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Abstract: Developing rice varieties with increased mineral element content is the most cost-effective
and efficient approach for alleviating human malnutrition and nutrient deficiencies. In this study,
quantitative trait loci (QTLs) were mapped for mineral element content in 96 introgression lines
derived from a cross between the elite Korean Oryza sativa japonica cultivar “Hwaseong” and the
wild rice Oryza rufipogon (IRGC105491). The population was grown in two locations, and Fe, Zn,
Mn, and Ca contents of the brown rice were measured. Six QTLs were identified on chromosomes 6,
8, and 10, and all O. rufipogon alleles increased trait values. The positions of gFe10 and gZn10 were
further defined; higher Fe and Zn contents are related to the 375-kb O. rufipogon segment between
the markers RM1873 and RM25612. The combined analysis of the whole-genome sequencing data,
spatiotemporal expression profile, and gene expression suggested that a transcription factor gene,
namely the rice homeobox gene 9 (LOC_Os10g33960) marks as the high potential candidate associated
with Fe and/or Zn regulation. This study provides valuable information on candidate genes gFe10
and qZn10 from O. rufipogon, which may be vital in developing rice varieties with increased Fe and/or
Zn content without any penalty in traits of agronomic importance.
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1. Introduction

Mineral elements play a crucial role in human health. For proper growth and devel-
opment, humans require at least 49 nutrients [1,2]. Among cereal crops, rice (Oryza sativa)
is one of the most essential, and it is commonly consumed because it supplies proteins,
starch, carbohydrates, and nutrients the human body requires. In Asia, rice provides
approximately 35-59% of the energy consumed by three billion people [3]. Therefore, the
nutritional value of rice is vital for human health. Compared to other staple crops such as
wheat, corn, tubers, and legumes, rice grains have comparatively small amounts of key
nutrients, such as iron (Fe), zinc (Zn), and calcium (Ca) [4,5]. Deficiencies or insufficient nu-
trient intake can lead to human diseases and malnutrition. Malnutrition, or hidden hunger,
is an existing health problem affecting a multitude of people, particularly in developing
countries where rice is the staple food. Approximately 60% of the global population suffers
from Fe deficiency, while more than 30% are Zn deficient [6,7]. Various approaches to
prevent malnutrition have already been put into practice, including food supplementation,
food fortification, and dietary diversification. Fortification programs have already been
implemented in various developed countries, but similar approaches are impractical in
developing countries. Therefore, a more sustainable and cost-effective approach should be
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implemented globally. Breeders usually focus on high-yield rice and pay less attention to
the nutritional quality of rice; thus, modern rice varieties commonly have lower mineral
element content in their grains. Developing rice varieties with enhanced grain mineral
element content is becoming a target of breeding programs to address and overcome
disease-related malnutrition.

The accumulation of minerals is a complex quantitative trait controlled by several
genes and is largely affected by genetic X environmental interactions. Thus, quantitative
trait locus (QTL) mapping provides a chance to identify the natural variation associated
with the accumulation of mineral elements in rice grains, which can be used in breeding
programs [8]. The utilization of molecular markers closely or tightly linked to QTL will
allow rice breeders to consider the positive selection of essential elements and the negative
selection of potentially toxic elements in rice grain using marker-assisted selection. In
addition, with recent advances in genome sequencing technologies, single nucleotide
polymorphisms (SNPs) have been used as DNA markers. Kompetitive allele-specific
polymerase chain reaction (KASP), a method for detecting important allelic variations
among cultivars by typing SNPs, has been used to map QTLs and identify genes associated
with target traits [9-11].

Wild rice relatives serve as an important gene pool and can be putative resources
for diversifying the genetic base of cultivated rice to improve various agronomic traits,
grain quality, and grain nutrient traits [12-15]. Several studies have already exploited
the use of Oryza rufipogon, which is widely recognized as the direct ancestor of cultivated
O. sativa [16]. Previously, 31 putative QTLs associated with Fe, Zn, manganese (Mn), copper,
Ca, magnesium, phosphorus (P), and potassium contents were detected in a cross between
the indica cultivar Teqing and the wild rice O. rufipogon [2]. In addition to O. rufipogon,
other wild rice species such as Oryza meridionalis, Oryza nivara, and Oryza longistaminata
have become potential genetic resources for QTL mapping and for developing lines with
enhanced nutrient content. Ishikawa et al., 2017 [17] detected four QTLs responsible for
high grain Zn content using backcrossed recombinant inbred lines derived from O. sativa
“Nipponbare” and O. meridionalis W1627. Swamy et al., 2018 [18] identified 30 QTLs
responsible for grain Fe and Zn contents using two BC,F3 mapping populations derived
from the crosses of O. sativa Swarna with two different accessions of O. nivara (IRGC81848
and IRGC81832). The Fe and Zn levels in the two O. nivara accessions were 2-3 times
higher than those in O. sativa Swarna. A total of 33 QTLs responsible for Fe, Zn, selenium,
cadmium, mercury, and arsenic contents were identified using backcross inbred lines
derived from O. longistaminata [19]. These results indicate that the mineral element content
in rice is enhanced by the transfer of useful genes from wild rice into cultivars. However,
little effort has been made to exploit and identify candidate genes or QTLs on chromosome
10 in wild rice species [2,14,17,20].

In this study, 96 introgression lines (ILs) derived from a cross between the elite Korean
O. sativa japonica cultivar “Hwaseong” and O. rufipogon (IRGC105491) were used to identify
QTLs associated with mineral element content in brown rice. The mineral element contents
(Fe, Zn, Mn, and Ca) of brown rice were evaluated at the Chungnam National University
(CNU) and Chungcheongnam-do Agricultural Research and Extension Services (CNARES).
Here, we also characterized, further defined, and validated the locations of gFe10 and gZn10
through hydroponic experiments. The co-localization of QTLs associated with grain Fe and
Zn contents was also evaluated in this study. We also characterized candidate genes on
chromosome 10, covering the gFe10 and qZn10 regions.
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2. Materials and Methods
2.1. Plant Materials and Field Trials

A population consisting of 96 ILs was developed from a cross between the Korean O.
sativa japonica cultivar “Hwaseong” and the wild rice O. rufipogon (IRGC105491) [21]. The
96 ILs and the parental lines were grown in the experimental fields at CNU in Daejeon,
South Korea, for two years (summer of 2016 and 2019) and at CNARES for one year. In
both locations, the germinated seeds were sown in the middle of April, and 30-day-old
seedlings were transplanted into the paddy field. In CNU, each IL and the parental line was
grown in a single row of 25 plants at 30 x 15 cm intervals, while in CNARES, each IL along
with parental lines was grown in a single row of 33 plants with 30 x 15 cm spacing. The
experiment was laid out in a completely randomized block design with two replications.

To narrow down the locations of gFe10 and gZn10, four ILs (CR2, CR5, CR7, and
CR24) were selected (Figures S1 and S2) for substitution mapping. To validate gFe10
and gZn10, two separate hydroponic experiments were conducted under greenhouse and
growth chamber conditions using O. rufipogon, Hwaseong, and two ILs (CR2 and CR5).
Plant materials were used to compare the agro-morphological traits and mineral content
under Fe-deficient, Fe-sufficient, Zn-deficient, and Zn-sufficient conditions. More detailed
information is provided in Section 2.6. “Validation and evaluation of gFe10 and qZn10.”

2.2. DNA Extraction and Genotyping

Total genomic DNA was extracted from fresh leaves of each plant line in bulk using a
chloroform-based DNA extraction protocol, as described by Causse et al. (1994) [22]. Simple
sequence repeat (SSR) analysis was performed as described by Panaud et al. (1996) [23] to
analyze the genotypes. Primer sequences for 138 rice microsatellite (RM) markers, which
are SSRs located within the target region, were collected from the Gramene marker database
(http:/ /www.gramene.org (accessed on 24 November 2016); Table S1) [24].

In addition to SSR analysis, KASP analysis of 96 ILs and parental lines was performed
according to the method described by Yang et al. (2019) [10] at the Seed Industry Promotion
Center, Foundation of Agriculture Tech. Commercialization and transfer in Korea. A total
of 69 KASP markers were used in this study (Table S2). To further define the location of
gFel0 and qZn10, additional SSR, KASP, and three insertion-deletion (InDel) markers were
used (Table S3) [25,26].

2.3. Mineral Element Content Analysis

The seeds of 96 ILs and parental lines grown at the CNU and CNARES were used
for the analysis. A total of 120 brown rice grains per line grown at CNU were dehulled,
pulverized, and sent to Chungnam National University Joint Laboratory in Daejeon, South
Korea, to measure the Fe, Zn, Mn, and Ca contents of 96 ILs and parental lines using induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES) following the protocol as
described by Kwon et al., (2014) [27]. The 96 ILs and parental lines grown at CNARES were
analyzed in the laboratory following the same protocol.

2.4. QTL Mapping and Statistical Analysis

The mean trait values for each IL in each location were used for QTL analysis. The
linkage map was constructed using QTL IciMapping 4.1 software [28] with the Kosambi
mapping function. In grouping, the by anchor only was used. The order of the markers in
the linkage group was determined using the ‘by anchor order” algorithm, and the criterion
for rippling was the sum of adjacent recombination fractions. QTL analysis was carried
out by single marker analysis (SMA), interval mapping, and composite interval mapping
(CIM). The likelihood of odds (LOD) value of >2.0 was used as the threshold for declaring
a QTL (both for SMA and CIM), which was based on a 1000-permutation test with a 95%
confidence level. The existence of a QTL was declared if it was detected in both locations
or at least in two years.
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Statistical analyses, including mean, range, coefficient of variation (CV), skewness,
kurtosis, and trait correlations among mineral element contents in brown rice grains, were
performed using MINITAB 16.2.4. The phenotypic means of each genotype class were
compared using Tukey’s test. The frequency distributions of each mineral element content
were plotted to observe the nature of the variation in each trait within the IL population.

2.5. Whole Genome Sequencing of the Parental Lines

Seedlings of each parental line were sent to Macrogen Inc. (Beotkkot-ro, Geumcheon-
gu, Seoul, South Korea) for whole genome sequencing. Shotgun DNA libraries were
prepared from high molecular weight genomic DNA of the parental lines using the TruSeq
Nano DNA Kit (San Diego, CA, USA).

2.6. Validation and Evaluation of qFe10 and qZn10

Seeds of O. rufipogon, Hwaseong, and two ILs (CR2 and CR5) were surface steril-
ized with 70% ethyl alcohol and 5% sodium hypochlorite and then germinated on filter
paper soaked with water for two weeks under controlled conditions at 28 °C with a
12-h photoperiod. After two weeks, the seedlings were transplanted into a hydroponic
setup consisting of a 7-L plastic container filled with half-strength Yoshida’s rice nutrient
solution [29,30] for one week and then grown in a full-strength Yoshida’s rice nutrient
solution for another two weeks. The full-strength Yoshida’s nutrient solution contained
40 mg N L™ (as NH4NO3), 10 mg L~! (as NaH,PO,02H,0), 40 mg K L™! (as K,SOy),
40 mg Ca L~ (as CaCly), 40 mg Mg L~ (as MgS0O,e7H,0), 0.5 mg Mn L~! (as MnCl,#4H,0),
0.05 mg Mo L~! [as (NHy)s MO;0O,,04H,0], 0.54 mg BL~! (as H3BO3), 0.01 Zn mg L~!
(as ZnSO4e7H,0), 0.01 mg Cu L1 (as CuSO,e5H,0), and 2 mg Fe L1 [as FeCl;06H,0 (in
monohydrate citric acid)]. Then, plants were grown under various treatments (Fe-deficient
(0), hereinafter referred to as “-Fe”; Fe-sufficient (2 mg L~1), hereinafter referred to as
“+Fe”; Zn-deficient (0), hereinafter referred to as “-Zn”; and Zn-sufficient (0.01 mg L1,
hereinafter referred to as “+Zn”) in triplicate for two weeks in a greenhouse with natural
light and under growth chamber conditions with 60/80% day/night relative humidity, and
28/24 °C day/night temperature [31]. Twenty-one seedlings were grown for each replicate.
The pH was adjusted to 5.2 £ 0.2 with 5N NaOH and/or concentrated HCI to maintain
identical conditions. The culture solution was changed every two days [30]. Two weeks
after treatment, the shoots and roots were harvested for RNA extraction. All samples were
frozen in liquid nitrogen and stored at —80 °C. Seven agro-morphological traits were eval-
uated, namely root length, shoot length, root dry weight, culm dry weight, leaf dry weight,
shoot dry weight, and root-to-shoot ratio. Plant tissue analysis was performed two weeks
after treatment. Five plants per line were randomly selected per replicate to evaluate the
agro-morphological traits and mineral element content. The plant tissues were separated
into roots, culms, and leaves for elemental analysis. Plant materials were oven-dried at
60 °C for 72 h and ground into a fine powder [31]. Elemental concentrations in root and
shoot tissues were determined via ICP-AES at the Chungnam National University Joint
Laboratory in Daejeon, South Korea.

2.7. Analysis of Candidate Genes Underlying the qFe10 and qZn10 Region

To predict possible candidate genes, all genes on chromosome 10 within the gFe10
and gZn10 region were downloaded from the Rice Annotation Project Database (https:
/ /rapdb.dna.affrc.go.jp/ (accessed on 21 March 2022)). We compared the sequence of
each gene using the whole genome sequencing data of the parental lines. The InDels
in the promoter regions or the nonsynonymous SNPs and/or Indels in the DNA coding
regions were considered potential functional polymorphisms. The tissue-specific expression
pattern of each candidate gene was obtained and analyzed from the RiceXpro database
(https:/ /ricexpro.dna.affrc.go.jp/ (accessed on 20 May 2022)). In addition, we analyzed
the candidate gene expression data obtained from the Rice Expression Database (http:
/ /expression.ic4r.org/index (accessed on 1 June 2022 )). We compared the function of
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the candidate genes in the current study to those from earlier studies on Fe and/or Zn
uptake and transport. Finally, the selected candidate genes were subjected to quantitative
real-time polymerase chain reaction (QRT-PCR) analysis. Total RNA was extracted from
the root and shoot tissues of O. rufipogon, Hwaseong, CR2, and CR5 that were subjected
to different Fe and Zn treatments under greenhouse conditions. cDNA was synthesized
from the total RNA samples. RT-PCR of housekeeping and target genes was conducted
in triplicate for each sample using a kit (SMART GENE, Daejeon, Republic of Korea),
following the manufacturer’s instructions; the primer sequences are listed in Table S4.
qRT-PCR was performed using a CFX real-time PCR system with SYBR Green master mix
(SMARTGENE). The rice Ubiquitin5 (UBQ5) gene was used as an internal control [32].
Relative gene expression was calculated using the AAC; method [33].

3. Results
3.1. Phenotypic Characterization of the Parental Lines and Introgression Lines

Seed morphology and mineral element content in the brown rice grain of the parental
lines were compared (Table 1 and Figure S1). The brown rice grains of O. rufipogon had
significantly higher Fe, Zn, Mn, and Ca contents than those of Hwaseong across locations
and years. The Fe, Zn, Mn, and Ca contents of O. rufipogon varied from 10.8 to 23.3 ppm,
20.2 to 25.7 ppm, 23.3 to 32.9 ppm, and 146.2 to 211.4 ppm, respectively, while the Fe, Zn,
Mn, and Ca contents of Hwaseong varied from 8.5 to 20.2 ppm, 14.6 to 20.4 ppm, 15.2 to
21.0 ppm, and 100.8 to 165.0 ppm, respectively. The overall mean, range, CV, skewness, and
kurtosis values of the IL population were also evaluated for Fe, Zn, Mn, and Ca contents
(Table 1). The frequency distribution of the grain mineral element content of the 96 ILs
and parental lines is presented in Figure 1. The coefficient of variation for each mineral
element content in the IL population was >10%, except for Ca content (7.7%) in CNARES.
Fe and Ca contents of the ILs in CNARES were higher than those in CNU, possibly due to
variations in environmental conditions and agricultural practices (i.e., soil condition and
fertilizer application).

Table 1. Descriptive statistics of the mineral element contents in brown rice in 96 ILs and parental lines.

Parents Introgression Lines
Location  Trait (ppm) *
Hwaseong  O.rufipogon  Difference P Mean + SD Range CV (%) Skewness Kurtosis
2016 CNU Fe 85+0.1 113 £0.2 o 88+14 6.1-14.5 159 1.03 1.82
Zn 20.1+0.4 257 +£0.2 o 17.8 £3.0 12.7-27.7 16.9 0.91 0.60
Mn 21.0£0.3 233 £0.2 o 183 £3.1 12.9-28.3 16.9 1.27 1.81
Ca 103.0 £ 05 1848+ 1.3 *xx 97.5+11.3 97.5-136.5 11.6 0.24 1.07
2019 CNU Fe 9.6 +0.1 10.8 £0.1 e 87+15 5.6-14.22 17.2 1.11 2.54
Zn 204 +0.3 248 +0.1 xxx 212+ 3.6 13.8-33.0 16.83 0.95 1.52
Mn 179 £ 04 329+04 o 229441 13.0-35.8 17.9 0.06 0.67
Ca 100.8 £0.6  146.2 £2.0 o 79.1 £10.7 54.0-117.5 13.5 0.57 1.02
CNARES Fe 20.2 +£0.0 233 +£22 o 16.8 £2.7 10.7-23.6 16.1 0.37 —0.04
Zn 14.6 £0.0 202 +£4.1 o 171 £ 1.8 13.2-21.9 10.5 0.60 0.29
Mn 152 £0.0 243 +99 o 192 £22 13.8-25.3 11.5 —0.01 0.12
Ca 165.0 £ 0.0 2114+ 146 o 155.9 +12.0 127.4-183.8 7.7 0.09 —0.05

2 All values represent the mean + standard deviation (SD) of three replicates (CNU) and two replicates (CNARES).
Fe: iron; Zn: zinc; Mn: manganese; Ca: calcium; CV: coefficient of variation. b+ indicates a significant difference
between Hwaseong and O. rufipogon at p < 0.001.
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Figure 1. Frequency distribution of mineral element contents in brown rice in 96 ILs and parental
lines. Values of Hwaseong and O. rufipogon represent mean =+ standard deviation (horizontal bar
line) of triplicate (CNU) and duplicate (CNARES) measurements.

3.2. Correlation among Four Mineral Elements

Correlation analysis of Fe, Zn, Mn, and Ca contents in the 96 ILs was performed
(Table S5). Overall, a significant positive correlation was observed between Fe and Zn
contents in ILs at both locations and years. A positive correlation between Fe and Zn
contents has previously been reported, indicating that high Fe and Zn contents occur
simultaneously in rice [34,35]. Across locations and years, a significant positive correlation
was consistently detected between Mn and Ca contents. These results suggest that high
Mn content might be accompanied by high Ca content in rice.

3.3. Mapping the QTLs for Mineral Element Contents

QTL analysis was performed to detect the genomic region controlling mineral element
content in brown rice. QTL analysis using the genotype data from SSR and KASP markers
and the mineral element content of each IL identified six QTLs on chromosomes 6, 8, and
10, consisting of one QTL for Fe, two QTLs for Zn, two QTLs for Mn, and one QTL for
Ca (Table 2 and Figure 2). For Fe content, one QTL, gFe10, was found to explain 5.1% to
5.7% of the phenotypic variance. For Zn content, two QTLs, gZn8 and qZn10, were found
to explain 9.3% to 27.0% of the phenotypic variance. For Mn content, two QTLs, gMn6
and gMn10, were found, explaining 4.8% to 39.2% of the phenotypic variance. For Ca
content, one QTL, gCal0, was found, explaining 7.2% to 12.3% of the phenotypic variance.
Neither qZn8, gMn6, gMn10, nor qCal0 was detected in the ILs from CNU in 2019. The
gFel10 was not detected in ILs from CNARES. Comparative analysis of data across locations
and years revealed that only gZn10 was consistently detected, indicating that this stable
QTL may have a potential value in rice breeding programs. All favorable QTL alleles were
derived from O. rufipogon. In this study, two cases of QTL co-localization were identified
on chromosome 10. The grain Fe and Zn showed the co-localized QTL gFe10 and gZn10.
The grain Mn and Ca showed the co-localized QTL qgMn10 and gCal0 (Table 2).
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Table 2. QTLs for grain mineral element contents detected in 96 ILs.

Trait 2 QTL®  Chr Marker 2016 CNU 2019 CNU CNARES
Interval
PVE Add PVE Add PVE Add Alelle Effect
itive itive itive
LoD o) Effeet  OP (%) Effect LOD o) Effect
RM271- X
Fe qFel0 10 RM?258 211 57 —2.7 4.94 5.1 —22 - - - O. rufipogon
KJ08_037- .
Zn qZn8 8 KJ08_ 043 2.04 9.5 -14 - - - 5.00 27.0 -14 O. rufipogon
zni0 10 RM271- 5.54 210 24 433 132 52 2.65 9.3 ~16 O. rufipogon
q RM258 . . . . . . . . . . rufipog
RM276- .
Mn qMn6 6 RM539 11.38 39.2 -3.0 - - - 2.02 4.8 —0.8 O. rufipogon
RM147- X
qMn10 10 KJ10_041 3.11 13.0 -17 - - - 2.49 7.7 —-0.9 O. rufipogon
KJ10_041- .

Ca qCal0 10 I]{M§33 2.69 7.2 —4.7 - - - 2.75 12.3 —4.6 O. rufipogon
2 Fe: Iron; Zn: Zinc; Mn: Manganese; Ca: Calcium. b gFe: QTL for iron; gZn: QTL for zinc; gMn: QTL for
manganese; §Ca: QTL for calcium. © Underlined marker represents the location of QTL detected by SMA. LOD,
Logarithm of the odds. PVE, proportion of the phenotypic variance explained by the QTL. Additive effect is the
additive effect of replacing a Hwaseong allele with an O. rufipogon allele.

chro6 chr08 chr10 I gFe
RM435 %
KJ10_003
| R
KJO8 013
et RM3572
K8 RM23 | oMn
KJ08 023 RM216
KJ06_017
RM276 I Mn6 qCa
RMs39 B 4V
KJ08_037 I P 10 015
RMS527
KJ08_043 EM%%?
RM331
KJ10_019
KJ08 071 RM271 I I
FelO qZnl0
KJ08_075 RM258 q q
RM541 KJO8_083
o RM147 10
RM284 KJ10_ 041 lgMn
RM3762 rv333 - qCal0
RM21 RM391
RM256
KJ06_079 KJO8 089
RM4a7
RM264
5 Mbp
RM412
RM141

Figure 2. Map locations of the QTLs. QTLs are represented on the right side of the chromosome. gFe:
QTL for iron; gZn: QTL for zinc; gMn: QTL for manganese; gCa: QTL for calcium.

3.4. Characterization and Validation of qFe10 and qZn10

We further defined the location of gFe10 and qZn10 using substitution mapping with
additional markers. Among the 96 ILs, four (CR2, CR5, CR7, and CR24) were selected
because they did not have the O. rufipogon segment on chromosome 8 linked to qZn8 of
the Hwaseong background (Figure S2). The seed morphologies of the four selected ILs
were phenotypically similar to that of Hwaseong (Figure S1). Two ILs (CR2 and CR?7)
carrying the O. rufipogon segment covering the region between the markers RM1873 and
RM25612 showed higher Fe and Zn contents at both locations. CR24, which carries a shorter
substituted segment of O. rufipogon, had lower Fe and Zn contents than CR2 and CR?7.
Significantly lower Fe and Zn concentrations were also observed in CR5, which carried
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the Hwaseong segment encompassing the target region. These results further confirmed
that the O. rufipogon segment between the markers RM1873 and RM25612 was associated
with higher Fe and Zn levels (Figure 3). We also conducted hydroponic experiments to
confirm the candidate region of gFe10 and Zn10 using two ILs (CR2 and CR5) and parental
lines. Overall, irrespective of the genotype and Fe or Zn availability conditions, greater
accumulation of Fe or Zn was observed in the roots than in shoots, indicating that the
uptake of minerals involves the active transport of ions into root cells. Among the parental
lines, O. rufipogon generally showed higher Fe and Zn contents in the root and shoot tissues
than Hwaseong subjected to different treatments (-Fe, +Fe, -Zn, and +Zn) under greenhouse
and growth chamber conditions (Tables 3 and 4). In addition, O. rufipogon had longer roots
and shoots and higher root dry weight, culm dry weight, leaf dry weight, shoot dry weight,
and root-to-shoot ratio than Hwaseong under all Fe and Zn treatments at greenhouse
conditions. Although O. rufipogon had higher Fe and Zn contents in the root and shoot
tissues than Hwaseong in the growth chamber, the differences in agro-morphological traits
between O. rufipogon and Hwaseong were not significant, possibly because of the poor
growth of O. rufipogon (Tables S6 and S7).

o < en
) o]
a [a)a)
E CRC
= © 1
el g g 2 22y
® =5 a - hA b - > : <
ss8dsd & s g g8
S=
= IvE> = & 2 A
Ll | | | Ll Fe content (ppm) Zn content (ppm)
I T | | | 11
282225 g Z 5 e e v
=6 E o6 o6 =) ) S SRS CNARES CNARES
Line | 1 2016 2019 2016 2019
O. rufipogon 113£02b  108+0.1bc  233+£22a  257£02a 248+01b 202+4.1a
Hw:
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Figure 3. Graphical representation of four ILs and the map of the target region of gFe10 and gZn10.
Physical position (Mbp) is shown under the chromosome. The mean values in each column with
different letters are significantly different from each other at p = 0.05 based on Tukey’s test. Values
represent mean =+ standard deviation of triplicate (CNU) and duplicate (CNARES) measurements.

Table 3. Iron content in the root and shoot of rice genotypes grown under -Fe and +Fe treatments.

Greenhouse Growth Chamber
Line Root Shoot Root Shoot
-Fe +Fe -Fe +Fe -Fe +Fe -Fe +Fe
O. rufipogon 24456 +46.6 b 6776.5 £ 107.8 a 403.7 £3.71b 5542 +6.1a 3130.1 £344a 7388.9 +56.3 a 1333 £0.1a 3459+ 1.1a
Hwaseong 21124+ 127 ¢ 5561.6 £38.0 ¢ 236.5+2.35¢ 351.1 £ 85d 25523 +17.1d 56152 +109.2d 113.7 £ 0.8 ¢ 2238+ 19c
CR2 3064.6 £41.2a 6884.1 + 149.8 a 420.0+09.1a 469.8 £32b 29205 +47.1b 6405.4 +45.3b 1159 +£0.7b 2527+ 0.6b
CR5 1869.4 +£ 194 d 60229 +909b 226.0 £2.6¢ 3878 £34c 2728.6 £46.1c 61108 +54.6¢ 112.3+09¢ 1963 +1.1d

Means in each column with different letters are significantly different from each other at p = 0.05 based on Tukey’s
test. Error bars represent the & standard deviation of the mean. All values represent the mean of three replicates.

We also compared and evaluated the effects of gFe10 and gZn10 in Hwaseong and the
two ILs (CR2 and CR5) on agro-morphological traits (Tables S6 and S7). Agro-morphological
traits of CR2 and CR5 were similar to those of Hwaseong under different Fe and Zn treat-
ments at both greenhouse and growth chamber conditions. However, the Fe and Zn
contents in the root and shoot tissues of Hwaseong, CR2, and CR5 varied. CR2 had higher
Fe and Zn contents in both the root and shoot tissues than Hwaseong and CR5 under all
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Fe and Zn treatments at both greenhouse and growth chamber conditions. These results
imply that CR2 has a Fe- and Zn-efficient genotype, emphasizing its Fe-responsive and
Zn-responsive behavior (Tables 3 and 4). Typically, Fe- and Zn-efficient genotypes have
better Fe and/or Zn uptake in the roots or effective use of Fe and/or Zn in the cells, as they
could make Fe and/or Zn more readily available in the rhizosphere, making it easier to
take up Fe and/or Zn from the soil. Thus, the hydroponic experiment findings strongly
suggest that the 375-kb O. rufipogon segment between the markers RM1873 and RM25612 is
the potential region responsible for enhancing Fe and Zn content in rice. O. rufipogon gFe10
and gZn10 could simultaneously increase the Fe and Zn contents in rice. Furthermore, we
also found that the 375-kb O. rufipogon segment was not associated with deleterious traits
such as fertility reduction [15].

Table 4. Zinc content in root and shoot of rice genotypes grown under -Zn and +Zn treatments.

Greenhouse Growth Chamber
Line Root Shoot Root Shoot
-Zn +Zn -Zn +Zn -Zn +Zn -Zn +Zn
O. rufipogon  36.0+03a 31.8+02a 292+02a 427+05a 499+01b 867+09b 319+05a 602+08Db
Hwaseong 256 £02d 244+02c 1344+02d 207+01c 437+02c 824+00c 245+02b 537+04c
CR2 33.84+0.1b 308+01b 183+04b 21.9+£02b 509+05a 89.0+07a 321+02a 631+06a
CR5 3024+02c¢c 227+02d 165+03c 209+00c 3444+03d 732+03d 239+03b 474+£04d

Means in each column with different letters are significantly different from each other at p = 0.05 based on Tukey’s
test. Error bars represent the & standard deviation of the mean. All values represent the mean of three replicates.

3.5. Candidate Gene Analysis Underlying qFel0 and qZn10

The 375-kb interval for gFel0 and qZn10 comprised 41 annotated genes based on the
Rice Annotation Project Database, of which 15 genes were hypothetical protein and non-
protein coding transcripts; thus, these genes were omitted prior to analysis (Table S8). Here,
we also compared the function of the candidate genes in the current study to those from
earlier studies on Fe and/or Zn uptake and transport. By whole genome sequencing, we
identified the SNPs or InDels between Hwaseong and O. rufipogon. Out of 26, 17 genes had
at least one nonsynonymous SNP or InDel in their DNA coding sequences (Table S9). Fur-
thermore, we listed the spatiotemporal expression profile (Figure S3) and gene expression
level (Figure S4) in different tissues in rice. Out of 17, four genes had no spatiotem-
poral expression profiles, namely LOC_0Os10g34030 (Os10g0481450), LOC_Os10g34110
(0s10g0482200), LOC_Os10g34130 (Os10g0482450), and LOC_Os10g34150 (Os10g0482700)
(Table S8). To consider these genes in the analysis, the expression level in different tis-
sues in rice of the 17 putative candidate genes was collected from the Rice Expression
Database. According to the spatiotemporal expression profile data, LOC_Os10g33960
displayed the highest expression in leaves (Figure S3g), while LOC_Os10g33920 displayed
the highest expression in roots (Figure 53d). Both LOC_Os10g33940 (Figure S3f) and
LOC_0s10g33960 (Figure S3g) were substantially expressed in the endosperm. Based on the
results of gene expression, it revealed that LOC_Os10g33960, one of the 17 putative candidate
genes, had the highest expression level in the seeds (Figure S4g), while LOC_Os10g33920
(Figure 54d) and LOC_Os10g33930 (Figure S4e) had high expression levels in the roots.
Both LOC_0Os10g33930 (Figure S4e) and LOC_Os10g33960 (Figure S4g) displayed high
levels of expression in leaves.

By comparing the results of whole genome sequencing data, spatiotemporal expres-
sion profile, and gene expression level, four genes, namely LOC_Os10g33920 (protein of
unknown function DUF250 domain-containing protein), LOC_Os10g33930 (protein of un-
known function DUF1336 domain-containing protein), LOC_Os10g33940 (auxin response
factor 22 [OsARF22]), and LOC_Os10g33960 (rice homeobox gene 9 [OsHox9]) were selected
for gqRT-PCR in both roots and shoots of O. rufipogon, Hwaseong, CR2, and CR5 under
all Fe and Zn treatments at greenhouse conditions (Figures 4 and 5). Among the four
selected genes, the transcription regulation gene LOC_0Os10g33940, involved in hormone
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stimulus-response, consistently displayed higher expression in O. rufipogon and CR2 than
in Hwaseong and CR5 in both roots and shoots (Figures 4a—d and 5a—d). Additionally, O.
rufipogon and CR2 consistently had higher expression of LOC_Os10g33960 in their shoots
than Hwaseong and CR5, regardless of the Fe or Zn treatment (Figures 4a,c and 5a,c). The
O. rufipogon and CR2 consistently had higher expression of LOC_Os10g33930 in their roots
than Hwaseong and CRS5, regardless of the Fe or Zn treatment (Figures 4b,d and 5b,d).
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Figure 4. Quantitative real-time PCR analysis of the four candidate genes covering the gFel10 region.
Relative expression levels of the four candidate genes in shoot tissues under (a) +Fe and (c) -Fe
treatment conditions. Relative expression levels of the four candidate genes in root tissues under
(b) +Fe and (d) -Fe treatment conditions. The mean values with different letters are significantly
different from each other at p = 0.05 based on Tukey’s test. Error bars represent the + standard
deviation of the mean. All values represent the mean of three replicates.
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Figure 5. Quantitative real-time PCR analysis of the four candidate genes covering the gZn10 region.
Relative expression levels of the four candidate genes in shoot tissues under (a) +Zn and (c) -Zn
treatment conditions. Relative expression levels of the four candidate genes in root tissues under
(b) +Zn and (d) -Zn treatment conditions. The mean values with different letters are significantly
different from each other at p = 0.05 based on Tukey’s test. Error bars represent the + standard
deviation of the mean. All values represent the mean of three replicates.

4. Discussion

Malnutrition and chronic illnesses are widely considered global health challenges.
Although rice is not the primary source of mineral elements, its nutritional value is still
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important, as rice is the main food source in many developing countries. An essential strat-
egy to address disease-related malnutrition is the selection of excellent genetic resources to
develop rice varieties with improved mineral element content. This strategy has previously
been applied for QTL mapping [2,17,18]. In this study, we focused on O. rufipogon, which is
an important genetic resource for mineral elements. QTL analysis was performed using the
96 ILs evaluated at two locations.

We observed significant differences in mineral element content between the parental
lines at the two locations (Table 1). O. rufipogon had consistently higher Fe, Zn, Mn, and
Ca contents than Hwaseong across both locations and years. Previous studies have reported
that wild rice species, such as O. rufipogon, O. nivara, O. latifolia, and O. officinalis, had mineral
concentrations that were 4-5 times higher than those of cultivated rice [18,34,36,37]. Their
poor yields are a significant drawback. Nevertheless, the results indicate that O. rufipogon
is a potential genetic carrier for improving the nutritional quality of rice cultivars. The
IL population in this study displayed a wide variation in all mineral element contents
across locations, indicating the complexity and polygenic nature of the traits. The Fe
and Ca contents observed in the ILs CNARES were higher than those from CNU. Differ-
ences in mineral levels may be attributed to tissue specificities, such as endosperm and
embryo, grain position on the panicle, harvest time, soil properties, environment, and
genotype X environment [34,38].

In plants, there are two types of interactions: (1) interactions between nutrients,
where the amount of one nutrient influences how well the other nutrients are utilized
and absorbed, and (2) interactions between ions, where the ions compete for absorption,
adsorption, transport, and function in plant tissues [39]. In the present study, a significant
correlation was observed between the macronutrient (Ca) and micronutrients (Fe, Zn, and
Mn) (Table S5). Significant positive correlations were observed between Fe and Zn and
between Mn and Ca in both locations and years, indicating that high Fe, Zn, Mn, and
Ca contents occur concurrently in brown rice. Several studies have reported a significant
positive correlation between Fe and Zn contents in brown rice [34,35,40] and genetic factors
that increase Fe co-segregate with those that increase Zn in grains [1]. Zeng et al. (2005) [41]
reported that Ca content is positively associated with Mn content in rice grains. A positive
correlation has been observed between the uptake of Ca and Mn in P-deficient upland
soils [42].

We identified six QTLs on chromosomes 6, 8, and 10, affecting Fe, Zn, Mn, and Ca
contents in brown rice. The O. rufipogon alleles at all loci increased the Fe, Zn, Mn, and Ca
contents (Table 2). Only gZn10 was consistently detected in ILs across locations and years.
Here, the number of QTLs may be underestimated because the ILs did not cover some of
the O. rufipogon segments possibly associated with micronutrient contents. In addition,
only major QTLs with significant phenotypic effects were detected in this study, as QTLs
with minor effects may not meet the significance threshold of detection [43]. In a previous
study, Buescher et al. (2010) [44] reported that alterations in the environment in which the
plants were grown significantly influenced the correlation between mineral elements and
the QTLs controlling mineral accumulation. Variations in the uptake of mineral elements
in different environments have been reported in previous studies of A. thaliana [45] and
maize [46]. QTLs detected across environments have been found to be stable and could
play a key role in the accumulation of mineral elements [47].

Co-localization of QTLs controlling different traits is significant for the simultaneous
improvement of the traits of interest, such as Fe and Zn contents, in rice breeding programs.
The uptake, transport, and loading of different mineral elements may follow the same
or similar pathways as those of the protein transporters. Therefore, they might share the
same genomic regions, QTLs, and genes [48]. The occurrence of QTL co-localization has
previously been reported in several studies [18,19,49,50]. In our study, co-localization of
QTL for grain content was found for Fe and Zn and Mn and Ca. The co-localization of QTL
may be due to the pleiotropic effect of a single gene, suggesting a common mechanism
or pathway for their transport or tight linkage of multiple genes controlling different
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traits [2,50]. In rice, citrate, 2’ deoxymugineic acid (DMA), and nicotianamine (NA) are
the dominant Fe chelators that play significant roles in the long-distance transport of Fe in
rice [51]. In graminaceous species, NA is the biosynthetic precursor of DMA, and both play
a role in Zn uptake [52,53]. Because of their similar affinities to specific transporters and
ligands that are responsible for their absorption and translocation, Fe and Zn homeostasis
in plants may be closely connected [54-56]. He et al., (2021) [57] reported that although
Mn and Ca have specific roles in plants, both have comparable ionic radii and binding
coordination and share various transport mechanisms to cross organelle membranes. The
co-localization of QTL will be useful for concurrently enhancing the mineral element
content in rice.

The physical locations of the QTLs identified in the present study were compared with
those of previously reported QTLs that affect rice mineral content (Table 510). Five out of
six QTLs (gFel0, gZn8, qZn10, gMn10, and qCal0) in this study were in accordance with
the chromosomal regions carrying the QTL reported from previous studies confirming
the existence of these loci, while only one QTL (gMn6) may be novel. The gFel10 identified
in our study shared an overlapping region reported by Nawaz et al., (2015) [20]. For Zn,
two QTLs overlapped with previously reported QTLs. The qZn8 in this study shared the
overlapping regions of the previously reported QTL between the markers RM152 and
RM223 that was identified from BC,F3; mapping populations derived from the cross of
O. sativa cv. Swarna, and O. nivara [18]. Another QTL for Zn was identified in the backcross
inbred line population on chromosome 10 between the markers RM1125 and RM6704,
which overlapped the qZn10 identified in our present study [14]. Garcia et al., (2009) [2]
identified QTLs for Mn and Ca in ILs, which were near the gMn10 and qCa10 identified in
the present study. Notably, gMn6 did not overlap with the reported QTLs, implying that
this could be a potentially novel QTL for improving the nutritional quality of rice.

Plants have established several tolerance mechanisms to cope with various environ-
ments. In this study, a hydroponic experiment was conducted to validate the candidate
region by assessing the response of O. rufipogon, Hwaseong, CR2, and CR5 to different Fe
and Zn treatments, based on the assumption that genotypic differences were attributed
to inherent differences in tolerance. A significant difference in response to different Fe
and Zn treatments was observed between O. rufipogon and Hwaseong. Furthermore,
O. rufipogon had higher Fe and Zn contents than Hwaseong under all Fe and Zn treatments
(Tables 3 and 4). Between Hwaseong and the two ILs, CR2 containing O. rufipogon qFe10
showed significantly higher responses than Hwaseong and CR5 despite receiving the
same Fe treatments under greenhouse and growth chamber conditions (Table 3). These
results could be attributed to the potential of different rice genotypes to upregulate Strategy
I (reduction strategy), II (chelation strategy), or combinations of both strategies for Fe
absorption and uptake, as well as differences in Fe-responsive mechanisms among rice
genotypes [58]. Plants have developed different chelating and reducing mechanisms for
Fe uptake to obtain Fe from the rhizosphere. Non-Poaceae family members follow Strat-
egy I, which involves ferrous ions (Fe?*), whereas Poaceae family members, such as rice
and maize, follow Strategy II, which involves ferric ions (Fe3*), and their root epidermis
releases phytosiderophores, creating stable Fe(Ill) chelates in the rhizosphere [49,59]. Rice
is often grown in anaerobic paddy fields, where abundant Fe?* is easily accessible to plants
because of its low redox potential. This could explain why rice plants have an Fe?* up-
take mechanism despite being graminaceous plants [60—62]. In addition, rice functions
as an iron-regulated transporter 1 (IRT1) homolog that enables the direct uptake of Fe?*
from the rhizosphere, demonstrating distinct uptake strategies for Fe>* and Fe3* [49]. We
also observed that CR2, harboring the O. rufipogon qZn10 allele, showed a significantly
higher response than Hwaseong and CR5, despite receiving the same Zn treatments under
greenhouse and growth chamber conditions (Table 4). This could be associated with Zn
efficiency among rice genotypes and could be attributed to varietal differences in Zn solu-
bilization and the degree of phytosiderophore secretion released from the plant roots [63].
The uptake of Zn has been linked to various root-related processes, including the release of
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low-molecular-weight organic acids, increased efflux and uptake of Zn ligands, and efflux
of phytosiderophores to solubilize unavailable forms of Zn in soils [64-66]. Homeostasis,
which controls Fe and Zn translocation, absorption, and transport within the plant system,
is another factor contributing to the variation in Fe and Zn contents [1]. However, further
research is required to elucidate the underlying mechanism and possible genes that cause
CR2 to have elevated Fe and Zn levels. Overall, the findings confirmed that the 375-kb
O. rufipogon segment between the markers RM1873 and RM25612 is the candidate region
responsible for increasing Fe and Zn content in rice.

Identifying new genes associated with mineral element traits and their potential use
in the future is crucial to increase the mineral element content in rice. To date, several
genes responsible for increased Fe and/or Zn content in rice have been cloned, including
Oryza sativa yellow-like stripe 2 (OsYSL2), Oryza sativa nicotianamine synthase (OsNAS), and
Oryza sativa ferritin 2 (Osfer2). OsYSL2 is a metal-nicotianamine transporter for rice that is
controlled by Fe, is expressed in the phloem cells, and is necessary for Fe translocation to
seeds, particularly in the endosperm [67,68]. Three NAS genes have been identified in rice:
OsNAS1, OsNAS2, and OsNAS3. Johnson et al. (2011) [69] reported that the constitutive
overexpression of the OsNAS gene family showed a single-gene strategy for successfully
biofortifying rice endosperm with up to a four-fold increase in Fe concentration and a
two-fold increase in Zn concentration. Paul et al. (2012) [70] reported that the rice ferritin
gene Osfer?2 resulted in an accumulation of iron and zinc that was 2.09- and 1.37-fold,
respectively. Map-based cloning has also been applied to rice to identify genes that have a
substantial impact on Fe and/or Zn regulation, including nicotianamine aminotransferase
(NAAT1) [71] and Oryza sativa short postembryonic root 1 (OsSPR1) [72].

This study investigated the Fe and/or Zn-related candidate genes using a combined
analysis of earlier reports on Fe and/or Zn regulation, sequence variants in their pro-
moter and DNA coding regions, tissue-specific expression profiles, and gene expression
levels in different tissues in rice (Table S8). These factors are crucial for elucidating the
dynamic nature of gene regulation that controls the expression of specific phenotypic
traits and changes in the transcriptome profile of each organ or tissue during the entire
growth process as a result of both intrinsic and extrinsic factors. In this study, we identified
17 candidate genes having at least one nonsynonymous SNP or InDel in their DNA coding
sequences (Table S9). Among the candidate genes, twelve belong to a family or subgroup
previously reported and associated with Fe and/or Zn regulation. It appears that most
of the genes listed in Table S8 may have a function in rice Fe and/or Zn absorption and
transport [73-83]. Of the 17 genes, LOC_Os10g33960 (Rice Homeobox gene 9 (OsHox9))
was identified as the high potential candidate gene of gFe10 and qZn10 based on the spa-
tiotemporal expression profile and gene expression as revealed by both the rice expression
database and qRT-PCR analysis. Homeobox transcription factors are members of a broad
gene family and are recognized to be essential for several stages of plant development.
Members of the homeobox transcription factor family have been divided into 14 categories,
including HD-ZIP and TALE super-classes. Different HD-ZIP super-class members control
a number of plant developmental processes and abiotic stress responses [84-88]. In wheat,
the homeobox-leucine zipper protein HOX4, which was annotated as TaHDZIP1 on chro-
mosome 5A, was associated with grain Zn concentration [77]. Since we further discussed
the potential candidate genes for gFel0 and qZn10, it is important to elucidate how these
candidate genes actually work to regulate the Fe and/or Zn content in rice. Gene cloning
and overexpression will help extract more information about these candidate genes.

5. Conclusions

In conclusion, this study demonstrated that O. rufipogon could serve as a potential
resource for identifying rare alleles to enhance mineral element content in rice. Substitution
mapping and hydroponic experiments further confirmed the association of gFe10 and
qZn10 in enhancing the mineral element content in rice. In addition, this study provided a
repertoire of information on CR2. This isogenic line can be exploited in future rice breeding
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programs as a possible genetic resource to concurrently increase the Fe and Zn contents in
rice, particularly in countries that greatly depend on rice-based diets. Furthermore, this
study demonstrated that the combined analysis of gene expression data, tissue-specific ex-
pression profiles, and whole genome sequencing data yielded useful information regarding
potential candidate genes in the gFe10 and gZn10 regions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /agronomy13010076/s1, Figure S1: Comparison of seed morphology
of parental lines and four selected ILs used in substitution mapping. Scale bar: 10 mm; Figure S2:
Graphical genotype of four ILs used in substitution mapping. White regions indicate the Hwaseong
genetic background, and the black regions indicate O. rufipogon chromosomal segments; Figure S3:
Expression patterns of the candidate genes covering the gFe10 and gZn10 regions on chromosome
10. Data were obtained from the Rice Expression Profile Database (RiceXPro) (https:/ /ricexpro.
dna.affrc.go.jp/ (accessed on 20 May 2022)); Figure S4: Expression levels of the candidate genes
in different tissues in rice covering the gFel0 and qZn10 regions on chromosome 10. Data were
obtained from the Rice Expression Database (http://expression.ic4r.org/index (accessed on 1 June
2022)); Table S1: List of SSR markers used in this study; Table S2: List of KASP markers used in this
study and their chromosomal position; Table S3: List of InDel markers used in substitution mapping
and their chromosomal position; Table S4: List of markers used in qRT-PCR; Table S5: Correlation
analysis among grain mineral element contents in brown rice in 96 ILs; Table S6: Agro-morphological
characterization of the parental lines and two introgression lines grown under -Fe and +Fe treatments;
Table S7: Agro-morphological characterization of the parental lines and two introgression lines grown
under -Zn and +Zn treatments; Table S8: List of genes and SNPs/InDels identified in the gFe10 and
qZn10 region; Table S9: List of putative candidate genes covering the gFe10 and qZn10 region on
chromosome 10 and their nucleotide sequence variation found in the DNA coding region between
Hwaseong and O. rufipogon; Table S10: Comparison of the QTLs for mineral element contents in the
present and previous studies.
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