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Abstract:  46 

Silicon in rice has been demonstrated to be involved in resistance to lodging, tolerance to 47 

both drought and salinity, and also enhances resistance to pests and diseases. The aim of this 48 

study was to determine the range of silicon content in a set of rice (Oryza sativa L.) 49 

accessions, and to determine if the natural variation of shoot silicon is linked to the 50 

previously identified silicon transporters (Lsi genes). Silicon content was determined in 50 51 

field-grown accessions, representing all sub-populations of rice, with all accessions being 52 

genotyped with 700K SNPs. SNPs within 10 kb of the Lsi genes were examined to determine 53 

if any were significantly linked with the phenotypic variation. An XRF method of silicon 54 

determination compared favourably with digestion and colorimetric analysis. There were 55 

significant genotypic differences in shoot silicon ranging from 16.5 – 42.4 mg g
-1

 of plant dry 56 

weight, there was no significant difference between the rice sub-populations. Plants with 57 

different alleles for SNPs representing Lsi2 and Lsi3 were significantly different for shoot 58 

silicon content. Shoot silicon correlated negatively with grain arsenic in the tropical and 59 

temperate japonica sub-population, suggesting that accessions with high shoot silicon have 60 
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reduced grain arsenic. This study indicates that alleles for Lsi genes are excellent candidate 61 

genes for further study to explain the natural variation of shoot silicon in rice. 62 

 63 

Key words: arsenic, natural variation, rice, silicon, XRF  64 

65 
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1 Introduction 66 

Global rice (Oryza sativa L.) production needs to increase continuously to ensure the world’s 67 

food security (Hibberd et al., 2008). As a beneficial element, silicon alleviates biotic and 68 

abiotic stresses in rice which helps to maintain yield (Ma and Takahashi, 2002; Detmann et 69 

al., 2012; Meharg and Meharg, 2015). Silicon is mainly available as monosilicic acid ranging 70 

from 0.1 to 0.6 mM in the soil solution (Epstein, 1994; Ma and Takahashi, 2002). Previous 71 

studies have demonstrated that monosilicic acid is taken up by rice roots as an undissociated 72 

molecule and translocated into the shoots through the transpiration stream (Takahashi and 73 

Hino, 1978; Mitani-Ueno et al., 2005). It then polymerises on the surface of cells in the shoot 74 

in the form of a silica-cellulose double layer and silica-cuticle double layer. This silica-base 75 

layer improves resistance to lodging, salinity tolerance, drought tolerance, and enhances 76 

resistance to pests and diseases (Takahashi and Hino, 1978; Mitani-Ueno et al., 2005, Chen 77 

et al., 2011; Han et al., 2015). 78 

Genetically rice can be classified into two major sub-species, Japonica and Indica (Chang, 79 

2003) and these have been further classified into 5 sub-populations; indica, aus, (both Indica 80 

sub-species) tropical japonica, temperate japonica, and aromatic (all three Japonica sub-81 

species) (Garris et al., 2005; Zhao et al., 2011). Several previous studies indicate that there 82 

are differences in shoot silicon content between the Indica and Japonica sub-species of rice. 83 

Deren et al., (1992) showed that Japonica sub-species usually have a higher silicon content 84 

than Indica rice varieties, based on screening 10 accessions in the greenhouse and 18 under 85 

field conditions. A study conducted by Winslow (1992) revealed that African upland 86 

Japonica rice accessions had 50 to 100% higher silicon content in mature flag leaves than 87 

Asian upland Indica accessions. In addition to the differences at the subspecies level several 88 

studies have looked at genotypic differences in silicon content, showing ranges of 41 to 60 89 

mg g
-1

 (Deren, 2001) and 28 to 61 mg g
-1

 (Norton et al., 2010a). Ma et al., (2007a) also 90 
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observed that silicon uptake by the root and the concentration silicon present in the shoot are 91 

both higher in Japonica than Indica rice accessions, which they attributed to differences in 92 

the expression of silicon transporter genes. 93 

Two types of silicon transporters have been identified in rice to date. A gene 94 

(LOC_Os02g51110) identified for silicic acid influx in rice is classified as an aquaporin 95 

(Low silicon 1 or Lsi1) which is a member of the nodulin 26-like intrinsic protein (OsNIP2; 96 

1) group of aquaporins (Ma et al., 2006; Ma et al., 2008). A homologue of Lsi1, known as 97 

Lsi6 (LOC_Os06g12310; OsNIP2; 2), responsible for shoot and husk silicon distribution in 98 

rice is also classified as an aquaporin (Yamaji et al., 2008). The efflux of silicic acid through 99 

the plasma membrane protein known as low silicon 2 (Lsi2; LOC_Os03g01700) is an energy 100 

dependent process in rice (Ma et al., 2007b). A homologue of Lsi2, known as Lsi3 101 

(LOC_Os10g39980), is also an energy dependent active transporter involved in regulating 102 

shoot silicon accumulation in rice (Yamaji et al., 2015). 103 

It has been shown that arsenic, classified as a class one carcinogen, can be transported 104 

through silicon transporters in rice (Ma et al., 2008; Zhao et al., 2010; Mitani-Ueno et al., 105 

2011). There are two different forms of arsenic present in rice: organic arsenic and inorganic 106 

arsenic (Williams et al., 2005). Organic arsenic is found in rice in two main types of 107 

molecular species dimethylarsinic acid (DMA), and monomethylarsonic acid (MMA) as well 108 

as tetramethylarsonium (Williams et al., 2005; Hansen et al., 2011). Inorganic arsenic is 109 

found in rice as two molecular species; arsenate and arsenite (Abedin et al., 2002; Williams et 110 

al., 2005). Arsenate is an analogue of phosphate and is taken up via phosphate transporters 111 

while arsenite is taken up by silicic acid transporters in rice (Abedin et al., 2002; Ma et al., 112 

2008). It has been shown that the silicon transporters Lsi1, Lsi2 and Lsi6 are also arsenic 113 

transporters, using a combination of mutants and transgenic lines (Ma et al., 2008; Zhao et 114 

al., 2010; Mitani-Ueno et al., 2011). Several studies indicate that anaerobic rice cultivation 115 
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leads to increased mobilisation of soil arsenic in the form of arsenite, which causes 116 

anaerobically-grown rice to accumulate more arsenic through silicon transporters (Ma et al., 117 

2008; Xu et al., 2008; Carey et al., 2010). Silicon fertilisation has also been shown to 118 

decrease shoot and grain arsenic indicating that silicon could play an important role in 119 

decreasing total arsenic uptake in rice (Li et al., 2009; Seyfferth and Ferdorf, 2012).  120 

This study was designed to address four questions all related to the process of silicon and 121 

arsenic accumulation in rice: How does the cultivation method affect silicon distribution in 122 

different organs of rice plants? Are there significant genotypic differences in shoot silicon 123 

concentration across a diverse panel of rice related to the 5 different sub-populations of rice? 124 

Is there a relationship between natural variation in shoot silicon and arsenic content in rice? 125 

Can natural variation in shoot silicon be linked to known silicon transporters in rice? The 126 

results provide a deeper understanding of the natural variation in silicon content across rice 127 

accessions and its relationship to arsenic accumulation in rice grains.128 

Page 6 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



7 

 

2 Materials and Methods 129 

2.1 Silicon content in different organs of rice (Oryza sativa L.) grown in flooded and 130 

non-flooded conditions  131 

An experiment was conducted in a greenhouse at the University of Aberdeen, UK under both 132 

flooded and non-flooded conditions with four replicates for each treatment. One litre plastic 133 

pots were filled with soil (~530 g soil described in Norton et al., 2013). For the flooded 134 

condition, a plastic liner was used to line the pots and hold the water within the pot whereas 135 

the non-flooded pots were kept without a liner to allow drainage of water through the pot.  136 

Five Italica Carolina (temperate japonica) seeds were sown in each pot, then thinned to one 137 

plant in each pot after two weeks. To maintain the flooded condition, tap water from the 138 

greenhouse was used to flood the pots to 2 cm above the soil surface when plants were 3 139 

weeks old. Every two weeks during the first four weeks of growth 100 mL of half strength 140 

Yoshida’s nutrient solution was added (Yoshida et al., 1976). The dose of Yoshida’s nutrient 141 

solution was increased up to 100 mL of full strength solution every week after four weeks 142 

and continued until the filled grains had matured when samples were harvested. 143 

At harvest, samples were collected from different parts of the mature plants: root, 3
rd

 sheath, 144 

3
rd

 node, 3
rd

 leaf, 2
nd

 sheath, 2
nd

 node, 2
nd

 leaf, flag sheath, 1
st
 node, flag leaf, husk and 145 

unpolished grains. The sheath, node and leaves were taken from the main tiller, with the most 146 

recent leaf prior to the flag leaf designated 2
nd

 leaf. Root samples were washed thoroughly 147 

with tap water followed by deionised water and confirmed to be free of soil particles by 148 

examining the roots under a microscope (Leica MZ8, 10445932, 16×/14B, PLAN 1.0X). 149 

Samples were dried at 80°C for 5 days until a constant weight was achieved. All samples 150 

were mixed and subsampled prior to being ball-milled. The silicon content was determined 151 

by Flow Injection Analyser (FIA) after alkali digestion.  152 
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2.2 Genotypic differences in shoot silicon content of rice 153 

Seeds were obtained from the Rice Diversity Panel 1 (RDP1) (http://ricediversity.org/) (Ali et 154 

al., 2011; Eizenga et al., 2014). The classification of Zhao et al., (2011) was used for the sub-155 

population classification of rice accessions. In 2009 a total of 312 accessions were cultivated 156 

at the experimental site in Bangladesh. Seedlings were transplanted by hand in a single 2m 157 

row of 10 hills, each hill (one seedling) 20 cm apart and each row 20 cm apart in a 158 

randomised complete block design with four replicates of each accession. The experimental 159 

site was kept flooded until the grains were filled. Plant material from the central six plants 160 

was harvested and used for chemical analysis. Detailed information about the experimental 161 

site and experimental methods are described in Norton et al., (2012). For shoot silicon 162 

analysis, fifty accessions (10 accessions from each rice sub-population) were randomly 163 

selected based on the initial sub-population assignment using single sequence repeat (SSR) 164 

markers (Ali et al., 2011) (Supplementary Table 1). Subsequently, after selection and silicon 165 

analysis, these accessions have been assigned to sub-populations based on the 700K SNP data 166 

(McCouch et al., 2016), these sub-population assignments are used for classification of the 167 

accessions in this study. 168 

2.3 Analysis of rice shoot silicon by FIA 169 

Plant material and certified reference material (CRM) were prepared for silicon analysis as 170 

described by Carneiro et al., (2007). A total of 1.5 g shoot material from each sample was 171 

sub-sampled at random and powderised using a ball mill (Retsch, MM200, Germany). From 172 

the powderised plant material, a sub-sample of 20 mg was weighed into a 50 mL 173 

polyethylene centrifuge tube (CORNING
®

, NY). To digest the sample, 0.6 mL of hydrogen 174 

peroxide (H2O2, > 30% W/V, Fisher Scientific) and 1.5 mL of sodium hydroxide (NaOH, 175 

solutions 50%, Fluka) were added and the samples were then vortexed (mixed using a vortex 176 

mixer). The samples were heated for 1 hour at 90°C in a water bath, then vortexed again and 177 
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left overnight. The tubes were vortexed again after overnight extraction, then heated at 123°C 178 

under a pressure of 0.15 MPa for 1 h. Samples were kept at room temperature for 2 h then 179 

vortexed, followed by addition of 18.5 mL of ddH2O. Prior to analysis, samples were diluted 180 

1:5 with Milli-Q water. Silicon content was measured using an FIA spectrophotometer 181 

(Tecator FIAstar 5010) a wavelength of 410 nm (Carneiro et al., 2007; Norton et al., 2010a; 182 

Norton et al., 2010b).  183 

2.4 Analysis of rice shoot silicon by P-XRF 184 

A total of 1.5 g of dried shoot material for each rice accession was sub-sampled at random 185 

and powdered using a ball mill (Retsch, MM200, Germany). To perform the analysis of shoot 186 

silicon by P-XRF, 19 accessions were selected at random from the 50 accessions for which 187 

shoot silicon had been determined by FIA. For P-XRF analysis, 0.7 g of homogeneous 188 

powder sample was compressed into 13 mm diameter pellets using a manual hydraulic press 189 

with a 13mm die at a pressure of 10 tons (Specac, Orpington, United Kingdom). Shoot silicon 190 

content (% of silicon dry shoot weight) was measured using a commercial P-XRF instrument 191 

(Niton XL3t900 GOLDD analyzer: Thermo Scientific Winchester, UK), calibrated using Si-192 

spiked synthetic methyl cellulose and validated using Certified Reference Materials of NCS 193 

DC73349 ‘Bush branches and leaves’ obtained from the China National Analysis Center for 194 

Iron and Steel, as described in Reidinger et al., (2012). The mean value of samples for each 195 

accession was used for correlation analysis between P-XRF and FIA measurements. 196 

2.5 Relationship between silicon and arsenic content in rice 197 

The plant material used in this study was previously examined for grain arsenic content 198 

(Norton et al., 2012) which provided an opportunity to examine the relationship between 199 

shoot silicon and grain arsenic in rice. The relationship between shoot silicon (log 200 
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transformed) and grain arsenic (log transformed) was investigated for the 50 rice accessions 201 

based on accession means. 202 

2.6 Single Marker Analysis 203 

The accessions used in this study have been genotyped using a high-density SNP chip 204 

(McCouch et al., 2016). SNPs for the accessions were extracted using PLINK (Purcell et al., 205 

2007). SNPs were extracted from 10 kb upstream of the start codon to 10 kb downstream of 206 

the stop codon of the Lsi1, Lsi2, Lsi3, and Lsi6 loci. SNPs were excluded from the analysis if 207 

they were invariant or if minor alleles were present in less than 5% of the accessions. The 208 

RDP1 population has a high degree of stratification by rice sub-population (Zhao et al., 2011; 209 

McCouch et al., 2016). To overcome this stratification, sub-population assignment was used 210 

(based on the 700 K SNP data; McCouch et al., 2016) as a factor in a two-way ANOVA, with 211 

SNP base call as the other factor. The two-way ANOVA was used to determine if the 212 

phenotype for the accession was significantly different for each SNP tested. 213 

2.7 Sequence alignments 214 

Based on the result achieved from the single-marker analysis the sequence diversity of Lsi2 215 

and Lsi3 were investigated for 5 cultivars using BAM files produced after aligning sequence 216 

reads against Nipponbare version 7 reference genome. The genome sequences of the cultivars 217 

used in this study have been previously published (Kawahara et al., 2013; Cardoso et al., 218 

2014; Schatz et al., 2014). The accessions were from the following sub-populations; 2 indica 219 

accessions (IR64 and Bala), 1 aus accession (DJ123) and 2 tropical japonica accessions 220 

(Azucena and Nipponbare).The genomic DNA sequence was visualised using the IGV 221 

(https://www.broadinstitute.org/igv/) to identify the difference of genomic DNA sequence 222 

within Lsi2 and Lsi3 in 5 cultivars (Thorvaldsdóttir et al., 2013; Robinson et al., 2011). Using 223 
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Clustal Omega the DNA sequences of 5 cultivars were aligned for Lsi2 and Lsi3 separately 224 

and showed in supplementary figure 3 and 4 respectively (Sievers et al., 2011). 225 

2.8 Statistical analysis 226 

Statistical significance was set at P < 0.05 for all analyses, which were performed using 227 

Minitab 16. The normality of distribution and homogeneity of variance of the data were 228 

tested prior to one or two-way analysis of variance (ANOVA), as appropriate. Pearson 229 

correlation analysis was used to investigate the relationship between measurements of shoot 230 

silicon and grain arsenic.  231 
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3 Results 232 

3.1 Shoot silicon content in different organs of rice plants 233 

Flooding increased plant silicon content in the flag sheath, 1
st
 node, flag leaf and husk 234 

compared to plants grown under non-flooded conditions (Fig. 1). The content of silicon in 235 

grain and root tissues were significantly lower than any in other organs of plants grown under 236 

either condition. There was a significant difference (P < 0.001, F = 27.40, R2
 = 78.20%) of 237 

silicon content between different organs of the plant in non-flooded conditions: The highest 238 

mean content was in the husks (46.8 mg g
-1

), while the lowest was in the grain (3.5 mg g
-1

). 239 

For plants grown under flooded conditions: The highest silicon content was observed in the 240 

flag leaf (67.3 mg g
-1

) and the lowest was in the grains (4.4 mg g
-1

). 241 

3.2 Genotypic difference in shoot silicon content of rice 242 

Fifty diverse rice accessions were examined by FIA to determine the difference in shoot 243 

silicon content of rice. There was a significant genotypic difference in shoot silicon content 244 

among the 50 accessions, where genotype explained 55% of the variation (P < 0.001; F = 245 

5.80; R2 
= 55.30%; df = 49). The mean shoot silicon content of the 50 accessions was 28.1 246 

mg g
-1

, and the lowest mean shoot silicon was observed in Dhala Shita (16.5 mg g
-1

) The 247 

highest mean shoot silicon was observed in Bala (42.4 mg g
-1

) (Fig. 2). There was no 248 

significant difference for shoot silicon content of the 5-major rice sub-populations (Fig. 3).                     249 

Nineteen rice accessions were selected at random from the 50 accessions analysed by FIA, 250 

for measurement of shoot silicon content by P-XRF. The silicon content of four individual 251 

field grown replicates of each accession were measured separately by P-XRF and FIA and the 252 

mean value of each accession was used for correlation analysis. Using both methods, 253 

genotypic differences were observed between the accessions (P < 0.001; F = 9.90; df = 18 for 254 

P-XRF; P < 0.001; F = 7.30; df = 18 for FIA). Correlation analysis indicated that there was a 255 
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significant and large positive correlation between the two methods (r = 0.95; P < 0.001; df = 256 

18) (Fig 4).  257 

3.3 Correlation between shoot silicon and grain arsenic in rice 258 

No significant correlation was observed between mean shoot silicon and mean shoot arsenic 259 

for all of the 50 accessions (supplementary Figure 1), or for within each of the 5 sub-260 

populations. There was a weak negative correlation (r = -0.31; P = 0.028; df = 49) 261 

(supplementary Figure 2) between shoot silicon and grain arsenic content for all 50 262 

accessions. When correlation analysis was conducted separately for shoot silicon and grain 263 

arsenic on each of the sub-populations, significant negative correlations were found for the 264 

temperate japonica (r = -0.78; P = 0.007; df = 9) and tropical japonica (r = -0.84; P = 0.002; 265 

df = 9) accessions (Fig. 5). No significant correlations were observed for the other 3 major 266 

rice sub-populations (indica, aus and aromatic).  267 

3.4 Testing accessions with different alleles of SNPs around and within Lsi genes for 268 

variation in shoot silicon concentration    269 

A total of 10 SNPs from the SNP database are within 10 kb upstream and downstream of the 270 

Lsi2 gene (selected SNPs for the rice accessions are presented in supplementary Table 2). 271 

Shoot silicon concentration for accessions with the different alleles for two of these SNPs 272 

was significantly different. SNP-3.434426 is located 2551 bp before the start codon, and 273 

revealed a significant difference between the C and T polymorphism (P = 0.006), where the 274 

mean silicon content of accessions with the C allele was 29.3 mg g
-1

 while the mean silicon 275 

content of the accessions with the T allele was 23.1 mg g
-1

. SNP-3.438416 is located 6541 bp 276 

before the start codon and revealed a significant difference between the A and C 277 

polymorphism (P = 0.008), where the mean silicon content of the accessions with the A allele 278 

was 29.6 mg g
-1

 while the silicon content of the accessions with the G allele had a mean of 279 
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23.1 mg g
-1

. Both SNPs group the accessions in a similar way, the only difference was more 280 

missing SNP information for SNP-3.438416 (Fig. 6). 281 

A total of 20 SNPs from the SNP database are within 10 kb upstream and downstream of the 282 

Lsi3 gene (selected SNPs for the rice accessions are presented in supplementary Table 3). 283 

Shoot silicon concentration for accessions with the different alleles for one of these SNPs was 284 

significantly different. SNP- 10.21340470 is located 5299 bp prior to the start codon, and 285 

revealed a significant difference between the G and A polymorphism (P = 0.016), where the 286 

mean silicon content of accessions with the G allele was 28.4 mg g
-1

 while the mean silicon 287 

content of the accessions with the A allele was 35.6 mg g
-1

 (Fig. 6). 288 

There were 20 SNPs and 19 SNPs observed within 10 kb of Lsi1 and Lsi6 respectively. 289 

However, at each of these SNPs the different alleles were not significantly different for shoot 290 

silicon concentration. 291 

To explore further, the sequence alignments of Lsi2 and Lsi3 were performed using available 292 

high-quality genome sequences. The accessions used were Nipponbare, Azucena, IR64, Bala, 293 

and DJ123 which are from the tropical japonica, tropical japonica, indica, indica and aus 294 

rice subgroups respectively. From the sequence analyses of Lsi2 and Lsi3 a number of 295 

polymorphisms within the genes were identified. For Lsi2, there was a synonymous SNP 296 

substitution within the first exon, where DJ123 has “C” allele while the other 4 accessions 297 

have “T” allele (Supplementary Figure 3). For Lsi3, 4 SNPs were detected in exons and 6 298 

SNPs in introns (Supplementary Figure 4). There was only one non-synonymous SNP 299 

observed in the first exon of Lsi3 where DJ123 and Bala have “T” allele and other accessions 300 

have “A” allele. The available 3000 rice genome sequence data indicates that this 301 

polymorphism between “A” and “T” in Lsi3 is associated with the aus sub-population in rice 302 

where 15 accessions have “A” allele and 184 accessions have “T” allele (Alexandrov et al., 303 
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2015). This non-synonymous polymorphism between “A” and “T” in Lsi3 with the “T” allele 304 

is very rarely observed in indica and japonica subpopulations of rice in 3000 rice genome 305 

sequence data (Alexandrov et al., 2015). 306 

307 
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4 Discussion 308 

In this study, genotypic differences in shoot silicon content were identified from field grown 309 

rice cultivars. However, no differences in shoot silicon were observed across the 5 different 310 

sub-populations of rice. Additionally, SNPs detected in the accessions were significantly 311 

linked to known silicon transporter genes in rice, which indicates that these genes are 312 

potentially involved in natural variation of silicon accumulation in rice.  313 

Flooded conditions increased silicon content in the upper part of the plant (flag sheath, 1
st
 314 

node, flag leaf and husk) compared to the non-flooded conditions, which suggests that the 315 

uptake or translocation of shoot silicon into these plant organs might be controlled by 316 

different processes (compared to those determining silicon uptake in other tissues) which 317 

differ between aerobic and anaerobic conditions. It has been shown that silicon dissolution 318 

and bio-availability plays a significant role in the variation of silicon content in grasses 319 

(Quigley et al., 2017). Therefore, the difference in dissolved silicon in flooded and non-320 

flooded conditions might affect the accumulation of silicon in the rice plants used in this 321 

study. It was also notable that there was no significant difference in silicon content in 322 

different tissues between the internodes (e.g. flag leaf, 2
nd

 leaf) in non-flooded conditions but 323 

there was a significant difference between the silicon content of internodes under flooded 324 

conditions (Fig. 1). Previous studies have shown that transpiration is one of the most 325 

important factors responsible for higher silicification in plants and that transpirational flow is 326 

higher in anaerobic conditions than in aerobic ones (Mitani-Ueno et al., 2005; Kato and 327 

Okami, 2011; Kumar et al., 2017; McLarnon et al., 2017). Therefore, one potential 328 

explanation for increased silicon accumulation in the upper organs or developing organs of 329 

rice plants (e.g. flag sheath, 1
st
 node, flag leaf and husk) grown in flooded soils is a higher 330 

transpirational flow in these plants. Importantly, the data presented in figure 1 shows that 331 

tissue silicon content is reasonably evenly distributed across tissues with only that from 332 
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flooded plants in tissue associated with flowering and seed production significantly higher 333 

than the rest. Since this reproductive tissue was removed from the field samples used in this 334 

study we can be reassured that a mean value obtained from straw will be a good estimate of 335 

the tissue concentration of the majority of rice plant.  336 

Fifty accessions from 5 different sub-populations (10 accessions from each sub-population) 337 

were selected at random to examine the difference of shoot silicon content in rice and this 338 

revealed highly significant differences of shoot silicon content. A genotypic difference in 339 

shoot silicon content across a wide group of accessions has been observed previously (Deren, 340 

2001; Norton et al., 2010a). The 2.6-fold difference of shoot silicon content in this study is 341 

similar to the previous 2.2 fold range detected for genotypic differences of shoot silicon 342 

content in rice (Norton et al., 2010a). However, the maximum value observed in our study is 343 

slightly lower than that detected previously (42.4 mg g
-1

 in this study, 60 mg g
-1

 (Deren, 344 

2001), 61 mg g
-1

 (Norton et al., 2010a). 345 

The plant material used for determination of shoot silicon content in the 50 rice accessions 346 

was grown in flooded, irrigated conditions (Norton et al., 2012). Previous studies estimated 347 

that 27% - 44% of the silicon taken up by rice plants is supplied by irrigation, while the 348 

remaining percentage must be supplied by soil constituents (Desplanques et al., 2006; 349 

Klotzbücher et al., 2015). All the accessions tested in this study had a silicon content below 350 

50 mg g
-1

 which, according to Dobermann and Fairhurst (2000), is below the critical level of 351 

mineral deficiency for rice production. The low shoot silicon content (16.5 mg g
-1

 to 42.4 mg 352 

g
-1

) observed in this study may be due to removal of rice straw from the paddy field, which is 353 

common practice in Bangladesh, and has been shown to contribute to lower shoot silicon in 354 

the subsequent rice crop (Seyfferth et al., 2013). Future work should focus on linking the 355 

flooded and non-flooded pot based experiment and the removal of straw at the field scale to 356 
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establish the importance of water management and field management on silicon accumulation 357 

in field grown rice.  358 

Several studies have demonstrated that the Japonica sub-species of rice have higher shoot 359 

silicon than Indicas (Winslow, 1992; Winslow et al., 1997; Ma et al., 2007a). These studies 360 

may have been limited by the number of accessions that were screened. For example, Ma et 361 

al., (2007b) only screened two rice accessions to examine the genotypic difference in silicon 362 

uptake of rice. To improve the current understanding of silicon biology in rice, we 363 

investigated field grown shoot samples of 50 rice accessions across 5 sub-populations. Within 364 

the material tested in this study the data suggests that the natural variation observed in shoot 365 

silicon is not governed by genetic differences between rice sub-populations, but rather is 366 

largely due to the genetic differences within individual sub-groups.  367 

Data on more than 50 accessions would have opened the opportunity to conduct genome-368 

wide association (GWA) mapping where 200 accessions is considered a lower limit. 369 

However, the FIA colorimetric method for the determination of silicon in rice shoots proved 370 

not to be high throughput.   However, in addition to the FIA method, a sub-set of samples 371 

were also analysed by P-XRF. The two different methods were strongly correlated, but not 372 

perfectly, and indicated that values for silicon content in samples measured by FIA were 373 

slightly higher than those measured by P-XRF. The observation that both methods provide 374 

comparable results highlights the conclusion that P-XRF can be used for silicon analysis to 375 

detect and measure genotypic differences across populations, instead of the more laborious 376 

and time-consuming alkali digestion method. Furthermore, a second advantage of P-XRF is 377 

that it is a non-destructive method. This would make it much more suitable for future GWA 378 

mapping studies.  379 

The plant material used in this study was previously used to examine the variation of shoot 380 

and grain arsenic (Norton et al., 2012). The comparison of shoot silicon and grain arsenic in 381 
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this study is in agreement with previous studies where, in general, plants that had high shoot 382 

silicon also had lower grain arsenic (Seyfferth and Ferdorf, 2012; Norton et al., 2012; Norton 383 

et al., 2013). However, this study also adds more insight by taking into consideration the sub-384 

population structure of rice cultivars. The correlation between shoot silicon and grain arsenic 385 

was sub-population specific. A strong relationship in between shoot silicon and grain arsenic 386 

was observed in temperate japonica and a weaker one in tropical japonica, but was not 387 

observed in indica, aus or aromatic. This important observation suggests that the genetic 388 

regulation of arsenic content in rice grain is different in temperate and tropical japonicas 389 

compared to the other rice sub-populations, implying that the silicon-transport-linked 390 

pathway implicated for arsenic accumulation (Ma et al., 2007b; Norton et al., 2012) may be 391 

less relevant in the other sub-populations. 392 

The accessions used in the study have been genotyped using a 700K SNP chip (McCouch et 393 

al., 2016). Single-marker analysis was used to test the candidacy of the known transporters of 394 

silica in rice.  The study indicated that two SNPs within 10 kb of Lsi2 and one within 10 kb 395 

of Lsi3 were involved in contributing to the natural variation of shoot silicon accumulation in 396 

rice (Fig. 6). The Lsi2 gene has been shown to be pivotal for transport of silicon and 397 

inorganic arsenic in studies conducted with mutants and transgenic plants (Ma et al., 2006; 398 

Ma et al., 2007b; Yamaji et al., 2008; Mitani-Ueno et al., 2011; Yamaji et al., 2015). The 399 

identification of differences in shoot silicon and the link with three SNPs close to the genes 400 

further suggest that Lsi2 and Lsi3 are excellent candidate genes to explain the natural 401 

variation observed in shoot silicon content of rice. When looking at the sequencing variation 402 

of a number of diverse cultivars (which have been sequenced to a high depth) it is evident 403 

that there is only a small number of polymorphisms within the genes (Supplementary figures 404 

3 and 4). The highly conserved sequence for Lsi2 may be due to its importance function for 405 

silicon accumulation in rice. However, the accessions screened in this study are likely to have 406 
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greater sequence variation than the cultivars for which high quality sequence is available, and 407 

therefore there may be greater sequence variation for Lsi2 (and the other Lsi genes) than that 408 

is represented in the 5 accessions reported here. A focus for future study will be to expand 409 

sequence information to more accessions to more fully explore sequence variation associated 410 

with the polymorphic SNPs presented in figure 6. 411 

 412 

5 Conclusion 413 

This study has demonstrated strong genotypic differences in shoot silicon in a diverse 414 

collection of rice cultivars, showing that there is potential to breed rice with increased silicon 415 

content that could improve resistance to both biotic and abiotic stresses in rice, which would 416 

help to maintain crop yields. The identification of significant SNPs linked with the shoot 417 

silicon phenotype within 10 kb of known silicon transporters warrants further study to 418 

investigate the impact of different alleles of these genes on silicon and arsenic accumulation 419 

in rice. Furthermore, the XRF method of silicon determination could be applied to GWA 420 

mapping studies that might reveal further candidate genes for silicon content in rice.  421 

Page 20 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



21 

 

Acknowledgements: We acknowledge the financial support of School of Biological Sciences 422 

(SBS), University of Aberdeen (UoA) for the analysis of silicon using FIA. We also 423 

acknowledge the support provided by the SBS member of staffs (Annette Raffan, Michael 424 

Mcgibbon, and David Galloway) for the analysis of silicon using FIA.  425 

 426 

 427 

References 428 

Abedin, M. J., Cresser, M. S., Meharg, A. A., Feldmann, J., Cotter-Howells, J. (2002): 429 

Arsenic accumulation and metabolism in rice (Oryza sativa L.).  Environ. Sci. Technol. 36, 430 

962-968. 431 

 432 

Alexandrov, N., Tai, S., Wang, W., Mansueto, L., Palis, K., Fuentes, R. R., Ulat, V. J., 433 

Chebotarov, D., Zhang, G., Li, Z., Mauleon, R., Hamilton, R. S., McNally, K. L. 2015. SNP-434 

seek database of SNPs derived from 3000 rice genomes. Nucleic. Acids Res. 43, D1023-1027. 435 

 436 

Ali, M. L., McClung, A. M., Jia, M. H., Kimball, J. A., McCouch, S. R., Eizenga, G. C. (2011): 437 

A rice diversity panel evaluated for genetic and agro-morphological diversity between 438 

subpopulations and its geographic distribution. Crop Sci. 51, 2021–2035. 439 

 440 

Cardoso, C., Zhang, Y., Jamil, M., Hepworth, J., Charnikhova, T., Dimkpa, S. O. N., Meharg, 441 

C., Wright, M. H., Liu, J., Meng, X., Wang, Y., Li, J., McCouch, S. R., Leyser, O., Price, A. 442 

H., Bouwmeester, H. J., Ruyter-Spira, C. (2014): Natural Variation of rice strigolactone 443 

biosynthesis is associated with the deletion of two MAX1 orthologs. Proc. Natl. Acad. Sci. 444 

111, 2379-2384. 445 

 446 

Carey, A. M., Scheckel, G. K., Lombi, E., Newville, M., Choi, Y., Norton, G. J., Charnock, M. 447 

J., Feldmann, J., Price, A. H., Meharg, A. A. (2010): Grain Unloading of Arsenic Species in 448 

Rice. Plant Physiol. 152, 309-319. 449 

 450 

Carneiro, J. M. T., Rossete, A. L. R. M., Oliveira, G. S., Bendassolli, J. A. (2007): Versatile 451 

flow injection system for spectrophotometric determination of silicon in agronomic samples. 452 

Commun. Soil Sci. Plant Anal. 38, 1411-1423. 453 

 454 

Chang, T. T. (2003): Origin, domestication, and diversification. In: Smith CW, Dilday RH, 455 

eds. Rice: origin, history, technology, and production. New Jersey USA: J. Wiley and Sons, 456 

Inc. pp 3–25. 457 

 458 

Chen, W., Yao X., Cai K., Chen J. (2011): Silicon alleviates drought stress of rice plants by 459 

improving plant water status, photosynthesis and mineral nutrient absorption. Biol. Trace 460 

Elem. Res. 142, 67-76. 461 

Page 21 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



22 

 

 462 

Deren, C. W., Datnoff L. E., Snyder G. N. (1992): Variable silicon content of rice cultivars 463 

grown on Everglades histosols. J Plant Nutr. 15, 2363–2368. 464 

 465 

Deren, C. W. (2001) Plant genotype, silicon concentration, and silicon-related responses. In 466 

LE Datnoff, GH Snyder, GH Korndorfer, eds, Silicon in Agriculture. Elsevier Science, 467 

Amsterdam, pp 149–158. 468 

 469 

Desplanques, V., Cary, L., Mouret, J. C., Trolard, F., Bourrié, G., Grauby, O., Meunier, J. C. 470 

(2006): Silicon transfers in a rice field in Camargue (France). J. Geochem. Explor. 88, 190–471 

193. 472 

 473 

Detmann, C. K., Araújo, L. W., Martins, V. C. S., Sanglard, P. V. M. L., Reis, V. J., Detmann, 474 

E., Rodrigues, Á. F, Nunes-Nesi, A, Fernie, R. A, DaMatta, M. F. (2012): Silicon nutrition 475 

increases grain yield, which, in turn, exerts a feed-forward stimulation of photosynthetic rates 476 

via enhanced mesophyll conductance and alters primary metabolism in rice. New Phytol. 196, 477 

752–762. 478 

 479 

Dobermann, A., Fairhurst, T. H. (2000): Rice: nutrient disorders and nutrient management. 480 

International Rice Research Institute, Los Banos. 481 

 482 

Eizenga, G. C, Ali, M. L., Bryant, R. J., Yeater, K. M, McClung, A. M, McCouch, S. R. 483 

(2014): Registration of the ‘Rice Diversity Panel 1’ for genome-wide association studies. J. 484 

Plant Regist. 8, 109–116. 485 

 486 

Epstein, E. (1994): The anomaly of silicon in plant biology. Proc. Natl. Acad. Sci. 91, 11-17. 487 

 488 

Garris, A. J., Tai, T. H., Coburn, J., Kresovich, S., McCouch, S. R. (2005): Genetic structure 489 

and diversity in Oryza sativa L. Genetics 169, 1631–1638. 490 

 491 

Han, Y., Lei, W., Wen, L., Hou, M. (2015): Silicon-mediated resistance in a susceptible rice 492 

variety to the rice leaf folder, Cnaphalocrocis medinalis Guenée (Lepidoptera: Pyralidae). 493 

PLoS One 10, e0120557. 494 

 495 

Hansen, H. R., Raab, A., Price, A. H., Duan, G., Zhu, Y., Norton, G. J., Feldmann, J., 496 

Meharg, A. A. (2011): Identification of tetramethylarsonium in rice grain with elevated 497 

arsenic content. J. Environ. Monitor. 13, 32-34. 498 

 499 

Hibberd, J. M., Sheehy, J. E., Langdale, J. A. (2008): Using C4 photosynthesis to increase the 500 

yield of rice- rationale and feasibility. Curr. Opin. Plant Biol. 11, 228-231. 501 

 502 

Kawahara, Y., Bastide, M. de. la., Hamilton, J. P., Kanamori, H., McCombie, W. R., Ouyang, 503 

S., Schwartz, D. C., Tanaka, T., Wu, J., Zhou, S., Childs, K. L., Davidson, R. M., Lin, H., 504 

Quesada-Ocampo, L., Vaillancourt, B., Sakai, H., Lee, S. S., Kim, J., Numa, H., Itoh, T., 505 

Buell, C. R., Matsumoto, T. (2013): Improvement of the Oryza sativa Nipponbare reference 506 

genome using next generation sequence and optical map data. Rice 6, 4. 507 

 508 

Kato, Y., Okami, M. (2011): Root morphology, hydraulic conductivity and plant water 509 

relations of high-yielding rice grown under aerobic conditions. Ann. Bot. 108, 575-583. 510 

 511 

Page 22 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



23 

 

Klotzbücher, T., Leuther, F., Marxen, A., Vetterlein, D., Horgan, F. G., Jahn, R. (2015): 512 

Forms and fluxes of potential plant-available silicon in irrigated lowland rice production 513 

(Laguna, the Philippines). Plant Soil 393, 177-191. 514 

 515 

Kumar, S., Soukup, M., Elbaum, R. (2017): Silicification in Grasses: Variation between 516 

Different Cell Types. Front. Plant Sci. 8, 438. 517 

 518 

Li, R. Y., Stroud, J. L., Ma, J. F., McGrath, S. P., Zhao, F. J. (2009): Mitigation of arsenic 519 

accumulation in rice with water management and silicon fertilization. Environ. Sci. Technol. 520 

43, 3778-3783. 521 

 522 

Ma, J. F., Takahashi, E. (2002): Soil, fertilizer, and plant silicon research in Japan. Elsevier, 523 

Amsterdam. 524 

 525 

Ma, J. F., Tamai, K., Yamaji, N., Mitani-Ueno, N., Konishi, S., Katsuhara, M., Ishiguro, M., 526 

Murata, Y., Yano, M. (2006): A silicon transporter in rice. Nature 440, 688-691. 527 

 528 

Ma, J. F., Yamaji, N., Tamai, K., Mitani-Ueno, N. (2007a): Genotypic Difference in Silicon 529 

Uptake and Expression of Silicon Transporter Genes in Rice. Plant Physiol. 145, 919-924. 530 

 531 

Ma, J. F., Yamaji, N., Mitani-Ueno, N., Tamai, K., Konishi, S., Fujiwara, T., Katsuhara, M., 532 

Yano, M. (2007b): An efflux transporter of silicon in rice. Nature 448, 209-212. 533 

 534 

Ma, J. F., Yamaji, N., Mitani-Ueno, N., Xu, X. Y., Su, Y. H., McGrath, S. P., Zhao, F. J. 535 

(2008): Transporters of arsenite in rice and their role in arsenic accumulation in rice grain. 536 

Proc. Natl. Acad. Sci.  105, 9931−9935. 537 

 538 

McCouch, S. R., Wright, M. H., Tung, C-W., Maron, L. G., McNally, K. L., Fitzgerald, M., 539 

Singh, N., DeClerck, G., Agosto-Perez, F., Korniliev, P., Greenberg, A. J., Naredo, M. E. B., 540 

Mercado, S. M. Q., Harrington, S. E., Shi. Y., Branchini, D. A., Kuser-Falcão, P. R., Leung, 541 

H., Ebana, K., Yano, M., Eizenga, G., McClung, A., Mezey, J. (2016): Open access resources 542 

for genome-wide association mapping in rice. Nat. Commun. 7, 10532. 543 

 544 

McLarnon, E., McQueen-Mason, S., Lenk, I., Hartley, S. E. (2017): Evidence for Active 545 

Uptake and deposition of Si-based Defenses in Tall Fescue. Front. Plant Sci. 8, 1199.  546 

 547 

Meharg, C., Meharg, A. A., (2015): Silicon, the silver bullet for mitigating biotic and abiotic 548 

stress, and improving grain quality, in rice? Environ. Exper. Bot. 120, 8-17.  549 

 550 

Mitani-Ueno, N., Ma, J. F., Iwashita, T. (2005): Identification of the silicon form in xylem 551 

sap of rice (Oryza sativa L.). Plant Cell Physiol. 46, 279–283. 552 

 553 

Mitani-Ueno, N., Yamaji, N., Zhao, F. J., Ma, J. F. (2011): The aromatic/arginine selectivity 554 

filter of NIP aquaporins plays a critical role in substrate selectivity for silicon, boron, and 555 

arsenic. J. Exp. Bot. 62, 4391-4398. 556 

 557 

Norton G. J., Deacon, C. M., Xiong, L., Huang, S., Meharg, A. A., Price, A. H. (2010a): 558 

Genetic mapping of the rice ionome in leaves and grain: Identification of QTLs for 17 559 

elements including arsenic, cadmium, iron and selenium. Plant Soil 329, 139-153 560 

 561 

Page 23 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



24 

 

Norton, G. J., Islam, M. R., Duan, G., Lei, M., Zhu, Y. G., Deacon, C. M., Moran, A. C., 562 

Islam, S., Zhao, F. J., Stroud, J. L., McGrath, S. P., Feldmann, J., Price, A. H., Meharg, A. A. 563 

(2010b) Arsenic shoot-grain relationships in field grown rice cultivars. Environ. Sci. Technol. 564 

44,1471-1477. 565 

 566 

Norton, G. J., Pinson, S. R., Alexander, J., Mckay, S., Hansen, H., Duan, G. L., Islam, M. R., 567 

Islam, S., Stroud, J. L., Zhao, F. J., McGrath, S. P., Zhu, Y. G., Lahner, B., Yakubova, E., 568 

Guerinot, M. L., Tarpley, L., Eizenga, G. C., Salt, D. E., Meharg, A. A., Price, A. H. (2012): 569 

Variation in grain arsenic assessed in a diverse panel of rice (Oryza sativa) grown in multiple 570 

sites. New Phytol. 193, 650–664.  571 

 572 

Norton, G. J., Adomako, E. E., Deacon, C. M., Carey, A. M., Price A. H., Meharg, A. A. 573 

(2013): Effect of organic matter amendment, arsenic amendment and water management 574 

regime on rice grain arsenic species. Environ. Pollut. 177, 38-47. 575 

 576 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., Maller, J., 577 

Sklar, P., de Bakker, PIW, Daly, M. J., Sham, P. C. (2007): PLINK: a toolset for whole-578 

genome association and population-based linkage analysis. Am J. Hum Genet. 81, 559-575. 579 

 580 

Quigley, K. M., Donati, G. L., Anderson, T. M. (2017): Variation in the soil “silicon 581 

landscape” explains plant silica accumulation across environmental gradients in Serengeti. 582 

Plant Soil 410, 217-229. 583 

 584 

Reidinger, S., Ramsey, M. H., Hartley, S. E. (2012): Rapid and accurate analyses of silicon 585 

and phosphorus in plants using a portable X-ray fluorescence spectrometer. New Phytol. 195, 586 

699–706. 587 

 588 

Robinson, J. T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., Lander, E. S., Getz, G., 589 

Mesirov, J. P. (2011): Integrative genome viewer. Nature Biotechnol. 29, 24-26. 590 

 591 

Schatz, M. C., Maron, L. G., Stein, J. C., Wences A. H., Gurtowski, J., Biggers, E., Lee, H., 592 

Kramer, M., Antoniou, E., Ghiban, E., Wright, M. H., Chia, J. M., Ware, D., McCouch, S. R., 593 

McCombie, W. R. (2014): Whole genome de novo assemblies of three divergent strains of 594 

rice, Oryza sativa, document novel gene space of aus and indica. Genome Biol. 15, 506. 595 

 596 

Seyfferth, A. L., Ferdorf, S. (2012): Silicate Mineral Impacts on the Uptake and Storage of 597 

Arsenic and Plant Nutrients in Rice (Oryza sativa L.). Environ. Sci. Technol. 46, 13176-598 

13183. 599 

 600 

Seyfferth, A. L., Kocar, B. D., Lee, J. A., Fendorf, S. (2013): Seasonal dynamics of dissolved 601 

silicon in a rice cropping system after straw incorporation. Geochim. Cosmochim. Acta. 123, 602 

120–133. 603 

 604 

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., Lopez, R., McWilliam, 605 

H., Rommert, M., Söding, J., Thompson, J. D., Higgins, D. G. (2011): Fast, scalable 606 

generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. 607 

Syst. Biol. 7, 539. 608 

 609 

Page 24 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



25 

 

Takahashi, E., Hino, K. (1978): Silica uptake by plant with special reference to the forms of 610 

dissolved silica. Journal of the Science of Soil and Manure, Japan 49, 357–360. 611 

Thorvaldsdóttir, H., Robinson, J. T., Mesirov, J. P. (2013): Integrative Genomics Viewer 612 

(IGV): high-performance genomics data visualisation and exploration. Brief. in Bioinform. 613 

14, 178-192. 614 

 615 

Williams, P. N., Price, A. H., Raab, A., Hossain, S. A., Feldmann, J., Meharg, A. A. (2005): 616 

Variation in arsenic speciation and concentration in paddy rice related to dietary exposure. 617 

Environ. Sci. Technol. 39, 5531-5540. 618 

 619 

Winslow, M. D. (1992): Silicon, disease resistance, and yield of rice genotypes under upland 620 

cultural conditions. Crop Sci. 32, 1208–1213. 621 

 622 

Winslow, M. D., Okada, K., Correa-Victoria, F. (1997): Silicon deficiency and the adaptation 623 

of tropical rice ecotypes. Plant Soil 188, 239–248. 624 

 625 

Xu, X. Y., McGrath, S. P., Meharg, A. A., Zhao, F. J. (2008): Growing rice aerobically 626 

markedly decreases arsenic accumulation. Environ. Sci. Technol. 42, 5574–5579. 627 

 628 

Yamaji, N., Mitani-Ueno, N., Ma, J. F., (2008): A Transporter Regulating Silicon Distribution 629 

in Rice Shoots. Plant Cell 20, 1381-1389. 630 

 631 

Yamaji, N., Sakurai, G., Mitani-Ueno, N., Ma, J. F. (2015): Orchestration of three 632 

transporters and distinct vascular structures in node for intervascular transfer of silicon in 633 

rice. Proc. Natl. Acad. Sci. 112, 11401-11406. 634 

 635 

Yoshida, S., Forno, D. A., Lock, J. H., Gomez, K. A. (1976): Laboratory manual for the 636 

physiological studies of Rice. Manila: The International Rice Research Institute. 61-66. 637 

 638 

Zhao, F. J., Ago, Y., Mitani-Ueno, N., Li, R. Y., Su, Y. H., Yamaji, N., McGrath, S. P., Ma, J. 639 

F. (2010): The role of the rice aquaporin Lsi1 in arsenite efflux from roots. New Phytol. 186, 640 

392–399. 641 

 642 

Zhao, K., Tung, C. W., Eizenga, G. C., Wright, M. H., Ali, M. L., Price, A. H., Norton, G. J., 643 

Islam, M. R., Reynolds, A., Mezey, J., McClung, A. M., Bustamante, C. D., McCouch, S. R. 644 

(2011): Genome-wide association mapping reveals a rich genetic architecture of complex 645 

traits in Oryza sativa. Nat. Commun. 2:467.  646 

Page 25 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



26 

 

Figure 1: Silicon in different organs of rice (bars are the mean of four replicates and error 647 

bars represent standard error of the mean). Letters above the columns (upper-case = anaerobic 648 

and lower case = aerobic) indicate statistically significant differences in silicon content of 649 

different plant organs using Tukey’s test in two conditions. *denotes a significant difference 650 

between the two treatments for that plant organ. 651 

 652 

Figure 2: Mean shoot silicon (mg g
-1

) of 50 rice accessions determined by FIA. Different 653 

symbols refer to the accessions belonging to the different sub-populations; circle = aus, 654 

square = indica, cross = aromatic, triangle = tropical japonica, upside down triangle = 655 

temperate japonica. Error bars indicate the standard error of the mean (n = 4). 656 

Figure 3: Shoot silicon (mg g
-1

) content of 50 accessions in 5 different sub-populations of 657 

rice. ARO = aromatic, AUS = aus, IND = indica, TEJ = temperate japonica and TRJ = 658 

tropical japonica. The edges of each box show the upper and lower quantile and the bold line 659 

in the box shows the median value and the dotted line the mean value. The whiskers are the 660 

10
th

 and 90
th

 percentiles. 661 

Figure 4: Correlation of mean shoot silicon in 19 rice accessions determined by FIA and P-662 

XRF. Error bars indicate the standard error of the mean (n = 4). Dotted line is the 1:1 line. 663 

Figure 5: Correlation between shoot silicon (mg g
-1

) and grain arsenic (µg kg
-1

) in ARO= 664 

aromatic, AUS = aus, IND = indica, TEJ = temperate japonica and TRJ = tropical japonica 665 

subpopulations. 666 

Figure 6: Variation in shoot silicon (mg g
-1

) between different SNPs within 10 kb of Lsi2 and 667 

Lsi3 668 

 669 

 670 

 671 

 672 

 673 

Page 26 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



27 

 

 674 

Figure 1  675 

Page 27 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



2
8

 

  
6

7
6

 

 
6

7
7

 

 
6

7
8

 

F
ig

u
r
e 2

 
 

6
7

9
 

G
e

n
o

ty
p

e
s

DHALA SHAITTA
DAM

DULAR
LD 24

AZUCENA
BASMATI 217
DAWEBYAN
DJIMORON

N12
DOURADO AGULHA

TA MAO TSAO
NIRA

BYAKKOKU Y 5006 SELN
GHARIB

ARC 10177
KITRANA 508
KHAO GAEW

PAUNG MALAUNG
DZ78

PADI KASALLE
NPE 844

TCHAMPA
GHATI KAMMA  NANGARHAR

CA 902 B 2 1
SAB INI
FIROOZ

SADRI BELYI
MING HUI

MIRITI
BLACK GORA

P 737
KU115

KOSHIHIKARI
RAZZA 77

IR 36
MARATELLI
DOM ZARD

TAICHUNG NATIVE 1
GERDEH

LUSITANO
ARC 10352

TOPLOEA 70 76
BICO BRANCO

KON SUITO
KALUBALA VEE

AZERBAIDJANICA
LEMONT

MOROBEREKAN
NORIN 20

BALA

Shoot silicon content (mg g
-1
)

1
0

1
5

2
0

2
5

3
0

3
5

4
0

4
5

5
0

P
a

g
e

 2
8

 o
f 4

6

W
ile

y
-V

C
H

Jo
u

rn
a

l o
f P

la
n

t N
u

tritio
n

 a
n

d
 S

o
il S

cie
n

ce

1234567891
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7

2
8

2
9

3
0

3
1

3
2

3
3

3
4

3
5

3
6

3
7

3
8

3
9

4
0

4
1

4
2

4
3

4
4

4
5

4
6

4
7

4
8

4
9

5
0

5
1

5
2

5
3

5
4

5
5

5
6

5
7

5
8

5
9

6
0



29 

 

 680 

                           681 

Figure 3 682 

  683 

ARO AUS IND TEJ TRJ

S
h

o
o

t 
s
ili

c
o
n

 c
o
n

te
n
t 

(m
g
 g

-1
)

0

10

20

30

40

50

Rice subpopulation

Page 29 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



30 

 

 684 

Figure 4  685 

Shoot silicon content measured by FIA (mg g
-1

)

20 30 40 50

S
h

o
o

t 
s
ili

c
o
n

 c
o
n

te
n
t 

d
e
te

rm
in

e
d
 b

y
 X

R
F

 (
m

g
 g

-1
)

20

30

40

50

Page 30 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



31 

 

 686 

Figure 5 687 

  688 

Page 31 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



32 

 

 689 

SNP 3.434426

C (40) T (6)

S
h

o
o

t 
si

li
c
o

n
 (

m
g

 g
-1

)

0

10

20

30

40

50

SNP 3.438416

A (37) C (6)

S
h

o
o

t 
si

li
c
o

n
 (

m
g

 g
-1

)

0

10

20

30

40

50

Lsi2 Lsi2

SNP 10.21340470

A (3) G (33)

S
h

o
o

t 
si

li
c
o

n
 (

m
g

 g
-1

)

0

10

20

30

40

50

Lsi3

P = 0.006 P = 0.008

P = 0.016

690 

 691 

Figure 6 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

Page 32 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



33 

 

  705 

Page 33 of 46

Wiley-VCH

Journal of Plant Nutrition and Soil Science

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



34 

 

Supplementary Table 1: Selected genotype from RDP1 for shoot silicon analysis 706 

Supplementary Table 2: SNPs with 10 kb (upstream and downstream) of Lsi2. SNPs data 707 

taken from the High-density rice array (HDRA, 700k SNPs data) available at 708 

http://ricediversity.org/data/index.cfm. After each SNP name (in brackets) is the location of 709 

that SNP aligned to the Rice Genome Annotation Project – release 7 sequence available at 710 

http://rice.plantbiology.msu.edu/ 711 

Supplementary Table 3: SNPs with 10 kb (upstream and downstream) of Lsi3. SNPs data 712 

taken from the High-density rice array (HDRA, 700k SNPs data) available at 713 

http://ricediversity.org/data/index.cfm. After each SNP name (in brackets) is the location of 714 

that SNP aligned to the Rice Genome Annotation Project – release 7 sequence available at 715 

http://rice.plantbiology.msu.edu/ 716 
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�������� Genomic sequence alignment of ����. Regions highlighted in bold 

are predicted exon regions based on the Rice Genome Annotation Project – release 7 

sequence available at http://rice.plantbiology.msu.edu/.  
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�������� Genomic sequence alignment of ����. Regions highlighted in bold 

are predicted exon regions based on the Rice Genome Annotation Project – release 7 

sequence available at http://rice.plantbiology.msu.edu/.  
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