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exceeding a significance threshold of −log10 P  >  4.0, 
which represented 18 distinct loci. One locus mapped 
for foliar symptom formation on chromosome 1 con-
tained two putative glutathione-S-transferases, which 
were strongly expressed under iron stress and showed 
sequence polymorphisms in complete linkage disequi-
librium with the most significant SNP. Contrasting hap-
lotypes for this locus showed significant differences in 
dehydroascorbate reductase activity, which affected the 
plants’ redox status under iron stress. We conclude that 
maintaining foliar redox homeostasis under iron stress 
represented an important tolerance mechanism associated 
with a locus identified through GWAS.

Introduction

Iron (Fe) toxicity is one of the most commonly observed 
mineral disorders in rice production affecting millions 
of hectares of rice land, especially in Southeast Asia and 
West Africa (Audebert and Fofana 2009; Becker and Asch 
2005). It specifically affects rice production, because the 
low soil redox potential of flooded rice paddies leads to 
the prevalence of the reduced and soluble Fe2+ (ferrous), 
as opposed to well aerated soils, in which sparingly soluble 
forms of oxidized Fe3+ (ferric) are dominant. Fe toxicity 
can occur in variable soil types, including acid sulfate or 
acid clay soils with inherently high Fe concentrations, or 
poorly drained sandy soils in valleys receiving Fe-rich run-
off water from adjacent slopes (Becker and Asch 2005). Fe 
toxicity causes substantial yield losses in rice and can lead 
to complete crop failure in severe cases.

Fe is an important plant nutrient and its enrichment in 
the grain is desirable from a human nutrition perspective 
(White and Broadley 2009), but foliar tissue concentrations 
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above 300  mg  kg−1 are considered as harmful for rice 
(Dobermann and Fairhurst 2000). Although rice plants pos-
sess sophisticated regulatory mechanisms of Fe uptake and 
homeostasis (Bashir et al. 2010), high amounts of Fe2+ in 
the soil solution can lead to excessive Fe2+ uptake and its 
transport to the shoot via the transpiration stream. Symp-
toms of Fe toxicity in rice become visible as necrotic brown 
spots on the leaves termed as ‘leaf bronzing’. These symp-
toms occur as a consequence of oxidative stress, as Fe2+ 
catalyzes the generation of reactive oxygen species (ROS) 
via the ‘Fenton reaction’, in which hydrogen peroxide 
(H2O2) oxidizes Fe2+ to produce hydroxide (OH−) and the 
highly reactive hydroxyl radical (OH.) (Becana et al. 1998). 
An imbalance of ROS generation in cells and their removal 
through antioxidants cause irreversible damage of different 
cellular components such as lipids, proteins, and DNA, and 
can induce cell death (Blokhina et al. 2003). The hydroxyl 
radical, which is produced in the presence of Fe2+, is con-
sidered as the most toxic ROS for plant cells due to the lack 
of an effective scavenging mechanism through antioxidants 
(Apel and Hirt 2004).

The breeding of tolerant rice varieties constitutes a pow-
erful approach to address the problem of Fe toxicity. In 
principle, two physiological strategies may be targeted in 
achieving this aim: (i) Exclusion of Fe at the root surface 
by oxidation of Fe2+ into insoluble Fe3+, which leads to 
the formation of a root plaque, i.e., precipitates of Fe at the 
root surface. Root architectural traits favoring this process 
include the formation of an aerenchyma and a large num-
ber of lateral fine roots, which facilitate the diffusion of 
oxygen into the rhizosphere, thereby increasing the redox 
potential above the threshold for Fe oxidation (Becker 
and Asch 2005; Wu et  al. 2014). Alternatively, enzymatic 
Fe oxidation can be catalyzed by enzymes such as peroxi-
dases (Becker and Asch 2005). (ii) Various mechanisms 
have been proposed conferring ‘shoot tolerance’, i.e., the 
absence of stress symptoms despite high Fe2+ uptake. Fe 
partitioning both on the organ and the subcellular level may 
constitute such a mechanism. For example, storage of Fe 
in the leaf sheaths was proposed to be less damaging than 
in the photosynthetically more active leaf blades of rice 
(Engel et  al. 2012). On the subcellular level, the vacuole 
constitutes an important compartment for the storage of 
excess metal ions (Moore et al. 2014). Much of the plants’ 
excess Fe is stored in the form of ferritin, a ubiquitous pro-
tein occurring in almost all living species, which can store 
up to 4000 atoms of Fe in a safe and bioavailable form 
(Arosio et al. 2009; Stein et al. 2009). Another mechanism 
of shoot tolerance could be the scavenging of ROS through 
the plants’ antioxidant network, thus avoiding the formation 
of oxidative stress. However, plants do not possess effective 
scavengers of the hydroxyl radical—the product of the Fen-
ton reaction (Apel and Hirt 2004). Therefore, antioxidants 

would have to remove the precursors of the hydroxyl radi-
cal such as hydrogen peroxide, which is reduced to water 
by antioxidant enzymes such as catalases and peroxidases 
(Blokhina et al. 2003).

The genetic architecture of tolerance to Fe toxicity in 
rice appears to be complex. Although quite a few studies 
reported quantitative trait loci (QTL) for different pheno-
types related to Fe toxicity (Dufey et  al. 2015; Wu et  al. 
2014), no major locus has been identified, fine-mapped, 
or cloned so far. Also, the tolerance rankings of genotypes 
tested under different natural and artificial environments 
have sometimes produced contradictory results (Wu et  al. 
2014), suggesting that the environmental conditions, the 
timing and level of Fe stress, the screening system, etc., 
play crucial roles in determining genotype responses to Fe 
toxicity. Despite these confounding factors, some conver-
gence can be observed on several chromosomal regions, 
where independent studies reported QTL, including on 
chromosome 1 between around 25 and 30  Mb and on 
chromosome 3 between around 0 and 5 Mb (Dufey et  al. 
2015; Wu et al. 2014). One major limitation of these previ-
ous studies was that they all used bi-parental populations, 
thus covering only a small genetic variability not represent-
ing the enormous diversity of Asian rice (Oryza sativa L.). 
Also, the resolution of mapping in these previous studies 
was limited by a small number of genetic markers (sev-
eral hundreds) and the typically limited number of chro-
mosomal recombination events occurring in bi-parental 
crosses (Huang and Han 2014).

To overcome these limitations, we aimed at unraveling 
genetic and physiological mechanisms underlying toler-
ance to Fe toxicity by screening a highly diverse population 
of 329 rice accessions representing the global genetic diver-
sity of rice (Zhao et al. 2011). Screening experiments were 
followed by a genome-wide association study (GWAS) 
employing 44,100 single nucleotide polymorphism (SNP) 
markers to determine candidate loci linked to tolerance. 
Lastly, one candidate locus, which co-localized with previ-
ously reported QTL, was investigated in further detail by 
sequence and expression analyses of candidate genes and 
tests of hypotheses related to the physiological mechanism 
underlying the locus.

Materials and methods

Phenotyping experiment

The population used for genome-wide association study 
was composed of 329 Asian rice (Oryza sativa L.) varie-
ties, originating from 77 countries, covering all major rice-
growing regions and five subpopulations of rice, includ-
ing 74 indica, 55 aus, 69 temperate japonica, 70 tropical 
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japonica, and 12 aromatic varieties. Additional 49 acces-
sions were classified as mixed, showing less than 80  % 
ancestry from any single sub-group. Genotypic data for 
44,100 SNPs was publicly available for each line (Zhao 
et  al. 2011). Seeds were obtained from the International 
Rice Research Institute (IRRI).

Screening experiments were conducted in a hydro-
ponic system (Engel et al. 2012) in the greenhouses of the 
University of Bonn, Germany, with a 12  h photoperiod, 
650 µmol m−2 s−1 illumination (PAR), and 30/25 °C day/
night temperature. Twenty-five seeds per line were germi-
nated in distilled water and then transferred to netted sty-
rofoam trays floating on 0.5 mM CaCl2 and 10 µM FeCl3 
solution. After 2 weeks, homogenous seedlings of each line 
were transplanted to 60 L hydroponic containers filled with 
a modified Yoshida solution (Yoshida et  al. 1976), which 
had the following full strength composition: N 2.86 mM (as 
NH4NO3), P 0.26 mM (as NaH2PO4 × 2H2O), K 0.82 mM 
(as K2SO4), Ca 0.8 mM (as CaCl2), Mg 1.3 mM (as MgSO4 
× 7H2O), Mn 7.3  µM (as MnCl2 × 4H2O), Mo 0.4  µM 
[as (NH4)6Mo7O24 × 4H2O)], B 14.8 µM (as H3BO3), Zn 
0.16 µM (as ZnSO4 × 7H2O), Cu 0.16 µM (as CuSO4 × 
5H2O), Fe 28.7 µM (as FeCl3 × 6H2O). Plants were fixed 
with sponges on a perforated lid, and the root of each sin-
gle plant was separated by a PVC tube fixed underneath the 
lid to allow each genotype to form its own rhizosphere. To 
avoid osmotic stress of young seedling, plants were grown 
in half-strength nutrient solution for the first 10 days. The 
pH was adjusted to 5.5 twice a week and the solutions were 
renewed every 10 days.

Until the start of Fe stress, all containers were arranged 
randomly in the greenhouse to minimize the impact of spa-
tial differences in the microclimate. Each 60 L container 
contained 40 different and randomly arranged lines. Each 
experimental cycle included four plants of each genotype 
in both experimental conditions, of which two were grown 
in the same planting hole, respectively. This added up to 17 
containers for control conditions and 17 containers for the 
Fe stress treatment. Due to space and labor constraints, but 
to obtain eight replicate plants per treatment and genotype, 
two cycles of the experiment described above were carried 
out from March until June 2013. In summary, eight repli-
cate plants of each line were screened under control condi-
tions and eight replicate plants under Fe stress conditions.

A 5  day Fe pulse stress of 1000  ppm Fe2+ (as FeSO4 
× 7H2O) was imposed 4  weeks after the transplanting. 
This treatment aimed at simulating acute Fe toxicity dur-
ing the vegetative growth stage, as it typically occurs in 
inland valleys during intensive rainfall events (Becker and 
Asch 2005). To avoid oxidation and precipitation of Fe2+, 
the solutions were automatically percolated with N2 gas for 
15 min every 2 h. This kept the redox potential below the 
threshold for iron oxidation (Engel et al. 2012).

As a measure of Fe stress, a leaf bronzing score (LBS) 
was assigned to the three youngest fully expanded leaves 
of the main tiller of each plant on day three (LBS3) and 
day 5 (LBS5) after the application of the stress treatment. 
The score ranged from 0 (healthy leaf) to 10 (dead leaf) as 
described by Wu et  al. (2014). After 5 days of treatment, 
all plants were harvested, and the number of tillers, shoot 
height and root length of each plant were determined. 
The samples were dried at 70 °C until completely dry and 
weighed. For Fe concentration analyses, the eight shoot 
samples from the Fe treatment of each line were pooled 
and finely ground. A representative sample was analyzed in 
duplicate by atomic absorption spectrometry as previously 
described (Wu et al. 2014).

Hypothesis testing experiment

A second experiment was conducted during August/Sep-
tember 2014 to test physiological hypotheses using a subset 
of lines representing different haplotypes for specific loci. 
The experimental conditions and experimental systems 
were identical to those described above. Six hydroponic 
containers were assigned to three replicate tanks for control 
and Fe stress treatment, respectively. Each tank contained 
four replicate plants of each of the eight genotypes tested 
(single plants per hole). Plant samples were harvested 
around midday, immediately frozen in liquid nitrogen, and 
stored at −80 °C for further analysis.

Data analysis and association mapping

Two-way ANOVA tests were applied to analyze the effects 
of treatment, genotype, and the interaction of both on the 
phenotypic traits. In both cases, PROC GLM in SAS 9.3 
(SAS Institute Inc. Cary, NC) was used and Tukey’s HSD 
test was applied to separate means.

A mean value of the eight replicates of the phenotypic 
values was used for association mapping. To remove 
extreme values in each trait, data points which did not fall 
into the range of (mean of all accessions) ±  (3 times the 
standard deviation) were removed from the dataset prior 
to the mapping, which led to the exclusion of a maximum 
of five values in the case of Fe concentration. To ensure 
normal distribution of data, square-root transformation 
was conducted for LBS prior to the mapping, as this trait 
showed skewed distribution in the original dataset. One-
way ANOVA was conducted for subpopulation comparison 
followed by Tukey’s HSD for the post hoc test.

Association mapping was conducted for the whole 
population and for the subgroups (japonica and indica) 
separately, using the software TASSEL 3.0 (Bradbury et al. 
2007). SNP marker data, kinship matrix, and principal 
component analysis (PCA) matrix retaining the four main 
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axes have been described previously (Zhao et  al. 2011). 
This SNP array provides approximately one SNP marker 
every 10  kb. SNPs which showed minor allele frequency 
(MAF)  <5  % in our population were removed to avoid 
overestimation of the effect of SNPs with low frequency. 
The resultant number of SNPs was 34,564 for the whole 
panel and 26,621 and 17,106 for the subgroups indica and 
japonica, respectively. A mixed linear model (MLM) was 
used to calculate associations in all analyses, incorporating 
both PCA and kinship data. The MLM was applied using 
the default settings (P3D for variance component analysis, 
compression level set to optimum level). A significance 
threshold was set to −log10 P > 4.0 for in-depth analysis of 
the most significantly associated markers such as linkage 
block analysis and curation of candidate gene lists. This 
threshold was justified by a steep decrease of correspond-
ing q values (Storey and Tibshirani 2003) in the −log10 
P > 4.0 region and was also applied by other authors using 
the same population (e.g., Wissuwa et  al. 2015). In addi-
tion to this significance threshold approach, the 50 most 
strongly associated markers for each trait were curated as 
proposed by Verslues et  al. (2014) to analyze co-localiza-
tion of strongly associated markers for different traits, even 
though they may not exceed a significance value of −log10 
P > 4.0. Linkage disequilibrium (LD) blocks were defined 
by the confidence interval method (Gabriel et  al. 2002) 
with default settings using Haploview 4 program (Barrett 
et al. 2005) based on D’ values derived from the SNPs with 
MAF  >5  %. LD blocks harboring significant SNPs were 
then defined as the candidate loci. The annotations of genes 
located in these loci were obtained from the MSU7 rice 
genome database (http://rice.plantbiology.msu.edu/, as of 
October 2014). LD between significant markers and puta-
tive functional polymorphisms within candidate genes were 
assessed by r2 (Chen et al. 2014) as it takes into account the 
history of both recombination and mutations (Flint-Garcia 
et al. 2003).

RNA extraction and quantitative RT‑PCR

Shoot samples from the hypothesis testing experiment were 
immediately frozen in liquid N2 and stored at −80 °C. For 
quantitative real-time polymerase chain reaction (qPCR), 
mRNA was extracted from three samples per haplotype and 
treatment using the peqGOLD Plant RNA Kit (Peqlab, Erlan-
gen, Germany). DNA was removed from RNA samples by 
on-column digestion using a peqGOLD DNase I Digest Kit 
(Peqlab). RNA concentration was determined using a Nan-
odrop2000C spectrometer (Thermo Fisher Scientific, Braun-
schweig, Germany) and the integrity of RNA was checked 
by denaturing formaldehyde agarose gel electrophoresis. 
Three hundred ng of total RNA was reverse transcribed with 
the GoScript™ Reverse Transcription System (Promega, 

Mannheim, Germany) and qPCR was performed using the 
GoTaq® qPCR master mix (Promega) using a StepOne Plus 
Realtime PCR System (AB Biosystems, Darmstadt, Ger-
many), and the following conditions (Höller et  al. 2014): 
an initial denaturation step (10 min, 95 °C), followed by 40 
cycles of denaturation (15  s, 95  °C) and annealing/exten-
sion (1 min, 60 °C). Gene-specific primers were as follows: 
LOC_Os01g49710 forward 5′-CCTGGAGCACTACAA 
GGGAT-3′, reverse 5′-CGAGCAAGGCAGATAGATTG-3′; 
LOC_Os01g49720 forward 5′-CGTCGTCCTGGAGTA 
CATC-3′, reverse 5′-GACCTGAACAGCACTTTCC-3′. 
Expression data were quantified using the comparative 
ΔΔCT method with the expression level of the sensitive line 
Guan-Yin-Tsan in the control treatment as calibrator and 18S 
rRNA as endogenous reference (Frei et  al. 2010). Primer 
efficiency was tested through serial dilutions of cDNA tem-
plates and was always above 80 %.

DNA extraction and sequence analyses

Genomic DNA from selected lines was extracted from 
plant shoots using a PeqGold plant DNA extraction kit 
(Peqlab). The region of interest was amplified by PCR 
with the following setup: 25 μL of GoTaq green mas-
ter mix, 1 μL of each primer (10 μM), 2.5 μL of dime-
thyl sulfoxide, 15.5 μL of water, and 70  ng of template 
DNA. The following conditions were used for ampli-
fication: 95  °C for 2  min, 35 cycles of 95  °C for 30  s, 
57/55  °C for 30  s, and 72  °C for 2/1.5  min, followed by 
an additional 72  °C extension for 5  min. The primer 
sequences were 5′-CTTTCTGTGATTTGCGATGT-3′/5′-
CCGATTCCAACTTTGCTTA-3′ for LOC_Os01g49710 
and 5′-GGTGTCTGTAACTACTTCCAGTC-3′/5′-
AACTTATTCAACCTGCAATCCCTC-3′ for LOC_
Os01g49720. The amplified DNA was purified after gel 
electrophoresis using a kit (FastGene Gel/PCR Extraction 
Kits, Nippon Genetics, Tokyo, Japan). The purified DNA 
was subjected to a cycle sequencing using the primers used 
for the PCR. Due to the sequence reading limit, a third 
primer 5′-GTTCAAGGTGGTGGACGAG-3′ was used to 
complete the sequencing of LOC_Os01g49710. Sequences 
were compared and analyzed using MEGA 5 software 
(Tamura et al. 2011). Additional genomic sequences were 
obtained from the TASUKE rice genome browser (http://
rice50.dna.affrc.go.jp/) (Kumagai et al. 2013).

Biochemical analyses

Reduced and oxidized ascorbic acid (AsA) was meas-
ured in shoots immediately after harvesting (Ueda et  al. 
2013). Shoot material was ground in liquid nitrogen 
and about 80  mg of sample material was dissolved in 
1  ml 6  % metaphosphoric acid (MPA) containing 1  mM 

http://rice.plantbiology.msu.edu/
http://rice50.dna.affrc.go.jp/
http://rice50.dna.affrc.go.jp/
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ethylene-diamine-tetraacetic acid (EDTA). Samples were 
centrifuged at 15,000g and 4  °C for 20  min. The super-
natants were used for further analyses. For the measure-
ments of reduced AsA, 10 µl of the extracts was added to 
the reaction mix containing 100 mM potassium phosphate 
buffer (pH 7.0) and 0.1 units of ascorbate oxidase (AO). In 
the case of oxidized AsA, 10 µl of the extract was added to 
100  mM potassium phosphate buffer (pH 7.8) and 4  mM 
dithiothreitol (DTT). Absorbance was monitored in a 
microplate reader (Powerwave XSII, BioTek, Bad Reichen-
hall, Germany) at 265 nm in UV-transparent 96-well micro-
plates until it was constant (ε = 14.3 mM−1 cm−1). Total 
AsA was calculated as the sum of reduced and oxidized 
AsA.

Glutathione concentration was determined spectromet-
rically (Griffith 1980). Plant shoots were crushed in liq-
uid N and glutathione was extracted from around 100 mg 
using 1.5 ml of 4 % sulfosalicylic acid and 5 % insoluble 
polyvinyl-polypyrrolidone (PVPP). Samples were centri-
fuged at 9400g for 10 min at 4 °C, and the supernatant was 
neutralized by adding 1 M KH2PO4/K2HPO4. The reaction 
mix (100 µl) contained 0.6 mM 5,5′-dithiobs-(2- nitroben-
zoic acid) (DTNB), 0.2  mM NADPH, and 20  µl of the 
extract. The reaction was started by adding 0.125 units of 
glutathione reductase and followed at 412  nm for 3  min. 
Oxidized glutathione (GSSG) was determined by irre-
versible derivatization of reduced glutathione (GSH) with 
2-vinylpyridine prior to the DTNB reaction.

Enzyme activities were monitored in a microplate 
reader using 96-well microplates. The activities of ascor-
bate peroxidase (APX), monodehydroascorbate reductase 
(MDHAR), and glutathione reductase (GR) were meas-
ured using the same plant extract (Frei et al. 2012). Around 
100 mg of flash-frozen and ground leaf material was dis-
solved in 1 ml of 50 mM potassium phosphate buffer (pH 
7.8) containing 1 mM AsA and 1 mM EDTA, vortexed, and 
centrifuged for 30 min at 10,000g and 4 °C. The reaction 
mix for APX activity (100 µl) contained 100 mM potassium 
phosphate buffer (pH 6.8), 0.6 mM AsA, 10 µl of 0.03 % 
H2O2, and 10 µl of enzyme extract. The oxidation of AsA 
was monitored at 290 nm for 30 s (ε = 2.8 mM−1 cm−1).

To determine MDHAR activity, the reaction mix 
(100  µl) contained 50  mM Tris–HCl buffer (pH 7.6), 
0.1 mM NADH, 2.5 mM AsA, 0.1 units ascorbate oxidase, 
and 10 µl of the plant extract. The oxidation of NADH was 
monitored at 340 nm for 3 min (ε = 6.2 mM−1 cm−1).

GR activity was measured in a reaction mix (100  µl) 
containing 50  mM potassium phosphate buffer (pH 7.8), 
0.12  mM NADPH, 0.5  mM GSSG, and 10  µl of plant 
extract. Oxidation of NADPH was monitored at 340 nm for 
3 min (ε = 6.2 mM−1 cm−1).

For determination of dehydroascorbate reductase 
(DHAR) activity (Hossain and Asada 1984), approximately 

100  mg of flash-frozen leaf material was ground and dis-
solved in 1.5 ml of 50 mM Tris–HCl, 100 mM NaCl, 2 mM 
EDTA, and 1  mM MgCl2. Samples were centrifuged at 
13,000g for 5 min at 4 °C. The reaction mix (100 µl) con-
tained 50 mM potassium phosphate buffer (pH 6.5), 0.5 mM 
dehydroascorbic acid (DHA), 5  mM GSH, and 10  µl of 
plant extract. Absorbance was followed at 265 nm for 3 min 
(ε  =  14  mM−1 cm−1). Protein concentrations in enzyme 
extracts were determined according to Bradford (1976).

Results

Phenotypic response

Seven phenotypic traits were measured, including bio-
mass and growth-related traits, symptom formation, 
and Fe concentrations. As we applied an acute stress 
for a short period of time (5 days) to around 5-week-old 
plants, biomass-related traits were not strongly affected. 
On average of all accessions, shoot dry weight was not 
significantly reduced and root dry weight even increased 
by around 30  % (P  <  0.001). Average root length was 
not affected by the Fe treatment and shoot length slightly 
decreased by around 4  % (P  <  0.05). Stress symptoms, 
as represented by leaf bronzing score (LBS), began to 
develop after 3 days of Fe treatment and were clearly vis-
ible in most accessions 5 days after treatment application. 
Fe concentrations were measured only in the Fe-treated 
shoots, since our previous experiments (Engel et al. 2012; 
Wu et  al. 2014) had shown that plants grown under Fe 
toxicity had shoot Fe concentrations several orders of 
magnitude higher than in control treatments and there-
fore do not correlate with values observed under control 
conditions. Symptom formation (LBS5) and shoot Fe 
concentration were positively correlated (−log10 P > 4.0, 
Fig. 1a), but the r2 value indicated that Fe concentrations 
explained only 15.5  % of the observed variation in leaf 
bronzing scores. When removing the outlier value with a 
Fe concentration of 9.2 mg g−1 dry weight (Fig. 1a), the 
r2 value was even lower (0.1389), but the correlation was 
still significant (−log10 P > 4.0). Tolerant includers, i.e., 
lines with low symptom formation despite high shoot Fe 
concentration, were represented in all subpopulations of 
rice (Fig.  1a), indicating that this trait was not specific 
to any subpopulation. We further compared subpopula-
tion differences for those traits, which we focused on in 
the association mapping. It was found that aromatic and 
temperate japonicas had significantly lower LBS5 and 
shoot Fe concentrations, suggesting that Fe exclusion 
was a dominant tolerance mechanism in these subpopula-
tions (Fig. 1b, c). Total Fe uptake was less correlated with 
symptom formation than Fe concentration and explained 
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less than 5 % of the phenotypic variation (Supplementary 
Figure S1).

Association mapping

Association mapping for all traits included the determi-
nation of SNPs exceeding a significance value of −log10 
P  >  4.0, curation of the top 50 most significant SNPs, 

analyses of LD blocks surrounding each highly significant 
(−log10 P  > 4.0) SNP, and curation of a list of candidate 
genes contained within these blocks (Supplementary Fig-
ures S2–S6, Supplementary Data S7). However, detailed 
analyses are presented only for those traits which we con-
sidered as the most relevant under our experimental condi-
tions, i.e., LBS5 and shoot Fe concentration. Square root-
transformed leaf bronzing score (tLBS5) showed nearly 
normal distribution (Fig. 2a). Mixed model analysis yielded 
quantile–quantile-plots (q–q plots), which showed upward 
deviation from the expected −log10 (P values) only for 
the most significantly associated markers (Fig.  2b). The 
significance threshold of −log10 P  >  4.0 for the associa-
tion of SNPs with tLBS5 was exceeded in two chromo-
somal regions (Fig.  2c). On chromosome 1, three highly 
significant markers were located in two nearby LD blocks 
(Fig.  2d), which were co-localized with several previ-
ously reported QTL (Dufey et  al. 2015; Wu et  al. 2014). 
The first block spanned around 82  kb and contained two 
highly significant SNPs (−log10 P > 4.0) and 15 gene mod-
els (MSU7), including an FAD binding and arabino-lactone 
oxidase domains containing protein (LOC_Os01g49360). 
The second block spanned around 50 kb and contained 14 
gene models. The most significant SNP marker (id1016768) 
was located close to two putative glutathione-S-transferase 
genes (LOC_Os01g49710, LOC_Os01g49720). We further 
analyzed phenotypic means of different haplotypes for the 
three most significant markers on chromosome 1 (Fig. 2e). 
The most sensitive haplotype TGC only occurred in the 
indica subgroup and was significantly more sensitive than 
the haplotypes CTA and TGA. These analyses also showed 
that the A/C SNP id1016768 had the largest effect on the 
phenotypic means, as the C allele occurred only in the most 
sensitive haplotype TGC.

A second region on chromosome 5 contained one fur-
ther SNP exceeding −log10 P  >  4.0 (id5000074), which 
was located in a 174 kb LD block. This region did not co-
localize with any previously reported QTL (Dufey et  al. 
2015; Wu et al. 2014). Out of the 36 gene models contained 
in this linkage block, possible candidate genes related to 
Fe tolerance included a putative vacuolar ATP synthase 
(LOC_Os05g01560).

Association mapping for shoot Fe concentration yielded 
somewhat lower significance values (Fig. 3) with only two 
SNPs exceeding −log10 P > 4.0. The most significant SNP 
(id2015632) was located within a 12 kb LD block on chro-
mosome 2 (Fig. 3d). This block contained only three gene 
models, one of which was annotated as a casein kinase I 
(LOC_Os02g56560). The locus was localized near previ-
ously reported QTL for leaf bronzing score and photosyn-
thesis under Fe toxic conditions reported earlier (Dufey 
et al. 2015; Wu et al. 2014). The second highly significant 
marker (id1015380) was located outside any LD block on 
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chromosome 1, but was localized within the broader region 
(25–30 Mb) on chromosome 1, in which several previously 
reported QTL are co-localized (Dufey et al. 2015; Wu et al. 

2014). Gene models located near the marker and between 
the two adjacent linkage blocks included a putative potas-
sium ion channel (LOC_Os01g45990).
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Fig. 2   Association mapping results for square root-transformed leaf 
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hattan plot displaying P values for each marker according to mixed 
linear model analysis. Blue dots indicate the top 50 SNPs (−log10 P 
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ing a significance level of −log10 P > 4.0. d Linkage block analysis 

of the candidate locus on chromosome 1; a 1.45  Mb region span-
ning from 27.85 to 29.30  Mb is shown; triangles framed in black 
indicate linkage blocks determined as stated in “Materials and meth-
ods”. e Average leaf bronzing score of contrasting haplotypes for the 
highly significant (−log10 P  >  4.0) markers (id1016591, id1016614, 
and id1016768) on chromosome 1. Data bars show mean values and 
standard errors; bars not sharing the same letter are significantly dif-
ferent at P < 0.05 by Tukeys HSD test (color figure online)
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Analysis of candidate locus for tLBS5 on chromosome 1

Among the candidate loci identified through association 
mapping, we opted to analyze in more detail the locus 
associated with tLBS5 on chromosome 1 (Fig.  2c–e) as 
this peak was consistently seen with different mapping 
approaches: (i) the peak occurred when using a general 
linear model (GLM, data not shown), as well as the MLM 
analysis presented here; (ii) the peak also occurred when 
the MLM was applied to the indica subgroup alone (Sup-
plementary Data S7); (iii) for the indica subgroup, the most 
significant markers of this peak (Fig. 2) were also among 
the top 50 SNPs for tLBS3 (Supplementary Data S7); and 
(iv) several previous studies with different bi-parental pop-
ulations had reported QTL for Fe toxicity tolerance in this 
chromosomal region (Dufey et  al. 2015). Eight contrast-
ing indica lines were selected to test the hypotheses that 
(i) Fe toxicity tolerance is related to differential expres-
sion or sequence polymorphisms of the candidate genes 
located in this locus: the glutathione-S-transferase (GST) 
genes LOC_Os01g49710 and LOC_Os01g49720, and (ii) 
the locus is associated with differential antioxidant activ-
ity. Genomic sequences were analyzed in 30 representa-
tive lines. Antioxidants were measured in a sub-set of eight 
selected lines, four of which represented the sensitive hap-
lotype TGC for the three SNP markers exceeding the sig-
nificance value of −log10 P > 4.0 (Fig. 2), and another four 
lines represented the tolerant haplotype CTA. These eight 
lines did not differ significantly in shoot Fe concentra-
tion, which was 3.56 mg kg−1 on average for the sensitive 
haplotypes and 3.23  mg  kg−1 for the tolerant haplotypes, 
confirming that differences in tolerance occurred due to a 
shoot-based mechanism rather than Fe exclusion.

Alignment of the genomic sequences of 30 selected 
lines revealed seven polymorphisms in the gene model 
LOC_Os01g49710, nine polymorphisms in LOC_
Os01g49720, and two polymorphisms upstream of the 
5′UTR of LOC_Os01g49720 (Fig. 4a). Five of these poly-
morphisms were in complete LD (r2 = 1) with the nearby 
marker id1016768, which had the most significant P value 
for tLBS5. Among those polymorphisms, one SNP was 
located upstream of the 5′UTR of LOC_Os01g49720, and 
one in the coding sequence of LOC_Os01g49720. These 
SNPs did not change the predicted amino acid sequence 
of the protein or cause any genotypic difference in mRNA 
expression (Fig.  4c). In contrast, three insertion deletions 
(INDELs) in LOC_Os01g49710 were in complete LD 
(r2 =  1) with the marker id1016768 (Fig.  4a). The sensi-
tive haplotype TGC had an 18-nucleotide insertion (GST1_
INDEL50) in the first exon, which added six glycine units 
to the predicted protein sequence and another 2-nucleotide 
frameshift deletion (GST1_INDEL734) in the second exon. 
A third 1-nucleotide insertion was located in the 3′UTR 

(GST1_INDEL978). Both candidate genes showed highly 
significant mRNA up-regulation under Fe stress (Fig.  4b, 
c), but no significant difference between the haplotypes. 
In summary, these data demonstrated that both candidate 
genes were highly responsive to Fe stress and had sequence 
polymorphisms in complete LD with the most significant 
SNP marker, which in the case of LOC_Os01g49710 may 
cause substantial modifications in the protein structure.

Based on the detected sequence polymorphisms in 
GSTs, we hypothesized that contrasting haplotypes would 
differ in antioxidant response and more specifically in 
dehydroascorbate reductase (DHAR) activity, which had 
previously been described as one possible function of 
GSTs (Edwards and Dixon 2005; Marrs 1996). Contrasting 
haplotypes did not differ significantly in foliar AsA con-
centration, but a significant treatment by haplotype interac-
tion was observed in AsA redox state (Table 1): while the 
tolerant haplotypes had a more oxidized AsA pool under 
control conditions, the opposite was seen under Fe toxic-
ity. Significant haplotype differences in AsA redox state 
were consistent with differential DHAR activity, which was 
significantly up-regulated under Fe stress and significantly 
lower in the tolerant haplotypes. Total glutathione concen-
tration, MDHAR activity, and glutathione reductase activ-
ity were significantly up-regulated under Fe stress, but no 
significant haplotype effects were detected. In summary, 
our analyses demonstrated that differences between lines 
representing the tolerant and sensitive haplotype occurred 
mostly in DHAR activity and AsA redox state.

Discussion

With 329 different rice accessions from all subpopulations 
of O. sativa, our study represents an extensive screening for 
tolerance to Fe toxicity in rice and demonstrates consider-
able variability in tolerance. We considered leaf symptom 
formation as a relevant phenotype related to Fe tolerance, 
similar to a number of screening and bi-parental QTL map-
ping studies reported previously (Dufey et al. 2009, 2012, 
2015; Wu et  al. 2014), as LBS was demonstrated to be 
highly correlated with yield formation under Fe-toxic field 
conditions (Audebert and Fofana 2009). Tolerance rank-
ings reported in different studies sometimes produced con-
tradictory results, presumably due to differences in envi-
ronmental conditions (e.g., vapor pressure deficit, growth 
medium), as well as the timing and the intensity of Fe stress 
(Wu et al. 2014). The tolerance ranking and associated loci 
presented in this study refer to an acute Fe stress during the 
vegetative growth stage, as it typically occurs in inland val-
leys receiving Fe-rich runoff water from adjacent slopes 
(Becker and Asch 2005). Which tolerance mechanism was 
dominant under these circumstances: Fe exclusion at the 
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root surface, or rather shoot-based mechanisms confer-
ring tolerance despite high Fe uptake? Our results suggest 
that both mechanisms play a role: the correlation between 
shoot Fe concentration and LBS was significantly positive 
(−log10 P > 4.0, Fig.  1a), suggesting that high Fe uptake 
was indeed a factor contributing to the formation of vis-
ible stress symptoms. However, the linear regression model 
explained only 15.5 % of the phenotypic variation in LBS, 
leaving 84.5  % of the variation unexplained by foliar Fe 
concentrations. That both tolerance mechanisms play a role 

under acute Fe stress in the vegetative stage is in agreement 
with our previous study (Wu et al. 2014), which identified 
QTL associated with both exclusion and inclusion mecha-
nisms in bi-parental populations.

In the association mapping, we followed an approach 
based on the analysis of LD blocks surrounding significant 
SNPs, as previously adopted in an association study on 
tropospheric ozone stress (Ueda et  al. 2015). The resolu-
tion of association mapping typically depends on the LD: 
fast LD decay leads to high resolution of mapping, but 
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requires a large number of markers to take advantage of 
many recombination events (Han and Huang 2013; Huang 
and Han 2014). For the traits tLBS5 and shoot Fe concen-
tration, which are discussed in detail, the identified can-
didate regions were characterized by a varying degree of 
LD decay leading to candidate loci (LD blocks) ranging 
between 12 and 173 kb, containing between 4 and 36 gene 
models. In our previous GWAS dealing with ozone toler-
ance, even higher variability in the size of candidate regions 
was observed, ranging from less than 1  kb to more than 
1 Mb. Thus, we assume that using a fixed window approach 
for declaration of candidate loci (Guo et al. 2009) would be 
more susceptible to declaring false positive or false negative 
candidate genes than the approach based on LD blocks.

The analysis of candidate genes was based on anno-
tated genes, although we cannot exclude the possibility of 
a non-annotated gene being responsible for the phenotype. 
The candidate LD blocks surrounding highly significant 
(−log10 P > 4.0) SNPs contained various genes with pos-
sible involvement in Fe-homeostasis based on their MSU7 
annotations (Kawahara et  al. 2013). A putative vacuolar 
ATP-synthase (LOC_Os05g01560) localized within the 
candidate locus for tLBS5 on chromosome 5 (Fig. 2) could 
be involved in Fe transport or subcellular Fe partitioning. 
Vacuolar ATP synthases are membrane localized proteins, 
which pump protons (H+) across membranes to generate a 

charge gradient for the transport of ions across membranes 
(Finbow and Harrison 1997). The transport into storage 
compartments, such as the vacuole, represents an important 
mechanism for the sequestration of excess ions in plants 
including Fe (Becana et al. 1998; Schroeder et al. 2013).

The candidate genes for shoot Fe concentration included 
a casein kinase I (LOC_Os02g56560), which was located 
in the LD block surrounding the significant SNP on chro-
mosome 2 (Fig. 3). Casein kinases are evolutionarily con-
served eukaryotic protein kinases with multiple regulatory 
roles in plant metabolism and development (Lee 2009; 
Vidal et al. 2010). In rice, a casein kinase I (different from 
the one we identified) was shown to be involved in lateral 
root formation (Liu et al. 2003). Our own previous analyses 
suggested that the density of lateral fine roots was impor-
tant in determining the capacity of releasing oxygen into 
the rhizosphere, which is required for Fe oxidation and 
precipitation at the root surface, and thus represents a Fe 
exclusion mechanism (Wu et al. 2014).

Regarding candidate genes located in the peak region on 
chromosome 1 (Fig. 3), a potassium (K+) channel (LOC_
Os01g45990) putatively involved in potassium transport 
could be involved in Fe tolerance. Previous studies had 
shown that K+ availability mitigated toxic effects of Fe 
on rice plants by limiting the translocation from roots to 
shoots (Li et al. 2001).

Table 1   Substrates and enzymes of the ascorbate–glutathione cycle in contrasting haplotypes differing in leaf bronzing symptoms after 5 days 
of exposure to Fe toxicity

Redox state refers to the percentage of reduced AsA or glutathione. Haplotypes refer to SNPs on chromosome 1 exceeding the significance 
threshold of −log10 P > 4.0 for tLBS5 (id1016591, id1016614, and id1016768). Each haplotype was represented by four accessions: CTA Tch-
ibanga (Gabon), Taichung Native 1 (Taiwan), ZHE 733 (China), Sadu Cho (Korea); TGC Guan-Yin-Tsan (China), Kiang-Chou-Chiu (Taiwan), 
Ming-Hui (China), RTS4 (Vietnam). Three biological replicates were analyzed per accession and LS means of 12 samples are shown (N = 48)

AsA ascorbic acid, DHA dehydroascorbic acid, GSH reduced glutathione, GSSG oxidized glutathione, APX ascorbate peroxidase, DHAR dehy-
droascorbate reductase, MDHAR monodehydroascorbate reductase, GR glutathione reductase

Variable Control Fe toxicity ANOVA Pr > F

Haplotype Tolerant (CTA) Sensitive (TGC) Tolerant (CTA) Sensitive (TGC) Treatment Haplotype Interaction

Total AsA (µmol g−1 FW) 2.75 2.58 2.54 2.67 0.5595 0.8272 0.1687

Reduced AsA (µmol g−1 FW) 1.90 2.10 1.95 1.92 0.6757 0.5981 0.4437

DHA (µmol g−1 FW) 0.85 0.48 0.58 0.75 0.9934 0.3835 0.0279

AsA redox state (%) 68 81 78 72 0.8806 0.3616 0.0439

Total glutathione (µmol g−1 FW) 0.40 0.35 0.54 0.42 0.0334 0.1007 0.5415

GSH (µmol g−1 FW) 0.33 0.29 0.45 0.36 0.0560 0.1891 0.6536

GSSG (µmol g−1 FW) 0.06 0.06 0.08 0.06 0.2444 0.0688 0.3701

Glutathione redox state (%) 80 81 82 84 0.4844 0.6919 0.8207

APX activity (µmol mg−1 protein 
min−1)

1.04 1.32 1.42 1.99 0.0768 0.1478 0.6106

DHAR activity (µmol mg−1 protein 
min−1)

0.12 0.20 0.24 0.29 0.0002 0.0080 0.5426

MDHAR activity (nmol mg−1 protein 
min−1)

144 138 101 99 0.0017 0.7178 0.8368

GR activity (nmol mg−1 protein min−1)26 28 38 40 <0.0001 0.0549 0.8871
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Among all identified candidate loci, we studied in more 
detail the two adjacent regions associated with tLBS5 
located at around 28.5 Mb on chromosome 1. This region 
co-localized with several previously reported QTL reported 
from bi-parental QTL mapping experiments (Dufey et  al. 
2015; Wu et al. 2014), despite the otherwise low degree of 
co-localization of QTL obtained from different populations 
and experimental systems. Although the sensitive haplotype 
at this locus (TGC) is relatively rare in the association panel 
(Fig. 2e), it is represented in widely grown mega-varieties 
such as IR64, which provides scope for adaptive breeding 
through replacement with the tolerant alleles. The signifi-
cant SNPs of this region were localized in two LD blocks, 
both of which contained genes putatively involved in detoxi-
fication and redox homeostasis. One was an arabino-lactone 
oxidase domain containing protein (LOC_Os01g49360) 
located in the first LD block. This class of enzymes has 
been shown to be involved in AsA biosynthesis (Smirnoff 
et al. 2001). However, since we did not observe significant 
differences in total AsA concentrations between contrasting 
haplotypes for significant SNPs on chromosome 1 (Table 1), 
we rejected the hypothesis of this gene mediating Fe toler-
ance via AsA biosynthesis. The second LD block of this 
region contained two GSTs (LOC_Os01g49710 and LOC_
Os01g49720), which had previously been listed by Dufey 
et al. (2015) as 2 out of 31 candidate genes in this chromo-
somal region, where multiple QTL co-localized. GSTs con-
stitute a large family of proteins with multiple functions, 
including detoxification of xenobiotic compounds, stress 
responses, responses to auxins, and signaling (Edwards 
and Dixon 2005; Laborde 2010; Marrs 1996). Both genes 
were up-regulated due to Fe toxicity in the eight genotypes 
investigated (Fig.  4), although they were not listed among 
the significantly regulated genes in a previously published 
microarray study (Quinet et al. 2012), in which a single rice 
genotype (I Kong Pao) had been exposed to Fe stress. How-
ever, the transcriptional regulation was not associated with 
tolerance, since no differences in mRNA expression levels 
were observed between tolerant and sensitive haplotypes 
(Fig.  4). In contrast, sequence analyses revealed polymor-
phisms between tolerant and intolerant haplotypes, which, 
in the case of LOC_Os01g49710, caused substantial modi-
fications in the predicted protein structure. Because GSTs 
were suggested to be involved in oxidative stress response 
(Edwards and Dixon 2005), we tested the activity of the 
ascorbate–glutathione cycle in contrasting haplotypes, 
which constitutes a major component of the plants’ ROS 
detoxification machinery (Noctor and Foyer 1998). Haplo-
type differences were most pronounced in DHAR activity 
(Table 1), which constitutes one of the potential functions of 
plant GSTs (Edwards and Dixon 2005). That lower DHAR 
activity was associated with tolerance seems counter-intu-
itive, since high antioxidant activity is typically expected 

to confer tolerance to environmental stresses. In the case of 
this enzyme restoring the reduced form of ascorbate from 
dehydroascorbate (Noctor and Foyer 1998), it must be con-
sidered that reduced ascorbate may not only scavenge ROS, 
but also reduce Fe3+ to Fe2+—a reaction, which is used in 
widely adopted ascorbate analyses assays (Gillespie and 
Ainsworth 2007; Ueda et al. 2013). Consequently, the pres-
ence of Fe2+ may stimulate the Fenton reaction leading to 
the production of the hydroxyl radical, which cannot be 
scavenged effectively in plant cells (Apel and Hirt 2004). 
Thus, in the case of Fe toxicity, the presence of reduced 
AsA may have a detrimental rather than a protective effect. 
Based on the above converging evidence, the two GSTs are 
emerging as plausible candidate genes, which need to be 
further characterized to address the following questions: 
(i) whether their involvement in tolerance to Fe toxicity 
can be confirmed using reverse genetic approaches, and 
(ii) whether they directly have DHAR activity, or modulate 
DHAR activity indirectly, e.g., via signaling.

Conclusions

Screening of 329 accessions representing the entire genetic 
diversity of rice demonstrated that both exclusion and inclu-
sion mechanisms are relevant under an acute short-term Fe 
stress. GWAS detected multiple loci associated with Fe tox-
icity tolerance, some of which co-localized with QTL iden-
tified previously using bi-parental mapping populations. For 
these results to make an impact on adaptive rice breeding, 
the following points need to be considered. (i) The screen-
ing protocol aimed at simulating an acute Fe stress during 
the vegetative growth stage. In the field, Fe toxicity may 
occur during different growth stages in a barely predict-
able manner, depending on variable environmental factors 
such as rainfall. Given the inconsistencies often observed 
between screening experiments for Fe toxicity tolerance 
in different environments, further analyses should focus 
on loci that have repeatedly been reported under different 
environmental conditions, such as the locus at 28–29 Mb on 
chromosome 1. Further testing of selected genotypes in dif-
ferent Fe toxic environments may also increase the level of 
confidence for the selection of suitable donors and traits for 
breeding. (ii) The loci identified in this study will only be 
useful for improvement of widely grown cultivars if these 
carry sensitive alleles at the proposed loci. Further analy-
ses of allelic variants in widely grown mega-varieties are 
therefore warranted. (iii) The candidate genes nominated in 
this study need to be verified and functionally characterized 
in isogenic background. Reverse genetic studies are there-
fore warranted. Together, these efforts will contribute to the 
breeding of more adapted cultivars and a better understand-
ing of Fe toxicity tolerance mechanisms in rice.
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