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Abstract
Rice is an important human staple food providing calories and useful elements, even though vulnerable to 
heavy metal contamination. Breeding tools for improving the concentration of nutrient and reduce levels of 
toxic compounds can improve the nutritional value and safety of rice grains. This work presents a comprehensive 
analysis of the genetic bases controlling variation in the rice ionome employing genome-wide association studies 
(GWAS) with a diversity panel of 294 temperate and tropical japonica accessions, each genotyped with 36,830 SNP 
loci. GWAS was performed for brown rice content of 13 elements: As, Ca, Cd, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Zn for 
rice plants grown under two diverse water management regimes, permanent flooding and limited watering. GWAS 
identified 232 significant marker-traits associations (MTAs); 87 of which had high R2 and low p-values and were 
selected for further analysis. Among them, 32 MTAs were consistently identified under both environments. These 
can represent valuable candidates for marker-assisted selection to improve the composition of essential mineral 
nutrients and reduce the concentration of toxic elements in the rice grain. Furthermore, co-localization regions 
for 60 MTAs were highlighted for two or more traits. Potential candidate genes were identified for 14 MTAs with 
-log10(p) value < 5 and R2 > 6; among them, gene functions that were related to transport/uptake, accumulation, 
detoxification, metal binding and root architecture, coherent with the traits of interest, were highlighted. The 
study provides relevant insights into the genetic basis of ionomic variations in rice and may serve as an important 
foundation for improvement in breeding, as well as for further studies on the genetic bases and molecular 
mechanisms controlling the rice grain ionome.
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Background
Rice (Oryza sativa L.) is a major staple food for more 
than half of the world’s population (Parengam et al. 2010) 
and is considered a concentrated source of minerals 
and vitamins. However, in the form that most consum-
ers eat (white, polished rice), it contains low levels of 
micronutrients (Bouis and Welch 2010), thus contrib-
uting to malnutrition and hidden hunger, especially for 
those populations that depend on a rice subsistence diet 
(White and Broadley 2009; Antony et al. 2022). Indeed, it 
has been estimated that up to two billion people world-
wide suffer from iron (Fe) and zinc (Zn) deficiencies 
(Zimmermann and Hurrell 2007; Smith and Myers 2018). 
In recent years, the nutrition and public health commu-
nity has used various interventions for these deficiencies, 
including supplementation, fortification, and biofortifi-
cation (Bouis and Welch 2010; Descalsota-Empleo et al. 
2019; Tiozon et al. 2021). On the other hand, plants also 
take up from the soil nonessential and toxic elements, 
which may cause phytotoxicity or enter the food chain, 
posing a risk to human health (Clemens et al. 2002; Wil-
liams and Salt 2009). For this reason, several countries 
have reduced the maximum permitted content of some 
harmful elements in rice. For example, the European 
Community has brought the maximum content in rice for 
arsenic (As), cadmium (Cd), and nickel (Ni) to 0.15, 0.15, 
and 1.5 mg kg− 1, respectively, (EU Regulation 2023/915). 
Hence, revealing the genetic diversity for accumulation of 
essential or toxic micronutrients in brown rice is impor-
tant to promote brown grain-based health benefits and 
prevent adverse effects from undesirable toxic elements.

The composition in terms of mineral and trace ele-
ments is defined as the plant ionome (Lahner et al. 2003; 
Salt et al. 2008), and a pivotal task in plant ionomic 
research is to unravel the genetic basis underlying the 
variations of the element concentration across the differ-
ent accessions and cultivars of a specific crop. The plant 
ionome is a complex trait since it is affected by genetic, 
environmental (including water management, soil prop-
erties, and conditions that affect mineral supply and 
availability), and developmental factors, as well as their 
interaction (Pinson et al. 2015; Huang and Salt 2016). 
The strong influence of environment on this trait may 
mask the genetic variation or make quantitative trait loci 
(QTLs) unreproducible. Many genetic loci responsible for 
uptake, translocation, and storage of mineral elements in 
plants have been identified, and many QTLs for mineral 
concentrations have been reported in rice (Lu et al. 2008; 
Garcia-Oliveira et al. 2009; Norton et al. 2010, 2012; Cu 
et al. 2021; Liu et al. 2021; Pasion et al. 2023; Tanaka et al. 
2025) supporting the importance of exploring the genetic 
variability present in the rice germplasm available world-
wide (Pinson et al. 2015; Tiozon et al. 2024). To date, only 
a small number of these QTLs have been finely mapped, 

leading to the identification of the causal genes involved 
in the traits of interest. Among them, the transporter 
genes Os-HKT1;5 (or SKC1) for sodium (Na), Os-HMA3 
for Cd, NRT1.1B for nitrogen (N), Os-HMA4 for copper 
(Cu) were identified (Ren et al. 2005; Ueno et al. 2010; 
Miyadate et al. 2011; Hu et al. 2015; Huang et al. 2016). 
In addition, the gene OsMOT1 controlling molybdenum 
(Mo) concentration in both straw and grain was identi-
fied (Wang et al. 2020a, b). However, the gene networks 
controlling mineral accumulation and homeostasis are 
complex and largely remain to be elucidated.

Genome-wide association study (GWAS) is a pow-
erful tool for identifying QTLs in complex traits in rice 
(Islam et al. 2020; Wang et al. 2020a). Several studies 
that deployed GWAS for micronutrient variation in rice 
showed polygenic inheritance (Bollinedi et al. 2020; Des-
calsota-Empleo et al. 2019; Norton et al. 2010, 2012, 2014; 
Tan et al. 2020; Yang et al. 2018). These results agree with 
an extensive heritable variation observed for rice grain 
ionome in 1,763 accessions of diverse geographic and 
genetic origins (Pinson et al. 2015). In particular, GWAS 
was applied for the concentrations of four minerals (As, 
Cu, Mo, and Zn) in rice grain (Norton et al. 2014), as well 
as eight elements (Zn, Fe, manganese [Mn], Cu, phos-
phorus [P], calcium [Ca], potassium [K], and magnesium 
[Mg]) in brown rice (Nawaz et al. 2015). More recently, 
an extensive GWAS analysis for 17 elements was con-
ducted on a diversity panel of 529 accessions, mainly 
represented by ssp. indica, grown under diverse envi-
ronments and fertilization, allowing the identification of 
shared or environment-specific marker-trait associations 
(MTAs) and candidate genes located in 42 associated loci 
(Yang et al. 2018). A further study evaluated a germplasm 
panel of indica rice for 12 elements in two locations for 
two years and identified 128 loci associated with the con-
centration of grain elements, 14 of which resulted stable 
across growing environments, then representing suitable 
candidates for marker-assisted selection (Cu et al. 2021). 
Another panel of 318 re-sequenced indica accessions 
was subjected to GWAS for 12 micronutrients, allowing 
a detailed identification of candidate genes whose puta-
tive contribution and interaction were validated through 
transcriptome analysis and co-expression network analy-
sis (Pasion et al. 2023). Even though changes in water 
management are expected to affect the grain ionome of 
rice by their effects on minerals solubility and soil bio-
availability, only few investigations are currently provid-
ing information about this topic. In one of these studies, 
the accumulation of 16 grain elements in response to 
two diverse watering systems (flooded and irrigated-but-
unflooded) was investigated using a biparental mapping 
population represented by Teqing × Lemont introgres-
sion lines, therefore representing indica genetic mate-
rial. The study highlighted differences in QTLs between 
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the two water management systems, and a higher num-
ber of QTLs and element-to-element correlations were 
detected under flooded conditions than under the alter-
native watering approach (Zhang et al. 2014). Finally, a 
total of 191 indica, japonica, and Aus accessions from the 
USDA Rice mini-core collection were used for GWAS for 
16 ionomic traits under flooded and unflooded condi-
tions, and a very scarce overlapping was observed for the 
MTAs detected in the different watering conditions (Liu 
et al. 2020).

Here, we provide a contribution to narrow the knowl-
edge gap about ionome composition under various 
water regimes, as we describe a comprehensive GWA 
analysis of the rice ionome using 294 diverse rice acces-
sions mostly belonging to O. sativa ssp. japonica, each 
genotyped for 36,830 SNP loci. The rice accessions were 
grown for two years in a typical rice growing district in 
Italy under two different water management conditions: 
permanent flooding (PF) and limited water (LW). Using 
high-throughput inductively coupled plasma mass spec-
trometry (ICP-MS), brown rice grains were analyzed for 
13 mineral elements (As, Ca, Cd, Cu, Fe, K, Mg, Mn, Mo, 
Na, Ni, P, Zn). GWAS was carried out separately for the 
two watering conditions to identify significant and sta-
bly expressed MTAs. Investigations allowed the identi-
fication of specific loci involved in the accumulation of 
multiple elements in LW and PF. Subsequently, putative 
candidate genes located in these regions were identified. 
We also detected potential favourable alleles, which could 
be used in rice biofortification programs or in developing 
genotypes able to limit the accumulation of undesirable 
elements in the grain.

Materials and Methods
GWAS Panel and Experimental Design
A previously described panel of 294 Oryza sativa vari-
eties was used for this experiment (Volante et al. 2017a, 
2020; Supplementary Table S1). The panel was composed 
of 73 tropical japonica, 211 temperate japonica, 7 indica 
accessions, 2 aromatic and 1 Aus. Detailed information 
regarding the accessions is reported in Supplementary 
Table S1 in Volante et al. (2017a). The accessions were 
grown in paddy fields in Vercelli (Piedmont, Italy), coor-
dinates 45°19’204” N, 8°22’25,35” E (WGS84). According 
to the USDA classification, the soil in this area is classi-
fied as a sub-acid loam-type soil. Its chemical-physical 
characteristics and the content in mineral micronutrients 
and trace elements were reported in Orasen et al. (2019) 
and reported in Supplementary Table S2.

Accessions were grown during two growing seasons 
under two different soil water management systems: 
forced Limited Water (LW) and Permanent Flooding 
(PF). The experimental design involved a completely ran-
domized block design with three replicates per watering 

condition. Each plot consisted of three rows of about 60 
plants for about 180 plants per plot (170  cm-long rows 
at a distance of 10 cm). The fertilization was performed 
spreading and burying 23-0-10 NPK (0.1 t ha− 1) at pre-
sowing in pre-seed; no further N input was applied 
during the panicle differentiation phase (Volante et al. 
2017a). The sowing was performed in dry conditions for 
both water treatments. In the case of PF, the field was 
flooded (10 cm water) when most of the cultivars reached 
the three-leaves stage (typically after 30 days), and it was 
kept in this condition throughout the whole growing sea-
son until 30 days before harvesting. In the case of LW, 
water was applied when ψH2O values were lower than 
− 30 kPa at -20 cm depth up to soil water potential (ψH2O) 
rise to zero (Volante et al. 2017a).

Analysis of Brown Grain Ionome
The ionome of the brown grains was defined by measur-
ing the concentrations of 13 elements: As, Ca, Cd, Cu, 
Fe, K, Mg, Mn, Mo, Na, Ni, P, Zn. To do this, samples of 
300 mg (2 samples for each biological replicate) of flour, 
obtained from completely milled brown grains dried to 
13% humidity, were treated in Teflon tubes with 10 mL of 
65% HNO3 and then mineralized by a microwave diges-
tion system (Anton Paar MULTIWAVE-ECO) applying 
a 10-min one-step temperature ramp (20–210  °C) and 
maintaining them at 210 °C for more than 10 min. After 
20 min cooling, aliquots of the mineralized samples were 
diluted using MILLI-Q water (1: 40) in polypropylene 
test tubes. The concentration of the 13 elements in the 
diluted samples was determined using an Inductively 
Coupled Plasma Mass Spectrometer (BRUKER Aurora-
M90 ICP-MS). An aliquot of 2 mg L− 1 of an internal 
standard solution (72Ge, 89Y, 159Tb) was added to the test 
samples and the calibration curve samples to give a final 
concentration of 20  µg L− 1. Typical polyatomic analysis 
interferences were removed using CRI (Collision-Reac-
tion-Interface) with an H2 flow of 70 mL min− 1 flown 
through a skimmer cone. Accuracy was evaluated using a 
certified reference material (rice flour- NIST SRM 1568a; 
National Institute of Standards and Technology - NIST, 
Gaithesburg, MD).

Statistical Analysis of Phenotypic Data
Frequency distributions of phenotypic data were tested 
for normality using the Shapiro–Wilk function; addition-
ally, kurtosis and skewness were calculated using the R 
package dlookr. Analysis of variance (ANOVA) was per-
formed using the “lm” function in the R environment to 
assess the significance of genotypes (G), year (E), and 
genotype × year interaction (G×E) within each environ-
ment (PF and LW). Broad sense heritability (H2) was cal-
culated from ANOVA as:

H2 = s2G / [s2G + (s2GE/E) + (s2e/rE)]
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where σ2G is the genetic variance, σ2GE is the genotype 
× year interaction variance, σ2e is the residual variance, E 
is the number of years, and r is the number of replicates. 
A one-factor ANOVA was also performed to verify the 
effect of the water management on grain element con-
centration, as reported in Table 1.

Finally, to find out possible correlations among the 
concentration of elements, for each watering treatment 
Pearson coefficients of average concentration of the three 
biological replicates in the two years were calculated 
for each element, using the standard “cor” function in 
R corrplot package; the significance of correlations was 
assessed with the t-test implemented in the “cor.mtest” 
function.

Genotyping of the GWAS Panel and LD Analysis
The 294 accessions of the rice panel subjected to ionomic 
analyses were subjected to genotyping-by-sequencing 
(GBS) following a pipeline described by Biscarini et al. 
(2016), except for the number of tags required for the 
alignment to the Nipponbare reference sequence (1 
instead of 5). A set of 246,084 SNPs was identified and 
mapped on the Os-Nipponbare-Reference-IRGSP-1.0 
genome pseudomolecule sequence assembly (Kawahara 
et al. 2013). Markers with a call rate value lower than 
90% and minimum allele frequency (MAF) lower than 
5% were discarded. After filtering for call rate and MAF, 
a total number of 36,830 SNPs was subsequently used 
for GWAS. The population structure was preliminarily 
defined as in Volante et al. (2017a, b, 2020), with the same 
parameters. Briefly, results were obtained from Princi-
pal Component Analysis conducted using Tassel v5.2.41 
(Bradbury et al. 2007), Jukes-Cantor phylogenetic clus-
tering with MEGA7 (Kumar et al. 2016) and a Bayesian 
model-based analysis performed with Structure, v2.3.4 
(Pritchard et al. 2000) on a subset of 9996 markers (i.e., a 
random selection of 833 SNPs per chromosome).

Association Mapping
For GWAS, the average of the three biological replicates 
for each element concentration of the two years was cal-
culated for each watering treatment. A total number of 
36,830 SNPs obtained after filtering was used for the 
analysis. GWAS was performed by running Mixed Linear 
Models (MLM), which account for population stratifica-
tion and genotype relatedness by including the first three 
Principal Components (PCs) and the kinship matrix (K) 
calculated from the same set of SNP markers. Two sep-
arate association analyses were performed for the two 
different watering treatments (PF and LW) with Tassel 
v5.2.41. The program was run with the following param-
eters: no compression, genetic, and residual variance re-
estimated for each marker. A p-value of the association 
to the phenotypic traits was calculated for each marker; 

the significance threshold to declare a marker as associ-
ated was set to 0.05 after correction for multiple testing 
using the false discovery rate (FDR) method, accord-
ing to Benjamini and Hochberg (1995). Manhattan plots 
and Q–Q plots were drawn using the R package “qqman” 
(Turner 2018) for each trait. MTA loci were defined, 
merging adjacent significant SNPs A peak marker was 
defined as the SNP with the lowest p-value and highest 
explained variance (R2) for each MTA region. As adopted 
in previous works where the same population was used, 
the regions defined by the peak marker/region positions, 
including 100 kbp upstream and downstream (corre-
sponding to an average LD decay of 0.5 estimated on the 
LOESS curve, as a trade-off between accuracy and power 
of the analysis; Volante et al. 2017a, 2020) were screened 
to search for candidate genes underlying each trait. 
When a single marker was associated, this was assumed 
to be a peak. This search was conducted for MTAs show-
ing a -log10(p) value > 5 and R2 > 6. All gene loci within 
these intervals were extracted from the annotation of the 
Oryza sativa reference sequence (Os-Nipponbare-Refer-
ence-IRGSP-1.0 updated 07-2024; ​h​t​t​p​​:​/​/​​r​a​p​d​​b​.​​d​n​a​​.​a​f​​f​r​c​.​​
g​o​​.​j​p​​/​d​o​​w​n​l​o​​a​d​​/​i​r​g​s​p​1​.​h​t​m​l).

Results
Phenotypic Analysis
To evaluate the effect of water management system 
on ionomic composition of 13 elements in brown rice 
grains, a panel of 294 rice varieties was tested under PF 
or LW conditions in two consecutive seasons. The two-
year average data of the element concentrations (mg 
kg− 1) are reported in Supplementary Table S1, where per-
centile values are also indicated, so that those accessions 
showing extreme values for each element in both water-
ing conditions can be easily identified.

The frequency distribution of the average pheno-
typic data recorded in the two years for each of the 13 
elements was evaluated for both watering conditions 
(Fig.  1). Although the Shapiro-Wilk test does not indi-
cate a normal distribution, the range of values for kurto-
sis and skewness parameters supports the normality of 
the distributions for most of the elements. The distribu-
tion and statistical analyses (Fig. 1; Table 1) indicate that 
water management affected grain concentration of some 
elements, i.e., As, Cd, Cu, Ni, and, to some extent, Mn. 
Other elements were affected to a lower extent, i.e., Ca, 
Mo, Na. Only for Na the differences in average concen-
trations in LW and PF were statistically not significant. 
The largest variations were observed for Cu, Ni, and Cd, 
with a decrease of 38, 81 and 50% under PF, respectively, 
whereas Mn and As were more enriched under PF, with 
an increase of 30 and 225%, respectively, compared to 
LW (Table 1; Fig. 2).

http://rapdb.dna.affrc.go.jp/download/irgsp1.html
http://rapdb.dna.affrc.go.jp/download/irgsp1.html
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Considering the data distribution, the rice panel 
showed a wide variation in ionomic composition, 
depending on the considered element and the water-
ing system, as shown in Table 1. As previously observed 
(Yang et al. 2018), the most abundant macronutrient 
(Mg, K, P), with an average of more than 1,000 mg kg− 1 
of dry weight, showed the lowest variation, with a coef-
ficient of variation (CV) ranging from 6.89 to 9.57% while 
for other macro-elements and the micronutrients (Fe, 
Mn, Zn, Mo, Cu) a CV ranging from 14.44 to 33.84%, 
with Mo showing the highest variation, was observed. 
Non-essential and toxic elements, namely As, Cd and Ni, 
showed the highest diversity in the panel (CV from 21.82 
to 89.95%). In particular, we note that the concentrations 
of inorganic arsenic in the samples with superior haplo-
types never exceeded the Codex Alimentarius limit for 
brown rice (0.35  mg kg− 1). Similarly, cadmium concen-
trations were always below both the Codex limit (0.4 mg 
kg− 1) and the more stringent threshold established by 
the European Union for rice (0.15 mg kg− 1), as defined in 
Regulation (EU) 2023/915.

The broad sense heritability (H2, Table 1) ranged from 
0.33 to 0.75 under LW and from 0.51 to 0.88 under PF. 
These values are consistent with previous observations, 
showing that the genetic background strongly affects ele-
ment concentration in grains (Pinson et al. 2015; Yang 

et al. 2018; Cu et al. 2021). Interestingly, H2was usually 
higher in PF than in LW conditions, except for Mo, that 
showed a slight reduction of H2 in PF. Arsenic showed 
the highest fluctuation in H2with 0.33 in LW and 0.83 in 
PF conditions.

PF conditions generally allowed a higher variability of 
the ionomic composition in the rice panel, especially for 
Cd and Ni, while As is much more variable in the LW 
system (Table  1). Therefore, within a given water man-
agement (PF or LW), a good phenotypic variability for 
element concentration in the germplasm collection was 
highlighted, suitable for GWA analyses (Table 1; Fig. 2). 
This behavior is also illustrated in the circle plots (Supple-
mentary Fig. 1), in which it is evident that even under a 
single water management, the accessions showed a range 
of variation useful for carrying out association mapping 
of these complex traits. Moreover, it was observed that 
some accessions showed a deeply contrasting pheno-
type under the two water managements (Supplementary 
Fig.  1); as a few examples, from PF to LW conditions, 
King and Thaiperla accumulated 90% less As (0.016 vs. 
0.169 mg kg− 1 for the former 0.013 vs. 0.121 mg kg− 1 for 
the latter); Adelaide Chiappelli accumulated 1203% more 
Cd in LW than in PF (0.120 vs. 0.009  mg kg− 1); Bengal 
accumulated 103% more Fe (8.6 vs. 4.2  mg kg− 1) and 
Teqing 74% more Zn (30.3vs 17.3 mg kg− 1) in LW than 

Fig. 1  Frequency distribution of the phenotypic data expressed as mg kg− 1. The average values, of the three biological replicates and two technical 
replicates for the two years, are shown, for each of the 13 elements evaluated, and for both watering conditions (PF and LW). Y axis: scaled density to a 
maximum of 1. X axis: average value of ion concentration in mg kg− 1

 



Page 7 of 23Orasen et al. Rice           (2025) 18:89 

PF, respectively. Therefore, these results could help to 
address varietal choices in relation to water management 
and the foreseen heavy metal handling and/or useful ele-
ment enrichment in brown rice.

Correlation of Different Traits
A Pearson correlation matrix was built for each water 
management system to evaluate the relationship among 
the analysed elements. Under PF conditions (Fig.  3A), 
Cd was negatively and significantly correlated (p < 0.001) 
with most of the elements, except Ca and Ni, which 
resulted positively correlated to it (p < 0.001). Cd and As 
were the most strongly negatively correlated elements. 
Fe, K, Cu, Zn, Mo, and P showed a strong positive corre-
lation among each other (p < 0.001) and a less strong cor-
relation with As, Na, Mg, and Mn (p < 0.001). Under LW 
conditions (Fig.  3B), the negative correlation between 
As and Cd was lost, as it was the negative correlation of 
Cd with all the other elements, except for Na, to which 
it remains negatively correlated (p < 0.001). On the con-
trary, Fe, K, Cu, Zn, Mo, P, Mn, and Mg retained a strong 
positive correlation regardless of the water management 
system used.

GWAS Analysis for Grain Element Concentrations in PF and 
LW
Phenotypic data on element concentrations (i.e., the aver-
age values obtained from the three biological replicates 
and the two technical replicates for the two years) and 
genotypic data were used to perform GWAS on the rice 
panel, separately for each watering system (LW and PF), 
using a Mixed Linear Model (MLM). For each marker, 
p-values were calculated and corrected for multiple test-
ing according to Benjamini and Hochberg (1995), with an 
FDR threshold of 0.05.

A total of 234 significant MTAs, which were distributed 
on all 12 chromosomes, were identified for brown grain 
element concentrations. For each MTA, the marker with 
the lowest p-value was considered as the peak-marker 
(Supplementary Table S3). The Manhattan plots and the 
corresponding Q-Q plots for each element/condition are 
reported in Fig. 4. The Q-Q plots generally show a good 
match between the observed and expected distributions 
of p-values. In a few cases, e.g. Ca_LW and Cd_LW, the 
observed inflation can be explained by the large num-
ber of significant SNP markers mapping at the same 
loci. The highest number of MTAs was detected for Cd 
(25 in LW and 39 in PF), followed by Ca (14 in LW and 
nine in PF), while, for the other elements, the number of 
MTAs ranged from 22 for P (11 in LW and 11 in PF) to 

Fig. 2  Boxplots showing distribution of grain elements content in brown rice in the two watering conditions. Data are the average of the three biologi-
cal replicates and two technical replicates for the two years. The medians are shown in the middle of each box by the bold lines. The whiskers extend 1.5 
times the inter-quantile range from the top (75th percentile) and bottom (25th percentile) of the box. Data on the Y-axis are ion concentration in mg kg− 1
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five for Zn (two in LW and three in PF) (Supplementary 
Table S3). Environment-wise, 125 and 109 MTAs were 
detected under PF and LW conditions, respectively. The 
explained variance (R2) for these 234 MTAs ranged from 
4.48 to 14.25%. The 10 MTAs with the largest R2 value in 
each environment were: qCd2.32 (14.25%), under LW on 
chromosome 2, qCd8.73 (9.64%), qCd8.76 (9.36%) and 
qCd8.78 (9.15%) under PF on chromosome 8, qCd7.43 
(8.75%) under LW on chromosome 7, qCd1.56 (8.69%) 
under PF on chromosome 1, qMg4.128 (8.77%) for Mg 
under LW on chromosome 4, qNi1.172 (8.39%) for Ni 
under LW on chromosome 8 and qAs10.2 (8.01%) for As 
under LW on chromosome 10, qMn3.148 (13.26%) for 
Mn under PF on chromosome 3 (Supplementary Table 
S3; Fig. 4).

A list of 87 MTAs with high R2 and low p-value was 
selected based on the following criteria: (i) where pos-
sible, MTAs with R2 higher than 6 were selected; (ii) for 
those elements that did not have at least four MTAs with 
R2 higher than 6, the four with the highest R2 value were 
selected to allow subsequent investigations on an appro-
priate number of MTAs; (iii) if one MTA, present in 
one condition (LW or PF) and following the two above-
mentioned criteria co-localized with a MTA in the other 
condition, also the second MTA was included. Follow-
ing these criteria, 48 and 39 MTAs were considered for 
the PF and LW conditions, respectively (Supplementary 
Table S4; Fig.  5). Supplementary Table S4 also reported 

the average grain concentration (mg kg− 1) of the ele-
ments in the accessions carrying alternate SNP alleles at 
the peak marker.

To provide an index about the percent contribution 
of the allele that increased the concentration, in Supple-
mentary Table S4, a specific index was calculated, named 
Contribution %(1), using the following formula:

(mg kg− 1 in the presence of the allele that provides 
higher concentration – mg kg− 1 in the presence of the 
allele that provides the lower concentration) / (mg kg− 1 
in the presence of the allele that provides the lower 
concentration).

Furthermore, the Contribution %(2), (Supplementary 
Table S4) represents the comparison between the pres-
ence of the minor or the major allele on the average con-
centration of the elements given by the minor allele. The 
most interesting examples have been described in Fig. 6, 
where the phenotypic distribution for the minor and 
major alleles are shown. Considering the allelic effect 
of Cd concentration as an example, it was observed 
that the G minor allele at MTA qCd2.32(LW) and the C 
minor allele at the MTA qCd8.76(PF) increased Cd con-
centration by more than 100% (0.052 vs. 0,116  mg kg− 1 
and 0.025 vs. 0.058  mg kg− 1, respectively), while the T 
minor allele at MTA qCd2.64(PF) increased the element 
concentration by more than 200%. (0.025 vs. 0.078  mg 
kg− 1). Regarding Fe, the average Fe concentration of the 
accession was 21% higher in accessions with the C minor 

Fig. 3  Pearson correlations among the element concentrations in PF (A) and LW (B) water management systems. Asterisks show the significance level 
(***: 0.001; **:0.01; *:0.05). The area of circles shows the absolute value of the corresponding correlation coefficients. Colors scale indicating the correlation 
coefficient is reported below
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allele at the peak marker of the MTA qFe8.105, and the 
C minor allele at the peak marker of qFe6.109 was pres-
ent in rice accessions with 28% higher Fe content (9.91 vs. 
7.73 mg kg− 1). For qAs10.2, where the G minor allele was 
present in rice accessions showing 45% higher As content 
on average (0.053 vs. 0.036  mg kg− 1). As for Mn, the G 
minor allele of qMn3.148 was in rice accessions show-
ing an average 13% lower Mn content (18.99 vs. 21.52 mg 
kg− 1), and the minor allele G of the MTA qMn3.141 is 
accompanied by a 11% lower average Mn concentration 
(16.37 vs. 14.73 mg kg− 1). Relevant differences were high-
lighted in other MTAs, including qCa10.19, where the G 
minor allele was present in accessions with 23% higher 
Ca (111.08 vs. 90.60  mg kg− 1), and qNi1.179, where 
accessions with the C minor allele showed an average 
64% higher Ni content (0.54 vs. 0.33 mg kg− 1).

In conclusion, for several elements, a relevant effect on 
the concentration was observed for the different alleles at 
the marker peak (see Supplementary Table S4 for addi-
tional information). This observation supports the use-
fulness of these SNPs as markers discriminating between 
accessions with higher or lower tendency to accumulate a 
specific element in brown rice grains.

Interestingly, 28 selected MTAs were identified in both 
water management conditions (Table  2). The elements 
that showed overlapping MTAs in PF and LW were As, 
Ca, Cd, Mg, Mn, Ni, P, and Na, suggesting that the traits 
of these QTLs were not influenced by water availability. 
Conversely, only environment-specific MTAs were iden-
tified for Cu, Fe, K, Mo, and Zn.

Fig. 4  Genome-wide associations of 13 micronutrients from the diverse panel of Oryza sativa ssp. japonica accessions. The Manhattan plots reflect the 
results of genome-wide association studies for each of the 13 micronutrients from the panel showing significant single nucleotide polymorphism (SNPs) 
passing the false discovery rate (FDR) cutoff (red line) according to Benjamini and Hochberg (1995). MTAs conserved under the two watering conditions 
are indicated at the top of the peak, while in red bold are indicated the MTAs with highest R2 and lowest p-value for each element. Also shown in each 
Manhattan figure are the quantile-quantile (QQ) plots for each mineral
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Associations for Multiple Traits Under the Two Watering 
Conditions
Significant associations with different elements were 
identified in several genomic regions, including a total of 
60 MTAs, 23 in LW and 37 in PF (Table 3; Fig. 5). These 
co-localizations were detected on all chromosomes 
except for chromosomes 5 and 12. Interestingly, three 
co-localizations related to more than two elements were 
observed.

A colocalization was observed in the region from 
bp 27,607,649 to bp 27,890,754 (therefore span-
ning 283,105  bp) of chromosome 4 for MTAs related 
to Ni, Mg, and P under LW. Another colocalization 
was observed in the region from bp 17,079,400 to bp 
17,990,472 (spanning 911,072  bp) of chromosome 10 
for MTAs affecting the concentration of four elements 
(Mg, Mn, P, Cu) under PF. Finally, a co-positional rela-
tionship was detected for Mo, K, and P concentration 
from bp 23,430,659 to bp 23,942,716 (a region spanning 
512,057 bp) on chromosome 11.

Mining Candidate Genes
A search for candidate genes associated with the 39 
MTAs with -log10(p) > 5 and R2 > 6.0 (Supplemen-
tary Table S4) was performed considering the genes 
annotated on Os-Nipponbare-Reference-IRGSP-1.03 

(Supplementary Table S5). Genes, whose function is con-
sistent with the phenotypic traits under consideration, 
were identified for 12 MTAs (eight for LW and four for 
PF; Table  4). Seven of these genes (OsVPE1, OsACA.8, 
OsMTP8.1, OsMOT1;1, OsLCD, OsCAX1c, OsHMA2) 
encode transporters previously reported to be involved in 
root uptake of specific elements, root-to-shoot transloca-
tion or accumulation in different parts of the shoot. One 
gene (OsWOX10) encodes a protein previously reported 
to be involved in the development of root architecture 
and metal binding, while three genes (OsCESA7, OsF-
box131 and OsCLT1) encode proteins previously indi-
cated as involved in detoxification/tolerance mechanisms 
related to the undesirable elements As and Cd and one 
gene is for a miRNA precursor, namely OsmiR396.

Discussion
Phenotypic Variation for Grain Element Concentration 
Under Different Water Management
Three essential macronutrients (K, Mg, P) showed rela-
tively low levels of variation for their concentration in 
the grain under the two water management conditions 
(CV values below 10%); similarly, another macronutri-
ent (Ca) and three essential micronutrients (Mn, Cu, 
Zn) displayed CV below 20% (Table  1; Supplementary 

Fig. 5  MTAs of ionomic traits of the 13 elements and positional relationships with previously mapped QTLs. (A) Distribution of the 87 selected MTAs 
with highest R2 and lowest p-values across the 12 chromosomes under PF (blue) and LW (red) conditions. The physical location (Mb) of the MTA-leading 
SNPs were reported on the left side of each chromosome. The name of the MTA is related to the element. Bars on the right side indicate the position of 
previously mapped QTLs for grain elements under flooded (blue), unflooded (red) or unspecified conditions (violet). (B) The Venn diagram indicates the 
number of condition-specific or overlapping loci between the different conditions (PF or LW)
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Fig. 1). These observations support the presence of a tight 
regulation in the homeostasis of these elements and are 
in agreement with previous studies that highlighted the 
presence of regulatory mechanisms in plants to main-
tain the concentrations of essential nutrients within nar-
row ranges to allow optimal physiological processes for 
growth, development and seed production (Castro et al. 
2018; Cu et al. 2021). Larger variations, with CV above 
20% in both watering conditions, were observed for the 
concentrations of the other six elements, represented by 
the micronutrients Fe, Ni, Mo, As, Cd, and Na (where 
Na is a functional but nonessential element; Subbarao et 
al. 2003). This result supports the hypothesis of a lower 
pressure for the regulation of the concentrations of these 
elements (unless they approach toxicity levels), result-
ing in less stringent control mechanisms. Considering 
the differences in CV between the two watering systems, 
significant differences were observed for three elements 
(Ni, Cd, As), with Ni and Cd showing higher CV under 
PF and As under LW. Alternation from anaerobic to 

aerobic soil, like in the LW condition, determines shifts 
of Ni2+ and Cd2+ from their insoluble sulphide salts to the 
soluble sulphate ones, thus increasing their bioavailability 
(Rinklebe and Shaheen 2017; Hu et al. 2013). Conversely, 
anaerobic conditions, like under PF, favour the presence 
of the mobile and water soluble arsenite (As(III), which 
is bioavailable for plant roots, since it hampers its trans-
formation to arsenate (As(V), which is strongly adsorbed 
on soil (hydr)oxides, poorly mobile and consequently 
less bioavailable (Takahashi et al. 2004; Hu et al. 2013). 
Since the bioavailability of Ni and Cd is lower under PF 
conditions, while the bioavailability of As is lower under 
LW, our CV results (Table 1) suggest the occurrence of a 
higher variability of the concentration of these elements 
when their bioavailability is reduced. It can be hypoth-
esized that at lower bioavailability, even small changes in 
environmental conditions (like soil pH and even micro-
bial activity) or the presence of other substances (like 
the presence of other metals or organic matter) can sig-
nificantly affect how much Cd, Ni, As are accessible for 

Fig. 6  Boxplots showing phenotypic distribution of grain elements (ion concentration in mg kg− 1) for the two alleles at each peak marker. The first allele 
to be shown is always the major allele. The medians are shown in the middle of each box by the bold lines. The whiskers extend 1.5 times the inter-
quantile range from the top (75th percentile) and bottom (25th percentile) of the box
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uptake. In essence, when these elements are readily 
available, their variability is constrained by high bioavail-
ability. However, when bioavailability is low, the small 
fraction that is available becomes highly susceptible to 
various factors, leading to a greater range in uptake and 
effects. A higher CV value would allow a better differen-
tiation among genotypes and should therefore facilitate 
the selection of accession with higher or lower accumula-
tion, therefore supporting their value in breeding.

In this work, a high heritability value (ranging from 
33 to 88%, with most of the traits showing values above 
60%) was observed for the grain concentration of the 13 
elements, indicating a significant genotypic contribu-
tion to the total phenotypic variance for these traits, as 
observed in previous studies (Descalsota-Empleo et al. 
2019; Descalsota et al. 2018; Nawaz et al. 2015; Cu et al. 
2021). These data support the idea that a direct selection 
for these elements may be a practical approach for trait 
improvement (see below).

MTAs with Strong R2 and their Overlap with Previously 
Detected QTL
This work detected 234 MTAs for brown grain elements 
under two watering conditions. Among them, 125 MTAs 
were highlighted under PF and 109 under LW. Consis-
tently, in other studies a higher number of QTLs was 
highlighted under flooded than under unflooded con-
ditions (Zhang et al. 2014; Liu et al. 2020), suggesting a 
lower microenvironmental variability under flooded 
conditions.

Considering MTAs with the highest values of explained 
variance (R2) for all the 13 elements, a total of 87 loci were 
selected (Supplementary Table S4; Fig.  5). Frequently, 
the allelic variation of the peak SNPs is associated with a 
strong effect on the element concentration, as shown in 
Fig. 6 and Supplementary Table S4 and highlighted in the 
Results section GWAS analysis for grain element con-
centrations in PF and LW. Taken together, these observa-
tions support the possibility that the exploitation of SNPs 

Table 2  MTAs for the same element showing overlapping positions in the two water management conditions (LW and PF)
Element Env. MTA ID Peak Marker/Region (bp) Chr Associated Overlapping Region # SNP -log10(p) Peak marker R2%

start end size (bp)
As LW qAs10.2 S10_17255433 10 17,155,433 17,355,433 115,751 3 6.18 8.01

PF qAs10.6 S10_17437446 10 17,337,446 17,537,446 - 1 4.03 5.17
Ca LW qCa4.12 S4_31050939 4 30,950,939 31,150,939 17,593 4 3.86 4.89

PF qCa4.23 S4_31068491 4 31,050,899 31,495,347 444,449 8 5.00 6.56
Cd LW qCd2.32 S2_34364220 2 34,355,303 35,118,443 763,141 23 10.55 14.25

qCd7.43 S7_29124793 7 29,082,918 29,639,849 556,932 39 6.28 8.75
qCd8.45 S8_14997724 8 14,897,724 15,097,724 - 1 4.73 6.14

PF qCd2.64 S2_34545778 2 34,445,778 34,645,778 - 1 4.52 5.81
qCd7.72 S7_29133562 7 29,033,562 29,233,562 - 1 3.86 4.87
qCd8.76 S8_14997761 8 14,997,724 14,997,761 38 2 7.03 9.36

Mg LW qMg4.128 S4_27790754 4 27,790,754 27,790,806 53 2 6.53 8.77
PF qMg4.135 S4_27790754 4 27,790,754 27,790,806 53 2 4.92 6.44

Mn LW qMn3.141 S3_6723314 3 6,580,184 7,023,285 443,102 3 5.56 7.37
qMn3.142 S3_8204638 3 8,104,638 8,304,638 22,310 5 5.33 7.04

PF qMn3.148 S3_6723314 3 6,580,184 7,023,285 443,102 3 9.92 13.26
qMn3.149 S3_8204638 3 8,104,638 8,304,638 11,033 2 4.57 5.86

Ni LW qNi1.172 S1_29893402 1 29,532,694 30,055,721 523,028 8 5.86 8.39
qNi1.173 S1_42420861 1 42,320,861 42,520,861 6,031 5 5.14 6.78
qNi4.174 S4_26687620 4 26,587,620 26,787,620 67,802 2 4.74 6.25

PF qNi1.179 S1_29893402 1 29,793,402 29,993,402 196,468 4 5.62 7.91
qNi1.181 S1_42414831 1 42,314,831 42,514,831 39,633 4 4.50 5.84
qNi4.182 S4_26687620 4 26,587,620 26,787,620 - 1 4.00 5.15

P LW qP4.189 S4_27790754 4 27,690,754 27,890,754 53 2 5.48 7.23
PF qP4.201 S4_27790754 4 27,690,754 27,890,754 - 1 4.78 6.18

Na LW qNa2.213 S2_23827004 2 23,827,004 24,272,048 445,045 3 3.80 4.67
qNa2.214 S2_24962665 2 24,745,485 25,060,656 315,172 9 4.26 5.29

PF qNa2.221 S2_23833880 2 23,733,880 23,933,880 15,116 2 4.37 5.47
qNa2.222 S2_25007547 2 24,907,547 25,107,547 - 1 4.79 5.97

For each MTA the region of co-positional relationships, the number of SNPs, the -log10(p) and the R2 are indicated



Page 13 of 23Orasen et al. Rice           (2025) 18:89 

Env Element MTA ID Peak Marker/Region (bp) Chr Associated Region # SNP -log10(p) Peak marker R2%
start* end* Size (bp)

LW Ca qCa1.8 S1_26446550 1 26,346,550 26,546,550 17,377 3 3.82 4.83
Ni qNi1.170 S1_26542124 26,442,124 26,642,124 76,226 9 3.98 5.12
Ni qNi1.172 S1_29893402 1 29,532,694 30,055,721 523,028 8 5.86 8.39
Na qNa1.212 S1_29879401 29,779,401 29,979,401 - 1 3.90 4.88
Na qNa2.214 S2_24962665 2 24,745,485 25,060,656 315,172 9 4.26 5.29
Zn qZn2.230 S2_24961280 24,861,280 25,061,280 - 1 3.79 5.26
Ca qCa3.9 S3_27054692 3 26,816,542 27,054,692 238,151 2 3.88 5.21
Cd qCd3.35 S3_27021886 26,921,886 27,121,886 - 1 4.26 5.51
Ni qNi4.175 S4_27707649 4 27,607,649 27,807,649 - 1 5.28 6.97
Mg qMg4.128 S4_27790754 27,690,754 27,890,754 53 2 6.53 8.77
P qP4.189 S4_27790754 27,690,754 27,890,754 53 2 5.48 7.23
P qP4.190 S4_29940409 4 29,840,409 30,040,409 - 1 4.09 5.27
Mg qMg4.129 S4_29940409 29,840,409 30,040,409 18,584 2 5.99 8.01
P qP7.193 S7_11136086 7 11,084,380 11,344,118 259,739 3 3.84 4.90
Mg qMg7.131 S7_11344081 11,244,081 11,444,081 - 1 3.83 4.89
P qP7.196 S7_22592963 7 22,492,963 22,692,963 - 1 3.97 5.10
Cu qCu7.97 S7_22677602 22,577,602 22,777,602 130,410 2 3.65 4.60
Cd qCd7.43 S7_29124793 7 29,082,918 29,639,849 556,932 39 6.28 8.75
Ni qNi7.176 S7_29183199 29,083,199 29,283,199 152,802 2 4.12 5.81
As qAs10.2 S10_17255433 10 17,155,433 17,355,433 115,751 3 6.18 8.01
Fe qFe10.107 S10_17378745 17,278,745 17,478,745 - 1 4.18 5.85
Cd qCd10.51 S10_20659308 10 20,559,308 20,759,308 104,923 2 3.77 4.78
Mg qMg10.132 S10_21133925 20,687,862 21,133,925 446,064 4 3.72 4.74

PF As qAs1.3 S1_41229086 1 41,129,086 41,329,086 - 1 3.95 5.36
Cd qCd1.58 S1_41309302 41,209,302 41,409,302 - 1 4.09 5.61
Mn qMn3.150 S3_8679586 3 8,579,586 8,779,586 - 1 4.08 5.18
Ca qCa3.22 S3_8844573 8,744,573 8,944,573 176,301 3 5.42 7.17
Mg qMg3.133 S3_9196982 3 9,096,982 9,296,982 1,556 2 5.12 6.70
P qP3.200 S3_9196982 9,096,982 9,296,982 1,556 3 5.77 7.54
Mg qMg4.135 S4_27790754 4 27,690,754 27,890,754 53 2 4.92 6.44
P qP4.201 S4_27790754 27,690,754 27,890,754 - 1 4.78 6.18
Ni qNi6.185 S6_5635622 6 5,535,622 5,735,622 20 2 4.01 5.16
Mo qMo6.167 S6_5703916 5,603,916 5,803,916 - 1 4.01 5.12
Fe qFe6.109 S6_23550291 6 23,450,291 23,650,291 - 1 5.08 6.98
P qP6.203 S6_23552423 23,452,423 23,652,423 151,148 2 4.63 6.44
P qP6.204 S6_27396916 6 27,296,916 27,496,916 - 1 4.13 5.62
Cu qCu6.98 S6_27396916 27,296,916 27,496,916 - 1 3.80 5.16
Cu qCu7.100 S7_21573436 7 20,440,415 21,718,129 1,277,715 32 4.77 6.17
Fe qFe7.110 S7_20749813 20,449,450 20,749,813 300,364 2 4.22 5.10
Mg qMg7.136 S7_20915752 7 20,815,752 21,015,752 21 3 4.40 5.67
P qP7.205 S7_20915752 20,815,752 21,015,752 21 3 4.61 5.92
Mg qMg7.137 S7_21509141 7 21,409,141 21,609,141 - 1 3.99 5.09
P qP7.206 S7_21573436 21,473,436 21,673,436 - 1 3.90 4.91
Mg qMg7.138 S7_27784632 7 27,684,632 27,884,632 - 1 4.53 5.87
P qP7.207 S7_27784632 27,684,632 27,884,632 - 1 3.80 4.77
Ni qNi8.186 S8_4361481 8 4,261,481 4,461,481 - 1 3.72 4.76
Cd qCd8.73 S8_4546915 4,278,372 4,546,975 268,604 4 7.25 9.64
Fe qFe9.111 S9_17512380 9 17,412,380 17,612,380 - 1 3.70 4.48
P qP9.208 S9_17512380 17,412,380 17,612,380 - 1 4.27 5.44
As qAs10.5 S10_15368426 10 15,268,426 15,468,426 - 1 3.83 4.86
Cd qCd10.83 S10_15440815 15,340,815 15,540,815 - 1 3.60 4.81
Mg qMg10.139 S10_17179400 10 17,079,400 17,279,400 - 1 4.26 5.52
Mn qMn10.152 S10_17179400 17,079,400 17,279,400 - 1 3.78 4.78
P qP10.210 S10_17179400 17,179,400 17,990,472 811,073 3 4.57 5.91
Cu qCu10.101 S10_17323647 17,223,647 17,423,647 - 1 4.13 5.28
Cd qCd11.89 S11_20941386 11 20,841,386 21,041,386 - 1 4.26 5.44
Na qNa11.229 S11_21026921 20,926,921 21,126,921 21,560 2 3.85 4.77
Mo qMo11.169 S11_23635627 11 23,430,659 23,635,627 204,969 4 5.20 7.38
K qK11.126 S11_23611713 23,611,713 24,267,310 655,598 5 4.43 6.06
P qP11.211 S11_23611948 23,611,948 23,942,716 330,769 2 4.02 5.09

For each MTA the region of co-positional relationships, the number of SNPs, the -log10(p) and the R2 are indicated. MTAs and SNPs in red indicates that have 
also overlapping positions in PF and LW condition for the same element (Table 2)

Table 3  MTAs for different elements showing overlapping positions in the two water management conditions
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at the MTAs identified here could be used in breeding 
approaches to reduce or increase the concentration of 
toxic and valuable elements, respectively.

Considering the 87 MTAs with the highest R2 and low-
est p-value listed in Supplementary Table S4, a search 
was conducted to identify positional relationships with 
QTLs previously identified (Fig.  5). For As, Ca, Mg, Ni, 
P, and Na, no overlapping of mapping positions among 
MTAs identified in the present work with those currently 
present in the literature were observed, supporting that 
the MTAs here identified represent unexplored regions 
containing new loci that affect the concentration of these 
elements in japonica rice grains, offering new breeding 
targets to reduce As, Ni and Na uptake while enriching 
for useful minerals. Differently, co-localizations between 
the MTAs identified in this work and previously identi-
fied QTLs were observed for Cd, Cu, Fe, K, Mn, Mo, and 
Zn (Fig. 5).

For Cd concentration, several MTAs co-localize with 
previously identified QTLs. The MTAs qCd1.30 (on chro-
mosome 1, position 12,158,364 bp) related to LW is close 
to a QTL for Cd accumulation under unflooded condi-
tions that was identified using the USDA Rice mini-core 
collection (11.91 Mb; Liu et al. 2020). The MTA qCd1.31 
(on chromosome 1, position 42,038,389 − 42,050,647 bp), 
related to LW, co-localizes with a QTL for Cd in brown 
rice grain under flooded paddy conditions detected on 
the same chromosome in the region from 40 to 44  Mb 
using the Lemont × Teqing recombinant inbred lines 
(Zhang et al. 2014). On chromosome 2, the two Cd 
MTAs qCd2.32 (34,355,303 − 35,118,443 bp) and qCd2.64 
(34,445,778 − 34,645,778  bp), that were identified under 
LW and PF, respectively, showed co-positional relation-
ships with a QTL associated to Cd concentration under 
unflooded condition that was identified in the interval 
33–38  Mb using the Teqing x Lemont backcross intro-
gression lines (Zhang et al. 2014). Since qCd2.32 is the 
MTA with the highest R2 and lowest p-value identified in 
this work, this region would represent an important and 
robust target for reducing Cd content in rice grain. The 
position of the PF-related MTA qCd6.70 on chromosome 
6 (29,440,451 bp) is related to a grain Cd QTL identified 
under flooded conditions at 24–31  Mb using the Teq-
ingxLemont backcross introgression lines (Zhang et al. 
2014). On chromosome 8, the qCd8.73 (PF, 4,278,372-
4,546,975  bp) overlaps with a Cd QTL at 4.35  Mb, that 
was identified in two locations under flooded conditions 
using a GWAS approach carried out with 529 rice acces-
sions (Yang et al. 2018). On the same chromosome 8, 
the position of qCd8.78 (PF, 26,932,673 − 27,052,235 bp) 
overlapped with a Cd QTL detected at 27.04 Mb under 
flooded conditions using the USDA Rice mini-core col-
lection (Liu et al. 2020). Finally, a co-positional relation-
ship for Cd was detected on chromosome 9 for qCd9.79 

(PF: 9,578,735-9,582,584 bp), which lies in a region adja-
cent to a Cd QTL positioned at 9.31  Mb in the USDA 
Rice mini-core collection under flooding conditions (Liu 
et al. 2020).

For the Cu element, qCu6.99 on chromosome 6 (PF: 
28,008,847  bp) was mapped in the same region of a 
Cu QTL identified on this chromosome in the 27.85-
28.00 Mb interval by using a doubled-haploid population 
derived from IR64 × IR69428 (Descalsota-Empleo et al. 
2019).

The Fe MTA qFe2.108 on chromosome 2 (PF: 
8,290,242  bp) mapped in a region where a Fe-related 
QTL was previously identified in the 7–10  Mb interval 
using two mapping populations under flooding condi-
tions (Zhang et al. 2014), thus providing a robust locus 
for improving Fe content in rice grains.

A co-localization of the K-related MTA on chromo-
some 11, qK11.126 (PF: 23,611,713 − 24,267,310 bp), was 
found with a K-related QTL identified under flooded 
conditions at 23.63 Mb (Yang et al. 2018).

Furthermore, the two MTAs for Mn concentration 
detected on chromosome 3 (qMn3.142, LW: 8,193,361- 
8,215,670  bp; qMn3.149, PF: 8,204,638- 8,215,670  bp) 
were mapped in a genomic region from where a Mn QTL 
was positioned from 7.41 to 9.19 Mb (Descalsota-Empleo 
et al. 2019).

Another co-positional relationship was highlighted 
for the Mo-related MTA qMo8.157 on chromosome 8 
(LW: 17,973 − 492,332 bp), which was related to one QTL 
detected under flooded conditions at 0.43 Mb by GWAS 
on 529 rice accessions (Yang et al. 2018) and to one QTL 
mapped under in at least three environments in the 
genomic interval from 0.00 to 0.33 Mb using GWAS with 
a diverse panel of indica accessions (Cu et al. 2021).

Finally, for the Zn MTA qZn2.230 on chromosome 2 
(LW: 24,961,280  bp), a co-positional relationship was 
observed with a Zn QTL mapped in the interval 24.85–
24.97  Mb using a doubled-haploid population derived 
from IR64 × IR69428 (Descalsota-Empleo et al. 2019).

Relationships of MTAs Shared Under PF and LW with Other 
Element MTAs
MTAs highly effective within breeding programs need to 
explain a significant proportion of the phenotypic varia-
tion and be stable across environments and populations 
(Collard and Mackill 2008).

The MTA identified in this work show an explained 
variance between 4.48% and 14.25%, not too high but 
typical for such complex traits. Interestingly, 4 MTA 
associated to Cd concentration MTA qCd2.32 (under 
LW condition), and qCd8.73, qCd8.76, qCd8.78 (under 
PF condition) have the R2 above 9%. Also the qMn3.148 
MTA show a very high R2 (13.26%) and is stable in both 
water management condition. The stability of the MTAs 
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in the present work was investigated under two environ-
ments. Twenty-eight MTAs, that are, related to eight ele-
ments (As, Ca, Cd, Mg, Mn, Ni, P, Na), resulted common 
to the two environments (Table  2), suggesting that the 
watering conditions did not affect these QTLs. Consid-
ering MTAs identified for different elements, we pointed 
out the presence of co-localized MTA (Table  3), sug-
gesting the presence of genes with a pleiotropic effect 
governing common physiological processes or cluster of 
gene with similar functions for uptake and transport of 
different elements.

One of the most interesting region identified is on 
chromosome 10 (in the region 17.08–17.99  Mb) where 
two As-related MTAs (qAs10.2(LW) and qAs10.6(PF)) 
co-localize with one MTA for Fe (qFe10.107(LW)) and 
several additional MTAs for multiple elements under LW 
(As, Fe, Ca) and PF (As, Ca, Mn, Mg, P, Cu) were present 
(Fig.  5; Table  3), suggesting that this region can include 

some candidate genes involved in the accumulation of 
different elements in rice grain.

Identification of MTAs for Cd accumulation is for sure 
of outstanding interest, and in particular the region on 
chromosome 2 (spanning from about 34.3 to 35.1  Mb) 
where 2 MTA in common between the two watering 
conditions are present: qCd2.32(LW), and qCd2.64(PF).
In this region, a QTL for Cd concentration was detected 
in the 33–38  Mb interval under unflooded conditions 
(Zhang et al. 2014), reinforcing the robustness of the 
MTAs identified here. Additionally, the MTAs for Cd 
on chromosome 7 (qCd7.43(LW) and qCd7.72(PF) co-
localize with the Ni-related MTA detected under LW 
(qNi7.176; Table  3) in the genomic region 29-29.6  Mb. 
The identification of these stable MTAs for Cd accumula-
tion, provides a breeding tool for decreasing Cd concen-
tration in rice grains in particular under LW conditions 
that promote Cd bioavailability.

Table 4  Main candidate genes related to MTAs with -log10(p) < 5.00
MTA ID LOCUS ID CGSNL Gene 

Symbol
GENE DESCRIPTION GENE FUNCTIONAL CATEGORY REFERENCE

qAs10.2 
(LW)

Os10g0467800 OsCesA 7 Cellulosesynthase andcellu-
loseSynthase-like (CesA/CSL)

Protein involved in As stress response in rice Shabab et al. 
(2025)

qAs3.4 (PF) Os03g0196500 OsFbox131 Cyclin-like F-box domain 
containing protein

Protein putatively involved in the regulation of As(V) 
stress response in A. thaliana

Peña-Garcia et 
al. (2021)

qCa10.19 
(LW)

Os10g0418100 OsACA.8 Calcium-transporting ATPase Transporter regulating Ca2+homeostasis Singh et al. 
(2014)

qCd1.31 
(LW)

Os01g0955700
Os01g0956700

OsCLT1
OsLCD

CRT-like transporter 1
Low Cadmium transporter

Transporter mediating the export of 
γ-glutamylcysteine from the plastid, ensuring 
homeostasis of glutathione
Transporter involved in Cd2+partitioning in the plant

Yang et al. 
(2016)
Shimo et al. 
(2011)

qCd2.32 
(LW)

Os02g080400 OsmiR396c Primary transcript of miR396 miRNA targeting Growth Regulating Factors (GFR) 
and downregulated by Cd stress

Ding et al. (2013)
Tang et al. (2014)

qCd2.61 
(PF)

Os02g0314300 OsCAX1c Cation/H + exchanger CAX Transporter mediating Ca and Cd accumulation 
into the vacuole

Zou et al. (2021)

qCd7.43 
(LW)

Os07g068200
Os07g0684800
Os07g0684900

OsHIPP9
OsNAC15
OsWOX11

Heavy Metal-associated Iso-
prenylated Plant Protein 9
NAM/CUC2-like transcription 
factor
WUSHEL-type homeobox 
(WOX) transcription factor

Metallochaperone involved in metal homeostasis 
and detoxification
Transcription factor contributing to Zn deficiency 
tolerance and Cd stress tolerance in rice
Transcription factor activating genes involved in Cd 
intake and transport in rice

Xiong et al. 
(2023
Zhan et al. 
(2022)
Xu et al. (2021)

qCd6.70 
(PF)

Os06g0700700 OsHMA2 Heavy metal ATPase 2 Plasma membrane P1B-type ATPase controlling Zn/
Cd translocation from the root to the shoot in rice

Nocito et al. 
(2011)

qCd8.78 
(PF)

Os08g0544400 OsPDR1 Member of pleiotropic drug 
resistance (PDR) subfamily of 
ATP-binding cassette (ABC) 
transporter

Transporter induced under Cd stress Ogawa et al. 
(2009)

qFe8.105 
(LW)

Os08g0242400 OsWOX10 WUSCHEL-related homeobox 
(WOX) transcription factor

Activator of genes involved in binding and translo-
cation of Fe in rice

Kawai et al. 
(2022)

qMn3.141 
(LW)
qMn3.148 
(PF)

Os03g0226400 OsMTP8.1 Manganese transporter Vacuolar transporter facilitating Mn diffusion in 
the plant

Chen et al. 
(2016)

qMo8.157 
(LW)

Os08g0101500 OsMOT1;1 Molybdate transporter Transporter mediating uptake and translocation 
of Mo

Huang et al. 
(2019)

qP4.189 
(LW)

Os04g0555300 OsVPE1 Vacuolar phosphate efflux 
transporter 1

Transporter involved in remobilization of Pi Julia et al. (2016)
Xu et al. (2019)
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On chromosome 3, in the regions 6.5-7  Mb and 8.1–
8.3  Mb, a perfect overlap was observed for Mn-related 
MTAs detected under LW and PF conditions. A Mn-
related QTL was previously detected in the 7.41–9.19 Mb 
interval, thus allowing the identification of a stable effect 
for this element in this genomic region.

Six Ni-related MTAs were shared between the two 
environments on chromosome 1 and chromosome 4. 
The MTAs on the region of chromosome 1 from 29.5 to 
30  Mb (qNi1.172(LW) and qNi1.179(PF)) reside in the 
same genomic region of an MTA for Na accumulation 
(qNa1.212, from 29.7 to 29.9  Mb), thus supporting an 
overlap in mechanisms of uptake and transport for these 
elements.

The chromosome 4 region from 27.6 to 27.8 Mb is char-
acterized by a perfect overlapping of MTAs for P in the 
two watering conditions (qP4.189(LW) and qP4.201(PF)). 
In this region, two MTAs for Ni (qNi4.175) and Mg 
(qMg4.128) under LW and one MTA for Mg (qMg4.135) 
under PF were located, further supporting the presence 
of genes with a pleiotropic effect or with similar func-
tions for uptake and transport of these elements. Four 
MTAs co-localized on chromosome 2 under LW and PF 
for the Na element (Table 2). The Na-related MTAs in the 
24.7 to 25.1 Mb region of chromosome 2 (qNa2.214(LW) 
and qNa2.222(PF)) are localized in a region where also 
significant effects for Zn accumulation under LW were 
identified (qZn2.230).

Relationships of MTAs Shared by Diverse Elements with 
Trait Correlation
Under LW conditions, 23 MTAs were shared by sev-
eral elements (Table  3). Some of these co-positional 
relationships were paralleled by medium to strong 
significant correlations between the element concen-
trations in the grains that included Ca/Ni (qCa1.8/
qNi1.170), Ni/Mg/P (qNi4.175/qMg4.128/qP4.189), P/
Mg (qP4.190/qMg4.129 and qP7.193/qMg7.131), P/
Cu (qP7.196/qCu7.97), Cd/Ni (qCd7.43/qNi7.176), As/
Fe (qAs10.2/qFe10.107). Similarly, under PF conditions, 
37 MTAs were shared by two or more elements and, in 
several cases, accompanied by medium to strong sig-
nificant correlations between the element concentra-
tions in the rice grains. These situations included As/
Cd, strongly negatively correlated (qAs1.3/qCd1.58 and 
qAs10.5/qCd10.83), Mn/Ca (qMn3.150/qCa3.22), Mg/P 
(qMg3.133/qP3.200, qMg4.135/qP4.201, qMg7.136/
qP7.205, qMg7.137/qP7.206, qMg7.138/qP7.207), Ni/
Mo (qNi6.185/qMo6.167), Fe/P (qFe6.109/qP6.203 
and qFe9.111/qP9.208), P/Cu (qP6.204/qCu6.98), Cu/
Fe (qCu7.100/qFe7.110), Ni/Cd (qNi8.186/qCd8.73), 
Mg/P/Cu (qMg10.139/qP10.210/qCu10.101), Cd/Na, 
negatively correlated (qCd11.89/qNa11.229), Mo/K/P 
(qMo11.169/qK11.126/qP11.211). These relationships 

could be explained by an overlap in uptake and trans-
port mechanisms for these elements within the plant. 
Indeed, there have been several studies that reported cor-
relations between different trace elements (Zhang et al. 
2014; Nawaz et al. 2015; Yu et al. 2015; Cu et al. 2021) and 
between essential minerals and toxic elements (Zhang et 
al. 2014; Cu et al. 2021). These co-localisations of MTA 
for diverse elements, accompanied by their correlations 
in concentrations, support the possibility of simultaneous 
improvement of these elements in the rice grain. As an 
example, the co-localisations of Na/Zn (Chr 2 LW), Ni, 
Mg, K (Chr 4 LW), Fe/P (Chr 6 PF), Cu/Fe (Chr 7 PF), 
Fe/P (Chr 9 PF), Mo/K/P (Chr 11 PF) MTAs support the 
possibility of simultaneous improvement of these ele-
ments in the rice grain. However, the simultaneous pres-
ence of favourable alleles for P and Fe is not desirable 
since in mature grain, P is mainly stored as phytate (myo-
inositol-1,2,3,4,5,6-hexakisphosphate, InsP6), which can 
complex Fe forming insoluble complexes that cannot be 
digested or absorbed by humans (Gibson et al. 2018).

Under LW condition, for qNi1.172/qNa1.212, 
qNa2.214/qZn2.230, qCa3.9/qCd3.35, qCd10.51/
qMg10.132, despite their colocalization, no signifi-
cant correlation among the element concentration was 
observed. This effect could be explained by the poly-
genic nature of the analyzed traits so that an MTA can 
be responsible for only a small fraction of the phenotypic 
variation, thus leading to the absence of relationships 
between MTA co-localization and correlations between 
element concentrations.

Key Candidate Genes Underlying the Most Robust MTAs
Concerning the 39 MTAs with -log10(p) > 5 and the R2 > 6 
(Supplementary Table S4), candidate genes were identi-
fied for 14 MTAs (Table 4) ) and the haplotypes of these 
MTAs were also analyzed, taking into account the allele 
frequencies in the subsets of genotypes belonging to the 
2nd and 98th percentiles for low and high content of each 
element, respectively (Table 5).

Interestingly, both the qAs10.2(LW) and qAs3.4(PF) 
MTAs contain genes involved in processes that control 
As stress. The qAs10.2 (LW) includes the OsCesA 7 gene, 
which encodes a protein belonging to the rice Cellulose 
synthase and Cellulose Synthase-like (CesA/CSL) fam-
ily. This protein is involved in the As stress response in 
rice through structural and regulatory mechanisms (Sha-
bab et al. 2025). The qAs3.4(PF) contains the OsFbox131 
gene that belongs to the F-box protein family, some ele-
ments of which regulate As(V) (the molecular form 
dominant in flooded soils) stress responses in A. thaliana 
(Peña-Garcia et al. 2021). The accessions with the G hap-
lotype (18.4% of total frequency) at the S10_17,255,433 
peak marker of the qAs10.2(LW) MTA have 47% higher 
As concentrations in brown grain than the accessions 
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with the A haplotype. In the subset of accessions with 
the grain As concentrations in the 98th percentile, the 
frequency of the G haplotype increases from 18% up to 
66%, while none of the accessions in the 2nd percentile 
exhibit this allele. Thus, the A haplotype can be consid-
ered an interesting candidate for the preliminary identi-
fication of rice genotypes that can limit As accumulation 
in LW conditions. Similarly, the less frequent C haplotype 
(34% of the total frequency) at S3_5,056,013 peak marker 
of qAs3.4(PF) is associated with higher As accumula-
tion (+ 18%). Accessions belonging to the 98th percentile 
show an 83% frequency of the minor allele C. In contrast, 
no accessions belonging to the 2nd percentile have this 
haplotype suggesting that the C haplotype may be asso-
ciated with an increased risk of As accumulation in the 
grain when plants are grown under PF conditions.

Staple crops such as rice are important dietary sources 
of magnesium, phosphorus, manganese, selenium, iron, 
folic acid, thiamin and niacin (Fukagawa and Ziska 2019), 
but major staple food grains (i.e., rice, wheat, and maize) 
that make up the central part of diets within both devel-
oping and industrialized countries are relatively poor 
sources of Ca (Knez and Stangoulis 2021). Therefore, 
biofortification to increase Ca in grains of staple food 
crops is a sustainable approach to alleviate this defi-
ciency. In qCa10.19(LW) the OsACA.8 gene is located 
approximately 110  kb downstream of the peak marker 
(S10_14,571,146). This gene encodes a Ca2+-ATPase 
pump that, together with other Ca2+-transporters, con-
trols cellular Ca2+ homeostasis (Singh et al. 2014). The 
presence of the minor allele G (6% of the total frequency) 
at position S10_14,571,146 is associated with a signifi-
cantly higher Ca level (+ 23% compared to the major 
allele A) in the grain of the related accessions.

Our analysis identified several candidate genes involved 
in Cd accumulation. The Cd absorbed by the roots, and 
subsequently accumulated in the brown grains, depends 
on the balance of various transport and metabolic activi-
ties within the plant. The major processes include the 
vacuolar compartmentalization of Cd as a free cation 
and/or chelation to thiol-rich non-protein peptides (phy-
tochelatins, PCs), the efflux of the free cation from root 
cells towards the xylem and its accumulation in the vac-
uoles of leaf cells or in enlarged vascular bundles (VBs) 
localized in each node, and finally, the loading into the 
phloem directed to the developing grains by membrane 
transporters at the VBs of the panicle node (Ma et al. 
2021; Zhang et al. 2022; Chen at al. 2023). Considering 
the LW condition, in which Cd availability was enhanced 
by the aerobic soil condition (Husson 2013; Orasen et al. 
2019), two interesting genes, OsCLT1 and OsLCD, were 
identified within the considered region of qCd1.31(LW). 
The former is located approximately 48  kb down-
stream of the peak marker S1_42,038,389 and encodes a 

CRT-like transporter (CLT) which mediates the export of 
γ-glutamylcysteine (γ-EC) from the plastid and ensures 
Glutathione (GSH) homeostasis, precursor of PCs (Yang 
et al. 2016). The latter is located approximately 124  kb 
downstream of the peak marker and encodes the low Cd 
transporter OsLCD, which is expressed in the vascular 
tissues of roots and phloem companion cells in leaves and 
is involved in Cd partitioning within the plant, including 
the grains (Shimo et al. 2011). All the accessions showing 
the highest Cd accumulation in the grain (98th percen-
tile) exhibited the minor haplotype G at S1_42,038,389. 
Furthermore, the average Cd concentration in brown 
grain of accessions with this haplotype (6% of the total 
frequency) were 80% higher than in accessions show-
ing the major haplotype A (94% of the total frequency). 
A gene encoding the primary transcript of miR396 
(OsmiR396c) was identified for qCd2.32(LW) MTA. This 
miRNA, which is highly conserved among different spe-
cies, targets the GRF (Growth-Regulating Factors) tran-
scription factors. The miR396-GRF module is known to 
influence rice yield and carbon/nitrogen allocation, as 
well as blast resistance (Li et al. 2018; Che et al. 2016; 
Duan et al. 2016; Chandran et al. 2019). Evidence from 
rice has shown that Cd stress downregulates miR396 
(Ding et al. 2011, 2013; Tang et al. 2014). Similar observa-
tions have been made in maize, Arabidopsis, soybean and 
radish (Pegler et al. 2021; Gao et al. 2019; Xu et al. 2013; 
Fang et al. 2013), but the mechanism of action is yet to be 
elucidated. The accessions with the minor allele G (6% of 
the total frequency) exhibited a higher Cd concentration 
(+ 122%) in brown grains. The accessions in the 98th per-
centile showed a high frequency (67%) of G allele, which 
can be therefore considered a putative marker for Cd 
accumulation in rice brown grains.

Two genes, OsNAC15 and OsWOX11, were present 
within a 100 kb region upstream and downstream of the 
S7_29,124,793 peak SNP of qCd7.43(LW). OsNAC15 
encodes a NAM/CUC2-like (no apical meristem/
cup-shaped cotyledon) transcription factor, which is 
reported to contribute to Zn deficiency tolerance and 
Cd stress tolerance and whose expression is induced by 
Cd stress (Zhan et al. 2022). WUSCHEL-related homeo-
box (WOX) genes encode transcription factors that are 
involved in organogenesis, as well as responses to biotic 
and abiotic stresses (Rasheed et al. 2024; Khan et al. 
2024). OsWOX11 is expressed in root meristems, where 
it plays a role in crown root growth and in the response 
to abiotic stress. Its expression is also modulated by phy-
tohormones (Cheng et al. 2014). The structure of the 
OsWOX11 promoter has recently attracted particular 
attention due to the presence of interesting cis-regulatory 
elements (CREs), which could be exploited for biotech-
nological purposes to enhance Cd stress resistance in 
rice (Xu et al. 2024). A OsHIPP9 (Heavy Metal-associated 
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Isoprenyl Plant Protein 9) gene was also present approxi-
mately 200  kb upstream the S7_29,124,793 peak SNP 
of qCd7.43(LW). This gene encodes a metallochaper-
one involved in metal homeostasis and detoxification. It 
plays a dual role in rice, chelating Cd in the xylem region 
of the EVB to retain it in the nodes, and chelating Cu in 
the roots to facilitate its absorption (Xiong et al. 2023). 
Accessions with the minor allele G (20% of frequency) 
exhibited a higher concentration of Cd (+ 49%) in brown 
grains. This allele was highly prevalent (80%) in acces-
sions in the 98th percentile yet absent in those in the 2nd 
percentile.

Considering the PF condition, two genes encoding 
proteins putatively involved in Cd transport, OsCAX1c 
and OsHMA2, were identified in qCd2.61(PF) and 
qCd6.70(PF), respectively. The OsCAX1c gene, whose 
expression is specific to leaf, is located approxi-
mately 200  kb upstream of qCd2.61(PF) peak marker 

S2_12,633,082. This gene encodes a tonoplast cation/
H+ exchanger (CAX) that uses Ca2+ as substrate, but 
can also use Cd2+ when present, accumulating them into 
the vacuole (Zou et al. 2021). The OsHMA2 gene, which 
encodes a plasma membrane P1B-type ATPase with a 
heavy metal-associated domain (HMA), is located within 
qCd.6.70(PF) MTA at approximately 33  kb from the 
peak marker (S6_29,440,451). OsHMA2 has been widely 
described to control Zn/Cd translocation from root to 
shoot in rice by regulating Cd loading into the xylem 
(Nocito et al. 2011; Takahashi et al. 2012) and thus con-
tributing to Cd accumulation into the grain (Maghrebi 
et al. 2021). Accessions with the minor allele at both 
S2_12,633,082 (G) and S6_29,440,451 (T) had higher 
Cd content in brown grain (+ 45% and + 15%, respec-
tively) than those with the major allele C. Consistent 
with this observation, all accessions in the 98th percen-
tile for high Cd content showed the minor alleles at both 

Table 5  Haplotype of the peak marker of the MTAs with -log10(p) < 5.00 and R2 > 6 containing the main candidate genes
Element MTA ID Peak Marker/Region (bp) Haplotype Element Concentration Allele Frequency %

mg kg− 1 Total Panel 2nd perc. 98th perc
As qAs10.2 (LW) S10_17,255,433 A 0.036 82 100 33

G 0.053 18 0 66
As qAs3.4 (PF) S3_5,056,013 G 0.119 66 100 17

C 0.140 34 0 83
Ca qCa10.19 (LW) S10_14,571,146 A 90.604 94 100 66

G 111.082 6 0 33
Cd qCd1.31 (LW) S1_42,038,389 A 0.053 93 100 33

G 0.095 7 0 66
Cd qCd2.32 (LW) S2_34,364,220 A 0.052 95 100 33

G 0.116 5 0 66
Cd qCd7.43 (LW) S7_29,124,793 T 0.050 80 100 20

G 0.075 20 0 80
Cd qCd2.61 (PF) S2_12,633,082 C 0.027 94 100 83

G 0.040 6 0 17
Cd qCd6.70 (PF) S6_29,440,451 C 0.028 94 100 83

T 0.032 6 0 17
Cd qCd8.78 (PF) S8_27,052,235 G 0.027 95 100 66

A 0.041 5 0 33
Fe qFe8.105 (LW) S8_8,563,018 A 8.334 84 100 0

C 10.117 16 0 100
Mn qMn3.141 (LW) S3_6,723,314 A 16.371 68 17 100

G 14.726 32 83 0
Mn qMn3.148 (PF) S3_6,723,314 A 21.522 68 50 100

G 18.987 32 50 0
Mo qMo8.157 (LW) S8_132,980 T 0.550 80 17 100

A 0.421 20 83 0
P qP4.189 (LW) S4_27,790,754 A 3731.253 92 100 17

G 4077.175 8 0 83
The table also reports the mean concentration values (mg kg-1) of each element measured in the panel genotypes that show the same haplotype for different MTAs. 
It shows also the allele frequencies in the total panel genotypes and in the genotypes belonging to the 2nd and 98th percentiles for the low and high content of 
each element, respectively (see also Supplementary Table S1)
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the peak markers. The OsPDR1 gene is located approxi-
mately 200  kb downstream of the S8_27052235 SNP 
leader of qCd8.78(PF). This gene is reported to be rapidly 
and strongly induced by Cd stress in rice. It encodes a 
member of the pleiotropic drug resistance (PDR) sub-
family of ATP-binding cassette (ABC) transporters pos-
sibly involved in the active extrusion of Cd from the 
cytoplasm. A similar plasma membrane-located ortho-
logue in Arabidopsis (AtPDR8), which is induced by Cd 
and lead (Pb), acts as Cd/Pb extrusion pump (Ogawa et 
al. 2009). Accessions with the minor allele A (5% of the 
total frequency) exhibited a higher concentration of Cd 
(+ 50%) in brown grains. This allele, which was absent in 
accessions in the 2nd percentile and present at a low fre-
quency (33%) in those in the 98th percentile.

The WOX10 gene, which encodes a transcription fac-
tor responsible for activating genes involved in Fe bind-
ing and translocation in rice (Kawai et al. 2022), is located 
76,175 kb downstream of the S8_8,563,018 peak marker 
of qFe8.105(LW). On average, the accessions with the 
minor allele C accumulate higher levels of Fe in the grain 
(+ 21%) than those with the major allele A, and all the 
accessions in the 98th percentile have the C haplotype. 
This information can be used in breeding programs for 
biofortification of Fe in rice.

Mn is an essential trace element for humans and usu-
ally present at low concentrations in all diets. Neverthe-
less, groups of populations still suffer from subclinical 
Mn deficiency, therefore producing rice with adequate 
levels of Mn would benefit human health. The same MTA 
for Mn (qMn3.141(LW) or qMn3.148(PF) was found 
regardless of the two irrigation conditions, despite the 
fact that these conditions have different effects on the 
metal bioavailability in the soil and, thus, on its accumu-
lation in the grain (higher in LW than in PF). Within this 
MTA was identified the OsMTP8.1 gene, which encodes 
a tonoplast-localized Mn transporter belonging to the 
cation diffusion facilitator family and whose mutation 
can alter Mn transport and accumulation in plants (Chen 
et al. 2016). The presence of the minor allelic variant (G) 
at the peak marker (S3_6,723,314) is associated with a 
11/13% lower Mn grain concentration than that mea-
sured in the presence of the A major allele.

Rice is one of the main dietary sources of Mo for 
humans (Hattori et al. 2004). The OsMOT1;1 gene, which 
encodes a molybdate transporter expressed mainly in 
roots, has been identified in the qMo8.157(LW) MTA; 
this gene has been reported to be the causal gene for the 
qGMo8 QTL, with sequence variation in its promoter 
controlling the accumulation of this element in rice grain 
(Huang et al. 2019). On average, the accessions with the 
minor haplotype A at the peak marker S8_132,980 have 
a lower Mo grain concentration (approximately − 31%) 
than the accessions with the major haplotype T. This 

information could help to develop rice genotypes with 
Mo-enriched grains or to prevent excessive accumulation 
of the element in grain when plants are grown in Mo-rich 
soil.

More than 90% of the total P in rice grains is present 
as phytate, which is indigestible to humans and act as an 
antinutrient because phytic acid forms strong complexes 
with micronutrients such as Zn and Fe (Raboy 2020). For 
this reason, accumulation of P in the form of phytate in 
the grains must be limited. The OsVPE1 (Vacuolar Pi 
Efflux 1) gene, which is very close to the peak marker 
S4_27,790,754 (approximately 7,174  kb upstream), has 
been identified in qP4.189(LW). OsVPE1 encodes a tono-
plast transporter that releases Pi from the vacuole under 
P starvation (Xu et al. 2019), as well as after flowering, 
when P is remobilized from leaf vacuole to the panicle 
(Julia et al. 2016). On average, the P content of grains 
with the G allelic variant at SNP S4_27790754 is approxi-
mately 10% higher than that of grains with the A allelic 
variant.

Conclusions
This work analysed the accumulation of 13 elements in 
294 japonica rice accessions under two water manage-
ment conditions, leading to several outputs. The used 
rice panel showed a wide variability in element concen-
tration depending on the accession, with higher variabil-
ity observed under PF. The large dataset produced could 
be very useful in identifying accessions that can provide 
good accumulation of useful elements or low accumula-
tion of undesirable elements under PF or LW. The GWAS 
identified 87 MTAs with high R2 and p-value, and the 
data on the effect of the alleles at the peak SNPs on grain 
element concentration support their usefulness as mark-
ers in rice breeding programs for increasing or decreas-
ing the concentration of useful or toxic elements in rice 
grains, respectively. The robustness of several of these 
MTAs was confirmed by (i) their presence in both PF 
and LW, (ii) their overlapping with MTAs for multiple 
elements, and (iii) their co-positional relationships with 
previously mapped QTLs for the same elements. For 14 
of these MTAs, robust candidate genes were identified, 
whose functions were consistent with an involvement 
in affecting grain concentration of the element underly-
ing the MTA. Further functional studies involving gene 
knockout on selected candidates may help to find causal 
relationships between candidate genes and phenotypes. 
Genome editing approaches could be then used to lower 
heavy metals concentration while increasing essential 
minerals amount in rice. In conclusion, the presented 
results represent an important resource to potential 
gene-stacking for multiple micronutrients and rice bio-
fortification, using a rational combination of conven-
tional breeding and metabolic engineering strategies.



Page 20 of 23Orasen et al. Rice           (2025) 18:89 

Abbreviations
ANOVA	� Analysis of Variance
As	� Arsenic
Ca	� Calcium
Cd	� Cadmium
CLT	� CRT-like transporter
CRI	� Collision-Reaction-Interface
Cu	� Copper
CV	� Coefficient of variation
FDR	� False discovery rate
Fe	� Iron
γ-EC	� γ-glutamylcysteine
GBS	� Genotyping-by-sequencing
Ge	� Germanium
GSH	� Glutathione
GRF	� Growth-Regulating Factors
GWAS	� Genome-wide association studies
G×E	� Genotype × Environment
H2	� Broad sense heritability
H2	� Hydrogen
HMA	� Heavy metal-associated domain
ICP-MS	� Inductively Coupled Plasma Mass Spectrometer
Y	� Yttrium
K	� Potassium
K	� Kinship matrix
kbp	� Kilo base pairs
LD	� Linkage disequilibrium
LW	� Low watering
MAF	� Minimum allele frequency
Mb	� Mega base pairs
Mg	� Magnesium
MLM	� Mixed Linear Models
Mn	� Manganese
Mo	� Molybdenum
MTA	� Marker-traits association
Na	� Sodium
Ni	� Nickel
P	� Phosphorus
PCA	� Principal Components Analysis
PCs	� Phytochelatins
PF	� Permanent flooding
QTL	� Quantitative Trait Locus
R2	� Explained variance
SNP	� Single Nucleotide Polymorphism
ssp	� Subspecies
Tb	� Terbium
USDA	� U.S. Department of Agriculture
VB	� Vascular bundles
VPE1	� Vacuolar Pi Efflux 1
Zn	� Zinc
σ2	� Variance

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​2​8​4​-​0​2​5​-​0​0​8​4​7​-​8.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Acknowledgements
The assistance of Dr. Caterina Marè (Council for Agricultural Research and 
Economics Research Centre for Genomics and Bioinformatics, Via S. Protaso, 

302 - 29017 Fiorenzuola d’Arda (PC) Italy) in maintaining the accessions of the 
rice germplasm collection is fully acknowledged.

Author Contributions
GV and GAS conceived the work and designed the experiment. GO collected 
all the raw data. GO, GL, FFN, EB collaborated in the ionomic analyses by 
ICP-MS. GO and EM analyzed experimental data and performed statistical 
analyses. EM and AT performed GWAS analysis. NN and GAS performed 
candidate genes search and analyses. NN, GAS, GV, EM wrote the paper with 
the contribution of all authors. All the authors read and approved the final 
manuscript.

Funding
We acknowledge the support of InnovaRisi project (Innovative 
management models and patrimonialization of rice ecosystems in Italy, CUP 
D13C22001330005, BaC Agritech-Spoke 6, Project Code CN00000022).
Availability of data and material.
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Data Availability
No datasets were generated or analysed during the current study.

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests
The authors declare no competing interests.

Received: 9 April 2025 / Accepted: 25 August 2025

References
Antony AC, Vora RM, Karmarkar SJ (2022) The silent tragic reality of hidden hunger, 

anaemia, and neural-tube defects (NTDs) in India. Lancet Reg Health-South-
east Asia 6:100071. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​l​a​​n​s​e​​a​.​2​0​​2​2​​.​1​0​0​0​7​1

Biscarini F, Cozzi P, Casella L, Riccardi P, Vattari A, Orasen G, Perrini R, Tacconi G, 
Tondelli A, Biselli C, Cattivelli L, Spindel J, McCouch S, Abbruscato P, Valè G, 
Piffanelli P, Greco R (2016) Genome-wide association study for traits related to 
plant and grain morphology, and root architecture in temperate rice acces-
sions. PLoS ONE 11:e0155425. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​1​5​5​4​2​5

Bollinedi H, Yadav AK, Vinod KK, Gopala KS, Bhowmick PK, Nagarajan M, Neeraja 
CN, Ellur RK, Singh AK (2020) Genome-wide association study reveals novel 
marker-trait associations (MTAs) governing the localization of Fe and Zn in 
the rice grain. Front Genet 11:213. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​g​e​n​e​.​2​0​2​0​.​0​0​2​1​3

Bouis HE, Welch RM (2010) Biofortification-a sustainable agricultural strategy for 
reducing micronutrient malnutrition in the global South. Crop Sci 50:20–32. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​3​5​​/​c​​r​o​p​​s​c​i​​2​0​0​9​​.​0​​9​.​0​5​3​1

Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler ES (2007) TAS-
SEL: software for association mapping of complex traits in diverse samples. 
Bioinformatics 23:2633–2635. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​/​b​t​m​3​0​8

Castro PH, Lilay GH, Assunção AGL (2018) Chap. 1 - Regulation of micronutrient 
homeostasis and deficiency response in plants. In: Mohammad AH (ed) Plant 
Micronutrient Use Efficiency, Academic Press, p 1–15

Chandran V, Wang H, Gao F, Cao XL, Chen YP, Li GB, Zhu Y, Yang XM, Zhang LL, 
Zhao ZX, Zhao JH, Wang YG, Li S, Fan J, Li Y, Zhao JQ, Li SQ, Wang WM (2019) 
miR396-OsGRFs Module Balances Growth and Rice Blast Disease-Resistance. 
Front Plant Sci. 9:1999. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​1​8​.​0​1​9​9​9

Che RH, Tong HN, Shi BH, Liu YQ, Fang SR, Liu DP, Xiao Y, Hu B, Liu L, Wang H, 
Zhao M, Chu C (2016) Control of grain size and rice yield by GL2-mediated 
brassinosteroid responses. Nat Plants 2:15195. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​N​​p​l​a​
n​t​s​2​0​1​6​.​2

https://doi.org/10.1186/s12284-025-00847-8
https://doi.org/10.1186/s12284-025-00847-8
https://doi.org/10.1016/j.lansea.2022.100071
https://doi.org/10.1371/journal.pone.0155425
https://doi.org/10.3389/fgene.2020.00213
https://doi.org/10.2135/cropsci2009.09.0531
https://doi.org/10.2135/cropsci2009.09.0531
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.3389/fpls.2018.01999
https://doi.org/10.1038/Nplants2016.2
https://doi.org/10.1038/Nplants2016.2


Page 21 of 23Orasen et al. Rice           (2025) 18:89 

Chen X, Li J, Wang L, Ma G, Zhang W (2016) A mutagenic study identifying criti-
cal residues for the structure and function of rice manganese transporter 
OsMTP8.1. Sci Rep 6:32073. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​r​e​p​3​2​0​7​3

Chen G, Du R, Wang X (2023) Genetic regulation mechanism of cadmium accumu-
lation and its utilization in rice breeding. Int J Mol Sci 24:1247. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​4​0​2​1​2​4​7

Cheng S, Huang Y, Zhu N, Zhao Y (2014) The rice WUSCHEL-related homeobox 
genes are involved in reproductive organ development, hormone signaling 
and abiotic stress response. Gene 549:266–274. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​g​e​
n​e​.​2​0​1​4​.​0​8​.​0​0​3

Clemens S, Palmgren MG, Krämer U (2002) A long way ahead: Understanding and 
engineering plant metal accumulation. Trends Plant Sci 7:309–315

Collard BCY, Mackill DJ (2008) Marker-assisted selection: an approach for precision 
plant breeding in the twenty-first century. Phil Trans R Soc B 363:557–572. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​8​​/​r​​s​t​b​.​2​0​0​7​.​2​1​7​0

Cu ST, Warnock NI, Pasuquin J, Dingkuhn M, Stangoulis J (2021) A high–resolution 
genome–wide association study of the grain ionome and agronomic traits in 
rice Oryza sativa subsp. Indica. Sci Rep 11:19230. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​
5​9​8​-​0​2​1​-​9​8​5​7​3​-​w

Descalsota GIL, Swamy BPM, Zaw H, Inabangan-Asilo MA, Amparado A, Mauleon R, 
Chadha-Mohanty P, Arocena EC, Raghavan C, Leung H, Hernandez JE, Lalusin 
AB, Mendioro MS, Diaz MGQ, Reinke R (2018) Genome-wide association map-
ping in a rice MAGIC plus population detects QTLs and genes useful for bio-
fortification. Front Plant Sci 9:1347. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​1​8​.​0​1​3​4​7

Descalsota-Empleo GI, Amparado A, Inabangan-Asilo MA, Tesoro F, Stangoulis J, 
Reinke R, Swamy BPM (2019) Genetic mapping of QTL for agronomic traits 
and grain mineral elements in rice. Crop J 7:560–572. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​
6​​/​j​​.​c​j​.​2​0​1​9​.​0​3​.​0​0​2

Ding Y, Chen Z, Zhu C (2011) Microarray-based analysis of cadmium-responsive 
MicroRNAs in rice (Oryza sativa). J Exp Bot 62:3563–3573. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​0​9​3​​/​j​​x​b​/​e​r​r​0​4​6

Ding Y, Qu A, Gong S, Huang S, Lv B, Zhu C (2013) Molecular identification and 
analysis of Cd-responsive MicroRNAs in rice. J Agric Food Chem 61:11668–
11675. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​j​​f​4​0​1​3​5​9​q

Duan PG, Ni S, Wang JM, Zhang BL, Xu R, Wang YX, Chen H, Zhu X, Li Y (2016) 
Regulation of OsGRF4 by OsmiR396 controls grain size and yield in rice. Nat 
Plants 2:15203. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​N​​p​l​a​n​t​s​.​2​0​1​5​.​2​0​3

Fang X, Zhao Y, Ma Q, Huang Y, Wang P, Zhang J, Nian H, Yang C (2013) Identifica-
tion and comparative analysis of cadmium toler-ance-associated MiRNAs and 
their targets in two soybean genotypes. PLoS ONE 8:e81471

Fukagawa NK, Ziska LH (2019) Rice: importance for global nutrition. J Nutr Sci 
Vitaminol 65(Supplement):S2–S3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​7​7​​/​j​​n​s​v​.​6​5​.​S​2

Gao J, Luo M, Peng H, Chen F, Li W (2019) Characterization of cadmium-responsive 
MicroRNAs and their target genes in maize (Zea mays) roots. BMC Mol Biol 
20:1–9

Garcia-Oliveira AL, Tan L, Fu Y, Sun C (2009) Genetic identification of quantitative 
trait loci for contents of mineral nutrients in rice grain. J Integr Plant Biol 
51:84–92

Gibson RS, Raboy V, King JC (2018) Implications of phytate in plant-based foods for 
iron and zinc bioavailability, setting dietary requirements, and formulating 
programs and policies. Nutr Rev 76:793–804. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​u​t​r​i​t​
/​n​u​y​0​2​8

Hattori H, Ashida A, Itô C, Yoshida M (2004) Determination of molybdenum in 
foods and human milk, and an estimate of average molybdenum intake in 
the Japanese population. J Nutr Sci Vitam 6:44–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​7​7​​/​j​​
n​s​v​.​5​0​.​4​0​4

Hu P, Li Z, Yuan C, Ouyang Y, Zhou L, Huang J, Huang Y, Luo Y, Christie P, Wu L 
(2013) Effect of water management on cadmium and arsenic accumulation 
by rice (Oryza sativa L.) with different metal accumulation capacities. J Soils 
Sediments 13:916–924. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​3​6​8​-​0​1​3​-​0​6​5​8​-​6

Hu B, Wang W, Ou S, Tang J, Li H, Che R, Zhang Z, Chai X, Wang H, Wang Y, Liang 
C, Liu L, Piao Z, Deng Q, Deng K, Xu C, Liang Y, Zhang L, Li L, Chu C (2015) 
Variation in NRT1.1B contributes to nitrate-use divergence between rice 
subspecies. Nat Genet 47:834–838. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​g​.​3​3​3​7

Huang XY, Salt DE (2016) Plant ionomics: from elemental profiling to environmen-
tal adaptation. Mol Plant 9:787–797

Huang XY, Deng F, Yamaji N, Pinson SR, Fujii-Kashino M, Danku J, Douglas A, Gueri-
not ML, Salt D, Ma JF (2016) A heavy metal P-type ATPase OsHMA4 prevents 
copper accumulation in rice grain. Nat Commun 7:12138

Huang XJ, Zhao FJ, Liu H, Zhu YF, Pinson SRM, Lin HX, Guerinot ML, Salt DE (2019) 
Natural variation in a molybdate transporter controls grain molybdenum 

concentration in rice. New Phytol 221:1983–1997. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​n​​
p​h​.​1​5​5​4​6

Husson O (2013) Redox potential (Eh) and pH as drivers of soil/plant/microorgan-
ism systems: A transdisciplinary overview pointing to integrative opportuni-
ties for agronomy. Plant Soil 362:389–417. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​1​0​4​-​0​
1​2​-​1​4​2​9​-​7

Islam MZ, Arifuzzaman M, Banik S, Hossain MA, Ferdous J, Khalequzzaman M, 
Pittendrigh BR, Tomita M, Ali MP (2020) Mapping QTLs underpin nutrition 
components in aromatic rice germplasm. PLoS ONE 15:e0234395. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​2​3​4​3​9​5

Julia C, Wissuwa M, Kretzschmar T, Jeong K, Rose T (2016) Phosphorus uptake, par-
titioning and redistribution during grain filling in rice. Ann Bot 118:1151–
1162. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​a​​o​b​/​m​c​w​1​6​4

Kawahara Y, de la Bastide M, Hamilton JP, Kanamori H, McCombie WR, Ouyang S, 
Schwartz DC, Tanaka T, Wu J, Zhou S, Childs KL, Davidson RM, Lin H, Quesada-
Ocampo L, Vaillancourt B, Sakai H, Lee SS, Kim J, Numa H, Itoh T, Buell CR, 
Matsumoto T (2013) Improvement of the Oryza sativa Nipponbare reference 
genome using next generation sequence and optical map data. Rice 6:4. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​9​3​9​-​8​4​3​3​-​6​-​4

Kawai T, Shibataa K, Akahoshia R, Nishiuchia S, Takahashia H, Nakazono M, Kojimaa 
T, Nosaka-Takahashic M, Satoc Y, Toyodac A, Lucob-Agustina N, Kano-Nakatae 
M, Suraltad RR, Nionesf JM, Chenb Y, Siddiqueb KHM, Yamauchia A, Yoshiaki 
Inukaie Y (2022) WUSCHEL-related homeobox family genes in rice control 
lateral root primordium size. Proc Natl Acad Sci U S A 119:1e2101846119. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​2​1​0​1​8​4​6​1​1​9

Khan FS, Goher F, Hu CG, Zhang JZ (2024) WUSCHEL–related homeobox (WOX) 
transcription factors: key regulators in combating abiotic stresses in plants. 
Hortic Adv 2:2. 10.007/s44281-023-00023-2

Knez M, Stangoulis JCR (2021) Calcium biofortification of crops–Challenges and 
projected benefits. Front Plant Sci 12:669053. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​
0​2​1​.​6​6​9​0​5​3

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolutionary genetics 
analysis version 7.0. Mol Biol Evol 33:1870–1874. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​m​​o​
l​b​e​v​/​m​s​w​0​5​4

Lahner B, Gong J, Mahmoudian M, Smith EL, Abid KB, Rogers EE, Guerinot ML, 
Harper JF, Ward JM, McIntyre L, Schroeder JI, Salt DE (2003) Genomic scale 
profiling of nutrient and trace elements in Arabidopsis Thaliana. Nat Biotech-
nol 21:1215–1221

Li S, Tian Y, Wu K, Ye Y, Yu J, Zhang J, Liu Q, Hu M, Li H, Tong Y, Harberd NP, Fu X 
(2018) Modulating plant growth-metabolism coordination for sustainable 
agriculture. Nature 560:595–600. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​8​6​-​0​1​8​-​0​4​1​5​-​5

Liu S, Zhong H, Meng X, Sun T, Li Y, Pinson SRM, Chang SKC, Peng Z (2020) 
Genome-wide association studies of ionomic and agronomic traits in USDA 
mini core collection of rice and comparative analyses of different mapping 
methods. BMC Plant Biol 20:441. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​0​-​0​2​0​-​0​2​6​0​3​-​0

Liu H, Long SX, Pinson SRM, Tang Z, Guerinot ML, Salt DE, Zhao FJ, Huang XY (2021) 
Univariate and multivariate QTL analyses reveal covariance among mineral 
elements in the rice ionome. Front Genet 12:638555. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​
/​f​​g​e​n​e​.​2​0​2​1​.​6​3​8​5​5​5

Lu K, Li L, Zheng X, Zhang Z, Mou T, Hu Z (2008) Quantitative trait loci controlling 
cu, ca, zn, Mn and Fe content in rice grains. J Genet 87:305–310

Ma JF, Shen RF, Shao JF (2021) Transport of cadmium from soil to grain in cereal 
crops: A review. Pedosphere 31:3–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​1​0​0​2​-​0​1​6​0​(​2​
0​)​6​0​0​1​5​-​7

Maghrebi M, Baldoni E, Lucchini G, Vigani G, Valè G, Sacchi GA, Nocito FF (2021) 
Analysis of cadmium root retention for two contrasting rice accessions sug-
gests an important role for OsHMA2. Plants 10:806. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​
p​​l​a​n​t​s​1​0​0​4​0​8​0​6

Miyadate H, Adachi S, Hiraizumi A, Tezuka K, Nakazawa N, Kawamoto T, Katou K, 
Kodama I, Sakurai K, Takahashi H, Satoh-Nagasawa N, Watanabe A, Fujimura 
T, Akagi H (2011) OsHMA3, a P1B-type of ATPase affects root-to-shoot 
cadmium translocation in rice by mediating efflux into vacuoles. New Phytol 
189:190–199

Nawaz Z, Kakar KU, Li XB, Li S, Zhang B, Shou HX, Shu QY (2015) Genome-wide 
association mapping of quantitative trait loci (QTLs) for contents of eight ele-
ments in brown rice (Oryza sativa L). J Agric Food Chem 63:8008–8016

Nocito FF, Lancilli C, Dendena B, Lucchini G, Sacchi GA (2011) Cadmium retention 
in rice roots is influenced by cadmium availability, chelation and transloca-
tion. Plant Cell Environ 34:994–1008. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​3​​6​5​-​​3​0​4​0​​.​2​​0​
1​1​.​0​2​2​9​9​.​x

Norton GJ, Deacon CM, Xiong LZ, Huang SY, Meharg AA, Price AH (2010) Genetic 
mapping of the rice ionome in leaves and grain: identification of QTLs for 

https://doi.org/10.1038/srep32073
https://doi.org/10.3390/ijms24021247
https://doi.org/10.3390/ijms24021247
https://doi.org/10.1016/j.gene.2014.08.003
https://doi.org/10.1016/j.gene.2014.08.003
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1038/s41598-021-98573-w
https://doi.org/10.1038/s41598-021-98573-w
https://doi.org/10.3389/fpls.2018.01347
https://doi.org/10.1016/j.cj.2019.03.002
https://doi.org/10.1016/j.cj.2019.03.002
https://doi.org/10.1093/jxb/err046
https://doi.org/10.1093/jxb/err046
https://doi.org/10.1021/jf401359q
https://doi.org/10.1038/Nplants.2015.203
https://doi.org/10.3177/jnsv.65.S2
https://doi.org/10.1093/nutrit/nuy028
https://doi.org/10.1093/nutrit/nuy028
https://doi.org/10.3177/jnsv.50.404
https://doi.org/10.3177/jnsv.50.404
https://doi.org/10.1007/s11368-013-0658-6
https://doi.org/10.1038/ng.3337
https://doi.org/10.1111/nph.15546
https://doi.org/10.1111/nph.15546
https://doi.org/10.1007/s11104-012-1429-7
https://doi.org/10.1007/s11104-012-1429-7
https://doi.org/10.1371/journal.pone.0234395
https://doi.org/10.1371/journal.pone.0234395
https://doi.org/10.1093/aob/mcw164
https://doi.org/10.1186/1939-8433-6-4
https://doi.org/10.1186/1939-8433-6-4
https://doi.org/10.1073/pnas.2101846119
https://doi.org/10.1073/pnas.2101846119
https://doi.org/10.3389/fpls.2021.669053
https://doi.org/10.3389/fpls.2021.669053
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1038/s41586-018-0415-5
https://doi.org/10.1186/s12870-020-02603-0
https://doi.org/10.3389/fgene.2021.638555
https://doi.org/10.3389/fgene.2021.638555
https://doi.org/10.1016/S1002-0160(20)60015-7
https://doi.org/10.1016/S1002-0160(20)60015-7
https://doi.org/10.3390/plants10040806
https://doi.org/10.3390/plants10040806
https://doi.org/10.1111/j.1365-3040.2011.02299.x
https://doi.org/10.1111/j.1365-3040.2011.02299.x


Page 22 of 23Orasen et al. Rice           (2025) 18:89 

17 elements including arsenic, cadmium, iron and selenium. Plant Soil 
329:139–153

Norton GJ, Duan GL, Lei M, Zhu YG, Meharg AA, Price AH (2012) Identification 
of quantitative trait loci for rice grain element composition on an arsenic 
impacted soil: influence of flowering time on genetic loci. Ann Appl Biol 
161:46–56

Norton GJ, Douglas A, Lahner B, Yakubova E, Guerinot ML, Pinson SR, Tarpley L, 
Eizenga GC, McGrath SP, Zhao FJ, Islam MR, Islam S, Duan G, Zhu Y, Salt DE, 
Meharg AA, Price AH (2014) Genome wide association mapping of grain 
arsenic, copper, molybdenum and zinc in rice (Oryza sativa L.) grown at four 
international field sites. PLoS ONE 9:e89685. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​
p​o​n​​e​.​​0​0​8​9​6​8​5

Ogawa I, Nakanishi H, Mori S, Nishizawa NK (2009) Time course analysis of gene 
regulation under cadmium stress in rice. Plant Soil 325:97–108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​1​0​4​-​0​0​9​-​0​1​1​6​-​9

Orasen G, De Nisi P, Lucchini G, Abruzzese A, Pesenti M, Maghrebi M, Kumar A, 
Nocito FF, Baldoni E, Morgutti S, Negrini N, Valè G, Sacchi GA (2019) Continu-
ous flooding or alternate wetting and drying differently affect the accumula-
tion of health-promoting phytochemicals and minerals in rice brown grain. 
Agronomy 9:628. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​g​r​o​n​o​m​y​9​1​0​0​6​2​8

Parengam M, Judprasong K, Srianujata S, Jittinandana S, Laoharojanaphand S, 
Busamongko A (2010) Study of nutrients and toxic minerals in rice and 
legumes by instrumental neutron activation analysis and graphite furnace 
atomic absorption spectrophotometry. J Food Compos Anal 23:340–345

Pasion EA, Misra G, Kohli A, Sreenivasulu N (2023) Unraveling the genetics underly-
ing micronutrient signatures of diversity panel present in brown rice through 
genome–ionome linkages. Plant J 113:749–771. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​t​​p​j​
.​1​6​0​8​0

Pegler JL, Oultram JMJ, Nguyen DQ, Grof CPL, Eamens AL (2021) MicroRNA-Medi-
ated responses to cadmium stress in Arabidopsis Thaliana. Plants 10:130. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​1​0​0​1​0​1​3​0

Peña-Garcia Y, Shindea S, Natarajana P, Lopez-Ortiza C, Balagurusamyc N, 
DelgadoChaveza AC, Saminathana T, Nimmakayala P, Reddya UK (2021) 
Arsenic stress-related F-box (ASRF) gene regulates arsenic stress tolerance in 
Arabidopsis Thaliana. J Haz Mater 407:124831. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​h​​a​z​
m​​a​t​.​2​​0​2​​0​.​1​2​4​8​3​1

Pinson SRM, Tarpley L, Yan WG, Yeater K, Lahner B, Yakubova E, Huang XY, Zhang M, 
Guerinot ML, Salt DE (2015) Worldwide genetic diversity for mineral element 
concentrations in rice grain. Crop Sci 55:294–311

Pritchard JK, Stephens M, Donnelly PJ (2000) Inference of population structure 
using multilocus genotype data. Genetics 155:945–959

Raboy V (2020) Low phytic acid crops: observation based on four decades of 
research. Plants 9:140. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​n​t​s​9​0​2​0​1​4​0

Rasheed H, Shi L, Winarsih C, Jakada BH, Chai R, Huang H Plant growth regulators: 
an overview of WOX gene family. Plants 13:3108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​p​​l​a​
n​t​s​1​3​2​1​3​1​0​8

Ren ZH, Gao JP, Li LG, Cai XL, Huang W, Chao DY, Zhu MZ, Wang ZY, Luan S, Lin 
HX (2005) A rice quantitative trait locus for salt tolerance encodes a sodium 
transporter. Nat Genet 37:1141–1146

Rinklebe J, Shaheen SM (2017) Redox chemistry of nickel in soils and sediments: A 
review. Chemosphere 179:265–278. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​h​​e​m​o​​s​p​h​e​​r​e​​.​
2​0​1​7​.​0​2​.​1​5​3

Salt DE, Baxter I, Lahner B (2008) Ionomics and the study of the plant ionome. 
Annu Rev Plant Biol 59:709–733

Shabab Z, Ghoshe PW, Sarada DVL (2025) Structural and functional characteriza-
tion of cellulose synthase proteins (CesA) in rice and their regulation via 
brassinosteroid signaling under arsenate stress. Plant Cell Rep 44:15. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​2​9​9​-​0​2​4​-​0​3​4​0​6​-​5

Shimo H, Ishimaru Y, An G, Yamakawa T, Nakanishi H, Nishizawa NK (2011) Low 
cadmium (LCD), a novel gene related to cadmium tolerance and accumula-
tion in rice. J Exp Bot 62:5727–5734. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​j​​x​b​/​e​r​r​3​0​0

Singh A, Kanwar P, Yadav AK, Mishra M, Jha SK, Baranwal V, Pandey A, Kapoor 
S (2014) Genome-wide expressional and functional analysis of calcium 
transport elements during abiotic stress and development in rice. FEBS J 
281:894–915. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​f​​e​b​s​.​1​2​6​5​6

Smith MR, Myers SS (2018) Impact of anthropogenic CO2 emissions on global 
human nutrition. Nat Clim Change 8:834–839. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​
5​8​-​0​1​8​-​0​2​5​3​-​3

Subbarao G, Ito O, Berry W, Wheeler R (2003) Sodium—A functional plant nutrient. 
Crit Rev Plant Sci 22:391–416. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​0​​7​3​5​2​6​8​0​3​9​0​2​4​3​4​9​5

Takahashi Y, Minamikawa R, Hattori KH, Kurishima K, Kihou N, Yuita K (2004) Arsenic 
behaviour in paddy fields during the cycle of flooded and non-flooded 

periods. Environ Sci Technol 38:1038–1044. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​e​​s​0​3​4​3​
8​3​n

Takahashi R, Ishimaru Y, Shimo H, Ogo Y, Senoura T, Nishizawa NK, Nakanishi H 
(2012) The OsHMA2 transporter is involved in root-to-shoot translocation of 
Zn and cd in rice. Plant Cell Environ 35:1948–1957. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​
3​​6​5​-​​3​0​4​0​​.​2​​0​1​2​.​0​2​5​2​7​.​x

Tan Y, Sun L, Song Q, Mao D, Zhou J, Jiang Y, Wang J, Fan T, Zhu Q, Huang D, Xiao H, 
Chen C (2020) Genetic architecture of subspecies divergence in trace mineral 
accumulation and elemental correlations in the rice grain. Theor Appl Genet 
133:529–545. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​1​2​2​-​0​1​9​-​0​3​4​8​5​-​z

Tanaka N, Kawahara Y, Ebana K, Shenton M (2025) Genome wide association study 
of rice agronomical traits and seed ionome with the NARO open rice collec-
tion. Plant J 122(1):e70152. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​t​​p​j​.​7​0​1​5​2

Tang M, Mao D, Xu L, Li D, Song S, Chen C (2014) Integrated analysis of MiRNA and 
mRNA expression profiles in response to cd exposure in rice seedlings. BMC 
Genomics 15:835. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​7​1​-​2​1​6​4​-​1​5​-​8​3​5

Tiozon RJN, Fernie AR, Sreenivasulu N (2021) Meeting human dietary vitamin 
requirements in the staple rice via strategies of biofortification and post-
harvest fortification. Trends Food Sci Technol 109:65–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​1​6​​/​j​​.​t​i​f​s​.​2​0​2​1​.​0​1​.​0​2​3

Tiozon RN, Buenafe RJQ, Vinay J, Sen P, Molina LR, Anacleto R, Sreenivasulu N (2024) 
Machine learning technique unraveled subspecies-specific ionomic variation 
with the Preferential mineral enrichment in rice. Cereal Chem 101:367–381. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​c​​c​h​e​.​1​0​7​0​6

Turner S (2018) Qqman: an R package for visualizing GWAS results using Q-Q and 
Manhattan plots. J Open Source Softw. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​1​1​0​​5​/​​j​o​s​s

Ueno D, Yamaji N, Kono I, Huang CF, Ando T, Yano M, Ma JF (2010) Gene limiting 
cadmium accumulation in rice. Proc Natl Acad Sci USA 107:16500–16505

Volante A, Desiderio F, Tondelli A, Perrini R, Orasen G, Biselli C, Riccardi P, Vattari A, 
Cavalluzzo D, Urso S, Ben Hassen M, Fricano A, Piffanelli P, Cozzi P, Biscarini F, 
Sacchi GA, Cattivelli L, Valè G (2017a) Genome-wide analysis of Japonica rice 
performance under limited water and permanent flooding conditions. Front 
Plant Sci 8:1862. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​1​7​.​0​1​8​6​2

Volante A, Tondelli A, Aragona M, Valente MT, Biselli C, Desiderio F, Bagnaresi P, 
Matic S, Gullino AL, Infantino A, Spadaro D, Valè G (2017b) Identification of 
Bakanae disease resistance loci in Japonica rice through genome wide asso-
ciation study. Rice 10:29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​2​8​4​-​0​1​7​-​0​1​6​8​-​z

Volante A, Tondelli A, Desiderio F, Abbruscato P, Menin B, Biselli C, Casella L, Singh 
N, McCouch SR, Tharreau D, Zampieri E, Cattivelli L, Valè G (2020) Genome 
wide association studies for Japonica rice resistance to blast in field and con-
trolled conditions. Rice 13:71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​2​8​4​-​0​2​0​-​0​0​4​3​1​-​2

Wang C, Tang Z, Zhuang J-Y, Tang Z, Huang X-Y, Zhao F-J (2020a) Genetic mapping 
of ionomic quantitative trait loci in rice grain and straw reveals OsMOT1;1 as 
the putative causal gene for a molybdenum QTL qMo8. Mol Gen Genomics 
295:391–407. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​3​8​-​0​1​9​-​0​1​6​3​2​-​1

Wang Q, Tang J, Han B, Huang X (2020b) Advances in genome-wide association 
studies of complex traits in rice. Theor Appl Genet 133:1415–1425. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​1​2​2​-​0​1​9​-​0​3​4​7​3​-​3

White PJ, Broadley MR (2009) Biofortification of crops with seven mineral elements 
often lacking in human diets—iron, zinc, copper, calcium, magnesium, 
selenium and iodine. New Phytol 182:49–84

Williams L, Salt DE (2009) The plant ionome coming into focus. Curr Opin Plant Biol 
12:247–249

Xiong S, Kong X, Chen G, Tian L, Qian D, Zhu Z, Qu LQ (2023) Metallochaperone 
OsHIPP9 is involved in the retention of cadmium and copper in rice. Plant 
Cell Environ 46:1946–1961. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​p​​c​e​.​1​4​5​7​6

Xu L, Wang Y, Zhai L, Xu Y, Wang L, Zhu X, Gong Y, Yu R, Limera C, Liu L (2013) 
Genome-wide identification and characterization of cadmium-responsive 
MicroRNAs and their target genes in radish (Raphanus sativus L.) roots. J Exp 
Bot 64:4271–4287

Xu L, Zhao H, Wan R, Liu Y, Xu Z, Tian W, Ruan W, Wang F, Deng M, Wang J, Dolan 
L, Luan S, Xue S, Yi K (2019) Identification of vacuolar phosphate efflux 
transporters in land plants. Nat Plants 5:84–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​
7​7​-​0​1​8​-​0​3​3​4​-​3

Xu X, Mo Q, Cai Z, Jiang Q, Zhou D, Yi J (2024) Promoters, key Cis-Regulatory ele-
ments, and their potential applications in regulation of cadmium (Cd) in rice. 
Int J Mol Sci 25:13237. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​5​2​4​1​3​2​3​7

Yang J, Gao MX, Hu H, Ding XM, Lin HW, Wang L, Xu JM, Mao CZ, Zhao FJ, Wu ZC 
(2016) OsCLT1, a CRT-like transporter 1, is required for glutathione homeosta-
sis and arsenic tolerance in rice. New Phytol 211:658–670. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​1​1​1​​/​n​​p​h​.​1​3​9​0​8

https://doi.org/10.1371/journal.pone.0089685
https://doi.org/10.1371/journal.pone.0089685
https://doi.org/10.1007/s11104-009-0116-9
https://doi.org/10.1007/s11104-009-0116-9
https://doi.org/10.3390/agronomy9100628
https://doi.org/10.1111/tpj.16080
https://doi.org/10.1111/tpj.16080
https://doi.org/10.3390/plants10010130
https://doi.org/10.3390/plants10010130
https://doi.org/10.1016/j.jhazmat.2020.124831
https://doi.org/10.1016/j.jhazmat.2020.124831
https://doi.org/10.3390/plants9020140
https://doi.org/10.3390/plants13213108
https://doi.org/10.3390/plants13213108
https://doi.org/10.1016/j.chemosphere.2017.02.153
https://doi.org/10.1016/j.chemosphere.2017.02.153
https://doi.org/10.1007/s00299-024-03406-5
https://doi.org/10.1007/s00299-024-03406-5
https://doi.org/10.1093/jxb/err300
https://doi.org/10.1111/febs.12656
https://doi.org/10.1038/s41558-018-0253-3
https://doi.org/10.1038/s41558-018-0253-3
https://doi.org/10.1080/07352680390243495
https://doi.org/10.1021/es034383n
https://doi.org/10.1021/es034383n
https://doi.org/10.1111/j.1365-3040.2012.02527.x
https://doi.org/10.1111/j.1365-3040.2012.02527.x
https://doi.org/10.1007/s00122-019-03485-z
https://doi.org/10.1111/tpj.70152
https://doi.org/10.1186/1471-2164-15-835
https://doi.org/10.1016/j.tifs.2021.01.023
https://doi.org/10.1016/j.tifs.2021.01.023
https://doi.org/10.1002/cche.10706
https://doi.org/10.1002/cche.10706
https://doi.org/10.21105/joss
https://doi.org/10.3389/fpls.2017.01862
https://doi.org/10.1186/s12284-017-0168-z
https://doi.org/10.1186/s12284-020-00431-2
https://doi.org/10.1007/s00438-019-01632-1
https://doi.org/10.1007/s00122-019-03473-3
https://doi.org/10.1007/s00122-019-03473-3
https://doi.org/10.1111/pce.14576
https://doi.org/10.1038/s41477-018-0334-3
https://doi.org/10.1038/s41477-018-0334-3
https://doi.org/10.3390/ijms252413237
https://doi.org/10.1111/nph.13908
https://doi.org/10.1111/nph.13908


Page 23 of 23Orasen et al. Rice           (2025) 18:89 

Yang M, Lu K, Zhao FJ, Xie W, Ramakrishna P, Wang G, Du Q, Liang L, Sun C, Zhao H, 
Zhang Z, Liu Z, Tian J, Huang XY, Wang W, Dong H, Hu J, Ming L, Xing Y, Wang 
G, Xiao J, Salt DE, Lian X (2018) Genome-Wide association studies reveal the 
genetic basis of ionomic variation in rice. Plant Cell 30:2720–2740. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​1​0​5​​/​t​​p​c​.​1​8​.​0​0​3​7​5

Yu YH, Shao YF, Liu J, Fan YY, Sun CX, Cao ZY, Zhuang JY (2015) Mapping of 
quantitative trait loci for contents of Macro- and microelements in milled rice 
(Oryza sativa L). J Agric Food Chem 63:7813–7818. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​a​​
c​s​.​j​a​f​c​.​5​b​0​2​8​8​2

Zhan J, Zou W, Li S, Tang J, Lu X, Meng L, Ye G (2022) OsNAC15 regulates tolerance 
to zinc deficiency and cadmium by binding to OsZIP7 and OsZIP10 in rice. Int 
J Mol Sci 23:11771. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​3​1​9​1​1​7​7​1

Zhang M, Pinson SRM, Tarpley L, Huang XY, Lahner B, Yakubova E, Baxter I, Guerinot 
ML, Salt DE (2014) Mapping and validation of quantitative trait loci associated 
with concentrations of 16 elements in unmilled rice grain. Theor Appl Genet 
127:137–165. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​1​2​2​-​0​1​3​-​2​2​0​7​-​5

Zhang J, Zhu Y, Yu L, Yang M, Zou X, Yin C, Lin Y (2022) Research advances in cad-
mium uptake, transport and resistance in rice (Oryza sativa L). Cells 11:569. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​c​​e​l​l​s​1​1​0​3​0​5​6​9

Zimmermann MB, Hurrell RF (2007) Nutritional iron deficiency. Lancet 370(07):511–
520. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​0​1​4​0​-

Zou W, Chen J, Meng L, Chen D, He H, Ye G (2021) The rice Cation/H + Exchanger 
family involved in cd tolerance and transport. Int J Mol Sci 22:8186. ​h​t​t​p​s​:​​​/​​/​d​o​​
i​.​​o​r​​g​​/​​1​0​​.​3​3​​​9​0​​/​i​j​m​s​2​2​1​5​8​1​8​6

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1105/tpc.18.00375
https://doi.org/10.1105/tpc.18.00375
https://doi.org/10.1021/acs.jafc.5b02882
https://doi.org/10.1021/acs.jafc.5b02882
https://doi.org/10.3390/ijms231911771
https://doi.org/10.1007/s00122-013-2207-5
https://doi.org/10.3390/cells11030569
https://doi.org/10.3390/cells11030569
https://doi.org/10.1016/S0140-
https://doi.org/10.3390/ijms22158186
https://doi.org/10.3390/ijms22158186

	﻿A Genome‑wide Association Study of the Grain Ionome in Rice ﻿Oryza Sativa﻿ Ssp. ﻿Japonica﻿ under Two Diverse Water Management Systems
	﻿Abstract
	﻿Background
	﻿Materials and Methods
	﻿GWAS Panel and Experimental Design
	﻿Analysis of Brown Grain Ionome
	﻿Statistical Analysis of Phenotypic Data
	﻿Genotyping of the GWAS Panel and LD Analysis
	﻿Association Mapping

	﻿Results
	﻿Phenotypic Analysis
	﻿Correlation of Different Traits
	﻿GWAS Analysis for Grain Element Concentrations in PF and LW
	﻿Associations for Multiple Traits Under the Two Watering Conditions
	﻿Mining Candidate Genes

	﻿Discussion
	﻿Phenotypic Variation for Grain Element Concentration Under Different Water Management
	﻿MTAs with Strong R﻿2﻿ and their Overlap with Previously Detected QTL
	﻿Relationships of MTAs Shared Under PF and LW with Other Element MTAs
	﻿Relationships of MTAs Shared by Diverse Elements with Trait Correlation
	﻿Key Candidate Genes Underlying the Most Robust MTAs

	﻿Conclusions
	﻿References


