in all four candidate genes.

Discussion

Distribution characteristics of three
elements in rice grains and Se-treatment
effect on their concentrations

Most Chinese people are likely to consume white rice or

polished rice which is produced from brown rice. Although

rice bran only accounts for 6–10% of the total weight of rice

(Wang et al., 2017), it contains 64% of important nutrients or

toxic elements (Yang et al., 2004). Our research showed that

the levels of toxic elements such as As and Cd, and nutritional

element Se have a good linear relationship between rice bran

and polished rice, and most of them are enriched in rice bran

as indicated that SBN, CBN and ABN accounted for almost

more than half of those in the whole grain. Relatively speaking,

the proportion of Se concentration in polished rice to the

whole grain is higher than that of Cd. The differences of

element distribution in rice grains provide an effective way

to remove most of toxic elements enriched in bran by

polishing brown rice, thus better ensuring food security for

people who consume the polished rice.

It was reported that the average Se concentration in rice

grains is 0.025 mg kg−1 in different regions of China, which
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results in the Se deficiency of inhabitants in China because the

rice Se is the main source of Se in the Chinese diet (Chen et al.,

2002). Biofortification of rice using Se fertilizers not only

increases grain Se concentration, but also reduces grain Cd

concentration (Tan et al., 2014). This was supported by our

finding that Se fertilizer treatment substantially improved Se

concentrations but had no obvious changes in concentrations of

Cd and As both in brown and milled rice in this study (Table 1).

It is the first report in the present study that the reactions of Cd

and As in rice grain to Se fertilizer treatment varied largely

among rice accessions. Take the concentrations in milled rice as

example, 26.51% and 20.11% accessions significantly decreased

in Cd and As concentrations (RCM and RAM below 0.80) after

Se treatment, 27.71% and 15.64% accessions significantly

increased in Cd and As concentrations (RCM and RAM

above 1.5), and 45.78% and 64.25% accessions were

insensitive to Se treatment in Cd and As concentrations

(RCM and RAM between 0.8 and 1.5), respectively. Thus,

screening varieties whose Cd and As concentrations are

insensitive to Se treatment or even decreased in milled rice

after Se treatment would provide an effective way of

biofortification for rice to enhance Se concentration and avoid

enrichment of toxic elements through spraying Se fertilizer

on leaf.

Comparisons of important QTL regions
with ones previously reported and their
candidate gene inference

In the present study, a total of 14 important QTL regions was

identified in both years and/or had effect on more than two

different traits (Table 2). Most of them were identified in the

same or adjacent regions with ones previously reported (Table 2;

Supplementary Table S5). For example, qRSB1.1, qSBT1.1 and

qRCM1.1 at the peak position of 2.05 Mb, qRSB1.4, qSBT1.3 and

qRCM1.2 in the region of 42.25–42.60 Mb on chromosome

1 were identified in the same regions of qCd1-2 for grain Cd

concentration (Zhang G. M. et al., 2018) and qGCD8 for grain Cd

concentration (Liu et al., 2019), and OsLCD for Cd tolerance and

accumulation (Chen et al., 2019). qRAB3.1, qABT3.1 and

qRCB3.1 in the region of 13.16–13.30 Mb on chromosome

3 were detected together with qGAS15 for grain As

accumulation (Liu et al., 2019). qRCM4.1, and qRSB4.1 in the

5.15–5.32 region on chromosome 4 were found near qCd4-3 for

grain Cd concentration (Zhang G. M. et al., 2018). qABT5,

qCBT5, qRCB5.1 and qRAB5.1 in the region of 1.79–1.80 Mb,

and qRAB5.2 in the region of 4.21–4.33 Mb on chromosome

5 were identified in the same regions of qSe5-1 for grain Se

concentration (Zhang et al., 2010), qCd5-1 for grain Cd

concentration (Zhang G. M. et al., 2018), OsMTP1 for Cd

translocation, and OsZIP6 for Cd transport (Chen et al.,

2019). qCBT7, qABT7, qRCB7.2 and qRAB7 in the peak

position of 21.12 Mb on chromosome 7 were detected near

qGAS13 for grain As accumulation (Liu et al., 2019) and

qCd7-2 for grain Cd accumulation (Zhang G. M. et al., 2018).

qABT8.3, qCBT8.2, qRCB8.3 and qRAB8.3 at the peak position of

25.60 Mb on chromosome 8 were mapped together with qCd8-3

for grain Cd concentration (Zhang G. M. et al., 2018). qRAB9.2,

qABT9.2, qCBT9.2 and qRCB9.2 in the region of 20.18–20.19 Mb

on chromosome 9 were detected near qRCd-5 for grain Cd

accumulation (Pan et al., 2021). Whether the QTL identified

in this study are allelic to the previously reported QTL or genes

need to be validated by fine-mapping and transgenic strategy.

The candidate genes were further inferred by bioinformatics

and gene expression at filling or milk stage of grain. Heavy metal

accumulation in rice grains may occur at grain filling or milk

stage. To identify the candidate genes for QTL involved in this

process, we analyzed the expression pattern of candidate genes

for each QTL using the RNA-seq database from MBKBASE. For

three candidate genes of qABT1.2, LOC_Os01g42909, encoding

hypothetical protein, was specifically expressed at milk stage of

embryo and endosperm (Supplementary Figure S3). For qRSB1.4,

LOC_Os01g73040 and LOC_Os01g73130 encode CBS domain-

containing protein and vacuolar ATP synthase, respectively. A

rice gene (OsCBSX4) with CBS domain involved in heavy metal

tolerance (Singh et al., 2012). Besides, some heavy metal ATPase,

OsHMA2 and OsHMA3, had function on Cd concentrations in

grains (Yan et al., 2019). LOC_Os01g73140 encodes precursor of

UFM1 (ubiquitin-fold modifier 1) and is highly expressed in the

milk stage of grain and filling stage of endosperm

(Supplementary Figure S4). UFM1 protein functions as new

post-translational UBLs (ubiquitin-like proteins) with similar

structure and regulatory mechanism with ubiquitin. Although

the function of UFM1 has not been reported in plants, the human

UFM1 participates in the ER (endoplasmic reticulum) stress

response that may involve in the folding and transport of

protein (Kang et al., 2007; Li et al., 2018), suggesting that

LOC_Os01g73140 may involve in the regulation of element

content. So, LOC_Os01g73040, LOC_Os01g73130 and

LOC_Os01g73140 are likely candidate genes for qRSB1.4. Of

three candidate genes for qSMN8, LOC_Os08g39120 encodes

an unknown expressed protein, with higher expression level in

the milk stage of grain and filling stage of endosperm compared

with the other two genes (Supplementary Figure S5), suggesting

that LOC_Os08g39120 is the most likely candidate gene for

qSMN8. For qRAB9.2, five candidate genes were identified,

and LOC_Os09g34200 encodes F-box domain proteins. In

previous study, many F-box proteins were highly expressed at

Cd stress (Zhou et al., 2012; Chen et al., 2014), implying that they

may involve in Cd transport in plants and affect Cd

accumulation. Another candidate gene, LOC_Os09g34230,

encoding UDP-glucoronosyl/UDP-glucosyl transferase protein,

is highly expressed at milk stage of grain and filling stage of

endosperm, as well as mature stage of grain (Supplementary

Figure S6), indicating that LOC_Os09g34230 plays important
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roles in the rice grain ripening process. UDP-glucosyl transferase

has been found to be involved in biologic and abiotic stress

responses in wheat, Arabidopsis and Rhazya stricta (Hajrah et al.,

2017; Sharma et al., 2018; Rao et al., 2019). The candidate gene

LOC_Os10g30790 for qSMN10, encoding inorganic phosphate

transporter, is expressed at milk stage of grain, filling stage of

endosperm, mature stage of grain and especially highly expressed

at mature stage of aleurone that exists in brown rice

(Supplementary Figure S7). Importantly, the expression of

phosphate transporter could increase arsenic tolerance in

Arabidopsis (Feng et al., 2021), indicating that

LOC_Os10g30790 is the most likely candidate gene for

qSMN10, which mediates the response to arsenic stress. Above

most likely candidate genes will be validated using CRISPR-Cas9

and transgenic technology in future.

Application in rice breeding for Se
enrichment with decreased Cd and As

In China, the general population in 72% of the total land area

is facing a Se deficiency problem (Feng et al., 2013). Therefore, it

is of great significance to develop rice variety with Se enrichment

but minimum contents of heavy metals such as Cd and As in

milled rice. Liu et al. (2020) reported that new elite varieties with

enriched Se content in grains can be realized by pyramiding

different main-effect QTL that considerably facilitated high Zn/

Se enrichment while low Cd accumulation in grains. In the

present study, among 142 QTL for concentrations of three

elements detected in normal or treatment conditions

(Supplementary Table S4), only 19 QTL (13.4%) were

commonly detected for concentrations of Se and Cd, Se and

As, and Se, Cd and As in the same or adjacent regions

(Supplementary Table S5), indicating that most genetic loci

underlying Se concentration are independent of those

controlling Cd and As concentrations. Breeders could pyramid

favorable alleles at different Se QTL and excluding undesirable

alleles at Cd and As QTL, thus, simultaneously increase Se

concentration and minimize Cd and As concentrations. Based

on haplotype analysis of candidate genes in 14 important QTL

regions identified in this study, Hap2 of candidate gene

LOC_Os08g39120 at qSMN8, LOC_Os10g30790 at qSMN10,

and Hap1 of LOC_Os11g43140 or LOC_Os11g43150, or

LOC_Os11g43170 at qSMN11.2 could increase Se

concentration in both brown and milled rice. Three

accessions, IRIS_313–8208, IRIS_313–8856 and

IRIS_313–11968 identified with high Se and low Cd and As

concentrations in milled rice carried 2, 3 and 1 favorable alleles of

the candidate genes at the three loci underlying Se concentration,

respectively (Supplementary Table S7). Meanwhile, the three

accessions all carried favorable Hap 1 of LOC_Os05g15960 at

qCBN5 which could decrease CBN. So, the three accessions could

be used as donor parents to introgress then pyramid different

favorable alleles at the three QTL for Se concentration and one

QTL for Cd concentration by marker-assisted selection (MAS).

In most cases, Se deficiency can be corrected by the

application of Se fertilizer into the soils or on rice leaf, which

is termed as agronomic biofortification (Lyons et al., 2004). As

indicated in this study, Se fertilizer treatment substantially

improved Se concentrations but had no obvious changes in

concentrations of Cd and As both in brown and milled rice,

meaning as compared with Se, Cd and As in grains were

insensitive to Se fertilizer treatment. Three important QTL

regions (1.95–2.15 Mb and 42.31–42.51 Mb on chromosome

1, and 5.22–5.42 Mb on chromosome 4) were identified for

both RSB and RCM in this study, and Hap1 of

LOC_Os01g04580 at qRSB1.1/qRCM1.1 and

LOC_Os04g09880 at qRSB4.1/qRCM4.1, and Hap2 of

LOC_Os01g04590 at qRSB1.1/qRCM1.1, LOC_Os01g73040,

LOC_Os01g73130 and LOC_Os01g73140 at qRSB1.4/qRCM1.2

could enhance about 5.1–31.6 times of the Se concentration in

brown rice and 5.4–10.5 times of Cd concentrations in milled rice

after Se treatment. So, introgressing and pyramiding favorable

genes for above three QTL could much improve Se concentration

in grains after Se fertilizer treatment although Cd concentration

could be increased to some extent due to synergistic effect of Se at

these RSB QTL. Four accessions (CX115, IRIS_313–11039,

IRIS_313–11197 and IRIS_313–11943) with high RSM and

low RCM and RAM carried all favorable alleles at above QTL

(Supplementary Table S7). Therefore, to develop higher Se-rich

variety with more efficient response to Se treatment, above four

accessions could be used as donor parent for introgressing and

pyramiding of favorable alleles at qRSB1.1/qRCM1.1, qRSB1.4/

qRCM1.2 and qRSB4.1/qRCM4.1 by MAS. It is worth noting that

qRSB3.2/qRSM3.1 for both RSB and RSM is only one locus which

is independent of QTL for ratio of Cd and As concentrations. So,

after mining favorable alleles at this locus using more diverse

germplasms, the favorable alleles can be used for further

enhancing Se concentrations in both brown and milled rice

after Se treatment without interference of Cd and As in rice

breeding for Se biofortification.

Finally, another efficient strategy to enhance Se

concentration in rice grains is probably to pyramid favorable

alleles of different kinds of QTL, i.e., QTL for Se enrichment

identified in normal condition and QTL for Se sensitivity

identified under Se fertilizer treatment by MAS. Thus, new

variety pyramiding above two kinds of QTL will show high Se

concentration in normal condition and more higher Se

concentration after Se fertilizer application in some Se-

deficient areas.

Conclusion

Large variations in concentrations of Se, Cd and As in

grains existed in the panel of 307 rice accessions in normal and
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Se treatment conditions. Se fertilizer treatment greatly

improved Se concentrations but had no obvious changes in

concentrations of Cd and As both in brown and milled rice. A

total of 237 QTL were identified for Se, Cd and As

concentrations in normal, Se treatment and ratio of

treatment to normal conditions by GWAS. Most QTL for

Se concentration is independent of those for Cd and As

concentrations in view of only 13.4% QTL commonly

detected in the same or adjacent regions. Forty-three

favorable alleles were identified for 40 candidate genes in

14 important QTL regions. Pyramiding of favorable alleles

at Se QTL and excluding undesirable alleles at Cd and As QTL,

or combining favorable alleles at Se QTL detected in normal

condition with the alleles at Se-sensitive QTL detected under

Se treatment by MAS will facilitate development of rice variety

with Se enrichment and minimum concentrations of Cd

and As.

Data availability statement

Publicly available datasets were analyzed in this study. This

data can be found here: http://snp-seek.irri.org.

Author contributions

JX and DX contributed to the conception of the study; WW,

KC and BD collected the phenotypic data; FZ and DL analyzed

the data; XQ wrote the original manuscript; JX revised the

manuscript. The authors read and approved the final manuscript.

Funding

This workwas funded byNational Public Industry (Agriculture)

Research Special Project (201303106), and Shenzhen Technology

Research & Development (JCYJ20200109150713553).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer JW declared a past co-authorship with the

authors FZ and JX to the handling editor.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fgene.

2022.1007896/full#supplementary-material

References

Akesson, A., Barregard, L., Bergdahl, I. A., Nordberg, G. F., Nordberg, M., and
Skerfving, S. (2014). Non-renal effects and the risk assessment of environmental
cadmium exposure. Environ. Health Perspect. 122, 431–438. doi:10.1289/ehp.
1307110

Alexander, D. H., Novembre, J., and Lange, K. (2009). Fast model-based
estimation of ancestry in unrelated individuals. Genome Res. 19, 1655–1664.
doi:10.1101/gr.094052.109

Alexandrov, N., Tai, S., Wang, W., Mansueto, L., Palis, K., Fuentes, R. R., et al.
(2015). SNP-Seek database of SNPs derived from 3000 rice genomes. Nucleic Acids
Res. 43, D1023–D1027. doi:10.1093/nar/gku1039

Bolan, N. S., Makino, T., Kunhikrishnan, T., Kim, P. J., Ishikawa, S., Murakami,
M., et al. (2013). Cadmium contamination and its risk management in rice
ecosystems. Adv. Agron. 119, 183–273. doi:10.1016/B978-0-12-407247-3.00004-4

Chang, J. D., Huang, S., Konishi, N., Wang, P., Chen, J., Huang, X. Y., et al. (2020).
Overexpression of the manganese/cadmium transporter OsNRAMP5 reduces
cadmium accumulation in rice grain. J. Exp. Bot. 71, 5705–5715. doi:10.1093/
jxb/eraa287

Chen, J., Zou, W., Meng, L., Fan, X., Xu, G., and Ye, G. (2019). Advances in the
uptake and transport mechanisms and QTLs mapping of cadmium in rice. Int.
J. Mol. Sci. 20, E3417. doi:10.3390/ijms20143417

Chen, L. C., Yang, F. M., Xu, J., Hu, Y., Hu, Q. H., Zhang, Y. L., et al. (2002).
Determination of selenium concentration of rice in China and effect of fertilization
of selenite and selenate on selenium content of rice. J. Agric. Food Chem. 50,
5128–5130. doi:10.1021/jf0201374

Chen, R., Guo, W., Yin, Y., and Gong, Z. H. (2014). A novel F-box protein
CaF-box is involved in responses to plant hormones and abiotic stress in pepper
(Capsicum annuum L.) Int. J. Mol. Sci. 15, 2413–2430. doi:10.3390/
ijms15022413

Cox, D. N., and Bastiaans, K. (2007). Understanding Australian consumers’
perceptions of selenium andmotivations to consume selenium enriched foods. Food
Qual. prefer. 18, 66–76. doi:10.1016/j.foodqual.2005.07.015

D’Amato, R., Regni, L., Falcinelli, B., Mattioli, S., Benincasa, P., Dal Bosco, A.,
et al. (2020). Current knowledge on selenium biofortification to improve the
nutraceutical profile of food: A comprehensive review. J. Agric. Food Chem. 68,
4075–4097. doi:10.1021/acs.jafc.0c00172

Du, Y., Hu, X. F., Wu, X. H., Shu, Y., Jiang, Y., and Yan, X. J. (2013). Affects of
mining activities on Cd pollution to the paddy soils and rice grain in Hunan
province, Central South China. Environ. Monit. Assess. 185, 9843–9856. doi:10.
1007/s10661-013-3296-y

Feng, H. Y., Li, X. Y., Sun, D., Chen, Y. S., Xu, G. H., Cao, Y., et al. (2021).
Expressing. phosphate transporter PvPht2;1 enhances P transport to the
chloroplasts and increases arsenic tolerance in Arabidopsis thaliana. Environ.
Sci. Technol. 55, 2276–2284. doi:10.1021/acs.est.0c03316

Feng, R. W., Wei, C. Y., and Tu, S. X. (2013). The roles of selenium in protecting
plants against abiotic stresses. Environ. Exp. Bot. 87, 58–68. doi:10.1016/j.
envexpbot.2012.09.002

Gailer, J. (2009). Chronic toxicity of as(III) in mammals: The role of (GS)(2)
AsSe(-). Biochimie 91, 1268–1272. doi:10.1016/j.biochi.2009.06.004

Frontiers in Genetics frontiersin.org12

Wang et al. 10.3389/fgene.2022.1007896

http://snp-seek.irri.org
https://www.frontiersin.org/articles/10.3389/fgene.2022.1007896/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.1007896/full#supplementary-material
https://doi.org/10.1289/ehp.1307110
https://doi.org/10.1289/ehp.1307110
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1093/nar/gku1039
https://doi.org/10.1016/B978-0-12-407247-3.00004-4
https://doi.org/10.1093/jxb/eraa287
https://doi.org/10.1093/jxb/eraa287
https://doi.org/10.3390/ijms20143417
https://doi.org/10.1021/jf0201374
https://doi.org/10.3390/ijms15022413
https://doi.org/10.3390/ijms15022413
https://doi.org/10.1016/j.foodqual.2005.07.015
https://doi.org/10.1021/acs.jafc.0c00172
https://doi.org/10.1007/s10661-013-3296-y
https://doi.org/10.1007/s10661-013-3296-y
https://doi.org/10.1021/acs.est.0c03316
https://doi.org/10.1016/j.envexpbot.2012.09.002
https://doi.org/10.1016/j.envexpbot.2012.09.002
https://doi.org/10.1016/j.biochi.2009.06.004
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1007896


Hajrah, N. H., Obaid, A. Y., Atef, A., Ramadan, A. M., Arasappan, D., Nelson, C.
A., et al. (2017). Transcriptomic analysis of salt stress responsive genes in Rhazya
stricta. PLoS One 12, e0177589. doi:10.1371/journal.pone.0177589

Kang, S. H., Kim, G. R., Seong, M., Baek, S. H., Seol, J. H., Bang, O. S., et al. (2007).
Two novel ubiquitin-fold modifier 1 (Ufm1)-specific proteases, UfSP1 and UfSP2.
J. Biol. Chem. 282, 5256–5262. doi:10.1074/jbc.M610590200

Kuramata, M., Abe, T., Kawasaki, A., Ebana, K., Shibaya, T., Yano, M., et al.
(2013). Genetic diversity of arsenic accumulation in rice and QTL analysis of
methylated arsenic in rice grains. Rice 6, 3. doi:10.1186/1939-8433-6-3

Li, J., Yue, G., Ma, W., Zhang, A., Zou, J., Cai, Y., et al. (2018). Ufm1-Specific
ligase Ufl1 regulates endoplasmic reticulum homeostasis and protects against heart
failure. Circ. Heart Fail. 11doi, e004917. doi:10.1161/circheartfailure.118.004917

Li, W. X., Ouyang, L. J., Wang,W., Chen, X. R., Peng, X. S., He, H. H., et al. (2020).
Advances in research on Cadmium accumulation characteristics and genetic
regulation in rice. J. Chin. Cereal Oil Assoc. 35, 182–189. doi:10.3969/j.issn.1003-
0174.2020.06.027

Liu, C., Ding, S., Zhang, A., Hong, K., Jiang, H., Yang, S., et al. (2020). Development of
nutritious rice with high zinc/selenium and low cadmium in grains through QTL
pyramiding. J. Integr. Plant Biol. 62, 349–359. doi:10.1111/jipb.12909

Liu, X., Chen, S., Chen, M., Zheng, G., Peng, Y., Shi, X., et al. (2019). Association study
reveals genetic loci responsible for Arsenic, Cadmium and lead accumulation in rice grain
in contaminated farmlands. Front. Plant Sci. 10, 61. doi:10.3389/fpls.2019.00061

Liu, Z. Y., Yang, J. X., Chen, G. Z., and Diao, J. M. (2007). Influence of arsenic in
soil on the growth of different rice (Oryza sativa L.) varieties. Ecol. Environ. 16,
1700–1704. doi:10.16258/j.cnki.1674-5906.2007.06.043

Lyons, G. H., Lewis, J., Lorimer, M. F., Holloway, R. E., Brace, D. M., Stangoulis,
J. C. R., et al. (2004). High-selenium wheat: Agronomic biofortification strategies to
improve human nutrition. Food Agric. Environ. 2, 171–178.

Meplan, C., and Hughes, D. J. (2020). The role of selenium in health and disease:
Emerging and recurring trends. Nutrients 12, 1049. doi:10.3390/nu12041049

Norton, G. J., Travis, A. J., Talukdar, P., Hossain, M., Islam, M. R., Douglas, A.,
et al. (2019). Genetic loci regulating arsenic content in rice grains when grown
flooded or under alternative wetting and drying irrigation. Rice 12, 54. doi:10.1186/
s12284-019-0307-9

Pan, C. Y., Ye, H. F., Zhou, W. Y., Wang, S., Li, M. J., Lu, M., et al. (2021). QTL
mapping of candidate genes involved in Cd accumulation in rice grain. Chin. Bull.
Bot. 56, 25–32. doi:10.11983/cbb20148

Pedrero, Z., Madrid, Y., Hartikainen, H., and Cámara, C. (2008). Protective effect
of selenium in Broccoli (Brassica oleracea) plants subjected to cadmium exposure.
J. Agric. Food Chem. 56, 266–271. doi:10.1021/jf072266w

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D.,
et al. (2007). Plink: A tool set for whole-genome association and population-based
linkage analyses. Am. J. Hum. Genet. 81, 559–575. doi:10.1086/519795

Qiu, T. C., Li, J., Cong, X., Cheng, H., Yu, S. B., Cheng, S. Y., et al. (2021a).
Genome-wide association study of total Selenium content in polished rice. Food Sci.
Technol. 46, 21–25. doi:10.13684/j.cnki.spkj.2021.12.004

Qiu, X., Chen, K., Lv, W., Ou, X., Zhu, Y., Xing, D., et al. (2017). Examining two
sets of introgression lines reveals background-independent and stably expressed
QTL that improve grain appearance quality in rice (Oryza sativa L.) Theor. Appl.
Genet. 130, 951–967. doi:10.1007/s00122-017-2862-z

Qiu, X. J., Zhu, S. B., Hu, H., Wang, C. C., Lv, W. K., He, L. P., et al. (2020).
Genome-wide association mapping for grain shape in rice accession. Int. J. Agric.
Biol. 23, 512–618. doi:10.17957/IJAB/15.1327

Qiu, X., Pang, Y., Yuan, Z., Xing, D., Xu, J., Dingkuhn, M., et al. (2015). Genome-
wide association study of grain appearance and milling quality in a worldwide
collection of Indica rice germplasm. PLoS One 10, e0145577. doi:10.1371/journal.
pone.0145577

Qiu, X., Yang, J., Zhang, F., Niu, Y., Zhao, X., Shen, C., et al. (2021b). Genetic
dissection of rice appearance quality and cooked rice elongation by genome-wide
association study. Crop J. 9, 1470–1480. doi:10.1016/j.cj.2020.12.010

Rao, M. J., Xu, Y., Huang, Y., Tang, X., Deng, X., and Xu, Q. (2019). Ectopic
expression of citrus UDP-GLUCOSYL TRANSFERASE gene enhances anthocyanin
and proanthocyanidins contents and confers high light tolerance in Arabidopsis.
BMC Plant Biol. 19, 603. doi:10.1186/s12870-019-2212-1

Rikans, L. E., and Yamano, T. (2000). Mechanisms of cadmium-mediated acute
hepatotoxicity. J. Biochem. Mol. Toxicol. 14, 110–117. doi:10.1002/(sici)1099-
0461(2000)14:2<110::aid-jbt7>3.0.co;2-j

Shang, D. R., Zhao, Y. F., Guo, Y. Y., Zhai, Y. X., Ning, J. S., Sheng, X. F., et al.
(2012). Safety evaluation of arsenic and arsenic coumpounds in food. Chin. Fish.
Qual. Stand. 2, 21–32.

Sharma, P., Gangola, M. P., Huang, C., Kutcher, H. R., Ganeshan, S., and Chibbar,
R. N. (2018). Single nucleotide polymorphisms in B-genome specific UDP-Glucosyl
Transferases associated with fusarium head blight resistance and reduced
deoxynivalenol accumulation in wheat grain. Phytopathology 108, 124–132.
doi:10.1094/phyto-04-17-0159-r

Singh, A. K., Kumar, R., Pareek, A., Sopory, S. K., and Singla-Pareek, S. L. (2012).
Overexpression of rice CBS domain containing protein improves salinity, oxidative,
and heavy metal tolerance in transgenic tobacco. Mol. Biotechnol. 52, 205–216.
doi:10.1007/s12033-011-9487-2

Tan, X. S., Zeng, Y. H., Li, Z. M., Guan, F., and Guan, E. X. (2014). Effects of
Selenium fertilizer on the content of heavy metal Cadmium in eice. Chin. Rice 20,
76–77. doi:10.3969/j.issn.1006-8082.2014.01.018

Tapiero, H., Townsend, D. M., and Tew, K. D. (2003). The antioxidant role of
selenium and seleno-compounds. Biomed. Pharmacother. 57, 134–144. doi:10.1016/
s0753-3322(03)00035-0

Vilhjálmsson, B. J., and Nordborg, M. (2013). The nature of confounding in
genome-wide association studies. Nat. Rev. Genet. 14, 1–2. doi:10.1038/nrg3382

Wang, C. C., Yu, H., Huang, J., Wang,W. S., Faruquee, M., Zhang, F., et al. (2020).
Towards a deeper haplotype mining of complex traits in rice with RFGB v2.0. Plant
Biotechnol. J. 18, 14–16. doi:10.1111/pbi.13215

Wang, L. Y., Zhu, C. N., Wang, J. J., Zhang, L. X., Jin, Q. S., and Shi, C. H. (2012).
Screen for rice (Oryza sativa) genotypes with lower Cd, Pb and as contents. Acta.
Agric. Zhejiang 24, 133–138. doi:10.3969/j.issn.1004-1524.2012.01.025

Wang, P., Chen, H. P., Kopittke, P. M., and Zhao, F. J. (2019). Cadmium
contamination in agricultural soils of China and the impact on food safety.
Environ. Pollut. 249, 1038–1048. doi:10.1016/j.envpol.2019.03.063

Wang, T., Khir, R., Pan, Z., and Yuan, Q. (2017). Simultaneous rough rice drying
and rice bran stabilization using infrared radiation heating. LWT-Food Sci. Technol.
78, 281–288. doi:10.1016/j.lwt.2016.12.041

Wang, W., Mauleon, R., Hu, Z., Chebotarov, D., Tai, S., Wu, Z., et al. (2018).
Genomic variation in 3, 010 diverse accessions of Asian cultivated rice. Nature 557,
43–49. doi:10.1038/s41586-018-0063-9

Yan, H., Xu, W., Xie, J., Gao, Y., Wu, L., Sun, L., et al. (2019). Variation of a major
facilitator superfamily gene contributes to differential cadmium accumulation
between rice subspecies. Nat. Commun. 10, 2562. doi:10.1038/s41467-019-
10544-y

Yang, H. P., Wang, S. Y., Song, W., Jin, J., and Zhu, G. F. (2004). Study on
extracting rice bran oil from rice bran by aqueous enzymatic method. Food Sci. 25,
106–109. doi:10.1007/BF02911033

Zhang, G. M., Zheng, T. Q., Chen, Z., Wang, Y. L., Wang, Y., Shi, Y. M., et al.
(2018a). Joint exploration of favorable haplotypes for mineral concentrations in
milled grains of rice (Oryza sativa L.) Front. Plant Sci. 9, 447. doi:10.3389/fpls.2018.
00447

Zhang, J., Ou, X. X., Hu, H., Du, B., Lv, W. K., Yang, L. W., et al. (2018b).
Identification of QTLs for yield-related traits using two sets of introgression lines
with a common donor parent in rice. Int. J. Agric. Biol. 20, 15–24. doi:10.17957/ijab/
15.0321

Zhang, J., Zhu, Y. G., Zeng, D. L., Cheng, W. D., Qian, Q., and Duan, G. L. (2008).
Mapping quantitative trait loci associated with arsenic accumulation in rice (Oryza
sativa). New Phytol. 177, 350–355. doi:10.1111/j.1469-8137.2007.02267.x

Zhang, X. W., Yang, L., Zhang, T., Zheng, J. K., Jin, L., Zheng, J. M., et al. (2010).
Inheritance of Selenium contents and QTL detection in rice grains. J. Plant. Genet.
Res. 11, 445–450.

Zhou, Z. S., Song, J. B., and Yang, Z. M. (2012). Genome-wide identification of
Brassica napus microRNAs and their targets in response to cadmium. J. Exp. Bot.
63, 4597–4613. doi:10.1093/jxb/ers136

Zhu, H. H., Chen, C., Xu, C., Zhu, Q. H., and Huang, D. Y. (2016). Effects of soil
acidification and liming on the phytoavailability of cadmium in paddy soils of
central subtropical China. Environ. Pollut. 219, 99–106. doi:10.1016/j.envpol.2016.
10.043

Zou, W. L., Leng, Y. J., Li, J. L., Meng, L. J., He, H. H., Chen, J. G., et al. (2018).
Uptake and translocation mechanism of Cadmium accumulation in rice and QTL
mapping related to Cadmium stress.Mol. Plant Breed. 16, 8128–8141. doi:10.13271/
j.mpb.016.008128

Frontiers in Genetics frontiersin.org13

Wang et al. 10.3389/fgene.2022.1007896

https://doi.org/10.1371/journal.pone.0177589
https://doi.org/10.1074/jbc.M610590200
https://doi.org/10.1186/1939-8433-6-3
https://doi.org/10.1161/circheartfailure.118.004917
https://doi.org/10.3969/j.issn.1003-0174.2020.06.027
https://doi.org/10.3969/j.issn.1003-0174.2020.06.027
https://doi.org/10.1111/jipb.12909
https://doi.org/10.3389/fpls.2019.00061
https://doi.org/10.16258/j.cnki.1674-5906.2007.06.043
https://doi.org/10.3390/nu12041049
https://doi.org/10.1186/s12284-019-0307-9
https://doi.org/10.1186/s12284-019-0307-9
https://doi.org/10.11983/cbb20148
https://doi.org/10.1021/jf072266w
https://doi.org/10.1086/519795
https://doi.org/10.13684/j.cnki.spkj.2021.12.004
https://doi.org/10.1007/s00122-017-2862-z
https://doi.org/10.17957/IJAB/15.1327
https://doi.org/10.1371/journal.pone.0145577
https://doi.org/10.1371/journal.pone.0145577
https://doi.org/10.1016/j.cj.2020.12.010
https://doi.org/10.1186/s12870-019-2212-1
https://doi.org/10.1002/(sici)1099-0461(2000)14:2<110::aid-jbt7>3.0.co;2-j
https://doi.org/10.1002/(sici)1099-0461(2000)14:2<110::aid-jbt7>3.0.co;2-j
https://doi.org/10.1094/phyto-04-17-0159-r
https://doi.org/10.1007/s12033-011-9487-2
https://doi.org/10.3969/j.issn.1006-8082.2014.01.018
https://doi.org/10.1016/s0753-3322(03)00035-0
https://doi.org/10.1016/s0753-3322(03)00035-0
https://doi.org/10.1038/nrg3382
https://doi.org/10.1111/pbi.13215
https://doi.org/10.3969/j.issn.1004-1524.2012.01.025
https://doi.org/10.1016/j.envpol.2019.03.063
https://doi.org/10.1016/j.lwt.2016.12.041
https://doi.org/10.1038/s41586-018-0063-9
https://doi.org/10.1038/s41467-019-10544-y
https://doi.org/10.1038/s41467-019-10544-y
https://doi.org/10.1007/BF02911033
https://doi.org/10.3389/fpls.2018.00447
https://doi.org/10.3389/fpls.2018.00447
https://doi.org/10.17957/ijab/15.0321
https://doi.org/10.17957/ijab/15.0321
https://doi.org/10.1111/j.1469-8137.2007.02267.x
https://doi.org/10.1093/jxb/ers136
https://doi.org/10.1016/j.envpol.2016.10.043
https://doi.org/10.1016/j.envpol.2016.10.043
https://doi.org/10.13271/j.mpb.016.008128
https://doi.org/10.13271/j.mpb.016.008128
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1007896

	Distribution characteristics of selenium, cadmium and arsenic in rice grains and their genetic dissection by genome-wide as ...
	Introduction
	Materials and methods
	Association mapping panel
	Field experiment and evaluation of Se, Cd and As concentrations in grains
	SNP data
	QTL detection for concentrations of three elements by GWAS
	Gene-based association mapping and haplotypes analysis

	Results
	Phenotypic variations in the natural population
	Correlation of concentrations in the panel of accessions
	Detection of QTL by GWAS
	Genetic overlap among QTL underlying different elements in grains
	Candidate gene analysis for 14 important QTL

	Discussion
	Distribution characteristics of three elements in rice grains and Se-treatment effect on their concentrations
	Comparisons of important QTL regions with ones previously reported and their candidate gene inference
	Application in rice breeding for Se enrichment with decreased Cd and As

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


