Zhang et al. Rice (2026) 19:44 Rice
https://doi.org/10.1186/s12284-026-00908-6

: _ ®
GWAS and Candidate Gene Prediction s
of Elemental Accumulation Traits in Rice Using
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Abstract

Rice plants accumulate essential elements to sustain physiological processes during growth and development
and to ensure the nutritional quality of the grain as a food source. However, the genetic basis of elemental
accumulation and the interrelationships among elemental concentrations across different tissues remain poorly
understood. To conduct breeding aimed at improving the absorption characteristics of multiple interrelated
elements, genetic analysis using experimental populations that retain diversity while sharing the genetic
background of cultivated varieties is effective. Here we show genetic variations in the concentrations of 13
elements (P, K, Ca, Mg, As, Cd, Cr, Cu, Fe, Mo, Mn, Ni, and Zn) in rice straw at the flowering stage and grain at the
mature stage using a multi-parent advanced generation inter-cross (MAGIC) population that derived from eight
cultivars including both Japonica and Indica. Comprehensive evaluation of the correlation coefficients revealed
divergences in the association between grain and straw for several combinations of elements. Haplotype-based
genome-wide association studies (GWAS) identified 51 and 53 quantitative trait loci (QTLs) in straw and grain,
respectively. In total, the 104 QTLs were grouped into 19 clusters and 60 independent QTLs. By leveraging the
haplotype information from the MAGIC population, 52 candidate genes associated with the accumulation of

Ca, Mg, Cd, Cu, Fe, and Mo were efficiently predicted from these QTLs, including both previously reported and
novel genes. Among them, OsMOTT,1 encoding a molybdenum transporter, was predicted to be within a QTL
associated with Mo accumulation in grain on chromosome 8. OsACA9, a homolog of autoinhibited Ca**-ATPases,
was predicted within a QTL related to Ca accumulation in straw on chromosome 2. In addition, an unidentified
gene, OsCML6, which is presumed to be involved in calcium signaling, was predicted to be a candidate for a Ca-
accumulation QTL on chromosome 11. These findings offer insights into haplotypes and putative genes associated
with element accumulation and trait interrelationships, providing valuable information for optimizing plant growth
and enhancing grain nutritional quality in rice breeding programs.
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Background

Rice (Oryza sativa L.) is one of the most important and
well-established crops, serving as a staple food for nearly
half of the world’s population (Khush 2005). The success
of the “Green Revolution” in the mid-20" century was a
landmark event that allowed the world to see the utility
of scientific breeding (Evenson and Gollin 2003; Pingali
2012). However, recent climate changes and fluctuations
in global agricultural markets have generated numer-
ous new concerns, necessitating the development of rice
varieties with diverse and improved traits. One such con-
cern is inefficient elemental uptake and imbalances in
soil nutrient utilization associated with soil degradation,
which often limit rice productivity (Ye et al. 2024).

Soil contains elements that are essential for plant
growth and can be categorized based on plant require-
ments. Macroelements, which are required in large
amounts for plant metabolism and growth, include C, N,
P, K, Ca, Mg, and S (Hawkesford 2012). Trace elements,
which are required in minimal quantities, account for
5 to 200 ppm, or less than 0.02% dry weight of plants
and include Fe, Mn, B, Zn, Cu, Cl, Ni and Mo (Kathpa-
lia 2018). Some of these elements are basic components
of the plant protoplasm and components or activators
of enzymes, whereas others can regulate protoplasmic
membrane permeability, participate in buffer systems,
and maintain cell permeability to sustain normal life
activities (Taiz 2015). Lack of these elements causes phys-
iological imbalances, affects growth and development,
and manifests as specific symptoms of deficiency. In
addition, both beneficial and toxic elements are present
in soil. Beneficial elements can promote the growth and
development of certain plants. For example, Si enhances
the growth of melon and vegetables, thereby improving
their resistance (Ma and Yamaji 2006). Toxic elements,
such as Cd and As, not only impede plant growth but are
also harmful to humans (Uchimiya et al. 2020). Beyond
their importance for plant physiology, the elemental
composition of rice grains directly affects human nutri-
tion and food safety. Extensive datasets linking variations
in grain element concentrations with potential dietary
relevance are available in food composition databases
(USDA FoodData Central, https://fdc.nal.usda.gov/).
Food safety standards also specify limits for toxic ele-
ments (Codex 2025). Genetic variation in rice elements
significantly influences both aspects. Therefore, elucidat-
ing the physiological roles of mineral elements and the
genetic basis of their uptake and transport in plants can
inform optimized nutrient management and breeding
strategies to enhance yield and improve crop quality.

There is no doubt that crop genomic information,
which is being rapidly revealed, makes an important con-
tribution to breeding. After the rice genome was decoded
(IRGSP 2005), the isolation and functional analysis of a
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large number of genes have advanced notably (Chen et al.
2022). This information has not only contributed to plant
sciences but has also set a new trend in rice breeding.
In particular, DNA marker-assisted breeding has greatly
simplified the process of evaluating traits, which has been
a challenge in conventional breeding, by increasing selec-
tion efficiency and reducing selection times (Yamamoto
et al. 2009). However, the genomic history of rice breed-
ing has revealed a narrow genetic diversity of current rice
varieties, which will become a potential genetic resource
for future breeding (Yonemaru et al. 2012). To ensure
sustainable genetic improvement, new breeding tech-
niques are required to maximize the potential diversity
offered by combinations of breeding lines.

To expand genetic diversity by collapsing the genome
structure in a crossbreeding population, a multiparent
advanced generation inter-cross (MAGIC) population,
consisting of multiple crosses derived from three or more
founder varieties, has been proposed (Cavanagh et al.
2008; Kover et al. 2009). Since MAGIC populations have
the advantage of QTL detection accuracy compared to
single-cross populations and can produce gene combi-
nations as diverse as outcrossing populations, they have
been developed in many crop species such as toma-
toes (Pascual et al. 2015), cowpea (Huynh et al. 2018),
maize (DellAcqua et al. 2015), cotton (Islam et al. 2016),
wheat (Huang et al. 2012; Mackay et al. 2014), barley
(Sannemann et al. 2015), eggplant (Mangino et al. 2022),
and rice (Bandillo et al. 2013; Meng et al. 2015; Ogawa et
al. 2018a). The multifounder design in the MAGIC popu-
lation ensures that each parent contributes to at least one
target trait and that several parents may harbor favorable
alleles for the same trait. This strategy greatly increases
the diversity and combinations of functional alleles,
thereby substantially enriching genetic diversity. Wang
P. et al. (2024) demonstrated that the MAGIC population
has great potential for exploring novel alleles of days to
heading in natural or breeding rice varieties.

Most genetic analyses of elemental accumulation
in rice have been conducted using mutants and dis-
tantly related varieties exhibiting extreme phenotypes.
Extensive genetic and physiological studies compar-
ing the functions of these alleles with those of the cur-
rently cultivated varieties have elucidated the molecular
mechanisms underlying element uptake and transloca-
tion. However, to fully utilize this genetic information
in practical breeding, it is necessary to understand the
variation in the number and types of genes underlying
these genetic mechanisms within the natural variations
of rice currently used in crossbreeding programs. In this
context, comprehensive genetic analysis using MAGIC,
which comprises diverse varieties within a target region,
is considered a highly effective approach. The elemen-
tal contents of plant tissues are thought to be subject to
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Table 1 (continued)

FDR

-log10(p)

Straw Element QTL name SNP marker

FDR

-log10(p)

QTL name SNP marker

Grain Element

0.0973
0.0005
0.0827
0.0966
0.0838
0.0974
0.0959
0.0207
0.0912
0.0986
0.0164
0.0164

9
240
2.30
2.39
229
231
333
2.35
2.28

5
3.60

3
6.3

Chr1_28965344

Chr2_3964230
Chr2_16095083
Chr2_22180762
Chr3_211120
Chr4_7150241
Chr6_139521
Chr6_3541729
Chr9_22419659
Chr11_23755723

Chr10_18064070

Chr11_19284207

Mo

0.0919
0.0995
0.0634
0.0634
0.0670
0.0530
0.0936
0.0969
0.0785
0.0050
0.0266
0.0132
0.0727

2.31
2.12
348
3.0
3.82
74

2.
243
240
2.54
5.36
2

3.1
3.60

2.58
3.70

26290272

Chr12_10465894

Chr5_25805065

Chr1

Chr8_3960499

Chr12_4687453

Chr3_23153229

Chr6_26742584
Chr7_4926246
Chr7_19693968
Chr8_72552

Chr12_126100

Chr7_27803788
Chr2_35261376

Gfel2-2

Chr12_18278484

GMo12-1

0.0117

GMo12-2

q2
q2
q2
q2
q2
q2
q2
q2
q2
q2
q2
q2

Mn
Mo

q2

q2

QTLs shown in bold italic indicate an FDR<0.05
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natural selection within the minimum acceptable lev-
els necessary for survival. In other words, as this trait
was not emphasized until very recently in modern rice
breeding, it is expected that many alleles contributing to
the fine-tuning of elemental content are hidden within
breeding populations.

We created a MAGIC population from multiple crosses
of eight high-yielding rice varieties in Japan (Ogawa et al.
2018a). Novel phenotypes that circumvent the tradeoffs
between grain length and width were identified in this
population (Ogawa et al. 2018b). This feature is unique
compared to conventional single-cross populations. In
this study, we conducted a genome-wide association
study (GWAS) on the concentrations of 13 elements in
rice grain and straw using this MAGIC population. This
study has two objectives. The first is to utilize the unique
characteristics of the MAGIC population to elucidate
the genetic basis of variation in elemental concentration
in rice. The second is to promote the effective explora-
tion of candidate genes that affect this trait in breeding
populations.

Materials and Methods

Materials and Field Test

A scheme for the development of the 8-way MAGIC pop-
ulation (Ogawa et al. 2018a) is shown in Supplementary
Fig.S1. Eight founders representing high-yield varieties in
Japan—Hokuriku 193 (HO), Mizuhochikara (MI), Suweon
258 (SU), Akidawara (AK), Takanari (TK), Bekogonomi
(BE), Ruriaoba (RU), and Tachiaoba (TC)-were selected
as founders of the MAGIC population. Four two-way
hybrids (AB, CD, EF, and GH) were generated, followed
by two four-way hybrids (ABCD and EFGH) and two
eight-way F, hybrids (ABCDEFGH). The 182 lines of the
MAGIC population (F,;) and their eight founders were
planted in 2019 (sown on May 20, transplanted on June
20) and 2021 (sown on May 19, transplanted on June
19) at the experimental field of the Institute of Plant Sci-
ence and Resources, Okayama University (34° 35’ 31” N
and 133° 46’ 7”7 E), Kurashiki, Japan. Plants were grown
in two adjacent plots within the same field; straw samples
were collected from one plot, and grain samples were col-
lected from the other plot. In each plot, six plants were
planted in each of the four rows, resulting in a total of 24
plants. To determine the appropriate time for sampling,
the days to heading were recorded for all lines. Heading
was defined as the stage at which the panicle of the high-
est culm emerged at least 2 cm from the flag-leaf sheath.

Measurement of Element Contents

The straw at the flowering stage and grain at the mature
stage were sampled and subjected to elemental analysis.
After drying, the grain was hulled to obtain brown rice.
The straw was dried at 70 °C for 24 h, and ground into a
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fine powder. Brown rice and dried powder (around 0.2 g)
of the straw were taken and digested with nitric acid at
a concentration of 61% for 10 to 15 h in a thermostatic
metal bath (Dry Thermo Unit) at a temperature of up
to 135 °C. The samples were filled with ultrapure water
prior to analysis. The concentrations of 13 elements (P, K,
Ca, Mg, As, Cd, Cr, Cu, Fe, Mo, Mn, Ni, and Zn) were
determined using inductively coupled plasma mass spec-
trometry (ICP-MS; 7700X, Agilent Technologies, Santa
Clara, CA, USA) in the helium mode.

Data Visualization

The correlation coefficient matrix heatmap was gener-
ated using Chiplot (Ji et al. 2022; Li et al. 2023), and the
frequency distribution plot and box plot were produced
using the “ggplot2” package in R (Wickham 2010). Man-
hattan plots were drawn using the “CMplot” package (Yin
et al. 2021). QTL genetic maps derived from the MAGIC
population were constructed using MapChart version
2.32 (Voorrips 2002).

Statistical Analysis

All statistical analyses were performed using the R soft-
ware version 4.2.3 (R Core Team 2018). Standard func-
tions such as cor() and aov() from the built-in stats
package were used to conduct correlation analysis and
one-way ANOVA, respectively, with the significance
threshold set at p <0.05. The quantitative data of the ele-
ments across different years were standardized using
z-score normalization prior to model fitting. The statis-
tical significance of differences among the means was
assessed using the Tukey—Kramer multiple comparison
test.

GWAS and QTL Definition

Haplotype data corresponding to 13,603 SNPs in the
MAGIC population have been reported by Ogawa et
al. (2018a). Haplotype prediction followed the method
used for the Arabidopsis MAGIC population (Kover et
al. 2009). Associations between the imputed genotype
and phenotype data for all 13 elements in the MAGIC
population were analyzed using the Kruskal-Wallis test
to calculate p-values. P-values were obtained for the
sample types of grain and straw in 2021 (Table 1) using
GWAS. To control for false positives, p-values were
adjusted using the Benjamini—-Hochberg (BH) method
implemented in the p.adjust() function, and the result-
ing adjusted p-values were interpreted as false discov-
ery rate (FDR)-controlled g-values. The experiment
was conducted with pre-set thresholds of FDR<0.1 and
FDR<0.05, and QTL screening was performed accord-
ingly. QTLs were named using the following convention:

«w_»

q” followed by the last two digits of the year (21), sample
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type (G for grain, S for straw), elemental symbols, and
chromosome numbers (e.g., g21GCd12 and q21SMg4).

Candidate Gene Estimation by Haplotype Comparison
Candidate gene estimation was performed near the QTL
regions identified by the GWAS. After setting the thresh-
old as noted in the previous section, all SNP loci were
considered “significant” in this study when FDR<0.1. We
conducted keyword searches in the Oryzabase (Yamazaki
et al. 2010) and RAP-DB (Sakai et al. 2013) databases
using three types of keywords and commonly studied
agronomic traits. The element-related keywords con-
sisted of the element name alone and in combination
with the terms “ion” and “transporter” (e.g., “cadmium,’
“‘cadmium ion,” and “cadmium transporter”). In addi-
tion, searches were performed using trait-related terms
such as “heading date’;, “tiller number’;, and “detoxifica-
tion” Gene information related to keywords, including
OsID, was downloaded and merged into a single file.
Furthermore, genes located within QTL peak regions
were also considered candidates even without keyword-
based annotations if they satisfied criteria: (1) they exhib-
ited significant phenotypic differences among haplotype
groups based on multiple comparisons, and (2) their
genotype patterns were identical to or similar to those
of nearby screened genes. Additionally, for the screened
genes, information such as gene location, functional
description, or publication of the OsID was retrieved
from the RAP-DB. Polymorphic information of the
screened genes among the eight founders was obtained
using TASUKE+ (Kumagai et al. 2019). By sorting the
polymorphisms in the genetic information, the haplo-
types of the eight founders were classified into several
groups. Mean trait values were calculated for each of
the eight founder alleles and each classified haplotype
group, and then multiple comparisons using Tukey—
Kramer tests were performed to confirm the relationship
between the haplotype groups and phenotypic values. If a
significant difference was observed between groups, the
gene was considered a candidate gene.

Results

General Profiles of Element Concentration in Straw and
Grain

We compared the trends of 13 element concentrations
(P, K, Ca, Mg, As, Cd, Cr, Cu, Fe, Mo, Mn, Ni, and Zn)
in grain measured in 2019 and 2021 (Supplementary
Tables S1, S2, and S3). We observed a positive correlation
between the years except for Cr in grain (Supplementary
Fig. S2 A and B), indicating that environmental differ-
ences across the years did not substantially affect the rel-
ative accumulation patterns. This consistency indicates
that the MAGIC population is suitable for the genetic
analysis of grain element concentrations. The present
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study focused on conducting further analyses of the 2021
data set.

Descriptive statistics of the 13 element concentrations
in both the MAGIC population and founders are sum-
marized. Mean elemental concentrations differed mark-
edly between grain and straw: most elements were higher
in straw than in grain, whereas Mg and P were slightly
higher in grain, and Cd was strongly enriched in grain
(Supplementary Tables S4 and S5). Overall, the MAGIC
lines exhibited wider value ranges across most elements
than the founders. To further evaluate phenotypic vari-
ability, coefficients of variation (CV) were calculated. In
grain, the CV of most elements was higher in the MAGIC
population than in the founders (Supplementary Table
S4), indicating increased variability in the MAGIC popu-
lation. In contrast, other elements (P, Mn, Fe, Ni, and Mo)
showed slightly higher CV values in the founder group.
Similar patterns were also observed in straw (Supplemen-
tary Table S5). In addition to the previously mentioned
elements, P, Mn, and Fe exhibited noticeably higher CVs
in the MAGIC population. These results demonstrate a
general expansion of phenotypic variation in the MAGIC
population compared to the founders. The distributions
showed continuous variation with transgressive segre-
gants, indicating that the traits of the elements were gov-
erned by polygenic controls (Supplementary Fig. S3).

Distinct Correlation Patterns of Elemental Concentrations
in Grain and Straw

To investigate the relationship between the elemental
accumulation in straw and grain, we performed Pear-
son’s correlation analysis of the concentrations of the
13 elements in the MAGIC population (Supplementary
Table S6). The results reveal a wide range of correlation
coefficients (r), indicating varying degrees of element
translocation and partitioning between the vegetative
and reproductive organs. Among these, Ca, As, and Mo
exhibited relatively strong positive correlations. Other
elements exhibited weak or negligible correlations.

Next, we calculated the correlation coefficients for
all pairs of the 13 elements in grain and straw. In grain
(Fig. 1A), days to heading were positively correlated with
Cd (r=0.68), Ni (r=0.46), and Mn (r=0.39), and nega-
tively correlated with As (r = -0.59), Mo (r = -0.45), Fe (r
=-0.37), Zn (r = -0.30), Mg (r = -0.32), and

P (r = -0.32). Among the elemental pairs, the stron-
gest positive correlation was found between Mg and P
(r=0.86), followed by Zn-P (r=0.70), Zn-Fe (r=0.65),
and Cd-Ni (r=0.62). In addition, significant positive cor-
relations were observed between Cu and Zn (r=0.56), Cu
and Fe (r=0.54), and Mn and Ca (r=0.58). Conversely,
distinct negative correlations were evident between Cd
and As (r = -0.55), Cd and Mo (r = -0.34), and As and Ni
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(r = —0.44). These correlation trends were consistent with
the grain data from 2019 (Supplementary Fig. S4).

In the straw (Fig. 1B), the correlation patterns differed
partially from those observed in the grain, although some
similarities existed. For instance, correlations between
days to heading and both Cd (r = -0.02) and Ni (r =
-0.02) were negligible in straw, whereas negative corre-
lations with Mo (r = -0.46) and As (r = -0.37) were like
those observed in grain. Generally, positive correlations
were dominant among the element pairs, with the high-
est observed between Cr and Ni (r=1.00), followed by
Cr—Cu (r=0.74) and Cr-Fe (r=0.71). A clear correlation
cluster was identified between Fe, Ni, and Cu (Fe—Ni:
r=0.70, Ni-Cu: r=0.73, and Fe-Cu: r=0.58). Mn exhib-
ited a distinct positive correlation with Cd (r=0.62) and
Mg (r=0.56). Importantly, the correlation between Mg
and P (r=0.36) was markedly weaker compared with
grain (r=0.86). Moreover, strong negative correlations
found in grain, such as Cd—As, were only weakly negative
(r = -0.11) in straw, further highlighting sample-type-
specific relationships.

The integration of these findings indicates that the cor-
relation between “elements” (or between “elements” and
“days to heading”) manifests differently across sample
types. It is noteworthy that elements such as Cd, Mg, and
P demonstrate divergent correlations with other elements
when comparing straw and grain.

QTLs Detection in the MAGIC Population
At a GWAS significance threshold of FDR<0.1, 53 QTLs
for five elements (Cd, Cu, Fe, Mn, Mo) in grain, and 51
QTLs for four elements (Ca, Mg, Mn, Mo) in straw
were detected (Fig. 2; Table 1). Specifically, grain QTLs
included Cd (15 loci), Cu (9), Fe (19), Mn (1), and Mo (9),
whereas straw QTLs included Ca (11), Mg (20), Mn (9),
and Mo (11). Although QTLs for Mn and Mo were found
in both the grain and the straw, no common regions were
found. No QTLs were detected for other elements in the
straw (P, K, As, Cd, Cr, Cu, Fe, Ni, and Zn) or grain (P,
K, Ca, Mg, As, Cr, Ni, and Zn) at the specified thresh-
olds (Supplementary Fig. S5). The detected QTLs were
distributed across all the chromosomes, with the high-
est density observed on chromosome 6, where 19 QTLs
were detected for seven elements (Ca, Cd, Cu, Fe, Mg,
Mn, and Mo). In contrast, only four QTLs for the three
elements were found on chromosomes 8 (Mo, Mg, and
Fe), 9 (Cd, Mg, and Mo), and 10 (Mg, Ca, and Mo) (Fig. 3;
Table 1). Nineteen QTL clusters formed by overlapping
multiple significant QTL regions were observed across all
chromosomes, except for chromosomes 5 and 12 (Fig. 3;
Supplementary Table S7).

To identify more significant regions from a total of
the 104 detected QTLs, the threshold was tightened
to FDR<0.05, reducing the total number of significant
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Fig. 1 Correlation coefficient matrix between the 13 elements and days to heading in the MAGIC population. Matrix heat maps were made based on the
data for (A) grain and (B) straw. According to the Pearson coefficient (r), red indicates a positive correlation, while green indicates a negative correlation.
The intensity of the color reflects the strength of the correlation. The bottom-left and top-right sections of the matrix display the correlation coefficients
and significance levels (****:0.0001, ***: 0.001, **: 0.01, and *: 0.05, respectively).



Zhang et al. Rice (2026) 19:44

~logio(p)

~logio(p)

~log1o(p)

*IMn !

E:g‘t i il!i ;% ‘i i
M A i
s; Mo |
dona Wbl hm

chr 1

~l0gio(p)

~logso(p)

~log1o(p)

~logso(p)

Page 8 of 24

Straw

°l Ca

(A -
::W#M&wﬂ J Mw

chr 1

R

]
L]
[}
i

:W“ﬂﬁ*ﬁwﬁt Y \»\éw%”ﬁ "

chr 1

. B0 S

-

1
l

‘“MMM&AN‘M \l-r

chr 1

7
6
5
4_
3
2
1
0

Fig. 2 Manhattan plots of the significant QTLs. The left and right panels show Manhattan plots for grain and straw, respectively. The horizontal axis
indicates the chromosome names, and the vertical axis shows the log,,(P) value. The red and blue horizontal lines denote the significance thresholds at
FDR=0.1 and FDR=0.05, respectively. Data points exceeding the FDR threshold of 0.1 are highlighted in red.

QTLs to 10 across grain and straw (Table 1). In the
grain, six Cd QTLs were detected on chromosomes
3, 6, 7, and 11, and four Mo QTLs were identified on
chromosomes 7, 8, and 12. In straw, five Ca QTLs were
found on chromosomes 2, 6, and 11, one Mn QTL on

chromosome 5, and four Mo QTLs on chromosomes 1, 6,
10, and 11. The most significant QTLs included g21SMo1
(-log;o(p) =6.39), g21GMo7-1 (5.36), q21GCd6-2 (4.58),
and q21SMn5 (4.52) (Table 1).
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Fig. 3 Distributions of the 104 significant QTLs on rice physical map. The physical positions were referenced from IRGSP 1.0 (Kawahara et al. 2013). A
threshold of FDR<0.1 was applied. The numbers on the left side of each chromosome indicate the physical positions (Mb) of 342 representative SNP
loci selected at approximately equal distances from the 13,603 SNP loci. The bars on the right side of each chromosome represent the QTL regions, with

different colors denoting various elements. In the QTL names, the prefix‘q

un

is followed by “21"to indicate the sampling year (2021),“G"for grain, and “S" for

straw. The grey shaded region indicates a QTL cluster formed by the partial overlap of multiple QTLs, and the gray letters beginning with “C"indicate the

corresponding QTL cluster in Supplementary Table S7.

Prioritization of Candidate Genes Based on Haplotype
Information
Among the genes screened using the keywords, we com-
pared founder haplotypes and phenotypic data for 430
genes located within the detected 104 QTL regions. In
total, 52 genes distributed across 15 QTLs related to the
six elements exhibited concordant changes in both hap-
lotypes and phenotypes (Table 2).

Several of the 52 candidate genes have been reported
to be associated with elemental accumulation. Among
them, the ¢g2I1GMo8 region includes OsMOTI;1

(Os08g0101500), which encodes a molybdate trans-
porter significantly associated with Mo accumulation
(Huang et al. 2019). We first selected the SNP site clos-
est to OsMOT1;1 and performed multiple comparison
analysis using the haplotype of the eight founders and
the Mo concentration data of 182 lines in the MAGIC
population (Fig. 4A). Subsequently, sequence variations
in OsMOTI;1 in the eight founders were analyzed using
TASUKE+. Two deletions (2 bp at positions 642-643
and 7 bp at positions 646—652) were identified in the
transcript of OsMOT1I;1 specifically in the founder HO,
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both annotated as high-impact frameshift mutations by
SnpEff. (Fig. 4B). In addition, moderate-impact muta-
tions were detected in HO, RU, SU, TC, and TK, whereas
no moderate- or higher-impact mutations were found
in AK, BE, or ML Based on these variation patterns, we
grouped the eight founders into six haplotypes, Hapl
(HO), Hap2 (SU), Hap3 (TK), Hap4 (RU), Hap5 (TC),
and Hap6 (AK, BE, and MI, respectively, with no more
than moderate mutations), followed by a multiple com-
parison analysis (Fig. 4C). The results show that Hapl
had a significantly lower Mo content than Hap6, whereas
the Mo content of Hap2 to Hap5 (carrying moderate-
impact mutations) showed intermediate values. These
data suggest that natural variations in OsMOT1I;1 affect
the accumulation of Mo in grain.

Within the g215Ca2-1 region, we predicted OsACA9
(Os02g0176700), a novel candidate gene encoding an
auto-inhibited calcium ATPase that may be involved
in Ca transport (Wang X et al. 2024). Using the same
approach, we performed founder haplotype-based anal-
ysis (Fig. 4D). In the investigation of sequence variation
across the founders, six moderate-impact variants were
identified in HO, RU, and SU (Hapl); three moderate
SNPs were detected in TK (Hap2); and no moderate or
higher impact mutations were found in AK, BE, MI, and
TC (Hap3) (Fig. 4E). Multiple comparisons across the
three haplotypes revealed that Hapl had a significantly
lower Ca content than Hap3, whereas that of Hap2 was
intermediate (Fig. 4F). This result supports OsACA9
potentially involved in the natural variation in Ca accu-
mulation in straw.

Interestingly, the candidate genes listed in Table 2 also
include genes not previously associated with the relevant
elements. For example, within ¢g215SCall, we predicted
OsCML6 (Os11g0586200), a gene encoding a calmodu-
lin-like protein (Boonburapong and Buaboocha 2007),
was a potential regulator of Ca accumulation. Multiple
comparison analyses showed that AK and MI had sig-
nificantly lower Ca concentrations than the other treat-
ments (Fig. 4G). High-impact splice donor variants were
detected in BE, HO, RU, SU, TC, and TK (Fig. 4H). Four
additional moderate-impact SNPs were also identified.
Further analysis revealed that a moderate SNP at posi-
tion 348 bp was present in HO, RU, SU, and TK, whereas
an SNP at 47 bp was present in BE and TC. Therefore,
we grouped the founders as Hapl (HO, RU, SU, and TK),
Hap2 (BE and TC), and Hap3 (AK and MI without mod-
erate- or high-impact variants) (Fig. 4H). The comparison
among haplotype groups revealed that Hapl and Hap2,
which carry splice donor or moderate-impact mutations,
exhibited significantly higher Ca content than Hap3,
with no significant difference between Hapl and Hap2
(Fig. 41). This result implies that the splice donor variant
of OsCML6 may enhance gene function or expression by
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altering splicing efficiency, thereby increasing Ca accu-
mulation in the straw.

Taken together, the integration of SnpEff annotation,
sequence variant analysis, and haplotype—phenotype
association of multiple founders enables the MAGIC
population to accurately narrow down candidate genes
associated with elemental accumulation. The results of all
the other candidate genes are shown in Supplementary
Figs. S6-1 to S6-49.

Discussion

Effectiveness and Considerations for the MAGIC Population
Multi-parent advanced generation inter-cross (MAGIC)
populations provide an effective platform for dissect-
ing complex quantitative traits because they combine
multiple founder genomes and accumulate recombina-
tion events across generations. Compared with con-
ventional biparental populations and diversity panels,
MAGIC populations increase genetic diversity caused
by recombination among multiple founder alleles. This
improves the resolution of genetic dissection of complex
traits. Consistent with previous studies using MAGIC
populations (Wang P. et al. 2024; Zhi et al. 2023), our
MAGIC population redetected known genetic loci and
highlighted additional candidate regions. For example,
q21GMo8 co-localized with the previously reported Mo
transporter gene OsMOTI1;1, and ¢21SCa2-1 mapped
near the Ca-related ATPase OsACA9. Importantly, we
also detected loci that have not been emphasized in prior
studies, such as g21SCall, in which OsCML6 represents
a plausible candidate gene (Fig. 4).

It is important to note that because eight founder
alleles were assumed in this MAGIC population, the
number of lines representing each genotype was smaller
than that in a biparental population of the same size.
Consequently, the statistical power to detect QTLs may
be reduced, resulting in higher p-values despite similar
levels of phenotypic variation. To reduce the risk of false
negatives, we applied a relatively permissive significance
threshold (FDR<0.10) during the initial QTL detection
stage (Table 1). Candidate genes were subsequently pri-
oritized using haplotype comparisons and polymorphism
analyses among founder alleles. Although this does not
negate the ability of the MAGIC population to perform
GWAS at a high resolution, larger population sizes are
preferable for sensitivity and detection purposes.

Relationship Between Element Accumulation and Days to
Heading Based on QTL Distribution

The accumulation of elements in rice is influenced by
both the genetic background and environmental factors,
among which flowering time (i.e., days to heading) is a
key trait affecting elemental accumulation (Duan et al.
2017; Descalsota et al. 2019). In the present study, days
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Fig. 4 Genetic structure and multiple haplotype comparison for OsMOT1;1, OsACA9, and OsCML6 that are candidate genes of the three QTLs: g21GMo8,
g215Ca2-1,and g215Call. (A), (D), and (G) show the results of multiple comparisons among eight haplotypes. The red rhombus in each boxplot repre-
sents the mean value of the group. The red letters indicate statistically significant differences. (B), (E), and (H) show the gene structure and haplotype
variations of OsMOT1;1, OsACA9, and OsCML6, respectively. Yellow and red arrows represent SNPs and the corresponding diagonal squares indicate dele-
tions with moderate and high predicted SnpEff effects, respectively. (C), (F), and (I) show the results of multiple comparisons among haplotype groups
based on sequence variation. The meanings of the red rhombus and letters are the same as those in (A), (D), and (G).
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to heading were significantly positively correlated with
grain Cd concentration (r=0.68, Fig. 1A). Previous find-
ings have suggested that late-flowering rice genotypes
tend to accumulate more Cd (Yamamoto et al. 2024),
likely because of extended root uptake periods and pro-
longed element translocation.

Further, QTL mapping supported a genetic contribu-
tion to the observed association (Figs. 2 and 3). At the
short-arm end of chromosome 6, two QTLs for grain
Cd accumulation (q21GCd6-1 and ¢g21GCd6-2) were
mapped close to the flowering-time regulators Hd3a
(Os06g0157700) and RFTI (Os06g0157500) (Kojima et
al. 2002). However, grain Cd accumulation is strongly
influenced by the bioavailability of Cd in soil and asso-
ciated field conditions. This proximity does not neces-
sarily indicate a direct causal role of flowering genes in
Cd transport or accumulation. Instead, the signal may
reflect linkage with nearby Cd-related loci, or an indirect
effect whereby heading date alters the timing and dura-
tion of plant exposure to soil Cd availability and redox
dynamics during grain filling. In addition, several other
elements showed a QTL cluster in the same region on
chromosome 6 (Fig. 3; Supplementary Table S7), includ-
ing Mo (q21SMo6-1, q21SMo6-2), Fe (q21GFe6-1), Cu
(q21GCu6-1), Mn (q21SMn6-1), Mg (q21SMg6-1), and
Ca (q21SCa6-1). Collectively, these patterns are consis-
tent with a genomic region enriched for element QTLs,
although whether this reflects shared regulators, tightly
linked loci, or pleiotropic effects mediated by develop-
mental or environmental responsiveness requires further
validation.

A similar trend was observed for chromosome 7.
The grain Cd QTL (¢q21GCd7-1) mapped near Ghd7
(Os07g0261200), a major regulator of days to heading
and plant architecture (Xue et al. 2008). As discussed
above, this proximity could reflect either a tight link-
age to Cd-related loci or an indirect association medi-
ated by developmental timing. In addition, QTLs for Mo
(q21GMo7-1), Fe (q21GFe7-2), Cu (q21GCu?7), and Mg
(q21SMg7-1) were identified in this region (Fig. 3; Sup-
plementary Table S7). This suggests the existence of a
genetic cluster that jointly influences the days to heading
and the accumulation of multiple elements.

Relationship of Element Accumulation Between Grain and
Straw Based on QTL Distribution

We demonstrated a clear difference in the correlation
structures between straw and grain (Fig. 1), mapped 104
QTLs to the rice genome (Fig. 3), and grouped them into
19 QTL clusters (Supplementary Table S7). Integrating
these data revealed that several element pairs showing
high correlations within the sample significantly over-
lapped with specific QTL clusters. These results suggest
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that these regions harbor genetic factors that jointly reg-
ulate transport, allocation, and specific accumulation.

In the straw, the positive correlation of Mo—Ca (chro-
mosome 1, C1), moderate correlation of Mn-Ca (chro-
mosome 2, C2-1), and strong correlation of Mn-Mg
(chromosomes 6, C6) coincided with their corresponding
QTL clusters. This phenotypic correlation and genetic
co-localization pattern suggest that these regions may
contain pleiotropic genes that simultaneously regulate
the accumulation of two elements or tightly linked loci
with coordinated effects. Notably, the C6-5 region on
chromosome 6 is a QTL-enriched hotspot and overlaps
with a strong Mn—-Mg correlation region. This region
contains candidate genes related to Mg transport, such as
members of the MRS2/MGT family (Gebert et al. 2009),
suggesting a potential mechanistic link. Nevertheless,
direct evidence for a shared transporter or causal gene
affecting both elements is still lacking and requires fur-
ther validation.

In contrast, a different pattern was observed in the
grain. The C7 region on chromosome 7 showed positive
correlations of Mo-Fe and Mo—Cu, along with a nega-
tive correlation of Mo—Cd. This complex relationship is
likely attributable to the combined actions of develop-
mental regulators and metal transporters. As mentioned
in the previous section, the Ghd7 gene, which is involved
in the days to heading, may have contributed to this. In
addition, this region contains major metal transporters.
OsHMA3 (0s07g0232900), a vacuolar Cd transporter,
determines Cd sequestration, and loss-of-function alleles
significantly increase Cd translocation to grain, whereas
functional alleles can effectively reduce Cd accumulation
(Miyadate et al. 2011; Ueno et al. 2010). Furthermore,
OsNRAMPS (0s07g0257200), a major transporter of Mn/
Cd uptake in the roots, is induced under Fe deficiency
(Chang et al. 2020; Sasaki et al. 2012). This provides a
mechanistic explanation for the antagonistic relation-
ships among Mo, Fe, and Cd. Thus, the C7 cluster can
be considered a regulatory hub. Here, Ghd7-mediated
developmental effects determine the source—sink bal-
ance, whereas specific metal transporters govern the
selective partitioning of ions. This mechanistic separation
likely underlies the observed Mo-Fe—Cu synergy and
Mo-Cd antagonism.

Validity of the Estimated Candidate Genes

This study integrated SnpEff annotation, structural vari-
ant analysis, and haplotype—phenotype association to
predict 52 candidate genes for 15 QTL regions associ-
ated with six elements. The MAGIC population, which
includes multiple founder SnpEff information, was well-
suited for this integrated analysis, enabling the prioriti-
zation of known and novel candidate genes underlying
elemental accumulation. These candidates were related to
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six elements: Ca (5 genes), Cd (8), Cu (3), Fe (11), Mg (3),
and Mo (22) (Fig. 4; Table 2; Supplementary Fig. S6). This
strategy not only confirmed several previously reported
functional genes, such as OsMOTI;1 and OsACA9, but
also identified novel candidates, including OsCML6,
thereby offering new insights into the genetic regulation
of elemental accumulation in rice. For OsMOT1I;1 and
OsACAY, distinct types of mutations—including frame-
shift and missense variants—were significantly associated
with Mo and Ca concentrations, respectively (Fig. 4ABC;
Fig. 4DEF). Notably, the splice donor site variant of
OsCML6 was positively correlated with Ca levels, sug-
gesting its possible role in modulating gene expression
through altered splicing efficiency (Fig. 4GHI), thereby
influencing Ca homeostasis.

Two well-characterized heavy-metal transporter genes,
OsHMA3 (Supplementary Fig. S6-10), and OsNRAMPI
(Os07g0258400) (Supplementary Fig. S6—-11) were esti-
mated within the Cd-associated QTL region on chro-
mosome 7 (q21GCd7-1). Haplotype analysis of the eight
MAGIC parents revealed structural variants of OsHMA3
in HO, ML, RU, SU, and TK, whereas AK, BE, and TC
lacked moderate- or high-impact mutations. Multiple
comparisons showed that lines carrying the mutated
alleles exhibited significantly higher grain Cd concentra-
tions, supporting previous findings that loss-of-function
mutations in OsHMA3 enhance Cd translocation to the
grain. A similar trend was observed for OsNRAMPI.
Collectively, this study not only validated known metal
transporter genes under natural allelic variation but also
proposed novel regulatory candidate alleles.

Application of the Rice MAGIC Population for Improving

Elemental Accumulation Under Different Soil Conditions

Our MAGIC population, consisting of multiple founder
alleles, is particularly well-suited for broadly detect-
ing genotype x environment (GxE) interactions within
cultivated rice species. Although the present study was
conducted under single soil conditions, phenotypic
assessments and GWAS of MAGIC across diverse soil
environments are expected to advance our understanding
of the mechanisms underlying elemental accumulation in
nature. For example, Orasen et al. (2025) conducted an
ionomics GWAS under contrasting water management
conditions, revealing that most marker—trait associa-
tions were specific to the conditions. We also evaluated
the accumulation patterns of 13 elements in straw at the
heading stage and in grain at maturity under acidic, neu-
tral, and alkaline soil pH conditions using eight founders
of this MAGIC population (Yamamoto et al. 2024). This
experiment suggests that there are element-specific inter-
actions between genotype, soil pH, and flowering time,
highlighting the importance of investigating the genetic
basis underlying these interactions. Building upon these
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findings, performing a GWAS of MAGIC across con-
trasting soil conditions could provide a more robust
genetic foundation for understanding nutrient adapta-
tion under stressful environments in rice and support the
identification of genes with broad-spectrum or environ-
ment-specific advantages.

Furthermore, from the perspective of gene network
research on element accumulation, utilizing MAGIC
populations with high haplotype resolution holds the
potential to rapidly translate large-scale ionomics infor-
mation into practical breeding objectives (Tiozon et al.
2024). Furthermore, integrating predicted candidate gene
sets into regulatory networks or gene-element network
models may reveal shared pathways between elements
and potential hub regulators (Pasion et al. 2023). Overall,
this study provides a dataset and analytical framework
that serve as a foundation for molecular breeding.

Conclusions

This study highlights the unique advantages of multi-
parental MAGIC populations for dissecting complex
traits such as elemental accumulation in rice. Unlike
biparental populations, MAGIC offers broad genetic
diversity and high recombination, enabling the detec-
tion of moderate-effect loci and improving mapping
resolution. We provided a comprehensive overview of
genetic variation in the uptake and accumulation of
13 elements in rice grain and straw, revealing extensive
phenotypic diversity and sample-type-specific correla-
tions. By integrating GWAS with haplotype-based analy-
sis, we predicted candidate genes involved in the uptake
and partitioning of essential and toxic elements, includ-
ing both known transporters and novel regulators. These
findings provide a strong genetic foundation for breed-
ing programs aimed at enhancing nutrient efficiency and
stress tolerance. Future work should focus on functional
validation of these genes and their incorporation into
genomic selection strategies to accelerate rice improve-
ment under diverse environmental conditions.

Abbreviations

AK Akidawara

As Arsenic

B Boron

BE Bekogonomi

C Carbon

Ca Calcium

cd Cadmium

cl Chlorine

Cr Chromium

Cu Copper

cv Coefficient of variation

FDR False discovery rate

Fe Iron

GWAS Genome-wide association study

GxE Genotype by environment interaction
Hg Mercury

HO Hokuriku 193

ICP-MS  Inductively coupled plasma mass spectrometry



Zhang et al. Rice (2026) 19:44

K Potassium

MAGIC  Multi-parent advanced generation inter-cross
Mg Magnesium

Ml Mizuhochikara

Mn Manganese

Mo Molybdenum

N Nitrogen

Ni Nickel

OsID Oryza sativa 1D

P Phosphorus

Pb Lead

QrL Quantitative trait loci

RU Ruriaoba

Si Silicon

SNP Single nucleotide polymorphism
SU Suweon 258

TC Tachiaoba

TK Takanari

Zn Zinc
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