Studies on the Increase in Arsenic Concentration in
Brown Rice Due to High Temperatures During the
Ripening Period and Countermeasures for
Reducing the Arsenic Concentration by Applying
Soil Modifiers

(BB OERIZLAZAEZRED FH S
NIZHE A~ O B B &M it H 12 K 5 Z ORIk
RIZEH9 HHF9T)

PROTIMA DHAR
2021



Dedication

I dedicate this thesis to my husband and my children

for their love and support through all whose owes can
never be fulfilled. I also dedicate it to my parents and
my siblings who have always supported me with their

prayers, love, and encouragement.



Acknowledgement

First of all praises are due to the Almighty God and thank that without blessing whom I could never for
enabling the researcher to complete the doctoral thesis for the degree of Doctor of Philosophy.

To my worshipper Dr. Shingo Matsumoto, Professor of Soil Science, Shimane University, Shimane, Japan, I
would like to express my heartfelt gratitude, continuously burdening, and passionate sense of reverence for his
constant and everlasting leadership, outstanding encouragement, useful suggestion, warm guidance, motivation
tremendous aid with throat, and immense help throughout in my study period and preparing the thesis and

publications.

I would like highly profound sense of gratitude and indebtedness to the co-supervisor Dr. Kazuhiro Kobayashi,
Department of Agriculture and Forest Science, Shimane University, Shimane, Japan or his erudite guidance,
superior and technical suggestions, keen interest and whole hearted cooperation in my exhaustive anointment

study period.

Many thanks go to Dr. Junko Kasuga, Researcher, Department of Soil Science, Shimane University, Shimane,
Japan of for her best contribution to my publications. Overall all, I would like to thank her for facilitating the
analysis of the rice samples for my PhD project and taught me technically and Reenly analysis of the new

projects.

I would like to my best acknowledge gratefulness to Dr. FumihikoAdachi, and Dr. Kazuhiro Uite,
Department of Agriculture and Forest Science, Shimane University, Shimane, Japan for their high
appreciation, expertise in laboratory and field experiment, nice cooperation in the setup of the experiment, and
cordial supporting in soil samples of temperature data collection which assisting and training to me in my

whole study period for completing PhD program.

Special thanks are also due to Dr. Ikuko Akahane, Institute for Agro-Environmental Science, National
Agriculture and Food Research Organization, Tsukuba, Japan, and Dr. Tomohito Arao, National Agriculture
and Food Research Organization, for their good and nice cooperation, hearty affectionate, and assistance

during the deputation period.

I would liRe sincere gratefulness, best regards, and gratitude to my parents, brother, sisters’ who inspiring and

suggesting to successfully continuing in my higher study leading to PhD Degree.

Finally, I want to appreciate my beloved husband and children's unwavering help for their invaluable

assistance in achieving research in a good time.

2



Table of Contents

Dedication
Acknowledgement
List of Tables
List of Figures
List of Abbreviations
Chapter 1 Introduction
1. General
2. Arsenic Uptake by rice plants
2.1. Uptake of inorganic arsenic species
2.2. Uptake of organic arsenic species
3. Translocation of As
3.1. Translocation of inorganic As from root to shoot
3.2. Translocation of organic As from root to shoot
3.3. Translocation of organic As to grain
4. Arsenic accumulation in rice grain
5. Global warming affects the concentration in rice grain
6. The techniques of reduction of the arsenic in rice
6.1. Cooking method as a form of arsenic mitigation in rice
6.2. Water management to reduce As concentration in rice grain
6.3. Used low As cultivar to reduce As accumulation in rice grain
6.4. Mitigation methods to use materials application to reduce As accumulation in
rice grain
7. Aims and objectives
Chapter 2 (Effect of High Temperature during the Ripening Period on the Arsenic

Accumulation in Rice Grain Grown on Uncontaminated Soil with Relatively Low Level of

Arsenic)
Abstract
1. Introduction
2. Materials and Methods
2.1. Rice cultivation
2.2. High-temperature treatment during the ripening period
2.3. Soil solution sampling
2.4. Plant sampling
2.5. The determination of As in brown rice and the soil solution
2.6. Statistical analyses
3. Results
3.1. Temperature differences between the control, HTT-1, and HTT-2 in the TGCs
during the ripening period
3.2. The effects of high temperature on the total As concentration in soil solution
during the ripening period
3.3. The effects of high temperature on the brown rice yield and yield components
3.4. The effects of high temperature on the As concentration and As species in the
brown rice
4. Discussion

28
38

39
40
44
44
44
45
45
46
47
50
50

52

52
53

61



4.1. The relationship between temperature and the dissolution of As in soil
4.2. The decrease in the rice yield due to high temperature and yield components
4.3. The effect of high temperature on the As concentration in the brown rice
4.4. The risk of human As intake from rice cultivated under high temperature
Chapter 3 (The Increase in the Arsenic Concentration in Brown Rice Due to High
Temperature during the Ripening Period and Its Reduction by Silicate Material
Treatment
Abstract
1. Introduction
2. Materials and Methods
2.1. Soil Preparation, Si Material Treatment and Rice Cultivation
2.2. High-Temperature Treatment during the Ripening Period
2.3. Plant Sampling
2.4. Chemical Analyses of the As and Speciation in the Plant tissues
2.5. Statistical Analyses
3. Results
3.1. Temperature Differences between the Ambient, Mildly-High, Moderately-High,
and Super-High Treatments in the TGCs during the Ripening Period
3.2. Effects of Temperature during Ripening Period and Si Application on the
Biomass Production and Brown Rice Yield
3.3. Effects of Temperature during the Ripening Period and the Si Application on
the As Concentration and As Speciation in Brown Rice
4. Discussion
Chapter 4 (Increased Arsenic Concentration in Brown Rice due to insufficient dilution
effect under High Temperatures During the Ripening Period and Reduced by the
Application of Converted Furnace Slag)
Abstract
1. Introduction
2. Materials and Methods
2.1. Soil Preparation, Application of converted furnace slug, Plant materials and Rice
cultivation
2.2. High-Temperature Treatment
2.3. Collecting Plant Samples for chemical analysis and measurement
2.4. Chemical Analyses of the As, As speciation and Carbon in the Plant Tissues
2.5. Statistical Analyses
3. Results
3.1. Temperature Differences between the Ambient, Mildy-High, Moderately High,
and Super-High Treatments in the TGC During the Ripening Period
3.2. Yield and yield components
3.3. Dry matter weight by parts in rice plant
3.4. Concentration of As in brown rice
3.5. Concentration of total As and carbon in each parts of rice straw
3.6. Accumulation of total arsenic and carbon in each parts of rice plant
3.7. Distribution of As and carbon in each parts of rice plant
3.8. Changes in the distribution ratio of As and carbon in rice plant
4. Discussion

61
63
64
65
67

68
69
72
72
73
73
74
75
78
78

79

80

90
97

98

100
101
102

103
104
104
105
108
108

109
110
111
111
112
113
115
140



4.1. Increase in arsenic concentration in brown rice due to high temperature and the
reduction effect of converted furnace slag application
4.2. Mechanism of increase in brown rice arsenic concentration due to high
temperature
4.3. Decrease in yield due to high temperature and dry matter weight by parts of rice
plant
4.4. Effect of high temperature to As/carbon distribution ratio each part of the rice
Chapter 5 Conclusions and Recommendations
1. Conclusions
2. Recommendations
References
Summary
WE

List of publications

140

141

144

145
148
148
151
153
174
179
182



List of Tables

Page
Table 1.1. Different sources of Arsenic in the environment 30
Table 2.1. Average air and soil temperature during ripening period 57

Table 2.2. Effect of the temperature and sampling date on the concentrations of Asin soil 58
solution

Table 2.3. Effect of the temperature on brown rice yield and yield components 59
Table 2.4. Effect of the temperature during ripening period on the concentrations of As 60
species in brown rice at harvest

Table 3.1. Average air and soil temperature during ripening period 83

Table 3.2. Effect of the temperature and Si application on the dry matter production and 85
brown rice yield

Table 3.3. Effects of the temperature treatment during the ripening period and Si 87
application on the As concentrations in brown rice

Table 3.S1. Dry matter and brown rice yield in the present study 88
Table 3.52. Concentrations of As species in brown rice in the present study 89
Table 4.1. Average air and soil temperature during ripening period 118
Table 4.2. Temperature effect on yield and yield component 119
Table 4.3. Temperature effect on dry matter weight by parts in rice plant 120
Table 4.4. Concentration of As in brown rice 121
Table 4.5. Concentration of total As in the each part of rice straw 122
Table 4.6. Concentration of carbon in the each parts of rice plant 123
Table 4.7. Accumulation of total As in each parts of rice plant 124
Table 4.8. Accumulation of carbon in each parts of rice plant 125
Table 4.9. The indexes of the distribution of As and carbon in each high temperature 128
treatment when the ambient was set at 100

Table 4.10. Effect of temperature and CFS application on the As/carbon ratio of the 130
distribution ration in the parts of rice plant

Table 4.S1. Temperature effect on yield and yield components 133
Table 4.S2. Temperature effect on dry matter weight by parts in rice plant 134
Table 4.S3. Concentration of As in brown rice 135
Table 4.54. Concentration of total As in the each part of rice straw 136
Table 4.S5. Concentration of carbon in the each parts of rice plant 137
Table 4.S6. Accumulation of total As in each parts of rice plant 138
Table 4.S7. Accumulation of carbon in each parts of rice plant 139



List of Figures

Figure 1.1. Arsenic species are found in soil, water, and plants

Figure 1.2. Arsenic contamination sites in the world

Figure 1.3. Arsenic affects the human health

Figure 1.4. The mechanism of arsenic on arsenic contaminated paddy soils

Figure 1.5. Arsenic availability on root surface and arsenic uptake by root

Figure 1.6. Arsenic (As) and As species translocation mechanism from root to shoot
Figure 1.7. Arsenic translocation pathways from root to grain in rice

Figure 2.1. Three Temperature Gradient Chamber (TGCs) used for high-temperature
treatment during the ripening period

Figure 2.2. Schematic inside of TGC

Figure 2.3. Changes in average daily air mean temperature (a), daily air maximum
temperature (b), and daily air minimum temperature (c) during the ripening period
Figure 2.4. Changes in average daily soil mean temperature (a), daily soil maximum
temperature (b), and daily soil minimum temperature (c) during the ripening period
Figure 2.5. Changes in the concentration of total As in soil solution during the ripening
period

Figure 3.1. Three temperature gradient chambers (TGCs) used for high-temperature
treatment during the ripening period

Figure 3.2. Schematic inside of TGC

Figure 3.3. Changes in average daily mean air temperature (a), daily maximum air
temperature (b), and daily minimum air temperature (c) during the period

Figure 3.4. Changes in average daily mean soil temperature (a), daily maximum soil
temperature (b), and daily minimum soil temperature (c) during the ripening period.
Figure 3.5. Relationships between air and soil temperature during the ripening period and
the concentrations of arsenic species in brown rice

Figure 4.1. temperature gradient chambers (TGCs) used for high-temperature treatment
during the ripening period

Figure 4.2. Schematic diagram of each part of rice divided for analysis

Figure 4.3. Changes in average daily mean air temperature (A), day-time mean air
temperature (B), night-time mean air temperature (C), daily maximum air temperature (D),
and daily minimum air temperature (E) during the ripening period

Figure 4.4. Effects of temperature in the ripening period (A) and application of CFS (B) in
a distribution ratio of As in rice plant.

Figure 4.5. Effects of temperature in the ripening period (A) and application of CFS (B) in
a distribution ratio of carbon in rice plant

Figure 5.6. Relationship between the concentration of total As (A), inorganic As (B) and
DMA (C) in brown rice and the distribution rate of carbon in brown rice

Figure 4.7. Relationship between the concentration of total As (A), inorganic As (B) and
DMA (C) in brown rice and the As/Carbon ration of distribution ratio to brown rice
Figure 4.8. Relationship between As/Carbon ratio of the distribution ratio to brown rice
and average of day-time mean temperature (A)and maximum temperature (B) during the
ripening period

Page
31
32
33
34
35
36
37
48

49
54

55
56
76

77
82

84

86

106
107
117
126
127
129
131

132



List of Abbreviations

As (III) Arsenite

As (V) Arsenate

DMPS 2-3-dimercapto-1-propanesulfonate

ICP-MS Inductively Coupled Plasma Mass Spectrometry
HPLC/ICP-MS High Performance Liquid Chromatography
HCL Hydrochloride Acid

HNO:s Nitric Acid

MAFF Ministry of Agriculture, Forestry and Fisheries
CRM Certified by the Reference Material

HTT High Temperature Treatment



Chapter 1

Introduction

This chapter provides an overview of the arsenic contamination in rice grain.
Recently, studies also focused that due to the high temperature, iAs increases in rice grain
and the importance of rice in the agriculture of world. This chapter also presents an
estimate of the mass of arsenic abstracted with high temperature effect to decrease the

rice grain yield and risk for rice market.



1. General

Arsenic, regarded as a colorless, heavy toxic, and odorless mobile element metals
and founds everywhere at trace levels in nature (Lombi et al., 2002). It is naturally
occurring as a metalloid in the form of inorganic or chemical compounds (Molgora et al.,
2013; Harisha et al., 2009). Although, it exists in two different chemical types according
to the base of physical, chemical, and toxicology properties: organic and inorganic. When
arsenic combines with chemical elements, including oxygen, chlorine, and sulfur, it’s
called inorganic arsenic (iAs). On other hand, when a combination of arsenic with carbon
and hydrogen, in that time it's called organic arsenic. There are some many arsenic
species are found in air, soil, and water (Figure 1.1). Besides, it arsenic changes structure,
behavior, and chemical bonds with various species by attaching or detaching in the air,
water, or soil. Even, by binding to micro pieces in the air, it can move freely for many
days in nature (Mandal et al., 2002). More than 99 % of the As in the world is found in
rocks, mainly in silicate minerals, where As substitutes Al, Fe, and Si (Bhumbla and
Keefer, 1994), and sulfur commonly associates with As (Duker et al., 2005). Olson et al.
(2014) reported that arsenite (trivalent) and arsenate (pentavalent) are the major types of
inorganic arsenic that existing in the environment (water, soil, and foods). According to
the chemical analysis of arsenic forms evidences that comparison on inorganic arsenic
compounds are generally toxic and harmful than organic arsenic forms in which chemical
compounds are not quickly eliminated in the human body. Some of the arsenic forms
such as MMA and DMA are recognized as organic arsenic, these can be reformed in iAs.
In some cases, DMA has the presence as iAs forms in human urine at the high levels,
while DMA also exits in food as organic forms (Horner and Beauchemin, 2013; Wei et al.,
2014). Its presence as exceeding the normal level in food composites could be a potential
risk to the health of both humans and animals (Al Rmalli et al., 2005, Rintala et al., 2014,
Zhao et al., 2010a)
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Arsenic (As) is a heavy toxic metalloid, remarked as ubiquitous in the environment
and considerable global groundwater contaminate in the environment. Now it is
presenting as an international issue (Brammer et al., 2008). Arsenic is found not only in
the ground and contaminated drinking water but also found in rice, meat, fruits,
vegetables, etc that may lead to human arsenic toxicity by excessive exposure to arsenic.
Agricultural crops which human takes in their daily food are damaged when a higher
concentration of arsenic in irrigation water is supplied from the soil and accumulated by

plants from root to grain where arsenic is available (Abedin et al., 2002).

Based on its chemical compound, released into the environment in natural
processes (volcanoes emissions, withering rocks, and discharge from hot springs) and
anthropogenic activities (mining, metal processing smelting, burning of coal, industrial
applications, and use in insecticides, pesticides, and herbicides (Table 1.1). It is mainly
severe occurring in certain rivers and deltas in east and south Asia and South American
countries (Kobya et al., 2020). Especially, As contamination mass poisoning in Bengal
delta regions (Meharg, 2005), recognized as the largest As contamination flat in history
reported by WHO (2010). There are many countries with severe occurring As
contamination such as the natural arsenic sources of the specific regions in Bangladesh,
India, Thailand, and the United States (Figure 1.2). Arsenic contamination of regions to
regions can be varied because of the As level adopted into the soil. Due to its cumulative
nature, As tends to be most toxicity in human health, a leading cause of serious suffering
from fatal and carcinogen diseases as well as adverse effects on cardiovascular,
neurological, hematological, renal, and respiratory systems via taking their daily foods
and drinking water (Figure 1.3) (Martinez et al., 2011; Sahoo et al., 2013; Gupta et al., 2017).
The impacts of As poisoning is becoming wide-ranging that affect human health because
of its source, route, ranging level in the world. Thus, the pathway of As from soil to water

or rice may apply to human health risk to people living in As contaminated areas.
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Rice is the most severely affected staple food crop to arsenic contamination as
compared with other crops like wheat, barley, maize, and barely due to its cultivation in
tflooded conditions (Williams et al., 2007). Nevertheless, not only growing conditions but
also the biological of rice make as the highest accumulated crop of As (Zhao et al., 2013).
Figure 1.4 showed arsenic mechanisms in the paddy field. Arsenic can seriously affect
the growth of rice plants after rooting translocation, as symptoms of stunted growth,
brown spots, and leaf snoring, and arsenic toxicity containing > 60 mg! total soil arsenic
(Bakhat et al., 2017). A rise in arsenic levels of soil from 12 to 60 mg kg in traditional
Bangladeshi paddy fields resulted in lower rice yields of 7.5 to 2.5 t ha'! in Zavala and
Duxburey (2008), and Panumullah et al. (2009). Even, As concentration increasing at a
higher level, arsenic interrupts natural metabolism, and transpiration intensity is reduced
when As exposure in rice. Thus, As adversely affects the rice plant metabolism to stop
the growing system, and finally, rice plants become death. Wang et al. (2015) found that
As accumulated up to 2 mg kg in grain and 92 mg kg in the straw when rice grown in
As contaminated areas that are more excessive level compare to tolerable limits. Abedin
et al. (2002) suggested that the higher concentration of As (8 mg of As L) treatment
significantly decreased plant height, grain yield, the number of filled grains, grain weight,
and root biomass, while the arsenic concentrations in the root, straw, and rice husk
increased significantly compared to another low As treatments. Azad et al. (2012) stated
that tillers number, panicles number, panicle length, and grain yield were significantly
decreased by 4 mg of As L. Thus, Arsenic (As) is treated a non-essential, toxic metalloid
that is concentrated in rice grains and arsenic accumulation in rice grains becoming is a
serious issue both for reducing rice yield and quality. Now we details discussed As

mechanisms in rice plants.
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2. Arsenic uptake by rice plants

Rice is a dominant contributor to inorganic arsenic in humans daily intake their
diet (Meharg et al., 2006) where it has been taken staple food especially in Asia, consumed
and production approximately 90% (Mousavian et al., 2012). Therefore, the regions of rice
resourcefulness and diversity may face highly contamination of arsenic and serve as a
vital source of As exposure in humans (Chen et al., 2017). Arsenic concentration is
presented as higher compared to other cereals crops such as wheat and barley (Williams
etal., 2007; Hajsak et al., 2015). Due to the natural cumulative, rice plants are accumulated
excessive arsenic, regarded as another important source of arsenic exposure (Melkonian
et al., 2013). In addition, high levels of arsenic in water and soils lead to the elevation of
arsenic bioavailability in rice plants (Abedin et al., 2002). Thus, the amendment of the
available higher level of arsenic in soil that has been disrupted normal growth in rice.
Some studies were followed in their results arsenic concentration intake in grain was
rice>wheat>barely (Su et al.,, 2010). Because rice is mainly cultivated in flooding
conditions. It is important for clarifying the arseniclevels in soil and water, soil conditions,
and the mechanisms of arsenic uptake by rice plants because these conditions are
associated with arsenic levels in rice grain. Figure 1.5 shows As availability on root

surface.

2.1. Uptake of inorganic arsenic species

There are two mechanisms follow the uptake of iAs by rice roots. Among different
forms of As in soil, As (V) is the predominant phyto available form in aerobic soils: from
soil solution to aerial parts of the rice accumulated through the high affinity of phosphate
transporter system (Wu et al.,, 2011) and loaded into xylem form vessels by phosphate
transporter (PHT) proteins (Zhao et al., 2010b; Wu et al., 2011). Rice has 13 OsPT genes

(OsPT1 to OsPT13), the physiological roles of each OsPT in As transporter and all of those
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genes have high affinity to rice roots that were recognized as phosphate transporter gene
family (Paszkowski, 2002). Among of those genes, OsPT1 and OsPT8 have a high affinity
in arsenic transport in different parts of rice (Kamiya et al., 2013; Wang et al., 2016). OsPT1
has been highly expressed both in shoot and roots, and its expression was not affected by
phosphate deficiency. Even, OsPT1 showed higher constitutively in rice plants and
expression suppressed by As (V). Thus, OsPT1 is contributed to As (V) accumulation in
higher than other OsPTs (Kamiya et al., 2013). Wang et al. (2016) found that OsPT8 plays
an important role in As (V) uptake as protein transporter into rice roots and a profound
toxic effect on root elongation was exerted after arsenate uptake mediated by OsPT8.
Moreover, overexpression of OsPT8 resulted in an enhanced arsenic accumulation in rice
plants (Wang et al., 2016). Begum et al. (2016) suggested that a consistent decrease in
tissue P concentration and expression of phosphate transporters (OsPT8, OsPT4,
OsPHO1:2) under both high and low P supply in rice due to As stress. Besides, a
simultaneous increase in phytochelatin concentration in rice roots was also observed
under As exposure, indicating that phosphate transporter, and enhances phytochelatin-
mediated As sequestration to vacuoles in root cells, limiting As translocation to shoots.

Figure 1.6 shown As and species translocation mechanism from root to shoot grain.

The secondary route is arsenite taken up by aquaporin channels in root cells (Ma
et al 2008). Arsenite enters through Lsil, a nodulin 26 like intrinsic protein (OsNIP2;1), a
major influx transporter for silicic acid (Li et al. 2009a; Ma et al., 2006), while another
protein Lsi2, a silicon efflux transporter mediate arsenite efflux to the xylem in rice
(Gonzalez et al., 2014). Lsi2, a significantly decreased rate of arsenite transport to xylem
and accumulation in shoots and grain were found (Ma et al., 2008). Arsenite is taken up
by the root cells; some of its instantly released into the rhizosphere by the bidirectional
tunction of the Lsil protein channels (Zhao et al., 2010b). Inside plant tissues, arsenite is

reduced to arsenite; arsenite is sequestered into root vacuoles or is translocated to the

14



shoots and it is disseminated to various organs (Zhao et al., 2010b). The transport of that
complex across the tonoplast is believed to be mediated by a C-type ATP binding cassette
transporter (Song et al., 2014), which may therefore be of paramount importance for As

resistance in plants.

2.2. Uptake of organic arsenic species

Considerable quantities of methylated arsenic species DMA and smaller amounts
of MMA are found due to the microbial transformation of inorganic species to organic
forms (Meharg et al., 2009). Therefore, DMA and MMA, are taken up at a much slower
rate by the root than iAs, due to the lower affinity of transporter for organic As (Abedin
et al.,, 2002; Raab et al., 2007). In furthermore, arsenic methylated species (MMA, DMA,
etc.) are present from soil to plants when microbial bacteria methalysed iAs species in
anaerobic conditions. MMA uptake is also partially mediated by the silicic acid
transporter Lsil, while the specific transport pathways of DMA are not yet clear (Liet al.,
2009b; Carey et al., 2011). Plants such as rice appear to lack the ability to methylate As,
but instead take up methylated As from the soil (Jia et al., 2013). Inorganic arsenic species
are efficiently taken up by roots than methylated arsenic species, although the
translocation rate in rice shoots of inorganic arsenic species is much lower than
methylated arsenic species (Raab et al., 2007). The reduction of complex methylated
formation arsenic species with the glutathione may be considered as a reason for the
better translocation of methylated As species (Raab et al., 2007). Based on the tendency of
uptake of As in rice to be: DMA A<arsenate< MMA A<arsenite (Marin et al., 1992; Raab et
al., 2007).

15



3. Translocation of As

The accumulation and translocation of As in rice (grain and vegetative part) occur
in metabolic pathways considering the order of translocation efficiency as
DMA(V) > MMA(V) > inorganic As species (Kumarathilaka et al., 2018). Figure 1.7 shows

the translocation mechanism of As in rice.

3.1. Translocation of inorganic As from root to shoot

Rice is the most efficient transporter where all major of inorganic (arsenate and
arsenite) and organic As can be translocated from roots to shoots via the xylem. Figure
1.6 shows arsenic and arsenic species in root with iron plaque. According to the xylem
analysis, oxidized As species as arsenate (86%) and DMA (14%) are dominant in the
xylem. On the other hand, reduced arsenic species like arsenite (71%) and triglathione-
AsGlu3 (29%) in vacuoles of cells adjacent to the xylem (Seyfferth et al., 2011). When
inorganic arsenic species As (V) is transported from root to shoot via the xylem, in that
time As (V) is translocated to the root cells via phosphate transporter (Smith et al., 2010;
Punshun et al., 2017). As(V) is rapidly changed to As (III) after transport into the shoot
cells, which can allow complex phytochelatins after sequestration into vacuoles (Carey et
al., 2011; Raab et al., 2007; Zhao et al., 2010b). Phytochelatins are glutathione-derived
heavy metal-binding peptides and phytochelatin synthesis is caused by heavy metalloids
such as As. As (III)-phytochelatin complexes are thus sequestrated into vacuoles in root
cells and to a lesser degree in stem and leaf cells, which are known to reduce the
translocation of As to grains. Besides, Carey et al. (2011) suggested that As (III) is also
transported to the shoot via xylem by complexation and sequestration in vacuoles in the
roots. Once in the shoot, As (III) is taken up through aquaporins in leaf cells (Punshon et
al., 2017). Researchers have already pointed out different arsenate reeducates which are

the mutant gene of OsHAC1,;1, OsHAC1,2, and OsHAC1,4 are leading to decrease arsenate
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reduction in the root, lessen arsenite efflux, and increase arsenic accumulation in root and

grain (Shi et al., 2016; Xu et al., 2017).

3.2. Translocation of organic As from root to shoot

However, depending on availability and abundance in soil, the amounts of organic
As species have taken up by roots are much smaller, compare to inorganic As species. It
is well known that organic forms of As are translocated more readily within the rice plant
than their inorganic As counterparts (Raab et al., 2007; Li et al., 2009b; Carey et al., 2010).
As a consequence of the altered molecular structure, the relative strong translocation of
DMA to the shoot may be attributed, unlike As (IIl), to the weak SH (sulfhydryl)
coordination (Raab et al., 2007). The key types of organic As, MMA, and DMA can
therefore be translocated via xylem (Zhao et al., 2010b) into shoots. Then, in the shooting
stage, leaf cells are taken up by aquaporins in the same way as As (IlI), MMA, and DMA
(Zhao et al., 2010b). The findings, therefore, indicate in general that despite the pathways
for accumulating roots and shot, As in its vacuoles is picked up and translocated into
grains by the phytochelatin-associated As (III) complex. Arsenic translocated into grains
depends significantly on the types and concentrations of As in soils, on the types and the
rates of As absorbed by rice roots, the rice-growing ability to-reduce As (as absorbed into
oxidized forms), which creates complexity with phytochelatins, sequester into cell

vacuoles, and xylem flow volume.

3.3. Translocation of organic As to grain

A study of Carey et al. (2010) documented that shoot to grain translocation of As
species in stem girdling found that phloem transport of As (III) and DMA accounted for
90% and 55%, respectively, in rice grain. This suggested that phloem is the primary route
of transport to grains for As (III), while DMA is translocated via both phloem and xylem

Carey et al. (2010). Several studies also found that a larger fraction of flag leaf DMA and
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MMA is translocated to rice grains where As(V) is very poorly translocated and rapidly
reduced to As(Ill) in flag leaves and As (III) displays no translocation (Norton et al., 2009,
2012; Carey et al., 2010). According to visible in distribution pattern, inorganic As present
in the OVT region (Lombi et al., 2009) while DMA has been found in the endosperm of
rice grain (Moore et al., 2010, Norton et al., 2010, Zheng et al., 2011). A survey of study
from Sun et al. (2008) found that in brown rice, iAs is present in bran while endosperms
contain much for DMA compare to other As species. Very recently, the OsPTR7 gene has
been identified in the root, leaf, and node 1 in the rice grain filling stage, which account
for DMA in 35% of WT rice plants (Tang et al., 2017). Hence, OsPTR7 is a long distance
for root to shoot translocation and grain transport of DMA. Therefore, arsenic
accumulation in rice grain, resulted mainly from phloem transport although it is
unknown the translocation of As species out of the phloem (Punshon et al., 2017).
Elevated As concentrations are following order: grain<husk<<leaf<<<root (Liu et al., 2004;
Marin et al., 1992, Norton et al., 2012), a significant emphasis of arsenic levels in rice grain
bran. It is noteworthy that to evaluate the arsenic concentration of rice layers in bran
accounts for 23-29 percent of the total grain weight (Lombi et al., 2009, Moore et al., 2010,
Sun et al., 2008). A synchrotron based X-ray fluorencencence microanalysis proved that
arsenite was stored in the bran layer and ovular vascular trace (OVT) of a rice grain
(Jackson and Punshon, 2015; Carey et al., 2011). Besides, increased DMA in the outer
layers, followed by a higher concentration of DMA also present in the endosperm.
Therefore, the risk of iAs is considered as the percent higher due to absorbing the ability

of arsenic in rice grain.
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4. Arsenic accumulation in rice grain

Arsenic accumulation in rice grain varies according to the genotype, farming
systems, and environmental factors. Depending on geographical regions total As
concentration may vary among different countries. For example, Norton et al. (2009)
found that the significant largest variation in grain As and As speciation in three
countries (Bangladesh, India, and China) was responsible for genotype and genotype-
environment interaction. Even, the difference of As concentration in rice grain may differ
in the same country due to the differences in environmental conditions, cultivar, and
practical management. Ahmed et al. (2011) observed that As concentration was varied
among the level of 38 cultivars grown at 10 sites in Bangladesh. Total As concentration
varies among countries, which reaches up to fivefold, 20 fold differences. Rice produced
in Asia and Africa, referred to a high portion of iAs, whereas rice produced in the USA,
Australia, and Europe tends to have a low portion of iAs except for organic As. (Williams
et al., 2005; Zavala et al., 2008). Smith et al. (2008) found that DMA and As(IIl) accounted
for 85-94% and 6-15 % of the total As concentration in rice grain of Australia. Genotypic
variation factors effect As accumulation in rice grain. Syu et al. (2015) estimated six types
of genotypes deepening on the As content and species. They found that As concentrations
were higher or equal than japonica cultivar among of those cultivars. Bhattacharya et al.
(2013) investigated that hybrid rice varieties contain more As than local varieties in India
and Bangladesh. More than 300 rice varieties are investigated based on laboratory
screening to arsenite exposure, while showed significant variation in tolerance of
genotypes along with a maximum of 13 fold difference in As accumulation (Dave et al.,
2013). Hence, identifying genotype variation is an important step for rice cultivation and

avoiding the cultivar of higher As accumulation in rice grains.
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Depending on the process of a rice grain, arsenic contains differ in rice grain. It
was reported that brown rice contains more arsenic than polished rice because its outer
layers have a higher content of the metalloid (Meharg et al., 2008; Bakhat et al., 2017).
Besides, Rice grains contain both inorganic and organic As species that can be varied
according to the concentration: As(IlI)>As(V)>DMA>MMA (Huang et al., 2012; Meharg
et al. 2008, Hu et al., 2015). Another finding of Zavala and Duxbury (2008), related to the
color of the rice showed that arsenic concentration in brown rice 0.196 + 0.111mg kg?, in
white rice is 0.127 + 0.087 mg kg and 0.07 + 0.05 mg kg™ for other colors. Huang et al.
(2012) proposed that compare to other As species, As (III) accounts for 90% of inorganic
As collecting samples from at different sites of Asia using different types of treatment.
Hu et al. (2015) found that the concentration of iAs and DMA were in 88% and 11% of
total As in rice grain although rice grown aerobically. Moreover, organic and inorganic
As species may differ according to the location of rice grain. For example, it also has been
found that most of the As in the bran layers is present as oxidized As 69-88% in As(V)
and 12-31% in DMA although As (III) was not detected in the endosperm in rice grain
(Seyftferth et al., 2011) due to mobile nature of As species in rice grains. It is noteworthy
that to evaluate the arsenic concentration of rice layers in bran accounts for 23-29 percent
of the total grain weight (Lombi et al., 2009, Moore et al., 2010, Sun et al., 2008). A
synchrotron-based X-ray fluorencencence microanalysis proved that arsenite was stored
in the bran layer and ovular vascular trace (OVT) of a rice grain (Jackson and Punshon,
2015; Carey et al., 2011). Besides, increased DMA in the outer layers, followed by a higher
concentration of DMA also present in the endosperm. Therefore, the risk of iAs is

considered as the percent higher due to absorbing the ability of arsenic in rice grain.
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5. Global warming affects the As concentration in rice grain

Predicted increase levels of As and global warming will have a serious amplify on
the growth, yield, and quality of rice. Increased above of both critical issues will shorten
the ripening period, occurrences to reduce carbohydrate accumulation in grain and
thereby, low grain quality, and decrease the yield. These counteracting effects will
determine the magnitude and even the direction of those impacts on human health. When
the average daily air temperature 22-28 °C in the rice-growing season, the vegetative
stage and grain filling stage are contributed to achieving high grain yield, and quality in
rice (Deng et al., 2015). However, the rice organs panicle contributed to the grain weight
decreased in the grain filling stage compare to the vegetative stage, while the optimum
temperature exceeds due to the high temperature 40 days after heading (Kim et al., 1983;
Morita et al., 2004). With an increase in the high temperature of 38 -C, rice plants
particularly affected by a heat-wave during the development period of grain filling,
terminate to tangible reduction scenarios lasting for 10-20 days in ripening time and
concluded to vast estimated damage at total paddy yield loss of 5.18 million tons in China
(Yang and Li, 2005; Tian et al., 2009). Kim et al. (2011) observed that high temperatures
over 21 °C-shortened grain filling periods, which terminated to reduce the rate of grain
filling in both phytotron and field experiments. They also suggested that the shortened
grain-filling period is repulsed due to the earlier loss of sink activity rather than the
earlier loss of the source of activity at high temperatures. Even, the early loss of sink
activity damaged, resulting in a reduction of translocation ability and starch synthesis
activity were included the reduction of cells on the dorsal side close to the vascular
bundles under high temperature (Morita et al., 2005). Thus, high temperature accelerated
the quality of grain and a great amount of yield. A study of Peng et al. (2004) described
that rice grain yield declined by 10-15% for each 1°C daily mean air temperature increase

in growing-season, while direct evidence associated with global warming.
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Projected global warming is an unexpected warning, to have an enormous impact,
has been reported high temperatures in recent years after rice heading could exacerbate
the risk of increasing iAs accumulation levels in rice grains (Arao et al., 2018). From their
multi-years (1995-2014) data analyzed provided consistency results that from 2 weeks
after the heading day to 4 weeks after the heading day were significantly correlated with
the inorganic As concentrations in the grains during the late-ripening period due to the
increasing air temperature, although didn’t the effect of inorganic concentration was
observed in the early or late ripening stage. Muche et al. (2019) stated that climate-
induced as over 33 °C high temperature changed in soil arsenic behavior, resulted in
increasing inorganic As (iAs) in rice grain and decreased grain yield drastically. Hence,
they proposed that combined effect of high temperature and increased soil arsenic
resulted in a 42% decreased in yield with 81% grain filling, indicating pestered effect on

the 21st century in the rice world.

Above that mention, increased iAs in rice grain through changing soil arsenic
behavior by the high air temperature is becoming an important issue in the agriculture
sector. However, several studies documented that high air temperature positively
correlated with adjacent soil temperature until 20 cm depth of soil (Islam et al., 2015) and
soil temperature plays an important role in aiding decision making for many processes
like soil respiration, crop production, pest growth, germination, etc. (Ahmed, 2008).
Increased soil temperature is one of the important factors for releasing As from soil or
grown water (Tyrovola and Nikolaiods, 2009; Bonte et al., 2013). Moreover, the clear
conception found that how elevated soil temperature effect to increase As bioavailability
in the soil and increased the As concentration in the rice husk and straw (Neumann et al.,
2017). Although they did not find the As concentration differs among their three-box
treatments. In our recent studies focused that high air temperature had a possible relation

to increasing soil temperature which turned to increase As concentration in rice grain and
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decreased grain yield that will be discussed in detail in chapter 2. Therefore, the rise in
the As concentration in rice grains is not only due to the increase in soil temperature but
also to the impact of the translocation to rice grains caused by the increase in air

temperature.

6. The techniques of reduction of the arsenic in rice

6.1. Cooking method as a form of arsenic mitigation in rice

Considerably, cooking methods can immediate solution to reduce arsenic
concentration in lowering the dietary exposure to As. Rinsing and cooking are the most
recommended method in excess water discarded for reducing As in rice (Carey et al.,
2015). Atiaga et al. (2020) carried in their study rinsing and boiling methods significantly
reduce total arsenic compared with raw rice from Spain and Ecuador samples of rice.
They also estimated that pre-rinsing could reduce lifetime health risk by 50% while
combing it with discarding excess water can reduce the risk by 83%. Overall, the
traditional method is practiced in southeast Asia, although the latter is commonly used
in west Bengal. Kumarathilaka et al. (2019) found that cooking options could reduce the
high amount of iAs concentration in raw rice grains from As contaminated areas that
exceed 200 micro kg-! of iAs. Hence, cooking rice in percolating water can reduce As
concentration from As endemic areas. A survey of a study in Sengupta et al. (2006) proved
in cooking unwashed rice in the 1:2 ratio refrain around 99.8%. Although, cooking can
reduce As concentration in differing from Chinese and Hungarian rice, as 60% and 39%
respectively (Mihucz et al., 2007). Carey et al. (2015) also found that cooking rice in a

cotfee making device decreased at 69% iAs.
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6.2. Water management to reduce As concentration in rice grain

There are some mitigation processes to reduce As the concentration of rice grain.
Among those processes, water management is effective to mitigate As concentration in
the rice-growing season. Generally, aerobic and anaerobic have been followed to
determine As accumulation in the whole rice-growing season. Besides, several studies
have been focused on water management for partly flooding in rice, as like flooding to
transplanting, after heading, 2-3 weeks, etc. Anaerobic conditions reduced plant height,
tiller number, panicle number, panicle length, and grain yield than aerobic conditions
(Shah et al., 2014). Even, before flowering rice plants uptake less As in aerobic conditions,
which followed less As effect found in 13% grain, 94% straw, and 23% grain compared to
plant subjected to anaerobic condition (Shah et al., 2014). Arao et al. (2009) investigated
in their pot experiment to reduce As accumulation by 7 treatments of water management
in rice-growing period and suggested that flooding in whole rice growing period is
effective to increase As accumulation in grain compares to other treatments water
management because of decreasing redox potential in the soil and oxidoreduction
terminated arsenate to arsenite which has markedly solubility, plant availability, and
toxicity (Takahashi et al., 2004). They also found that flooding for 3 weeks before and
after heading considerably increased As and As species (DMA) concentration whereas
aerobic treatment reduced those species concentration in rice grain. Flooding and
draining during the rice-growing season, leading to large fluctuations in Eh, pH, and the
solubility of As (Ishikawa et al., 2016). Typically, paddy water is drained during the late
tillering stage to control excessive tillering, and during the mid-late grain filling stage for
harvest. Under flooding conditions rice grown, some cases As concentration in grain can
be increased 10-15 fold higher than aerobically rice (Xu et al., 2008). Moreover, alternate
wetting and drying are also effective, in which the soil contained 40 to 60% of statured

volumetric water content when the field was flooded reduced grain As concentration by
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56% on average and improving water-use efficacy by 43-63% compared to the flooded

treatment (Linquist et al., 2015).

6.3. Used low As cultivar to reduce As accumulation in rice grain

Although water management will not be always to reduce As concentration in rice
grain, selecting low As cultivar may another way to survey As accumulation in rice
cultivar. Low Cd rice cultivar "Koshihikari Kan No 1" may continuously decrease heavy
toxic metals Cd and As in rice grain, if this cultivar grew AWD and WAS regimes
(Ishikawa et al., 2016). However, depending on soil properties and water management, it
may very difficult to continuously reduce Cd and As concentration in rice grain. Norton
et al. (2009) proposed that some tropical japonica cultivars with low As have the potential
to be used inbreeding. Spanu et al. (2012) demonstrated that 37 rice genotypes had only
2 % of the total grain As although those genotypes were grown in flooding. The aus
variety Kasalath was to be more tolerant than the japonica variety Nipponbare because
Kasalath took less arsenate As(V) than Nipponbare (Wang et al., 2016). However, low
concentration of As varieties needs extended time for analyzing and developing in

breeding.

6.4. Mitigation methods to use materials application to reduce As
accumulation in rice grain

Due to variations in soil properties, such as microbial status, organic matter quality,
iron oxides and minerals, and aggregate growth, the water management regime has
induced various changes in the redox capacity of different soil types. Water control
strategies intended to minimize concentration in different soil environments will not
always be successful. Different agricultural steps were tested to minimize the transfer of
arsenic to rice plants from soil or polluted water. Although, it is too hard to reduce As

concentration in rice plants because the huge use is not of irrigation water is not strictly
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regulated in many countries (Xiao et al., 2018). Moreover, the ranking of rice cultivars for
total grain As concentration varies greatly across environments (Norton et al., 2009),
indicating the difficulty of genotype selection for lowering As in the rice grain and cost-
effective. Water management, may affect rice yield and pathogen resistance, and selecting
low As rice cultivars is quite time-consuming (Meharg, and Zhao, 2012). Therefore,
different types of materials application (Si, Fe, etc) are effective to reduce As
concentration in rice grain than above of those techniques. The concerns of Arsenic
contamination have long been studied by scientists. Several measures have been mainly
followed include remediation of the soil with soil amendments. Soil amendments
improve the influence of arsenic by changing its speciation, decreasing the absorption or
solubility of rice plants. Therefore, different types of materials application (Si, Fe, etc) are
effective to reduce As concentration in rice grain than above of those techniques.
However, Fe and Si materials are common application in paddy field farming to reduce
As accumulation. Several reports of Fe band oxide increased into rice roots when
applying Fe materials applied. Therefore, As is interrupted to accumulated in roots and
suppression of the release of arsenite by the adsorption of arsenate by Fe. Thus, Fe
materials reduce As concentration in rice grain although rice grown in As contaminated
soils. On other hand, Si application is also applicable to prevent As concentration in rice
grain because of chemical similarities between As and Si. Arsenic is transported by
silicate in rice grain and rice has a high affinity to silicon. In our previous studies showed
that Si materials could reduce As accumulation in rice grain which will be discussed in

detail in chapter 4.

Several reports of Fe band oxide increased into rice roots when applying Fe
materials applied. Moreover, As is interrupted to accumulated in roots and suppression
of the release of arsenite by the adsorption of arsenate by Fe. Thus, Fe materials reduce

As concentration in rice grain although rice grown in As contaminated soils. The

26



application of iron oxides materials has been often recommended to reduce the impact of
arsenic concentration in rice. It has been observed that Iron materials suppress impacts
of changing soil pH, Eh and solubility of As in soil, tended to reduce arsenic concentration
in rice grain (Kumpiene et al., 2008; Ultra et al., 2008; Suda and Makino, 2015, Matsumoto
et al., 2015a, b; 2016). Ultra et al. (2009) added 0.1% and 0.5% amorphous iron
oxides/hydroxides to the soil in a pot experiment associated with arsenic-contaminated
water supply containing 5 mg /1 arsenate which enhanced the formation of iron plaque
around the root surfaces leading to a decreased As concentration in the rice plants and
improved plant growth by increasing arsenic concentration on the root surface.
Characteristics of iron plaque accumulation on mature rice plants and its impact on As
(V) accumulation and speciation in the plants was studied by Liu et al. (2006) where
distributed of arsenic in the plant parts was in the order iron plaque > root > straw > husk

> grain.

Application of Si materials is well acknowledged to efficiently alleviate various
chemical stresses caused by the toxicity of heavy metals like aluminum, cadmium,
manganese, and iron. Some researchers have been focused that Si application is effective
materials for healthy growth and development, improving tolerance to toxic metals
toxicity, plant defense mechanisms produce an alteration in photosynthesis apparatus,
simultaneously increases carboxylation, water, and light-use efficiency, etc. Due to the
similarities chemical form of As and Si, Si significantly decreased elevated of As in the
soil solution which followed by the stem, leaf, husk, and grain (Swedlundi et al., 1999,
Waltham et al., 2002; Luxton et al., 2002). Recently, Li et al. (2018) found that Si
significantly reduced the total As concentration in brown rice grains at the temperature
range 22-35 °C. In our recent studies also showed Si materials significantly reduced As

accumulation in brown rice grain.
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7. Aims and objectives

There are several research articles on arsenic toxicity in rice grain and becoming
the adverse health effect in taking iAs on their daily food of exposure to not only arsenic-
contaminated soil but also arsenic uncontaminated soil. Most studies have shown that
arsenic toxicity increasing in rice grain due to the As solubility increase in As
contaminated soil. However, global warming is important to factor to increase As
accumulation in rice grain, although recently focused that high temperature affects to
increase iAs in rice grain between 2-4 weeks after heading using multi-years temperature
(Arao et al., 2018). Moreover, they did not discuss specifically high-temperature effects
As accumulation in rice grain. Therefore, we decided to research that high-temperature
effect As accumulation and speciation in rice because of high temperature, and As of
these effects is increasing globally. High As rich of rice would be reached in the market,
amplify to health risk to humans through their taking daily food. Our research goal was
to synthesize the daily increased high air temperature leading to an increase in arsenic

concentration in rice grain.

1. The primary purpose of this study was to clarify high air temperature
increased arsenic levels in the soil through increased adjacent soil temperature,
resulted in more As accumulated in brown rice grain. This study hypothesized
that high temperatures would have to increase arsenic levels in brown rice
grain.

2. The second hypothesized that materials application (Fe, Si) may reduce As
concentration in brown rice grain even in high-temperature conditions. This
study also promotes a better understanding of arsenic toxicity in brown rice
grain due to high temperature particularly for the populations that eat rice as

a major source of food and temperature increases firstly.
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3. The Third hypothesized that high temperature may reduce the dilution effect
of carbon and interrupted functions of node, resulted to increase arsenic

concentration in brown rice.
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Table 1.1. Different sources of Arsenic in the environment.

Sources Activities

Natural Regolith originating from weathering and
biological activity
Anthropological Smelting, mining
Agricultural Arsenical fertilizer, pesticides, herbicides,
arsenic with livestock feed
Non- Coal, petroleum, wood preservatives,
agricultural electronics, industries, pharmaceutical works,

galvanizing factories, ammonium factories

Collected from (Smith et al. 2008; Otles and Cagindi, 2010)
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Figure 1.1. Arsenic species are found in soil, water, and plants (Adopted from

Meharg and Hartley-Whitaker, 2002).
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Figure 1.2. Arsenic contamination sites in the world. Adopted from Arsenocosis Global
Health Crisis, InPhysics-Harvard University, by S. R. Sambu and Wilson, June 2008,

Retrieved from http://wilson.physics.harvard.edu/home/map/.
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Arsenic’s Effects on the Human Body

Impaired intellectual function Diabetes
Impaired motor function Impaired glucose tolerance in pregnant women
Neuropathy
Cardiovascular System I Y5

Pulmonary tuberculosis
Coronary heart disease Bronchiectasis
Hypertension Lung cancer
Heart attack

Liver cancer

Renal System
Kidney cancer
Bladder cancer

Skin lesions Increased cancer risk as adults

Skin cancer Increased infant mortality
Neurological impairment
Reduced birth weight

Figure 1.3. Arsenic affects the human health. Reprinted from Arsenic in Groundwater, In

IASToppers, n.d., Retrieved March 20, 2017, from http://www.iastoppers.com/19th-20th-march-2017-

current-affairsanalysis-iastopperst/. Copyright by IT’s Current Affairs Analysis Team.
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Chapter 2

Effect of High Temperature during the Ripening Period
on the Arsenic Accumulation in Rice Grain Grown on
Uncontaminated Soil with Relatively Low Level of
Arsenic

This chapter focuses on the present results of the assessment of the effect of high
temperature on the arsenic concentration in rice grain one week after heading during the
ripening period. This chapter also evaluated the present results of the daily air and soil
temperature effect on As concentration in soil solution 1-6 weeks after heading. It also
demonstrated the results of the effect of high temperature on the concentration As and
As speciation in brown rice during the ripening period. Comparison of arsenic levels in

rice yield from control and high-temperature treatments have been made in chapter two.
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Abstract

The rice plants grown in Wagner pots (1/5000a) were cultivated in three TGCs set
in three plots with control treatment, high-temperature treatment-1, and high-
temperature treatment-2, respectively, from 1-week post-heading until harvest. We
observed meaningful air and soil temperature differences between the control treatment
and the two high-temperature treatments in the TGCs, but there was no clear temperature
difference between the two high-temperature treatments. The concentration of total As
in the soil solution during the ripening period was significantly higher in the high-
temperature treatments than that in the control. The yield of brown rice in the high-
temperature treatments was decreased by 17% via a decrease in the ripening rate
compared to that of the control. The concentration of inorganic As (iAs) in brown rice
grains was higher in the high-temperature treatments than in the control (p = 0.065). These
findings suggest that the increase in the concentration of iAs in rice grains produced

under a high-temperature condition may increase the risk of human As intake.
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1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (IPCC, 2017), "It is very likely that human influence has been the
dominant factor in global warming observed since the mid-20th century (over 95%)." It
was also shown that there is no doubt about the continuation of such a high-temperature
trend in the future, and there are significant concerns worldwide about the impact of high
temperatures on agricultural products. In addition to the challenges presented by climate
change, rice cultivation has faced difficulties due to the frequent occurrence of high-
temperature ripening disorders that greatly reduce the grain yield and quality of rice
(Morita, 2008; Morita et al., 2016). Peng et al. (2004) reported direct evidence that rice
yields were reduced by nighttime temperature increases associated with global warming.
At temperatures above the optimum growth temperature, dry matter production is
hindered due to the small grain size. The higher air temperatures have caused poor
maturation, low grain quality, sterility and finally, grain yield loss (Morita and Nakano,
2011).

Against this background of temperature changes due to global warming
potentially leading to declines in rice yields and quality, Arao et al. (2018) analyzed the
concentration of arsenic (As) in rice grain produced from 1995 to 2014. The concentration
of inorganic As (iAs) in the rice grains showed a significant correlation with the average
daily mean temperature (DMTs) between 2 weeks and 4 weeks after heading in the year
when the rice was produced, and they suggested that the higher the temperature during
the late-ripening stage of rice, the higher the iAs concentration in rice grain. Furthermore,
Ministry of Agriculture, Forestry and Fisheries of Japan (2019), reported the results of a
survey on the relationship between inorganic As (iAs) concentration in polished rice,

physicochemical properties of soil, and meteorological factors from 3007 samples selected

40



in proportion to the area of local governments nationwide from 2013 to 2016. In the
survey, a multiple regression analysis was carried out with the iAs concentration in rice
as the dependent variable, the soil characteristic value and the weather conditions after
heading as the independent variables. Significant explanatory variables of this multiple
regression model were selected for soil soluble As concentration, amorphous iron
concentration, amorphous aluminum concentration, and DMT from 14 to 27 days after
heading. Among these explanatory variables, DMT from 14 to 27 days had the highest
standard partial regression coefficient, indicating high temperatures during the ripening
period greatly contribute to increasing the iAs concentration in rice.

Arsenic is a non-essential, toxic metalloid that is naturally concentrated in rice
grains. The accumulation of too much As in rice grains is a serious issue for both the yield
and quality of rice (Abedin et al., 2002; Azad et al., 2012). Globally, the levels of toxic
heavy metals — especially As — in rice have caused serious hazard exposures to human
health, in a manner similar to that observed for chronic carcinogens (Panaullah et al.,
2008; Meharg et al., 2009; Banerjee et al., 2013). Chronic As poisoning can cause serious
health problems including cancers, hyperkeratoses, restrictive lung disease, and ischemic
heart disease (Mandal and Suzuki, 2002; Rossman, 2003). It is thus very important to
reduce the accumulation of arsenic in rice. We have shown that the addition of silicate
and iron materials and intermittent irrigation can reduce arsenic concentration in brown
rice (Matsumoto et al., 2015a; 2015b; 2016).

The Codex Alimentarius Commission (2016) has set the maximum allowable levels
of inorganic As (iAs) in milled rice and brown rice at 0.20 and 0.35 mg kg, respectively.
It is thus required to reduce the As concentration in rice grown even in non-contaminated
soil, and as noted above there is a concern that the As concentration in rice grains will

increase due to the rise in temperatures globally.
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Paddy rice contains greater As concentrations than other cereals crops (Williams
etal., 2007) because it is grown mainly under flooded conditions (Meharg and Zhao, 2012).
Arsenate (V) is strongly associated with soil mineral components such as Fe and Al
(hydro) oxides (Goldberg, 2002), whereas arsenite (III) predominantly adsorbs to iron
(hydro) oxides and is more mobile than arsenate. Generally, As is less mobile in aerobic
conditions. Anaerobic conditions develop when there is a flooded reduction of soils, and
reduction of soil by flooding leads to the reduction of the arsenate to arsenite (Yamaguchi
et al., 2011; Ohtsuka et al., 2013), which is transferred by the silicic acid pathway in rice
(Ma et al,, 2008). Thus, As has markedly increased solubility, plant availability, and
toxicity in anaerobic paddy fields (Takahashi et al., 2004).

Although Arao et al. (2018) indicated that high temperatures after heading could
increase the As concentration in rice grains, it has not yet been determined whether high-
temperature treatment would change the solubility of As in the soil and/or increase the
As concentration in rice grains. A temperature gradient chamber (TGC) was designed to
provide appropriate techniques to develop experimental facilities for research on
temperature stress in rice and the responses of rice to global environmental changes
(Okada et al., 1995). A TGC is an extremely effective system for studying the effects of
temperature in crop cultivation because it enables high-temperature treatment linked to
the actual temperature. Since it is necessary to study and identify the effects of
temperature on rice grains' As accumulation and As speciation for future paddy rice
cultivation where temperature rise is expected, we decided to use a TGC to investigate
the effects of temperature change after heading on the solubility of As from soil and the
concentration of As in rice grain. We conducted the present study to determine the As
uptake in rice grains and to identify the relationship between temperature and the As
concentration in rice grains during the ripening period. We hypothesized that with a

large increase in temperature after heading, it would be possible to spontaneously
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increase the As concentrations in the rice grains. In conducting this experiment, we tested
uncontaminated soil with relatively low As concentration. Because rice cultivated on
contaminated soil or soil with extremely high As concentration is very unlikely to reach
the market, so we think it is better to conduct experiments using soil where the As
concentration of the soil is not so high. It is suitable for the evaluation of food production

and distribution and food safety.

43



2. Materials and Methods

2.1. Rice cultivation

Selected good-quality sterilized seeds of 100 g of rice (Oryza sativa L. cv.
Koshihikari) were germinated at 32 °C for 24 h. Germinated seeds were sown in paper
pots (comprised with 578 blocks of 1.5 cm square and 3 cm depth). For rice cultivation,
we used Wagner pots (1/5000 a, Fujiwara Scientific, Tokyo) filled with 2.5 kg of
uncontaminated gray lowland soil collected from the plowed layer of a paddy field in the
Honjo experimental farm of Shimane University, Matsue, Japan (35°51'N, 133°11'E, 4 m
asl), and we mixed 2.8 g of a compound fertilizer in every pot so that each pot contained
N 14%, P:0s 14%, and K:O 14% by basal application before the seedlings were
transplanted. The tested soil contained 1.6% total C, 0.14% total N, and 1.0 mg kg of 0.1
M HCl extractable As (i.e., available As), and it had a pH of 5.5.

Approximately 25-days-old seedlings were transplanted to the Wagner pots on
May 31, 2018. Three seedlings were transplanted in the center of each pot. Every pot was
maintained in flooding conditions until harvesting. We applied liquid fertilizer which
contains 0.21 % N as a form of (NH4)2SOs per pot with 0.5 g of N at 48 days after the
seedlings were transplanted. The plants were grown outdoors before the start of high-
temperature treatment.

2.2. High-temperature treatment during the ripening period

To evaluate the As accumulation in rice grains under high-temperature conditions,
we used three 15-m-long TGCs (Fig. 2.1) (Okada et al., 1995). The TGC experiments were
performed in 2018 in a field at Shimane University, Matsue, Japan (35°29'N, 133°04'E, 4 m
asl). Three temperature regimens were applied in order from the entrance of the TGC to
deep inside the TGC: control treatment, high-temperature treatment-1 (HTT-1), and high-
temperature treatment-2 (HTT-2). The boundaries of each treatment section were

separated by a transparent nylon curtain with vertical slits. Each TGC was equipped with
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a fan on the backside, which creates a gentle airflow from the entrance to deep inside. For
this reason, the temperature in control is close to the outside temperature due to the
airflow passing through the entrance, and the temperature gradually increases toward
the deep inside (Fig. 2.2). The TGC was designed to provide temperature increases from
the entrance to the deep inside, so that the air and soil temperatures are expected to be in
the following order: control < HTT-1 < HTT-2. The daytime air temperature was set to not
exceed 40°C by adjusting the fan exhaust speed.

The heading date was August 3rd when 50% of the total heading occurred. After
seven days from the heading date (August 10th), three pots were transferred to each of
the temperature treatments in each of the three TGCs and grown in the TGCs until
harvesting (September 19th). The air temperatures and soil temperatures were recorded
until harvesting.

2.3. Soil solution sampling

To collect the soil solution, a soil water sampler (# DIK8393, Daiki Rika Kogyo,
Saitama, Japan) was buried at a depth of 5 cm in the soil of one of the three pots in each
section of each TGC 7 days before heading. The soil solutions were sampled at days 7, 14,
21, 28 and 41 after heading. The sampled soil solution was immediately mixed with 10%
HNO:s in a 9 (soil solution): 1 (10% HNO:s) ratio to prevent precipitation due to iron
oxidation (Ma et al., 2008).

2.4. Plant sampling

At maturity (September 19th), we harvested rice plant samples from each pot, and
the harvested samples were air-dried in a greenhouse for 7 days. The air-dried samples
were divided into the ears and straw. Husks and unfilled grains were removed. The
panicles were divided into rachis and grain. Unfilled grains were removed by ammonium

sulfate solution, and the grains were counted by a machine (#IC-1, Aidex Co., Nagoya,
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Japan). Filled grains were de-husked by a machine (#FC2K, Otake Agricultural
Machinery Co., Aichi, Japan).
2.5. The determination of As in brown rice and the soil solution

Fiveml of 5: 1 (v /v) HNOs / H20O2 was added to a powdered sample of brown rice
(0.5 g), and the samples were wet digested in a microwave oven (#MLS 1200, Milestone,
Bergamo, Italy). The concentrations of As in the degraded samples and the soil solutions
were determined by inductively coupled plasma mass spectrometry (ICP-MS) (#ELAN
DRC-e, PerkinElmer Sciex, Shelton, CT).

We determined As speciation in rice grains by using the method of Arao et al.
(2011). Powdered brown rice (0.5 g) was mixed with 2 mL of HNOs (0.15 M) in a 10 mL
capped high-density polyethylene centrifuge tube, and the mixture was heated in an
aluminum heating block at 80 °C for 2 hours. The obtained extract was diluted to 10 ml
with water and passed through a 0.45 um filter before analysis. As-speciation of diluted
solution samples was determined using high-performance liquid chromatography
(HPLC) / ICP-MS system. A Super IC-Anion column (5 um ID, 4.6 mm ID, 150 mm ID)
and a guard column (Tosoh, Tokyo) equipped with an isocratic mobile phase system
consisting of 10 mM ammonium acetate and an HPLC system (#PU 712i, GL Sciences,
Tokyo) were used. Injection volume and mobile phase flow were set at 10 and 800 puLmin
1, respectively. Arsenic concentration was determined using the ELAN DRC-e ICP-MS
system.

Total inorganic As is expressed as the sum of arsenite and arsenate. The accuracy
of the analysis was certified by the reference material (CRM) (rice flour, NMIJ CRM 7503-
a: arsenite 0.0711 + 0.0029 mg kg7, arsenite 0.0130 = 0.0009 mg kg, dimethyl arsenate
(DMA) 0.0133 + 0.0009 mg kg -1; National Institute of Advanced Industrial Science and
Technology [NIJM], Japan). According to the NIJM CRM 7503-a guidelines, the values
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for arsenite, arsenite, and DMA were determined as 0.082 + 0.003 mg kg, 0.022 + 0.006
mg kg, and 0.018 + 0.001 mg kg, respectively.
2.6. Statistical analyses

The data were analyzed using a repeated measure analysis of variance (ANOVA)
for the soil solution. A two-way ANOVA without repetition was performed with TGC as
a block factor and temperature treatment as a control factor for the analysis of growth,
yield and As concentration of brown rice, using the mean values of three pots placed in
each temperature treatment in each TGC as representative values. When the ANOVA

showed significance, the multiple comparisons were performed by Tukey's HSD test.
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Figure 2.1. Three Temperature Gradient Chamber (TGCs) used for high-temperature
treatment during the ripening period. Here HTT-1 and HTT-2 defined as high-

temperature treatment 1, and high-temperature treatment 2, respectively.
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Figure. 2.2. Schematic inside of TGC
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3. Results

3.1. Temperature differences between the control, HTT-1, and HTT-2 in

the TGCs during the ripening period

Fig. 2.3 a—c shows the daily air temperature variation in the control, HTT-1, and
HTT-2 for Tmean, Tmax, and Tmin in the TGCs during the ripening period. The differences in
the average daily air temperatures among the three treatments (control, HTT-1, and HTT-
2) were 0.02-1.98 °C (Tmean), 0.30-3.70 °C (Tmax), and 0.10-1.93 °C (Tmin). The average daily
mean air temperature during the ripening period was 26.9 °C in the control, 27.9 °C in the
HTT-1, and 27.6 °C in the HTT-2 (Table 2.1). The average daily mean temperature changes
were within 1.0 °C during the ripening period. The average daily air maximum
temperature was 33.6 °C in the control, 34.6 °C in the HTT-1, and 34.0 °C in the HTT-2; as
a result, the average daily maximum temperature changes were within 1.0 °C during the
ripening period among the three temperature treatments.

On the other hand, the average daily air minimum temperature was 22.6 °C in the
control, 23.7 °C in the HTT-1, and 23.6 °C in the HTT-2 during the ripening period (Table
2.1). Therefore, the average daily air minimum temperature changes were within 1.1°C
during the ripening period. We observed a meaningful air temperature difference
between the control and the two high-temperature treatments by using TGCs. However,
the air temperature difference between HTT-1 and HTT-2 was small, and in contrast to
the setting, HTT-1 was slightly higher than HTT-2.

The daily soil temperature differences are shown in Fig. 2.4 (a—c) for the control,
HTT-1, and HTT-2 in the TGCs for Tmean, Tmax, and Tmin. The variations in the daily soil
temperature differences among the control, HIT-1, and HTT-2 treatments were 0.00-
2.50°C (Tmean), 0.05-2.30°C (Tmax), and 0.57-3.13°C (Tmin). The average daily soil

temperature differences for Tmean and Tmax between the control and HTT-1 differed slightly
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among the three TGCs. The range of temperature differences for Tmin was greater than
that for Tmax during the ripening period.

The average daily soil mean temperature during the ripening period was 26.9 °C
in the control, 27.5 °C in the HTT-1, and 28.0 °C in the HTT-2 (Table 2.1). The average
daily soil maximum temperature during the ripening period was 29.5 °C in the control
and 30.5 °C in the HTT-2. The average daily soil minimum temperature during the
ripening period was 24.9 °C in the control and 26.0 °C in the HTT-2. The differences in
the average daily mean, maximum and minimum temperatures were within 1.0- 1.1 °C
during the ripening period. Based on this soil temperature data, we detected an effective
soil temperature difference among the temperature treatments. However, the differences
in the air temperature and soil temperature between HTT-1 and HTT-2 were close
compared to those between the control and the two high-temperature treatments in the
present study. The reason why the expected temperature difference did not occur
between the two high-temperature treatments may be that 2018, when this study was
carried out, was a high-temperature year. The average temperature in Matsue city during
the high-temperature treatment was 0.8 °C higher than the normal temperature. In the
TGC used in this experiment, to prevent excessive high temperature, the fan was set to
operate when the temperature in the HTT-2 section exceeded 40 °C. The difference
between the high-temperature treatments tended to be considered to be less likely to
occur when the outside air temperature was high. Moreover, the short length of the TGC
used in this study (15 m) may be one reason why there was no difference in temperature
between the two high-temperature treatments. Therefore, we decided to analyze the data
from these two treatments (HTT-1 and HTT-2) as one high-temperature treatment for the

analysis of soil solution, growth of rice, and As concentration of brown rice.
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3.2. The effects of high temperature on the total As concentration in soil

solution during the ripening period

We used a repeated measures ANOVA to analyze the concentration of total As in
the soil solution during the ripening period (Table 2.2). The ANOVA validated that the
total As concentrations had a significant effect on the As concentration in the soil solution
under the temperature treatment. The average total As concentration in the soil solution
during the ripening period was 48.1 ug L in the control but significantly increased in
the high temperature treatment (55.3 ug L™). The sampling dates also showed significant
changes within the ripening period. The arsenic concentrations in the middle ripening
stage (14 to 28 days after heading) tended to be higher than those in the early stage (7
days after heading) and the harvesting period (41 days after heading). That is, the As
concentration in the soil solution tended to increase in the midsummer. These results also
indicate that the high temperatures increased the total As concentration in the soil
solution during the ripening period.

The changes during the ripening period in both treatments were shown in Fig. 2.5.
The total As concentration in the soil solution in the high-temperature treatment was
consistently higher than that in control during the treatment. The high temperature thus

effectively increased the As concentration in the soil solution.

3.3. The effects of high temperature on the brown rice yield and yield

components
The brown rice grain yield and yield components are provided in Table 2.3. The

high temperature during the ripening period tended to reduce the ripening percentage.
In contrast, the thousand-grain weight tended to be increased by the high-temperature
treatment. However, the brown rice grain yield was decreased by 17% compared to that

of the control though the difference was not significant.
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3.4. The effects of high temperature on the As concentration and As species

in the brown rice
The results of the statistical analyses of the As concentration and As species in the

brown rice are summarized in Table 2.4. Although there was no significant difference,
the total As concentration in brown rice tended to be higher in the high-temperature
treatment than in control. The concentrations of DMA and monomethylarsonic acid
(MMA) did not show significant differences between the high-temperature treatment and
control. In contrast, iAs concentration in brown rice showed a meaningful difference
between high-temperature treatment and control though a significant difference was not
detected at a 5 % level of significance. The concentration of iAs in the high-temperature
treatment was higher than that of the control (p = 0.065). Therefore, increasing of total As

in brown rice mainly depends on the increasing of iAs.
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Figure. 2.3. Changes in average daily air mean temperature (a), daily air maximum
temperature (b), and daily air minimum temperature (c) during the ripening period.
HTT-1, high-temperature treatment 1; HTT-2, high-temperature treatment 2. Mean +
se (n = 3).
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Figure. 2.4. Changes in average daily soil mean temperature (a), daily soil maximum

temperature (b), and daily soil minimum temperature (c) during the ripening period.

HTT-1, high-temperature treatment 1; HTT-2, high-temperature treatment 2. Mean * se

(n=23).
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Table 2.1. Average air and soil temperature during ripening period.

Air temperature (C) Soil temperature (‘C)
Mean Maximum  Minimum Mean Maximum  Minimum
Control 26.9+0.1 30.6 +1.0 22.6+0.5 26.9+0.2 29.5+0.6 249 +0.1
HTT-1 27.9+0.2 34.6 +0.5 23.7+0.2 27.5+0.1 30.0+0.1 255+0.1
HTT-2 27.6 +0.5 34.0+1.1 23.6 +0.3 28.0+0.2 30.5+0.5 26.0+0.3

Mean = se (n =3)
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Table 2.2. Effect of the temperature and sampling date on the concentrations of

As in soil solution

Main factor Treatment Total As (mg L)
Treatment (T) Control 48.1+£19Db
High temperature 55.3+1.9 a
Sampling date (D) 10th August (7) 46.61+2.3 B
17th August (14) 54.0+3.0 AB
24th August (21) 60.1£3.0 A
31th August (28) 55.0+3.4b
13t September (41) 46.8+3.0B
Analysis of variance T p=0.011*
D p=0.008 **
TxD p=0.834

Mean + se (temperature, n = 15; sampling date, n =6).
*Represents significance at the 0.05 probability level.
** Represents significance at the 0.01 probability level.

Different letters within a column indicate significant difference by
Tukey's HSD test (p < 0.05)

Numbers in parentheses indicate days after heading.
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Table 2.3. Effect of the temperature on brown rice yield and yield components.

. Grain Ripening Thousand Brown rice
. Panicle . . .
Main factor Treatment number percentage  grain weight yield (g Pot)
number (Pot?) .
(Panicle) (%) (g)
Temperature Control 21.8+1.5 73.6+2.9 81.4+0.0 23.240.3 30.1+1.0
(M) High temperature 22.240.2 714 +1.3 66.6+0.1 242403 25.141.7
Analysis of T p =0.606 p=0.628 p=0.144 p=0.375 p=0.157
variance TGC p=0.071 p=0.765 p =0.544 p =0.980 p=0.691

Mean * se (n =23)
Thousand grain weight and brown rice yield converted to a moisture content of 15%.
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Table 2.4. Effect of the temperature during ripening period on the concentrations of As

species in brown rice at harvest.

Main factor Treatment Total As Inorganic As DMA MMA
(mg kg™) (mg kg™) (mg kg™) (mg kg™)
Temperature (T) Control 0.309+0.019 0.219+0.005 0.068+0.017 0.006+0.001
High 032340012 0.23440.009  0.064+0.008  0.0062-0.000
temperature
Analysis of variance T p=0.225 p=0.065 p=0.695 p =0.866
TGC p=0.064 p=0.071 p=0.125 p=0.372

Mean + se (n = 3)
The concentration is a value converted to a moisture content of 15%.
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4. Discussion

4.1. The relationship between temperature and the dissolution of As in
soil
High temperatures are a serious issue in agricultural, in part because they have a

great impact on the increase in the bioavailability of As fixed in the soil's solid phase by
the activation of microbial activity (Neumann et al., 2017). In anaerobic soil or flooded
paddy soil, the form of As changes depending on the oxide reduction in the soil
(Takahashi et al., 2004). Because of the reduction of As from As(V) to As(Ill) during the
tflooded period, As(IIl) is quickly released from soil to water, and then the solubility,
toxicity, and bioavailability of As to rice are enhanced (Takahashi et al., 2004).

Rice roots can oxidize the reductive dissolution of As bearing the host Fe (II)
oxyhydroxide minerals that scavenge As near or on roots (Hu et al., 2005; Frommer et al.,
2011; Seyfferth et al., 2010; Williams et al., 2014). The As is then transferred to the grains
and stored mostly in the bran layer (Lombi et al., 2009; Carey et al., 2010; Seyfferth et al.,
2011). Some of the microbial bacteria are responsible for releasing As; they are controlled
by the rhizosphere process (Weber et al., 2010; Jia et al., 2014). The dynamics of dissolved
Fe and As in a soil solution were reported to depend on the temperature, as dissolved Fe
and As were rapidly increased and stabilized at a rate of 5.5 mM Fe and 110 mM As when
the soil temperature was increased from 10 °C to over 20°C in a contaminated floodplain
soil (Weber et al., 2010).

Tyrovola and Nikolaidis (2009) reported that the release of As from contaminated
topsoils is related to temperature. The concentration of As was higher at 40°C than the
equilibrium concentrations at 10 °C and 20 °C in contaminated soil, and a higher
concentration of arsenate was released as the soil temperature rose. Based on their report,
we suspect that the temperature could have affected the release of the different As species

from the soil at different temperatures (10°, 20°, and 40°C). Thus, the release of As from
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the soil's solid phase depends on the temperature through the activity of iron-reducing
bacteria, which can reduce insoluble ferric oxide in aquifer soils to soluble ferrous
hydroxide and use the oxygen released by that change to oxidize some of the remaining
organic material, providing a strong influence to release toxic metals in the soil (Gounou
et al., 2010).

Neumann et al. (2017) cultivated rice plants in California paddy soil packed into
rhizome boxes, using different soil temperatures. In two soil temperature treatments
(26.1 °C and 30.5 °C), they used plant stems for the synchrotron X-ray fluorescence (XRF)
imaging of solid-phase As and Fe after heading. Interestingly, the XRF imaging at the
root base of the rice plants showed that more Fe and As were accumulated at 30.5 °C
compared to the 26.1 °C soil temperature treatment. This is because soil high temperature
is related to increased rates of microbial activities mediated by the reductive dissolution
of As bearing iron oxides, releasing comparatively more As from the soil. Increasing soil
temperature could therefore affect the increases in the solubility and toxicity of As
accumulated in rice plants.

The results of our present TGC experiments agreed with those of above-cited
studies. We observed that the average mean soil temperature was 26.9 °C in the control,
27.5 °C and 28.0 °C in the high-temperature treatments (Table 2.1). The high-temperature
treatments during the ripening period significantly increased the As concentration in the
soil solution compared to that of the control treatment. The As concentrations in the soil
solution in the high-temperature treatment remained higher than that in the control until
o6weeks after heading (September 13th) (Fig.2.5).

Arao et al. (2018) reported that the daily mean temperature during 2—4 weeks post-
heading was significantly correlated with the iAs concentrations in the rice grains,
indicating that this period (2—4 weeks post-heading) is important in the uptake and

accumulation of As in rice grains. The accumulation of As in brown rice has been shown
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to exhibit a low rate of translocation from other organs, and a very high percentage of As
is absorbed during the ripening period (Tyrovola and Nikolaidis, 2009; Bonte et al., 2013).
We thus suggest that in the present study, the rice plants grown in the high temperature

was more likely to absorb As due to the greater amounts of As released from the soil.

4.2. The decrease in the rice yield due to high temperature and yield

components
A high temperature after heading in rice seems to reduce the rice yield via a

reduction of the ripening percentage as well as an increase of the imperfect or empty
grain numbers per panicle (Table 2.3). In the study conducted at an International Rice
Research Institute farm, Peng et al. (2004) demonstrated that the mean air temperature
and the minimum air temperature decreased the grain yield by 15% and 10%,
respectively with each 1°C increase in the air temperature during the rice-growing season.
Kim et al. (2011) reported that compared to 21 °C, at 27 °C the grain filling speed was
increased and the grain duration was shortened, along with a significantly reduced grain
weight due to the influence of the ripening ratio. Due to the combined effect of increased
temperature and soil As, the yield decreased by 42%, suggesting a major impact on rice
yield and grain quality (Muehe et al., 2019). Similar results were observed in our
experiment; i.e., high temperature caused a decrease in yield through a decrease in the
ripening rate.

We noted an inconsistent effect of high temperature on the thousand-grain weight.
The thousand-grain weight was tended to be increased in the high-temperature treatment.
We speculate that the higher thousand-grain weight in the high-temperature treatment
compared to the control could be a result of the decrease in the number of effective grains
for ripening due to the influence of high temperature. In this case, the amount of
carbohydrate would be preferentially accumulated in the remaining grains, resulting in

an increase of the thousand-grain weight while the total grain yield was decreased.
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4.3. The effect of high temperature on the As concentration in the brown
rice
In the present study, the meaningful effect of temperature during the ripening

period on the concentrations of iAs in the brown rice was detected (p = 0.065), the iAs
concentration was higher in the high-temperature treatment than the control (Table 2.4).
This result suggests that the temperature during the ripening period is an important
factor in increasing the As concentration in brown rice. We suspect that these results are
related to the increase in the As concentration in the soil solution due to the increase of
As from the soil, which was due to the increase in soil temperature. Neumann et al. (2017)
observed that the soil As was solubilized as the soil temperature increased, and the
concentration of As in the rice straw and husk also increased when the rice was grown in
a root box (30 cm x 20 cm x 2.5 cm) with the air temperature maintained at the same level
and only the soil temperature changing. However, Neumann et al. (2017) also showed
that the concentration of As in the rice grains did not differ among the treatments. It is
thus conceivable that the cause of the increase in the As concentration in rice grains is not
only an increase in the supply of As from the soil due to an increase in soil temperature
but also the influence of the translocation to rice grains caused by the increase in air
temperature.

It was reported that the translocation of As absorbed into the above-ground part
of rice is sequestered in the vacuole of the cells (which is associated with the phloem of
the node), and that the translocation of As into brown rice is suppressed (Yamaji and Ma,
2014; Chen et al., 2015). It was also clarified that As is detoxified by binding to glutathione
(GSH) and phytochelatin (PC) and accumulates in vacuoles (Suriyagoda et al., 2018), and
that the translocation of iAs into brown rice can be achieved with the use of a sieve tube
(Carey et al., 2011). Therefore, in order to elucidate the mechanisms underlying the

increase in the As concentration in rice grains due to high temperature, it is necessary to
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determine the effect of high temperature on the mechanisms of As accumulation and

defense in rice plants.

4.4. The risk of human As intake from rice cultivated under high

temperature
In this study, uncontaminated soil with relatively low available As concentration

(1 mg kg') was tested. Since the average available As concentration in Japanese paddy
soil is 1-2 mg kg (Arao et al., 2011), that used in this study was slightly lower than the
average. In general, rice cultivated on contaminated soil or soil with extremely high As
concentration is very unlikely to reach the market. Therefore, it seemed to be better to
conduct experiments using soil where the As concentration of the soil is not so high and
suitable for the evaluation of food production and distribution and food safety.
According to a survey of rice As concentrations by the Ministry of Agriculture, Forestry
and Fisheries of Japan, approximately 5 % of brown rice cultivated in Japan collected in
2012 contained iAs at concentrations higher than 0.35 mg kg, and the average
concentration (n = 600) of iAs was 0.21 mg kg™ for brown rice (MAFF, 2014). It was higher
than that in brown rice collected from 2004 to 2006 (n = 600) by 0.15 mg kg'. Although
the cause of the higher iAs concentration in 2012 is unknown, differences in the weather
conditions in each year could have contributed to the differing iAs concentrations in rice.
In the present study, the concentration of brown rice in the control was 0.219 mg kg™
(Table 2.4), which was similar to the results of the 2012 Ministry of Agriculture and
Fisheries survey. We observed that the concentration of iAs in the brown rice was
significantly increased when the ripening period was under a high-temperature
condition (Table 2.4). Indeed, the absolute value of the difference is small, but even in the
case of using such low As soil, the fact that high temperature significantly increases the
brown rice iAs concentration is meaningful to make recommendations on food safety.
Therefore, it is necessary to discuss future risks based on the results of experiments on
soils with relatively high arsenic concentrations.
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Muehe et al. (2019) reported important information on the relationship between
elevated temperatures and soil As content, and warned of possible future rice cultivation
at elevated temperatures. That is, they conducted rice cultivation experiments at two
temperatures, 33 °C (the average daily temperature during the rice cultivation period
from May to September in California) and 38 °C, which is 5 °C higher than that. When
cultivated at 38 °C, the soil As increased, thus increasing the concentration of rice grain
As to 1004 + 17.9 pg kg grains, of which 400 pg kg showed to be iAs. They noted that
an increase in the As concentration in rice grains with the increase in temperature could
seriously affect humans.

In many parts of the world, rice is considered one of the potential routes of As
exposure (Mondal and Polya, 2008; Chatterjee et al., 2010). In an evaluation of the As risk
for humans, the weekly intake of iAs for a 70-kg adult was lower than the provisional
tolerable weekly intake (PTWI) value, but children <3 years old were the most exposed
to iAs (Pasias et al., 2013). In the present study, we observed a decrease in the grain yield
and an increase in iAs concentration in the brown rice under the high-temperature
conditions during the ripening period. In other words, if rice is produced under the trend
of high temperatures in the near future, the risk of human As intake will be increased.
Further investigations of agronomic methods are required in field conditions to

determine all of the precise effects of increased temperatures.
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Chapter 3

The Increase in the Arsenic Concentration in Brown Rice
Due to High Temperature during the Ripening Period
and Its Reduction by Silicate Material Treatment

This chapter presents results of the assessment of daily air and soil temperature,
arsenic in biomass production, and brown rice yield. It summarizes results on the
presence of high temperature effect on As accumulation in brown rice grain one week
after heading during the ripening period. It also evaluated the reduction in brown rice
yield mitigated by the application of calcium Silicate materials even in different high
temperature conditions with lowland As uncontaminated paddy soil at TGCs. Its also
evaluated the results of high temperature effect during the ripening period and the Si

application on the As concentration and As speciation in brown rice.
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Abstract

Rice grown in Wagner pots (1/5000a) was placed in three TGCs (each TGC was set
at four temperature levels: ambient, mildly-high temperature, moderately-high
temperature, and super-high temperature) from one week after heading until harvest. In
the TGCs, a range of mean air temperatures was observed in the range of 2 -C above the
ambient temperature. There was a significant negative correlation between the brown
rice yield and the air and soil temperatures, and the increase in air and soil temperatures
resulted in a decrease in the yield. The reduction in yield was significantly mitigated by
the application of calcium silicate. The concentration of As in the brown rice was
significantly positively correlated with the air and soil temperature, and the
concentration of As increased with increasing air and soil temperatures. When calcium
silicate was applied, the concentration of As in brown rice was significantly lower at all
temperature ranges, and its application was effective in reducing the arsenic
concentration even at high temperatures. These results suggest that the application of
silicate material may help mitigate the decrease in yield and the increasing As

concentration in brown rice even under high-temperature conditions.
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1.Introduction

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC, 2017) states that “the observed global warming since the mid-20th century has a
high probability of being anthropogenic more than 95%”. This trend of high temperatures
is sure to continue, and there are global concerns about the impact of high temperatures
on agricultural products. In paddy rice cultivation, in addition to the problems caused by
climate change, high-temperature growth disturbances that significantly reduce the yield
and quality of rice are frequent and problematic (Morita, 2008). Peng et al. (2008) directly
proved that the increase in nighttime temperature due to global warming reduces the rice
yield. Morita, and Nakano (2011) also reported that at temperatures above the optimum
growing temperature, dry matter production is inhibited due to small grain size, lower
maturity, lower grain quality, sterility, and consequently lower grain yield. Against this
background indicating that changes in temperature due to global warming may lead to a
decrease in rice yield and quality, Arao et al. (2018) analyzed the concentration of arsenic
(As) in rice grains produced between 1995 and 2014, and their results showed a significant
correlation between the concentration of As in rice and the daily mean temperature
(DMT) between two and four weeks after the emergence of the rice in the year in which
it was produced, suggesting that the higher the temperature during the rice ripening
period, the higher the concentration of inorganic As (iAs) in the rice grains. The Codex
Alimentarius Commission (2016) established upper limits for the permissible
concentration of iAs in milled and brown rice as 0.20 mg kg-! and 0.35 mg kg,
respectively. Arsenic is widely distributed in nature, and it is contained in the soil at an
average of 11 mg kg! (Kabata-Pendias, 2000). Ferns, known as arsenic hyperaccumulators,
show concentrations of up to 2 percent by dry weight (Ma et al., 2001). However, it is
known that most of the field crops do not generally show concentrations above 1 mg kg™

(Allaway, 1968). In contrast, stems and leaves of paddy rice can usually reach about 5 mg
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kg even when grown in unpolluted soil (Feng et al., 2017). The difference in the As
concentration between many field crops and paddy rice is greatly influenced by the form
of As species in their cultivated soil. Since the upland soil is oxidative, As exists as
pentavalent arsenate and is strongly bound to iron and aluminum in the soil so that it is
not eluted into the soil solution (Takahashi et al., 2004). Therefore, many field crops do
not readily absorb As. On the other hand, since paddy fields are in a reducing condition,
As is easily reduced to highly soluble trivalent arsenite and is easily eluted into the soil
solution so that paddy rice absorbs As easily (Takahashi et al., 2004). When the As
concentration was compared by parts, the highest concentration of As was found in the
roots, followed by the stems and leaves, and the rice grain was the lowest (Feng et al.,
2017). For example, the concentration of As in rice grains grown in soil containing a high
concentration of arsenic is unlikely to exceed 1 mg kg™ (Zavala and Duxbury, 2008).
Zavala and Duxbury (2008) obtained rice produced or distributed around the world, and
the variation in the concentration of As was investigated. They found a considerable
variation of 0.005 to 0.710 mg kg™ in total As concentration. Furthermore, they estimated
that the normal concentration of As in rice in the world is in the range of 0.08 to 0.20 mg
kg™ by considering the literature values. Rice is a staple food for about half of the world’s
population, but it is also the most common source of iAs, a class 1 carcinogen (Meharg et
al., 2009). It is essential to do research to clarify the mechanism of As accumulation in
brown rice. It is known that there are various defense mechanisms when As is absorbed
from the soil (Ashraf et al., 2020; Verma et al., 2020) and is transferred to brown rice
(Yamaji and Ma, 2014). In recent years, proteomic analysis and genetic analysis studies
have been conducted on the As-trapping function in nodes (Song et al., 2014). As
mentioned above, there is a concern that the As concentration in rice grains will increase
due to the global temperature rise, and it will therefore be necessary to reduce the As

concentration even in rice grown in uncontaminated soil. A temperature gradient
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chamber (TGC) was designed to provide the appropriate technology to develop an
experimental facility to study the response of rice to temperature stress and changes in
the global environment (Okada et al., 1995). The TGC is a highly effective system for
studying the effects of temperature on crop cultivation because it allows for high-
temperature treatment linked to the actual temperature. In paddy rice cultivation, it is
necessary to investigate the effect of temperature on the As accumulation and speciation
of rice grains in order to understand the effect of temperature increases on the rice yield
and the As concentration. The present experiments were conducted on uncontaminated
soil with relatively low As concentrations. Because rice grown in contaminated soils or
soils with extremely high concentrations of As is very unlikely to be marketed, we
thought it would be better for the evaluation of the actual production and distribution of
rice and the safety of the food to conduct the experiments in average paddy soils where
the As concentrations are not so high. Many countermeasures to reduce the As
concentration in rice have been reported, such as breeding varieties with low As
absorption, water-saving cultivation, and the application of soil amendments to reduce
the As absorption Matsumoto et al., 2015a; Li et al., 2009a; Zhao et al., 2010a). However,
the breeding of low-absorption varieties requires an extended period. Water-saving
cultivation is problematic in terms of reduced yield and quality as well as an accelerated
absorption of cadmium. In contrast, the application of soil amendment is a practical
measure for farmers because it is general manure management. We have shown that the
application of silicic materials reduces the As concentration in brown rice (Matsumoto et
al., 2015a, b; Matsumoto et al., 2016), but it has not been established whether the silicic
acid application can reduce the concentration of brown rice As even at high temperatures.
We conducted the present study to clarify the relationship between the temperature and

the concentration of As in brown rice by setting the temperature level after emergence
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with TGCs, and we investigated whether the silicic acid application is effective in

reducing the concentration of As in brown rice even under the increased temperature.

2. Materials and Methods

2.1. Soil Preparation, Si Material Treatment and Rice Cultivation
For the rice cultivation, we filled Wagner pots (1/5000a, Fujiwara Scientific, Tokyo,

Japan) with 3 kg of As-uncontaminated gray lowland paddy soil collected from the
plowed layer of a paddy field at Matsue, Shimane, Japan. In every pot we mixed 2.8 g of
a compound fertilizer that contained N 14%, P>Os 14%, and K20 14%, applied as a basal
fertilizer before the seedlings were transplanted. Calcium silicate slag (SiO2, 30%), which
is the most widely used silica (Si) material in Japan, was also applied at 7.5 g per pot as a
Si application treatment. The application rate of calcium silicate slag is equivalent to 1.5
times the recommended standard in Japan. No calcium silicate slag was applied to the
control pots. The tested soil contained 1.6% total C, 0.14% total N, 1.2 mg kg™ of available
As (1 M HCI extractable form), and 44.2 mg kg™ of available SiOz. This soil had a pH of
5.5. This soil tested was not unpolluted with relatively low As concentration. A popular
Japanese cultivar (Oryza sativa L. cv. Koshihikari) was selected for rice cultivation.
Hastening of germination was conducted in an incubator at 32 -C under dark conditions
for 24 h. Germinated seeds were sown in paper pots (comprised of 578 1.5-cm?, 3-cm-
deep blocks). Rice seedlings that were approx. 25 days old were transplanted to the
Wagner pots on 31 May, 2018. In the center of each pot, three seedlings were transplanted,
and flooding conditions were maintained from the transplanting to harvesting. At 48
days after the seedlings were transplanted, a compound liquid fertilizer containing 0.21%
N as a form of (NH4)2501 was applied to each pot with 0.5 g of N. The plants were grown

outdoors for 71 days before the start of the high-temperature treatment.

72



2.2. High-Temperature Treatment during the Ripening Period

Three 15-m-long TGCs (Figure 3.1) were used to investigate the As accumulation
in rice grains under high-temperature conditions. For the high-temperature treatments,
the TGCs were set up in the paddy field at Shimane University, Matsue, Japan (352290 N,
133040 E, 4 m asl). To detect the temperature variation, we applied four temperature
regimens, in order, from the entrance of the TGC to deep inside the TGC: ambient, mildly-
high, moderately-high, and super-high-temperature treatments. The boundaries of each
treatment section were separated by a transparent nylon curtain with vertical slits. A
high-quality fan was attached on the back end of each TGC and continuously provided a
gentle airflow from the entrance to deep inside the TGC to create more warm heat. This
set-up provided an effective way to understand and measure the temperature variation
from each of the four sections of each TGC. The temperature in the mildly-high plot is
close to the outside temperature (ambient plot) because the airflow passes first through
the entrance, and the temperature gradually increases toward the far end of the TGC
(Figure 3.2). The daytime air temperature was set not to exceed 40 -C by adjusting the
fan’s exhaust speed. The air temperatures and soil temperatures were recorded until
harvesting.

The heading date when 50% of the total heading occurred was August 3rd. Seven
days after the heading date (August 10th), six pots (three control pots and three Si-
application pots) were transferred to each of the four temperature treatments in each of
the three TGCs. A total of 72 pots (6x4x3) was thus used in this study. These pots were

grown in the TGCs until harvesting (September 19th).

2.3. Plant Sampling
We harvested the rice plants at maturity (19 September) from each pot for the

evaluation of the As concentration in rice plant tissues. The harvested plant samples were
air-dried in a greenhouse for 7 days. The air-dried samples were divided into straw and
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panicles. Husks and unfilled grains were removed for only the analyses of the As and
speciation concentrations in brown rice grains. The panicles were divided into rachis and
grains. Unfilled grains were removed by ammonium sulfate solution, and the grains were
counted by a machine (IC-1, Aidex Co., Nagoya, Japan). Filled grains were de-husked by
a machine (FC2K, Otake Agricultural Machinery Co., Aichi, Japan).

2.4. Chemical Analyses of the As and Speciation in the Plant Tissues
Five mL of 5:1 (v/v) HNO3/H202 was added to each powdered sample of brown

rice (0.5 g), and the samples were wet-digested in a microwave oven (MLS 1200,
Milestone, Bergamo, Italy). The concentrations of As in the degraded samples was
determined by inductively coupled plasma mass spectrometry (ICP-MS) (ELAN DRC-e,
PerkinElmer Sciex, Shelton, CT, USA). We determined the As speciation in the rice grains
by using the method of Matsumoto et al. (2016). Powdered brown rice (0.5 g) was mixed
with 2 mL of HNOs (0.15 M) in a 10-mL capped high-density polyethylene centrifuge
tube, and the mixture was heated in an aluminum heating block at 80 °C for 2 h. The
obtained extract was diluted to 10 mL with water and passed through a 0.45-um filter
before analysis. The As speciation of diluted solution samples was determined by a high-
performance liquid chromatography (HPLC)/ICP-MS system. A Super IC-Anion column
(5 ym ID, 4.6 mm ID, 150 mm ID) and a guard column (Tosoh, Tokyo) equipped with an
isocratic mobile phase system consisting of 10 mM ammonium acetate and an HPLC
system (PU 712i, GL Sciences, Tokyo, Japan) were used. The injection volume and mobile-
phase flow were set at 10 and 800 uL min™, respectively. Arsenic concentration was
determined using the ELAN DRC-e ICP-MS system.

Total inorganic As (iAs) is expressed as the sum of arsenite and arsenate. The
accuracy of the analysis was certified by the reference material (CRM) (rice flour, NMIJ

CRM 7503-a: arsenite 0.0711+0.0029 mg kg, arsenite 0.0130£0.0009 mg kg™, dimethyl
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arsenate (DMA) 0.0133+0.0009 mg kg™!; National Institute of Advanced Industrial Science
and Technology (NIJM), Tsukuba, Japan).

2.5. Statistical Analyses

The representative values of growth and As concentration in each temperature
treatment in each TGC were taken as the average of three pots. The effects of temperature
on the growth and As concentrations in brown rice were validated by an analysis of
covariance (ANCOVA) with air or soil temperature as a covariate. We also tested the

significance of the control and Si application when the ANCOVA was significant.
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Figure 3.1. Three temperature gradient chambers (TGCs) used for high-

temperature treatment during the ripening period.
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Figure 3.2. Schematic inside of TGC.
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3. Results

3.1. Temperature Differences between the Ambient, Mildly-High,
Moderately-High, and Super-High Treatments in the TGCs during the
Ripening Period

The daily air temperature differences among the four temperature treatments for
the Tmean, Tmax, and Tmin in the TGCs during the ripening period are shown in Figure 3.3.
According to the daily temperature data, the differences in the average daily air
temperatures among the four treatments (i.e., ambient, mildly-high, moderately-high,
and super-high temperatures) were 1.1 °C-2.0 °C (Tmean), 3.6 °C—4.0 °C (Tmax), and 0.10 -C-
0.9 °C (Tmin), respectively. As summarized in Table 3.1, the average daily mean air
temperature during the ripening period was 25.9 C in the ambient sections of the TGCs,
27.0 °C in the mildly-high sections, 27.9 -C in the moderately-high sections, and 27.8 -C
in the super-high temperature sections. Therefore, the greatest difference between the
average daily mean temperatures observed in the daily temperature data during the
ripening period was 2.0 °C.

The average daily maximum air temperature was 30.6 °C in the ambient-
temperature sections, 33.6 °C in the mildly-high, 34.6 -C in the moderately-high, and 34.5
°C in the super-high; as a result, the difference in the average daily maximum air
temperatures among the four temperature treatments during the ripening period was 3.0
°C.

In contrast, the data in Table 3.1 show that the average daily air minimum
temperature was 22.7 °C in the ambient, 22.6 °C in the mildly-high, 23.7 -C in the
moderately-high, and 23.6 °C in the super-high sections during the ripening period. From
the daily minimum temperature data, the difference in the average daily air minimum
temperature during the ripening period was 1.1 °C. Based on the daily minimum

temperature data, there were clear temperature differences between the four high-
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temperature treatments. We thus observed an effective and meaningful air temperature
difference between the ambient-temperature sections of the TGCs and the three high-
temperature treatments.

The daily soil temperature differences are shown in Figure 3.4 for the four
temperature sections in the TGCs for the Tmean, Tmax, and Tmin. The variations in the daily
soil temperature differences among the ambient, mildly-high, moderately-high, and
super-high treatments were 0.2 °C-3.3 °C (Tmean), 0.5 ©C=2.6 °C (Tmax), and 0.5 .C-1.7 -C
(Tmin). The average daily soil temperature differences for Tmean and Tmax between the
ambient and high-temperature treatments differed slightly among the three TGCs.
Generally, the range of temperature differences for Tmin was smaller than that for Tmax
during the ripening period.

The average daily mean soil temperature during the ripening period was 25.7 -C
in the ambient, 26.9 -C in the mildly-high, 27.5 -C in the moderately-high, and 28.0 -C in
the super-high sections (Table 3.1); thus the difference in the soil average daily mean
temperatures among the four treatments was high, at 2.3 «C. However, our evaluation
showed that the average daily soil maximum temperature during the ripening period
was 27.9 C in the ambient, 29.5 °C in the mildly-high, 30.0 C in the moderately-high,
and 30.5°C in the super-high sections of the TGCs. We had expected that the daily soil
maximum temperature difference would be high. The average daily soil minimum
temperature during the ripening period was 24.3 °C in the ambient, 24.9 -C in the mildly-
high, 25.5 C in the moderately-high, and 26.0 -C in the super-high sections. The
difference in the average daily minimum temperatures during the ripening period was
thus 1.7 °C. Based on these soil temperatures data, we detected an effective soil

temperature difference among the temperature treatments.

3.2. Effects of Temperature during Ripening Period and Si Application
on the Biomass Production and Brown Rice Yield
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The data of the dry matter production (straw and panicle) and brown rice yield
are shown in Supplementary Table 3S1. These data were analyzed by ANCOVA with the
average air or soil temperature after heading as a covariate and Si application as a fixed
factor (Table 3.2). No significance of regression was observed for the straw weight. We
thus consider that the straw weight was not affected by the increases in the air and soil
temperatures after heading. In contrast, the significance of regression was recognized for
the panicle weight and brown rice yield; that is, it was confirmed that the panicle weight
and brown rice yield decreased significantly as the air and soil temperatures increased
during the ripening period. The ANCOVA revealed a significant effect of the Si
application. The Si application significantly increased the dry matter production (straw
and panicle) and the brown rice yield in all of the temperature ranges. Thus, the
application of silicate effectively increased the dry matter production and brown rice

yield even in high-temperature conditions during the ripening period.

3.3. Effects of Temperature during the Ripening Period and the Si
Application on the As Concentration and As Speciation in Brown Rice

The results of our analyses of As in brown rice are summarized in Supplementary
Table 352, and the relationships between the As concentration and the temperature and
Si application are illustrated in Figure 3.5. The proportions of the concentration of the
sum of As species to that of total As in the brown rice ranged from 90% to 97% (mean:
94%), indicating that the accuracy of the speciation analysis was reasonable (Table 352).
The average proportion of the concentration of iAs to total As was 73.7%, and as reported
(Matsumoto et al., 2016), iAs was the dominant form of As present in the brown rice, and
the degree of the changes with temperature treatment and Si application was small. The
average proportion of DMA to total As was approx. 20%, and the variation between

treatments was small.
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The concentrations of iAs and DMA increased significantly with the increasing air
and soil temperatures during the ripening period in both the control and Si application
(Figure 3.5). The monomethyl arsonate (MMA) concentration was extremely low in all
treatments, and its relationships with the air and soil temperatures were not clear. As
mentioned above, since the dominant forms of As in brown rice were iAs and DMA,
similarly, the concentration of total As and the sum of As species also increased
significantly with the increasing temperatures. The concentration of As (except MMA) in
the brown rice tended to be lower in the Si application than in the control in any
temperature range. Therefore, for the As species that showed a linear relationship with
these temperatures, we performed an ANCOVA using the soil temperature and air
temperature as covariates, and we analyzed the As reduction effect of the Si application
under elevated temperature. The results of the ANCOVA revealed significant linear
relationships between the concentrations of iAs, DMA, the sum of As species, and total
As with the average air and soil temperatures during the ripening period (Table 3.3). The
effect of the Si application on the concentration of iAs was nonsignificant when the
significance level of 5% was used but was significantly reduced at the significance level
of 10%. The concentrations of DMA, the sum of As species, and the total As were
significantly reduced by the Si application at a significance level of The concentrations of
DMA, the sum of As species, and the total As were significantly reduced by the Si
application at a significance level of <0.1%. These results confirmed that the increase in
air and soil temperatures during the ripening period significantly increased the As
concentration in brown rice, but the Si application was effective in reducing the As

concentration in brown rice compared to the control at all of the temperatures used herein.
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Figure 3.3. Changes in average daily mean air temperature (a), daily maximum

air temperature (b), and daily minimum air temperature (c) during the ripening

period.
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Table 3.1. Average air and soil temperature during ripening period.

Air temperature ('C)

Soil temperature (‘C)

Temperature Mean Maximum Minimum Mean Maximum Minimum
Ambient 259 30.6 22.7 25.7 27.9 24.3
Mildly-high 27.0 33.6 22.6 26.9 29.5 249
Moderately-high 27.9 34.6 23.7 27.5 30.0 25.5
Super-high 27.8 34.5 23.6 28.0 30.5 26.0
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Figure 3.4. Changes in average daily mean soil temperature (a), daily maximum soil temperature

(b), and daily minimum soil temperature (c) during the ripening period.
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Table 3.2. Effect of the temperature and Si application on the dry matter production
and brown rice yield.

Dry matter production Brown rice
Main Factor Treatment Straw Panicle yield
(g pot") (g pot") (g pot™!)

Temperature Ambient 185 + 12 229 + 12 185 = 1.0

Mildly-high 187 + 16 167 + 13 124 + 09

Moderately-high 204 £ 26 156 = 20 113 + 15

Super-high 202 £ 23 164 + 23 119 + 17

Si application Control 158 + 06 147 + 11 112 + 1.0

Calcium silicateslug 231 + 10 211 =+ 1.1 159 + 1.0

Ancova

Significance of Mean air temperature p 0125 p < 0.001 p < 0.001
regression Mean soil temperature  p 0192 p < 0.001 p < 0.001
Si application Mean air temperature p < 0001 p < 0.001 p < 0.001
Mean soil temperature p < 0001 p < 0.001 p < 0.001

Mean values + standard errors (Temperature, n = 6; Si application, n = 12).
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Figure 3.5. Relationships between air and soil temperature during the ripening period and the

concentrations of arsenic species in brown rice.
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Table 3.3. Effects of the temperature treatment during the ripening period and Si

application on the As concentrations in brown rice.

. Inorganic As DMA MMA Sum of As species Total As
Main Factor Treatment

(mg kg™) (mg kg') (mg kg™) (mg kg™) (mg kg™)
Temperature Ambient 0260 + 0011 0.065 =+ 0008 0.005 + 0000 0330 =+ 0016 0346 = 0.016
Mildly-high 0330 =+ 0014 0.081 =+ 0007 0.003 + 0000 0414 =+ 0018 0453 =+ 0.016
Moderately-high 0330 =+ 0009 0091 =+ 0011 0.004 + 0000 0425 =+ 0019 0459 =+ 0.018
Super-high 0343 + 0011 0.097 + 0005 0.004 + 0001 0445 =+ 0013 0463 =+ 0.012
Si application Control 0327 + 0013 0.095 =+ 0005 0.004 =+ 0000 0426 =+ 0017 0453 =+ 0.017
Calcium silicateslug 0305 + 0.011 0.072 + 0.006 0.004 + 0000 0381 <+ 0.015 0408 =+ 0.017

Ancova

Significance of =~ Mean air temperature 4 < 0.001 P < 0.001 4 0.071 4 < 0.001 [4 < 0.001
regression Mean soil temperature p < 0.001 4 < 0.001 p = 0.150 p < 0.001 p < 0.001
. L Mean air temperature p = 0.067 4 < 0.001 p = 0458 p = 0.005 p = 0.008
Stapplication o soil temperature  p 0061 p < 0001 p = 0471 p 0004 p 0.007

Mean values + standard errors (Temperature, n = 6; Si application, n = 12).

87



Table 3.51. Dry matter production and brown rice yield in the present study.

Dry matter production Brown rice
Temperature . o - )

Si application Straw Panicle yeild

treatment 9 5 9
(g pot™) (g pot™) (g pot™)
Ambient Control 16.7 £ 3.0 20.7 £ 0.2 19.7 £ 0.2
Mild high Control 155 = 2.0 144 = 2.4 125 + 2.1
High Control 156 =+ 2.4 12.3 £ 0.9 10.3 = 0.7
Super high Control 155 = 1.1 11.7 £ 0.1 9.9 £ 0.2
Ambient Apply 203 £ 1.7 25.1 £ 2.7 239 £ 25
Mild high Apply 219 £ 0.9 19.1 £ 1.2 16.6 = 1.2
High Apply 25.2 £ 5.1 18.9 = 5.3 16.4 = 4.6
Super high Apply 25.0 £ 2.8 21.1 £ 34 18.2 = 3.2
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Table 3.S2. Concentrations of As species in brown rice in the present studyv.

Temperature Inorganic As DMA MMA Sum of As species Total As
Si application

treatment (mg kg™) (mg kg™) (mgkg™) (mgkg™) (mgkg™)

Ambient Control 0.270 £+ 0.037 0.081 + 0.008 + 0.001 (1.6) 0.356 + 0.043 0.373 + 0.037
Mild high Control 0.342 + 0.048 0.094 + 0.012 + 0.000 (0.6) 0.440 £+ 0.050 0.475 + 0.048
High Control 0.344 + 0.041 0.104 = 0.031 + 0.001 (0.7) 0.451 £ 0.057 0.485 + 0.041
Super high Control 0.353 + 0.028 0.101 + 0.011 + 0.002 (0.8) 0.458 + 0.023 0.478 + 0.028
Ambient Calsium silicate slug 0.250 £ 0.015 0.049 + 0.007 + 0.001 (1.7) 0.304 £ 0.006 0.319 + 0.015
Mild high Calsium silicate slug 0.317 + 0.015 0.068 + 0.010 + 0.001 (0.7) 0.388 + 0.023 0.432 + 0.015
High Calsium silicate slug 0.317 £ 0.035 0.078 = 0.015 + 0.001 (0.9) 0.399 £ 0.010 0.433 + 0.035
Super high Calsium silicate slug 0.334 + 0.025 0.093 + 0.012 + 0.002 (1.2) 0.433 + 0.037 0.447 + 0.025

Numbers in parentheses indicate the percentage of each As species to total As.

Mean values + standard errors (n = 3).
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4. Discussion

The significant effects of high global temperature on global food production are a
severe problem that needs urgent action. As many researchers predicted, increased
temperatures can reduce the rice production yield. Tao et al. (2008) used the 30-year
period of 1961-1990 climatic data in their efforts toward the development of effective
techniques to combat the effects of global warming on rice production. They reported
that at 1 °C, 2 °C, and 3 C increases in the mean temperature, the decreases in the rice
yield were 6.1%-18.6%, 13.5%-31.9%, and 23.6%-40.2%, respectively (Tao et al., 2008). In
our present investigation, the average temperature observed during the ripening period
in the three high-temperature treatments in the TGCs was up to 2 °C higher than the
ambient treatment’s temperature (25.9 °C). Similarly, a range of 2.3 C higher mean soil
temperature was observed compared to 25.7 °C for the ambient treatment. In this
situation, a significant negative regression equation was obtained for the brown rice yield
with increasing air and soil temperatures, and the brown rice yields in the moderately-
high temperature treatment and super-high temperature treatment were approx. 39%
lower than the ambient treatment.

The rate of photosynthesis decreases when the temperature increases above the
optimum value for plant growth (Van Kiet, 2016), and it has thus been shown that a
reduced ripening period leads to an inadequate accumulation of carbohydrates and to a
decrease in yield due to increases in sterility and immature grains (Horie et al., 2000; Jin
et al., 1995; Morita et al., 2016; Agostinho et al., 2017; Matoh, 1991). In the present study,
the yields were significantly higher in the Si application compared to the control. Even in
the Si application, the yield was significantly reduced by high temperature, but the yield
reduction was lessened compared to the control. In other words, our results
demonstrated that Si application would be an effective agronomic management

technique to minimize yield losses under high-temperature conditions.
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Agostinho et al. (2017) suggested that the application of different Si sources
increased not only the biomass Si content but also the Si content at the tillering, booting,
and flowering stages by 12%, 10%, and 23% respectively, and that the increase in Si
content increased grain yield by 4.46%-5.38%. In an investigation by Matoh et al. (1991),
that the photosynthetic rate of single leaves was improved by increasing the
concentration of Si in the leaf blade by the application of calcium silicate, and those
authors noted that this improvement occurred because the leaf blade maintains the
plant’s functional water status. Ando et al. (2002) showed that the photosynthetic rate of
the community of rice was increased by the application of calcium silicate, and the
carbohydrate content in the rice grains was also increased. A later study by Fujii et al.
(2008) revealed that paddy rice leaves rich in Si had an increase in carbohydrate content
and a good ripening performance through an increase in photosynthetic rates to maintain
the functional water status.

In 2010, Kaneda et al. (2010) demonstrated in a pot experiment that a rapid increase
in leaf temperature in response to high-temperature treatment was suppressed by an
application of calcium silicate from the ripening stage, and this application was also
speculated to suppress the decrease in yield and improve the quality of brown rice by
suppressing the consumption of carbohydrates accumulated in the leaf blade. In fact,
Mori, and Fujii (2013) reported that the fructose, glucose, and sucrose content in the
leaves after high-temperature treatment was 1.4 times higher with the application of
calcium silicate compared to the control, suggesting that this change in content was a
factor in reducing the decline in yield and quality. As mentioned above, we propose that
the application of Si could be a promising soil fertilizer to control the degradation of yield
and quality under high-temperature conditions.

The impact of high temperatures on the As concentration from a soil solution to

the rice grain has recently been examined with high air temperatures after heading and
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elevated soil temperature (Neumann et al., 2017). Weber et al. (2010) reported the
relationship between the increase or decrease in soil temperature and the leaching of
arsenic into the soil solution as follows. When the soil temperature increased from 10 -C
to >23 -C, As was rapidly released into the soil solution with an increase in microbial
activity. In contrast, when the soil temperature was decreased from 23 C to 14 °«C or 5 °C,
the As concentration was 10 times lower at 14 <C or 5 °C compared to that at 23 -C (Weber
et al.,, 2010). Tyrovola et al. (2009) reported that the As concentration in soil solution kept
at 40 -C was higher than those at 10 -C and 20 -C. Neumann et al. (2017) cultivated rice
plants in California paddy soil packed into rhizome boxes, using different soil
temperatures (26.1 -C and 30.5 -C), and synchrotron X-ray fluorescence (XRF) imaging at
the root base of the rice plants showed that more iron (Fe and As were accumulated at
30.5 °C compared to 26.1 °C soil-temperature treatment). Regarding these results,
Neumann et al. (2017) suggested that the increased soil temperature increased the activity
of the iron-reducing bacteria and that the leaching of iron from the solid phase into the
soil solution increased the leaching of As that was adsorbed by the iron in the soil.

Arao et al. (2018) recently reported multiyear data revealing that the daily mean
high temperature during the 2—4 weeks post-heading was significantly correlated with
the iAs concentrations in the rice grains, indicating that this period (2-4 weeks post-
heading) is important in the uptake and accumulation of As in rice grains. Together the
above-summarized studies demonstrated that high air and soil temperatures are the most
important factors needed to release more As in the soil solution, and that these increased
temperatures are related to the transfer of As from the rice root to grains and deposited
more As in rice grains compared to the optimum temperature.

We observed herein that the average mean soil temperature was 25.7 °C in the
ambient treatment in the TGCs, 26.9 °C in the mildly-high treatment, 27.5 °C in the

moderately-high treatment, and 28.0 -C in the super-high temperature treatment (Table
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3.1). Although we did not measure the concentration of As in the soil solution during the
growing period, the concentration of As in the soil solution likely remained higher in the
high-temperature treatments, as is evident from many of the above reports. Our
experiment showed that the As concentrations of brown rice in the high-temperature
treatments remained higher than that in the ambient treatment. In fact, with the use of
the TGCs, the concentration of As in brown rice showed a significant positive correlation
with the air and soil temperatures during the ripening period and was higher as the air
and ground temperatures increased. Our findings thus support the relationship between
air temperature during the ripening period and the brown rice As concentration
suggested by Arao et al. (2018).

We also observed that the Si application had a significant effect on the As
accumulation in brown rice grains (Table 3.3). Many researchers have reported that the
application of Si materials is more beneficial and effective to reduce the As uptake and
concentration in rice grains. Matsumoto et al. (2015a) cultivated rice plants in concrete
frames in a field and applied calcium silicate treatment; they reported that this treatment
effectively reduced the As concentration in the grain and straw compared to the control
(without calcium silicate application). Bogdan, and Schenk (2008) showed that soils
containing high levels of Si that is available to plants produce lower concentrations of As
in rice plants and that the application of Si to the soil may reduce the concentration of As
in rice. Moreover, Li et al. (2018) observed that the application of Si fertilizer to the soil
reduced the total As of rice straw and grain by 78% and 16%, respectively. Even different
sources of Si materials (i.e., Si-potash fertilizer, Si-Ca fertilizer, semi-finished product of
Si-potash fertilizer, and Na2Sio3) showed reduced As concentrations in both straw and
grain (Wang et al., 2016).

It has been reported that the similarity between the chemical forms of As and Si is

an essential factor in considering the decrease in the As concentration of brown rice due
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to silicate application. Several research groups noted that the addition of Si significantly
elevated the As concentration in soil solution, and that it even decreased the
accumulation of As in some important aerial parts of the plant (stem, leaf, husk, and
grain). Arsenic and Si are competitive elements for ferrihydrite and gothite (Swedlundi
et al., 1999; Waltham et al., 2002; Luxton et al., 2006) because of their chemical similarities.
The increase in As concentration in the soil solution caused by the addition of Si is the
result of competitive adsorption between silicate and arsenite on soil particles that are
rich in iron oxide (Li et al., 2018). The competitive adsorption to the binding sites also
occurred in the iron plaque of rice roots (Li et al., 2018). Thus, the competition between
As and Si at the root surface should not increase the absorption of As by rice, even if the
concentration of As in the soil solution increases (Makino et al., 2016).

It has been pointed out that the competition between As and Si has a significant
influence on the process of As uptake by rice. Ma et al. (2008) concluded that arsenite
(which is the dominant species of iAs in rice) and Si are transported by the same
transporters (i.e., Lsil and Lsi2) because of the chemical similarities between arsenite and
Si (Ma et al.,, 2008). In the present study, the application of calcium silicate had a
considerable effect on the concentration of As in brown rice grains, as shown in Table 3.3.
The concentrations of the dominant As species (iAs and DMA) in brown rice were
significantly decreased by the Si application compared to the control without Si
application at all temperatures tested. Similar results were observed by Li et al. (2018),
who also documented in their pot experiment using rice plants grown at the temperature
range 22 °C-35 »C that an application of Si significantly reduced the total As concentration
in brown rice grains (by 24.1%), whereas the Si had only a slight and non-significant effect
on the plant biomass (Li et al., 2018). The decrease in As concentration could be due to

the competition of Si in the arsenite uptake and transport in aerial tissues.
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Several studies showed that Si may suppress the arsenite uptake in a direct
competition for membrane transporters, especially Lsi2 (Ma et al., 2006; 2007; 2008). An
increase in the Si concentration in the rice body by the application of silicate can thus
affect and compete with As for the transportation, and therefore mitigate the As
absorption in rice, which is related to decreasing As contents in rice straw, followed by a
decreased As concentration in rice grains under the high-temperature conditions
described herein. These findings indicate that the competitive As uptake reduction by the
application of silicate was effective even under high-temperature conditions. In addition,
the increase in biomass and brown rice yield by the application of calcium silicate may
have contributed to the decrease of the concentration of As in brown rice. In other words,
if the accumulation of carbohydrates in brown rice is increased, the concentration of As
in brown rice is considered to be diluted and decreased. In this regard, it is necessary to
examine the relationship between the accumulation of carbohydrates and As in brown
rice because it has been clarified that iAs translocates to brown rice through a sieve tube
as described above (Yamaji et al., 2014; Song et al., 2014). The cause of the decrease in
brown rice yield due to high temperature is that the high temperature accelerates the
aging of the leaf and panicle, and the ripening period is shortened (Kim et al., 2011).
Therefore, the reason for the high concentration of As in brown rice in high-temperature
conditions may be that the dilution of As due to the accumulation of carbohydrates was
insufficient for the shortened ripening period. The reason the concentration of As in the
Si treatment was lower than that in the control may also be that the ripening damage due
to high temperature was less than that in the control. However, such considerations
would require a detailed study of the translocation rates of carbohydrates and As to
brown rice, respectively. The application of Si would thus reduce the risk of human As

intake from rice cultivated under high temperature.
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It is important to note that the amount of calcium silicate applied in this study was
approx. 1.5 times the recommended standard in Japan. This was because the available Si
content of the soil used in this study was lower than that of the average paddy field soil
in Japan. In addition, to assess the risk of As in rice sold at public markets, we tested soil
with relatively low As concentrations. These factors may have facilitated the effect of the
Si application on the mitigation of growth inhibition and reduction of As concentration
in brown rice under high-temperature conditions. It is therefore necessary to study the
amounts of Si applied according to the As and available Si contents in the soil. Further
investigations of agronomic methods are required in a variety of field conditions to

determine all of the precise effects of increased temperatures.
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Chapter 4

Increased Arsenic Concentration in Brown Rice due to
insufficient dilution effect under High Temperatures
During the Ripening Period and Reduced by the
Application of Converted Furnace Slag

This chapter presents an assessment of the effects of high temperature on the
arsenic accumulation in brown rice grain and reduced by the application of converted
furnace slag (CFS). It summarizes results on the presence of arsenic and carbon in straw,
panicle, internode, and node of the rice plants. It also summarizes the application of the
correlation of CFS materials and arsenic concentration in brown rice grain during the
ripening period under different levels of high temperatures conditions where conducting

experiments at TGC.
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Abstract

“Koshihikari” rice cultivar grown in Wagner pots (1/5000a) with uncontaminated
soil that was used for high-temperature treatment in TGC set at four temperature levels;
ambient, mildly-high temperature, moderate-high temperature, and super-high
temperature from 1 week after heading until harvest. In the TGC, a range of mean air
temperatures was observed in the range of 3.2 °C above the ambient temperature. In the
daytime, highest temperature was detected in the range of 5.0 °C above the ambient
temperature and was 3.5 times higher temperature compare to nighttime temperature.
Therefore, excessive As may accumulated in brown rice grain in day time compare to
night time temperature. There was a significant regression linearity was found between
temperature and dry matter, thereby reduction of yield also significant regression
linearity which followed drastically one fifth in super high temperature compared to
ambient. The reduction in yield was significant considerably mitigated by the application
of CFS materials. The concentration of As and As species (iAs, and total As) in brown rice
was significant regression linearity with temperature although DMA tended to increase
with high temperature. Even, the concentration of total As was significant in each parts
of rice straw (internode 2, node 1 and node 2) where carbon concentration was not
significant with the temperature. However, CFS application significantly reduced As
concentration in brown rice and each parts of rice plants in all high temperature treatment.
From this study's results, the yield decreased with increasing temperature in the ripening
period due to the suppression of carbohydrate translocation during this period. The
amount of carbon accumulation and the carbon distribution ratio were lower in the high-
temperature treatments. Similarly, because As is transferred to brown rice through the
sieve tube, the amount of As accumulated in brown rice and the distribution rate of As

were examined, compared to carbon. A significant negative correlation was found
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between the total As concentration in each part of the straw, especially in node 1, node 2,
internode 2, and the average daytime temperature and maximum during the ripening
period. These results indicate that the ability to prevent As translocation to brown rice,
present in the nodes, may be reduced by high temperatures. No significant linear
relationship has been found between temperature and carbon concentration in any parts
of the rice plant, indicating no unique accumulation mechanism in those parts of rice
plants for carbon translocation. The accumulation of As and carbon significantly reduced
with increasing temperature in the brown rice, as the ripening period shortened when
the temperature increased. The effect of high temperature on As distribution ratio in
straw was not as clear as that of carbon. However, it was observed that the distribution
ratio of As to brown rice decreased with increasing temperature, which was also the case
with carbon and suggests that the effect of high temperature on the transfer and
accumulation of carbon and As in brown rice may be different. The distribution ratio of
carbon tended to increase with a high temperature in all parts of the straw. In contrast,
As showed a similar trend to carbon in the straw under internode 3, but there was no
clear relationship with high temperatures in other parts. The negative correlation
between the decrease in carbon distribution ratio and As concentration in brown rice was
significant. This suggests that carbon translocation flow significantly affects As
concentration in brown rice; As concentration decreases with high carbon translocation
flow and increases with low carbon translocation flow. The As concentration increases at
higher temperatures, suggesting that the translocation inhibition ratio due to high
temperatures differs between As and carbon because the amount of As transferred to
brown rice also decreases at higher temperatures. In other words, higher temperature

causes less As dilution by carbon and higher As concentration in brown rice.
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1. Introduction

There are many researchers have been taken technique to prevent growth inhibited
in rice plants to reduce As concentration. For example, selecting good quality of varieties
with low As concentration, water management for paddy fields, soil modifier to reduce As
concentration with increasing yield etc. (Matsumoto et al., 2015a, b; Li et al., 2009a; Zhao et
al., 2010a). Among of those techniques, using soil modifier is an available and comfortable
practice for paddy cultivation because of as further more restriction in other techniques. It
was reported that Fe and silicate modifier decreased As absorption in rice and increased
grain yield (Matsumoto et al., 2015a, b; 2016; Li et al., 2009a; Liu et al., 2004; Seyfferth and
Fendorf, 2012; Dhar et al., 2020). Some of reason is responsible to reduce As absorption in
rice by Fe modifier: the increase of free iron oxide in the soil solution influenced to
formation of iron plaque around the root surface and arsenite is oxidized to arsenate by Fe
which is immobilized because of Fe had a high quality of affinity to arsenate (Liu et al.,
2004). Thus, remaining of large part of Fe oxidized to reduce As absorption in rice grain
through root (Matsumoto et al 2015a, b; 2016). Mei et al. (2012) found that at the tillering
stage, Fe plaque formation was at highest level although its concentration decreased after
due to Fe oxidized of transformation. Garnier et al. (2010) reported in their comprehensive
field experiment that As concentration in roots and in the iron plaque rose to 1000-1500 mg
kg towards the middle of the rice growing season and then it decreased to ~300 mg kg
towards the end, followed of the maximum As concentration of grain was 0.58 + 0.05 mg
kg?. Under this critical situation and as according to the discussion of above that the As
concentration in rice grains will increase due to the global temperature rise, and it will
therefore be necessary to reduce the As concentration not only As contaminated soil but
also in As uncontaminated soil.

However, temperature gradient chamber is appropriate and familiar technique for

conducting experiment where provide markedly differences in air temperature in different
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location are critical in weather forecasting and climate changes in the global environment
(Okada et al., 1995). Providing a continuous one-way airflow along the long axis of the
TGC, the air temperature rises gradually with the distance from the inlet by sensible heat
gain form solar radiation or supplementary heating cables as defined as ratio of the
differences between temperature of 2 or 3 °C thermometer. On global and annual basis,
the dynamics of the atmosphere can be understood to increase temperature in the TGC
and how may affect on crop production, and thereby as attempting, be able to be taken
to prevent critical situation against high-temperature. Nevertheless, in the production of
paddy rice, the influence of temperature on the As aggregation and speciation of rice
grains must be studied in order to consider the impact of temperature changes on the rice
yield and the As speciation in the rice.

In our previous report, Si is investigated to reduce As concentration and increased
brown rice grain yield even in high temperature condition although did not use of Fe
materials application. Even though many studies have been already justified and proven
that Fe modifier can increase tolerances not only As uncontaminated soil but also
contaminated soil, and their impacts on As accumulation in rice grains, translocation,
distribution in aerials parts in rice plants. Nevertheless, remain unclear of different types
of Fe materials activities under high temperature conditions. Therefore, we decided to
examine whether soil modifier of Fe that may be inhibited As absorption in brown rice
grain even in high temperature conditions. Consequently, the study aimed of our present
experiment that to determine the relationship during the ripening period between
temperature and As concentration in brown rice in the TGCs where Fe modifiers were
applied as soil modifier to reduce As concentration in brown rice in the uncontaminated

soil.

2. Materials and Methods
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2.1. Soil Preparation, Application of converted furnace slag, Plant
materials and Rice cultivation

The present experiment was conducted at the area of Izumo, Shimane, Japan. We
collected As-uncontaminated gray low layer paddy field land soil from Honju, Matsue,
Shimane, Japan, which filled up of 3kg soil into the wagner pots (1/5000 a, Fujiwara
Scientific, Tokyo). As a basal fertilizer, 2.8 g of a compound fertilizer that contained N
14%, P20s 14%, and K20 14%, applied before the seedlings were transplanted. Pots were
kept under natural condition before started of heat-treatment. We used two quantities of
converted furnace slag (CFS, FM GOLD, Yoneda Industry Co., Okayama, Japan) which
is generally used as Fe material in Japan. The CFS was used to apply at a rate of 15 g pot
1as CFS15 and 30 g pot ! as CFS30, respectively to reduce the uptake of As in brown rice
grain. No converted furnace slag application was applied in the control pots to identify
the basal condition of As accumulation in brown rice. The soil analyzed contained 1.6%
total C, 0.14% total N, 1.2 mg kg™ of available As (1 M HCl extractable form), and it had
soil pH of 5.5. In keeping with local guidelines for yield growth, the rodents, diseases,
and weeds were intensively regulated.

For rice cultivation a common Japanese cultivar (Oryza sativa L. cv. ‘Koshihikari’) has
been chosen, and sterilized seeds were germinated at 32°C for 24 h. Seedlings of
germinated seeds were sown in paper pots (comprised of 578 1.5-cm?, 3-cm-deep blocks)
on soil formulated for seedling better growth (Green soil, Izumo Green Co., Izumo, Japan).
Seedlings of rice that were twenty-five days old was transplanted to Wagner pots at 22
May 2019. Three seedlings were kept flooding condition from the transplanting to until
harvesting. A synthetic liquid fertilizer containing 0.21 per cent N as a component of
(NH4)2SOs was added to each pot with 0.5 g of N at 48 days after the seedlings were
transplanted. Until the start of the high-temperature treatments, the plants were

cultivated outdoors.
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2.2. High-Temperature Treatment

For high temperature treatments, a long 40-m and 5.4 m wide TGC (Figure 4.1) used
to examined the As accumulation in rice grains and some of aerial parts in rice. To get the
daily temperature variation of at day and night, the TGC was set up from entrance to
deep following to the order: ambient, mildly-high, moderately-high, and super-high-
temperature treatments at Izumo research center, Shimane, Japan. To detect the effect of
the day and nighttime temperatures were calculated at 6:00-18:00 and 18:00-6:00,
respectively in 4 temperature treatments. Each part of temperature section was set up by
the appropriate temperature logger to understand the temperature variation and
separating the borders of each treatment segment was not a translucent nylon curtain
with vertical slits. To create warmer inside of TGC, three high quality and resolution of
electric fan was set up at the end of back that continuously provided hot condition from
mildy high to super temperature treatment block. The temperature in the marginally
elevated plot is similar to the outside temperature (ambient plot) when the airflow travels
through the aperture first and the temperature slowly decreases at the TGC's far end
(Figure 4.2). The foundation of each TGC was built to have temperature changes from the
entry to deep within the TGC, and the air and soil temperatures will be assumed to be in
the following order: ambient< mildly-high< moderately-high < super-high. Through
changing the exhaust, velocity of the fan the daytime and nighttime air temperature was
adjusted to not be exceeded or reduced at 40 °C and 22 °C, respectively. The temperatures
of the air were reported before harvest.

The heading date was July 31t when 50 percent of the overall heading happened.
Seven days after the heading date (August 7th), twenty-four pots (eight control pots, eight
CFS15-application pots and eight CFS30-application pots) were transferred to each sector
of the four temperature treatments in TGC. To continue of this study, a total number of

96 pots (24x4) was used. All pots were kept for grown in the TGC until harvesting.
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2.3. Collecting Plant Samples for chemical analysis and measurement

At maturity (September 10th) we harvested the rice plants from each pot for
assessment of the As concentration in rice plant tissues. The collected samples of the
plants were air-dried for 7 days in a greenhouse. Dividing the air-dried samples into
straw and panicles. Husks and unfilled grains were removed for the analyses of the As
and speciation concentrations in brown rice grains. Unfilled grains were removed by
ammonium sulfate solution, and the grains were counted by a machine (#IC-1, Aidex Co.,
Nagoya, Japan). Filled grains were de-husked by a machine (#FC2K, Otake Agricultural
Machinery Co., Aichi, Japan). To determine the specific biomass production, total dry
weight, panicle dry weight, straw dry weight, panicle number, culm length, and panicle
length were measured. Each straw of the sample was divided into internode I, node I,
internode 1II, node II, and under inter-node Il as shown in Fig. 4.2. Samples of the nodes
were cut 3.5 mm above and below the center of the node (total length 7 mm). Since the

rice husks could not be recovered, they were not used in this analysis.

2.4. Chemical Analyses of the As, As Speciation and Carbon in the Plant
Tissues

For the analysis of As Five ml of 5:1 (v/v) HNOs/H20: was added to each powdered
sample of brown rice (0.5 g), and the samples were wet-digested in a digestion system
(Eco-pre system 24T, Actac, Tokyo). The concentrations of As in the degraded samples
was determined by inductively coupled plasma mass spectrometry (ICP-MS) (Model
8800, Agilent, Hanover, Germany).

We determined the As speciation in the rice grains by using the method of
Matsumoto et al. (2016). Powdered brown rice (0.5 g) was mixed with 2 mL of HNOs (0.15
M) in a 10-mL capped high-density polyethylene centrifuge tube, and the mixture was

heated in an aluminum heating block at 80°C for 2 h. The obtained extract was diluted to
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10 ml with water and passed through a 0.45-um filter before analysis. The As speciation
of diluted solution samples was determined by a high-performance liquid
chromatography (HPLC)/ICP-MS system. A Super IC-Anion column (5 um ID, 4.6 mm
ID, 150 mm ID) and a guard column (Tosoh, Tokyo) equipped with an isocratic mobile
phase system consisting of 10 mM ammonium acetate and an HPLC system (LC10A,
Shimadz, Kyoto, Japan) were used. The injection volume and mobile-phase flow were set
at 10 and 800 uL min, respectively. Arsenic concentration was determined using the
ICP-MS system (Model 8800, Agilent, Hanover, Germany). Total inorganic As (iAs) is
expressed as the sum of arsenite and arsenate. The accuracy of the analysis was certified
by the reference material (CRM) (rice flour, NMIJ] CRM 7503-a: arsenite 0.0711 +0.0029
mg kg, arsenite 0.0130 + 0.0009 mg kg, dimethyl arsenate [DMA] 0.0133 + 0.0009 mg kg
1; National Institute of Advanced Industrial Science and Technology [NIJM], Japan).

The concentration of total carbon in the powder samples was determined by the NC-80

AUTO (Sumika co. Ltd. Tokyo).

2.5. Statistical Analyses

The effects of temperature on the growth biomass production, As concentrations
carbon concentration and those accumulations were validated by an analysis of
covariance (ANCOVA) with air temperatures as a covariate. We also tested the

significance of the control and CFS application when the ANCOVA was significant.
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Figure 4.1. Temperature gradient chambers (TGCs) used for high-temperature
treatment during the ripening period.

A: external appearance. B: inside the TGC.
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Figure 4.2. Schematic diagram of each part of rice divided for analysis.
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3. Results

3.1. Temperature Differences between the Ambient, Mildly-High,
Moderately High, and Super-High Treatments in the TGC During the
Ripening Period

Figure 4.3 (A-E) indicates the average variations in air temperature between the
four temperature treatments in the TGC for Tmean, Tmax, and Tmin during the ripening period.
The disparity in average daily air temperatures among the four treatments (i.e., ambient,
mildly-high, moderately-high, and super-high temperatures) was 1.7-3.2 °C (Tmean), 5.2—
8.9 °C (Tmax), and 0.9-1.6 °C (Tmin), respectively, according to the regular temperature
details. The average daily mean air temperature during the ripening period, as described
in Table 4.1, was 26.5 °C in the ambient section of the TGC, 28.1 °C in the mildy high
section, 29.6 °C in the moderately high section and 29.4 °C in the super-high section.
Hence, the largest difference between the average daily mean temperatures observed
during the ripening period in the daily temperature data was 3.1 °C above the ambient.

The average daily maximum air temperature was 30.7 °C in the ambient-
temperature section, 35.8 °C in the mildly-high, and 38.8 °C in the moderately-high, and
39.6 °C in the super-high. Consequently, the average daily maximum air temperature
difference was 8.0 °C between the four temperature treatments during the ripening
period.

The average daily minimum air temperature was 22.7 °C in the ambient-
temperature section, 23.6 °C in the mildly-high, and 24.4 °C in the moderately-high, and
23.7 °C in the super-high. The average daily minimum air temperature difference
between the four temperature treatments during the ripening period was therefore 1.6 °C.

Figure 4.3 (D-E), displays the average air day time (6:00-18:00) and nighttime
temperature differences in the TGC between the four temperature treatments (i.e.,

ambient, mildly-high, moderately-high, and super-high temperatures). The average daily
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daytime air temperature and nighttime temperature disparity among the four treatments
(i.e.,, ambient, mildly high, moderately high, and super-high temperatures) was 2.8.—
5.0 °C, and 0.7-1.4 °C, respectively, based on the standard temperature information.
During the ripening period, the average daily mean day time air temperature as defined
in Table 4.1 was 28.1 °C in the TGC ambient section, 31.0 °C in the mildly-high section,
33.1 °C in the moderate-high section and 33.2 °C in the super-high section. The average
daily mean nighttime air temperature during the ripening period, as described in Table
4.1, was 24.8 °C in the ambient section of the TGC, 25.5 °C in the mildly-high section,
26.2 °C in the moderately high section and 25.6 °C in the super-high section.

Basis on the daily mean, minimum, maximum, daytime and nighttime
temperature data, there were clear temperature differences between the four high-
temperature treatments. Even, maximum temperature was too high in super high as we
expected. We thus observed an effective and meaningful air temperature difference
between the ambient-temperature sections of the TGC and the three high-temperature

treatments.

3.2. Yield and yield components
The yield of brown rice was slightly higher in the mildly-high temperature

treatment than in the ambient, but it decreased in the moderately- and super-high
temperature treatment due to the increase in temperature, and the yield in the super-
high temperature treatment was drastically reduced to about one-fifth of that in the
ambient (Table 4.2, Table 4S1). Regarding the relationship between air temperature and
yield during the ripening period, significant regression linearity was observed in daytime
temperature, nighttime temperature, daily mean temperature, daily maximum
temperature, and daily minimum temperature. The p-value with the highest relationship

was shown with the daily maximum temperature.
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No significant linearity of regression with temperature was observed for the
panicle number, grain number per panicle, culm length, and panicle length, and no effect
of high temperature was observed for these measurement items (Table 4.2, Table 451).

Since the best regression linearity was observed in yield with the mean of the
maximum temperature during the ripening period, the mean of the maximum
temperature was used as a covariate to perform an analysis of covariance for brown rice
yield, panicle number, grain number per panicle, culm length, and panicle length to
investigate the effect of soil amendments under different temperature conditions. There
was no significant difference in the application of soil amendments to the brown rice yield.
In contrast, the grain number per panicle tended to increase with CFS application
compared to the control, and there was a significant difference between CFS30 and the
control. It was also shown that CFS application resulted in significantly shorter culm

length and significantly longer panicle length.

3.3. Dry matter weight by parts in rice plant

The dry weight of brown rice showed a significant linearity of regression with
temperature, as shown in Table 4.2 of the brown rice yields, and decreased with
increasing temperature, with the most apparent relationship with maximum temperature
(Table 4.3, Table 4S2). There was no significant linearity of regression between dry matter
weight and air temperature in internode 1, internode 2, node 1, and node 2. On the other
hand, there was a significant linearity of regression between dry matter weight and
temperature in straw under node 2, and the dry weight of that increased with increasing
temperature. As a result, there was a significant linearity in the dry matter weight and
temperature in the dry weight of the whole stem, with the lowest p-value of daily
maximum temperature. An analysis of covariance with maximum temperature as a

covariate and application of materials as a fixed factor showed no significant effect of
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material application in any treatments, and there was no difference between the

treatments.

3.4. Concentration of As in brown rice
The concentration of iAs in brown rice was lowest in the ambient and increased

by high-temperature treatment (Table 4.4, Table 4S3). Significant linearity of regression
between temperature and iAs concentration was observed at all temperatures. The
relationship between maximum temperature and iAs concentration had the smallest p-
value. In contrast, the DMA tended to increase with high-temperature treatment up to
the medium and high-temperature ranges but decreased slightly in the super high-
temperature treatment, and the linearity of the regression was not significant. Similar to
iAs, the total As concentration increased by high-temperature treatment, significant
regression linearity was observed, and the p-value of the maximum temperature was the
smallest.

Therefore, analysis of covariance was performed with the maximum temperature
as the covariate and the material application as a fixed factor, and the effect of the material
application under different temperatures was verified. The effect of CFS application on
the iAs in brown rice was significant, and a significant difference was observed between
the application of CFS30 and the control (Table 4.4). However, the effect of CFS
application on DMA was not significant. The application of CFS in the total As
concentration showed a significant effect, and it decreased as the CFS application rate

increased, showing a significant difference from the control.

3.5. Concentration of total As and carbon in each parts of rice straw
We examined the relationship between As concentration and temperature in each

part of the straw and the effect of applying CFS. The total As concentration tended to
decrease with the increasing temperature in the internode 1 and straw under node 2, but

the linearity of the regression was not significant (Table 4.5, Table 454). On the other hand,
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the total As concentration in the node 1, internode 2 and node 2 showed significant
regression linearity with temperatures. Especially in node 2, extremely high linearity was
observed, and the total As concentration decreased as the temperature decrease. When
these significant linearity were shown, the correlation between the concentration and the
maximum temperature and the average daytime temperature was high. Covariance
analysis was conducted with maximum temperature as a covariate and application of soil
amendment material as a fixed factor, and the application of CFS had a significant effect
on total As concentration at all parts, with CFS30 showing the lowest total As
concentration.

We focused on the part-specific carbon concentration as an indicator of
translocation through the sieve tube. The relationship between temperature and carbon
concentration in brown rice and straw is shown in Table 4.6. There was no significant
linear relationship between temperature and carbon concentration at any of the parts. On
the other hand, there was a significant effect of the material application on carbon
concentration in the internodel, internode 2, and straw under node 2, and the application
of CFS significantly reduced the carbon concentration. There was no significant effect of

the material application on the carbon concentration of brown rice.

3.6. Accumulation of total arsenic and carbon in each parts of rice plant
Since the As concentration and dry matter weight had the highest correlation with

the maximum temperature, the linearity of the As accumulation with the maximum
temperature was examined. The total As accumulation in the brown rice was significantly
reduced with increasing temperature in the moderately- and super- high temperature
treatments, although it was highest in the mildly-high-temperature treatment where the
dry matter weight was high (Table 4.7, Table 456). This may be due to a decrease in the
production of brown rice dry matter at higher temperatures. In straw, there was a

meaningful decrease in the total As accumulation in the nodes and a significant negative
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linear regression between temperature and As accumulation in the node 2. Although not
significant at the 5% level in node 1, the p-value was 0.061, showing a significant linearity
at the 10% level, indicating that As accumulation decreased at higher temperatures. When
the effect of the material application was verified using the maximum temperature as a
covariate, the As accumulation in each part was reduced by application of CFS30,
suggesting that the application of CFS suppressed the absorption of As.

Similar to the total As accumulation, the carbon accumulation in brown rice
showed a linearity of regression with the maximum temperature, and the carbon
accumulation decreased as the temperature increased (Table 4.8, Table 4S7). There was
no significant linear relationship between maximum temperature and carbon
accumulation in the internode 1, node 1 and node 2. However, there was a significant
linearity of regression in the internode 2, with carbon accumulation increasing with
increasing temperature. In addition, although not significant at the 5% level, carbon
accumulation tended to increase with increasing temperature even in the straw under
node 2. In the case of the total amount of straw, a significant linear relationship was
observed between the maximum temperature and the amount of carbon accumulated,
indicating that the amount of carbon accumulated in straw increases as the temperature
increase. When the effect of the material application was verified using the maximum
temperature as a covariate, it was found that the application of CFS30 significantly
decreased the accumulation of carbon in the internode 1. However, in all other parts, the
application of the material did not show a significant effect for the amount of carbon

accumulation.

3.7. Distribution of As and carbon in each parts of rice plant
The distribution ratio of As was calculated based on the amount of As

accumulated in each part of the rice plant, and the effects of temperature and material

application were investigated. As for the effect of temperature at each part of the rice
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plant (Fig. 4.4A), the distribution ratio of As to brown rice was similar between ambient
and mildly-high temperature treatment. The ratio of As decreased significantly with
increasing temperature in the moderately-high and super-high temperature treatment.
On the other hand, internode 1, node 1, internode 2, and node 2 had similar As
distribution ratios in the temperature treatments, and no effect of temperature was
observed. However, the distribution ratio of As to under internode 3 increased with
increasing temperature compared to the ambient and mildly-high temperature treatment,
and As tended to remain in this part. There was no clear difference among the material
application (Fig. 4.4B), suggesting that there was no effect of the material applied on the
distribution rate of As in the rice plant.

The effects of temperature and material application were investigated by
calculating the distribution rate based on the amount of carbon accumulation in each part
of the rice plant. Regarding the effect of temperature at each part (Fig. 4.5A), the
distribution ratio of carbon to brown rice was the highest in the ambient, and the
distribution ratio decreased significantly as the temperature increased. The highest
carbon distribution ratio to brown rice was observed in the ambient, and the distribution
ratio decreased markedly with increasing temperature. The carbon distribution ratio to
the nodes was almost 1% or less in all conditions. Contrary to brown rice, the carbon
distribution ratio of straw (internode 1, 2 and under internode 3) tended to increase with
increasing temperature, suggesting that the high temperature suppressed carbon
translocation to brown rice from straw, and remained in the straw. Regarding the effect
of material application at each part of the rice plant (Fig. 4.5B), there was no apparent
difference in carbon distribution ratio between the control and CFS15, but the application
of CFS30 showed a higher distribution ratio to brown rice and a trend toward a lower
carbon distribution ratio in the internode 1 and the under internode 3 compared to the

control.

114



3.8. Changes in the distribution ratio of As and carbon in rice plant
The effect of temperature on the distribution rate of As and carbon was investigated by

comparing the indexes of the distribution ratio of As and carbon in each high-
temperature treatment when the ambient was set at 100 (Table 4.9). The distribution ratio
of As tended to increase with increasing temperature in the straw under internode 3. On
the other hand, the distribution ratio of As in the other parts of the straw did not show
any trend. The carbon distribution ratio tended to increase with the increase in
temperature in all parts of the straw. The distribution ratios of As and carbon to brown
rice both decreased with increasing temperature, but the ratio of carbon decreased at a
greater rate than that of As.

A negative correlation was found between changes in the carbon distribution ratio
and As concentration in brown rice (Fig. 4.6), indicating that the concentration of As in
both inorganic and total As increased as the carbon distribution ratio of brown rice
decreased due to an increase in temperature.

The As/carbon ratio of the distribution ratio was calculated to compare the degree
of influence of the temperature change on the change of the distribution ratio between As
and carbon. There was no change in the As/carbon distribution ratio due to high
temperature in the straws under internode 3, but the As/carbon ratio tended to decrease
with increasing temperature in all other straw parts (Table 4.10). On the other hand, the
As/carbon ratio of the distribution ratio in brown rice tended to increase with increasing
temperature.

It was found that the As/carbon ratio of the distribution ratio to brown rice
increased due to high temperature, and the concentration of total As and iAs in brown
rice increased (Figure 4.7). In other words, it was considered that a decrease in the carbon

distribution ratio to As increased the brown rice As concentration.

115



In Fig. 4.7, it was clarified that the distribution ratio of As and carbon in brown
rice had a large effect on the concentration of As in brown rice, so the effect of temperature
on this As/carbon distribution ratio was examined. That is, the As/carbon distribution
ratio was increased with temperature (Figure 4.8). These results revealed that high
temperature promotes a decrease in the carbon distribution rate more than a decrease in

the As distribution rate in brown rice.
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Figure 4.3. Changes in average daily mean air temperature (A), day-time mean air

temperature (B), night-time mean air temperature (C), daily maximum air temperature

(D), and daily minimum air temperature (E) during the ripening period.
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Table 4.1. Average air temperatures during the ripening period

Temperature Day-time Night-time ..
treztment Day (6:03,—18:00) (6:§0—18:00) Maximum Minimum
Ambient 26.5 28.1 24.8 30.7 22.7

Mildly-high 28.2 31.0 25.5 35.8 23.6

Moderately-high 29.6 33.1 26.2 38.8 244

Super high 294 33.2 25.6 39.6 23.7
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Table 4.2. Temperature effect on yield and yield component

Brown rice yeild Panicle number Grain number Culm length Panicle length
Main factor Treatment
(g pot™?) (pot™) (Pancle™) (cm) (cm)
Temperature Ambient 202 £ 1.0 203 £ 1.0 629 = 3.1 526 £ 1.4 220 = 1.7
Mildly-haigh 21.2 £ 1.0 21.7 £ 0.7 65.1 £ 2.2 572 + 1.8 203 £ 15
Moderately-high 141 £ 0.9 200 £ 1.1 66.2 £ 1.9 529 + 2.2 222 1.6
Super-high 4.0 = 0.6 201 £ 15 66.2 = 2.0 545 £ 2.4 226 £ 1.3
Material Control 144 £ 1.7 22.0 £ 0.9 612 = 1.7 a 598 + 1.1 a 164 £ 04 a
application CFS15 138 £ 2.2 19.7 £ 0.9 645 = 2.1 ab 509 + 14 b 247+ 08 b
CFS30 16.4 + 2.5 199 + 1.0 69.6 = 14 b 521+ 15 b 243+ 08 b
Ancova Significance of Day time p = 5.9E-06 ***x* p = 0743 p = 0.183 p= 0714 p = 0549
regression Night time p =0027 * p =0.780 p = 0.229 p= 0933 p= 0781
Dayly p = 4.4E-05 *ixx p = 0.745 p = 0.184 p = 0.755 p = 0584
Maximum p = 3.3E-06 **x* p = 0783 p = 0.184 = 0.614 p = 0589
Minimum p =003 * p = 0.842 p = 0.224 p = 0803 p= 0884
Material
p = 0524 p = 0177 p = 0.006 ** p = T3E-05 **** p = 51E-10 ****
application

Different letters within a column of material application indicate significant differences by Tukey test
(p<0.05)

The p-values for material application are for the case maximum temperature as a covariate

* Represents significance at the 0.05 probability level.

**Represents significance at the 0.01 probability level.

***Represents significance at the 0.001 probability level.

****Represents significance at the 0.0001 probability level.
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Table 4.3. Temperature effect on dry matter weight by parts in rice plant

120

Brown rice Internode 1 Nodel Internode 2 Node 2 Under node3 Sum of stem
Main factor Treatment
(g pot™h (g pot™h) (g pot™h (g pot™h) (g pot™h (g pot™) (g pot™h
Temperature Ambient 172 = 0.8 6.1 + 0.3 0.32 = 0.02 6.1 £ 03 0.48 = 0.03 85 + 05 215 £ 0.9
Mildly-haigh 180 = 0.8 6.9 = 0.3 0.36 = 0.01 71+ 02 0.60 = 0.03 99 = 0.6 249 £ 0.7
Moderately-high 120 £ 0.7 6.3 = 0.3 0.32 + 0.03 6.7 £ 04 0.52 + 0.06 104 + 0.7 243 + 1.3
Super-high 34 = 05 6.1 = 0.2 0.34 = 0.02 6.5 £ 0.6 0.51 = 0.04 109 £+ 0.9 243 £ 1.0
Material Control 123 £ 15 6.7 £ 0.2 0.31 + 0.01 72+ 02 0.51 + 0.03 95 + 0.6 24.1 £ 0.6
application CFS15 11.7 £ 1.8 6.0 £ 0.2 0.34 + 0.02 6.4 £ 04 0.54 + 0.03 10.6 £ 0.7 238 £ 0.9
CFS30 139 = 2.1 6.4 + 0.3 0.36 = 0.03 6.2+ 04 0.53 = 0.05 9.8 + 0.6 233+ 12
Ancova Significance of Day time p = 5.9E-06 **** p = 0.985 p = 0.806 p = 0321 p = 0.681 p=0013 = p= 0046 *
regression Night time p= 0027 * p= 0721 p = 0.972 p = 0225 p = 0584 p=0048 * p = 0.064
Dayly p = 4AE-Q5 xkx p = 00933 p = 0.838 p=0.293 p = 0.657 p=0.015 = p= 0045 *
Maximum p = 3.3E-06 *#kx p = 0936 p = 0.733 p = 0.309 p = 0.639 p=0.012 = p=0.040 *
Minimum p=0036 * p = 0.607 p = 0.884 p = 0.186 p = 0501 p=0.044 = p = 0.064
Material
p = 0.483 p = 0.207 p=0.178 p = 0.097 p = 0.821 p=0.414 p = 0.788
application

Different letters within a column of material application indicate significant
differences by Tukey test (p<0.05)

The p-values for material application are for the case maximum temperature as a
covariate

* Represents significance at the 0.05 probability level.

**Represents significance at the 0.01 probability level.



Table 4.4. Concentration of As in brown rice

Inorganic As DMA Total As
Main factor Treatment
(mg k™) (mg k™) (mg kg™
Temperature Ambient 0.298 = 0.006 0.122 + 0.014 0.472 + 0.023
Mildly-haigh 0.312 = 0.008 0.163 = 0.030 0.527 += 0.032
Moderately-high 0.333 = 0.007 0.178 = 0.011  0.543 + 0.026
Super-high 0.393 = 0.010 0.156 = 0.028 0.576 = 0.019
Material Control 0.353 = 0.012 a 0.176 = 0.023 0.586 = 0.026 a
application CFS15 0.335 = 0.013 a 0.135 = 0.010 0.525 = 0.014 b
CFS30 0.314 = 0.011 b 0.154 = 0.022 0.478 = 0.020 b
Ancova Significance of Day time p = 3.DE-06 **** p = 0121 p = 0.001 =**
regression Night time p = 00255 * p = 0.081 p= 0020 *
Dayly p = 3.09E-05 **** p = 0.105 p = 0.002 **
Maximum p = 1.18E-06 **** p = 0128 p = 0.001 =**
Minimum p = 00277 * p = 0.075 p = 0.018
Material
p= 0011 * p = 0.326 p = H.8E-04 ****
application

Different letters within a column of material application indicate significant differences by Tukey test

(p<0.05)

The p-values for material application are for the case maximum temperature as a covariate
* Represents significance at the 0.05 probability level.
**Represents significance at the 0.01 probability level.
***Represents significance at the 0.001 probability level.
****Represents significance at the 0.0001 probability level.
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Table 4.5. Concentration of total As in the each part of rice straw.

Internode 1 Nodel Internode 2 Node 2 Under node3
Main factor Treatment
(mg kg (mg kgh) (mg kg (mg kgh) (mg keh)
Temperature Ambient 6.4 = 04 226 £ 1.7 46 = 0.2 184 £ 0.9 3.7 £ 0.3
Mildly-haigh 6.8 £ 0.6 209 £ 1.5 40 £ 0.3 167 £ 1.1 3.3+ 0.2
Moderately-high 5.7 £ 0.4 19.2 £ 1.7 40 £ 04 146 £ 1.3 34 £ 0.2
Super-high 55 = 0.5 19.1 £ 1.9 3.6 £ 0.2 142 + 1.3 3.2 £ 03
Material Control 6.0 £ 0.3 ab 204 £ 12 a 37 £ 02 a 195+ 09 a 34 £ 0.1 ab
application CFS15 71 + 04 a 202 £+ 1.1 b 48 £ 03 b 146 £ 07 b 38+ 03 a
CFS30 51 = 03 b 16.7 £ 1.3 b 36 £ 02 a 139+ 09 b 29 £ 02 b
Ancova Significance of Day time p= 0.070 p= 0036 * p= 0012 * p = 19E-04 *x*x p= 0.178
regression Night time p= 0.160 = 0.066 p= 0.071 = 0.002 == p = 0.320
Dayly p= 10078 p= 0037 * p= 0016 * p = 2.3E-04 #xkx p= 0194
Maximum p = 0.080 = 0.037 = p= 0009 =** = 2.0E-04 k= p = 0.163
Minimum p= 0197 = 0.067 p= 0061 = 0.002 =** p = 0.298
Material
p = 6.5E-04 ****  p=13E-04 ****  p=11E-04 **** p= 3.0E-06 **** p= 0.027 *
application

Different letters within a column of material application indicate

significant differences by Tukey test (p<0.05)

The p-values for material application are for the case maximum

temperature as a covariate

* Represents significance at the 0.05 probability level.

**Represents significance at the 0.01 probability level.

***Represents significance at the 0.001 probability level.

122



Table 4.6. Concentration of carbon in each parts of rice plant

linter node 1 Nodel Inter node 2 Node 2 Under node3 Brown rice
Main factor Treatment
(g kg (g kg (g kg™ (g kg (g kg™ (g kg™
Temperature Ambient 3935 £ 33 368.4 £ 3.6 403.6 = 4.3 3925 + 15 4053 = 4.7 4132 + 2.7
Mildly-haigh 395.0 =+ 4.0 376.1 + 1.3 404.7 £ 4.8 389.0 £ 1.4 407.2 £ 34 415.0 = 2.0
Moderately-high 3976 £ 5.2 3722 £ 2.7 408.0 = 4.3 389.9 + 1.3 403.3 £ 5.0 4129 + 1.7
Super-high 396.0 £ 2.4 364.3 £ 9.0 408.3 = 5.2 389.5 + 15 399.6 £+ 4.8 409.5 = 1.0
Material Control 4019 £ 21 a 3722 £ 10 a 4179 £ 23 a 388.6 + 1.3 4186 £ 1.3 a 4141 £ 14 a
application CFS15 4012 £ 21 a 3649 + 6.6 a 406.2 £ 23 b 389.7 = 0.9 3994 £ 29 b 4102 £ 1.7 a
CFS30 3834 £ 21 b 3736 £ 3.7 a 3943 £ 36 ¢ 3924 = 1.4 3935 £ 22 b 4137 £ 19 a
Ancova Significance of  Daytime p = 0.265 p = 0.860 p = 0.236 p=0.132 p = 0.175 p = 0.327
regression Night time p = 0227 p = 0.707 p = 0.307 p = 0.192 p = 0.474 p = 0.785
Dayly average p = 0.248 p = 0.945 p = 0.240 p = 0.136 p= 0211 p = 0393
Maximum p = 0.283 p = 0.845 p = 0243 p = 0.119 p = 0.173 p = 0.313
Minimum p = 0.233 p = 0.657 p = 0.318 p = 0.163 p = 0517 p = 0.833
Material
p = 2.4E-Q7 *rx* p = 0.345 p = 53E-06 **** p=0.084 p = 95E-09 ***  p=0.200
application

Different letters within a column of material application indicate significant

differences by Tukey test (p<0.05)

The p-values for material application are for the case maximum temperature as a

covariate

* Represents significance at the 0.05 probability level.

**Represents significance at the 0.01 probability level.

***Represents significance at the 0.001 probability level.
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Table 4.7. Accumulation of total As in each parts of rice Plant.

Brown rice Internode 1 Node 1 Internode 2 Node 2 Under internode 3 Sum of straw SUM
Main factor Treatment
(1 g pot™) (1 g pot™) (u g pot™) (u g poth) (u g pot™) (1 g pot™) (u g pot™h) (1 g pot™)
Temperature Ambient 9.5 = 0.6 382+ 19 7.1 £ 05 275 £ 1.6 8.8 £ 0.6 314 £ 3.1 1129 £ 6.3 122.4 = 6.4
Mildly-haigh 11.1 + 0.6 465 + 3.7 75+ 04 28.0 + 1.7 9.9 £ 0.6 33.2 = 3.0 125.0 = 7.8 136.0 = 8.1
Moderately-high 75 = 04 35.7 £ 33 59 £ 05 26.9 £ 3.2 7.2 £ 05 35.0 £ 33 110.7 + 8.4 118.3 = 8.4
Super-high 23 £ 04 33.1 =29 6.3 £ 0.6 237 * 2.6 7.1 £ 0.7 345 + 4.1 104.7 = 8.1 107.0 = 8.3
Material application Control 83 £ 1.0 39.8 £ 23 a 75 £ 04 a 26.4 = 0.9 ab 9.8 £ 05 a 328 £ 2.7 116.2 £ 3.7 ab 1244 + 38 ab
CFS15 71 £ 1.1 431+ 31 b 6.8 = 0.4 ab 30.8 £ 23 b 7.9 = 0.5 ab 385 + 2.6 1271 £ 6.2 a 1342 = 7.0 a
CFS30 75 £ 1.1 323 £ 25 a 58 £ 05 b 224 + 20 b 71 £05b 29.2 £ 2.7 96.7 £ 7.1 b 1042 £ 76 b
Ancova
Significance of regression p = 1.6E-04 ##xx p = 0.186 p = 0.061 p = 0.348 p = 0.009 =** p = 0.379 p = 0.403 p = 0181
Material application p = 0.621 p= 0020 * p= 0015 * p= 0010 * p = 0.001 == p = 0.062 p = 0.003 ** p = 0.006 **

Different letters within a column of material application indicate significant
differences by Tukey test (p<0.05)

The p-values for material application are for the case maximum temperature

as a covariate

* Represents significance at the 0.05 probability level.
**Represents significance at the 0.01 probability level.

***Represents significance at the 0.001 probability level.

***Represents significance at the 0.0001 probability level.
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Table 4.8. Accumulation of total carbon in each parts of rice.

Brown rice Internode 1 Nodel Internode 2 Node 2 Under internode 3 Sum of straw SUM
Main factor Treatment
(g pot™) (g pot™) (g pot?) (g pot™) (g pot™) (g pot™) (g pot™) (g pot™)
Temperature Ambient 71 £ 04 24 = 0.1 0.118 *+ 0.008 34 £ 02 0.189 + 0.013 8.7 £ 0.3 148 = 0.6 219 £ 09
Mildly-haigh 75 £ 04 28 = 0.1 0.136 + 0.005 40 £ 0.2 0.232 + 0.011 10.2 = 0.3 17.4 = 0.6 248 + 0.8
Moderately-high 49 = 0.3 27 £ 0.2 0.120 + 0.011 43 = 0.3 0.204 + 0.024 9.8 £ 0.6 171 £ 1.0 221 = 1.2
Super-high 1.4 = 0.2 26 £ 0.2 0.123 + 0.010 45 = 0.4 0.198 + 0.015 9.7 £ 04 17.1 £ 0.8 18.4 = 0.8
Material application Control 51 £ 0.6 29 £ 01 a 0.114 + 0.004 4.0 £ 0.2 0.198 + 0.011 10.1 £ 0.3 173 £ 0.5 224 + 0.6
CFS15 48 £ 0.8 26 £ 0.1 ab 0.124 = 0.006 43 £ 0.3 0.211 + 0.013 9.5 = 04 16.7 £ 0.7 215 = 0.9
CFS30 58 £ 0.9 24 = 01 b 0.134 = 0.011 39 = 02 0.209 + 0.020 9.2 £ 05 158 = 0.9 216 £ 14
Ancova
Significance of regression p = A4E-06 **** p= 0271 p = 0.852 p= 0.009 ** p= 0.722 p= 0.068 p= 0.032 p= 0.143
Material application p= 0.446 p= 0.039 * p= 0.208 p= 0420 p= 0.79 p= 0.210 p= 0291 p= 0792

Different letters within a column of material application indicate significant

differences by Tukey test (p<0.05)

The p-values for material application are for the case maximum temperature as a

covariate

* Represents significance at the 0.05 probability level.

**Represents significance at the 0.01 probability level.

***Represents significance at the 0.001 probability level.
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Figure 4.4. Effects of temperature in the ripening period (A) and application of CFS (B) in

a distribution ratio of As in rice plant.
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a distribution ratio of carbon in rice plant.
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Table 4.9. The indexes of the distribution of As and carbon in each high temperature treatment when the

ambient was set at 100.

As Carbon

Temperature

Under . Under .
treatment Node 2 Internode2 Nodel Internode 1l Brown rice Node 2  Internode2 Nodel Internode 1l Brown rice

internode 3 internode 3

Ambient 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Mildly-haigh 95.3 101.5 91.5 95.1 109.5 104.7 103.1 108.4 103.4 101.9 103.7 93.0
Moderately-high 115.6 84.9 101.0 87.1 96.8 82.1 112.3 107.1 123.6 101.0 112.2 69.2
Super-high 125.8 93.4 98.6 101.2 99.0 28.1 132.9 124.3 154.6 124.5 127.5 23.0
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Table 4.10. Effect of temperature and CFS application on the As/carbon ratio of the

distribution ration in the parts of rice plant.

Temperature Under )
treatment nternode 3 Node 2 Internode2 Nodel Internodel Brown rice
Ambient 1.00 1.00 1.00 1.00 1.00 1.00
Mildly-haigh 0.92 0.94 0.88 0.93 1.06 1.12
Moderately-high 1.03 0.79 0.82 0.86 0.86 1.19
Super-high 0.95 0.75 0.64 0.81 0.78 1.22
Control 1.00 1.00 1.00 1.00 1.00 1.00
CFS15 1.11 0.67 0.96 0.75 1.09 0.81
CFS30 1.13 0.79 1.00 0.76 1.12 0.91
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Table 4.51. Temperature effect on yield and yield components.

Brown rice yeild Panicle number Grain number Culm length Panicle length

(g poth) (pot™) (Pancle™) (cm) (cm)

Ambient Control 196 £ 1.2 21.7 £ 0.7 546 £ 2.9 573 £ 0.8 154 £ 0.5
CFS15 186 £ 1.1 19.3 £ 2.0 63.7 £ 4.9 49.1 £ 15 2563 £ 1.4

CFS30 224 £ 2.2 20.0 £ 2.6 70.3 £ 4.3 512 £ 1.1 253 £ 0.7

Mildly-haigh Control 18.7 £ 0.9 21.7 £ 2.0 61.2 £ 2.9 58.4 £ 3.0 16.7 = 1.0
CFS15 21.3 £ 2.0 223 £ 0.9 63.1 £ 4.8 55.4 + 3.8 23.4 £ 3.0

CFS30 23.6 £ 05 21.0 = 0.6 709 £ 1.4 57.9 = 35 20.8 £ 2.4
Moderately-h Control 141 = 0.7 22.0 £ 1.7 62.7 £ 1.7 60.3 = 1.0 158 = 0.1
FM15 117 £ 1.2 19.0 = 1.5 67.6 £ 5.4 49.6 £ 2.8 249 £ 0.1

FM30 165 £ 1.2 19.0 + 2.6 68.4 £ 14 48.7 £ 2.6 259 £ 0.3

Super-high  Control 54 £ 1.0 22.7 £ 3.2 66.3 £ 3.2 63.2 £ 24 177 £ 0.5
CFS15 34 £ 1.0 18.0 = 2.1 63.6 £ 3.3 49.6 £ 1.8 25.0 £ 1.0

CFS30 3.1+ 0.7 19.7 £ 2.7 68.7 £ 4.3 50.8 =+ 2.0 252 £ 0.4

133



Table 4.52. Temperature effect on dry matter weight by parts in rice plant

Temperature Material Brown rice Internode 1 Nodel Internode 2 Node 2 Under node3 Sum of stem
treatment application (g pot™?) (g pot?) (g pot?) (g pot?) (g pot™?) (g pot™) (g pot™)
Ambient Control 196 £ 1.2 6.6 + 0.2 0.30 + 0.02 6.4 + 0.1 0.47 + 0.04 73+ 04 211 + 0.7
CFS15 18.6 £ 1.1 5.6 + 0.3 0.35 = 0.02 6.0 £ 0.3 0.55 = 0.04 8.7 £ 0.8 212 + 1.1
CFS30 224 + 22 6.0 = 0.7 0.30 = 0.05 5.8 £ 0.7 0.43 += 0.08 9.6 = 1.1 222 £ 238
Mildly-haigh Control 18.7 £ 0.9 73+ 0.2 0.33 + 0.00 78 £ 0.1 0.57 + 0.01 9.1 %02 251+ 0.2
CFS15 21.3 £ 20 6.2 £ 0.5 0.40 = 0.03 6.7 = 0.5 0.68 £ 0.06 10.7 = 1.3 247 £ 2.3
CFS30 236 £ 05 73+ 0.2 0.36 = 0.01 6.7 £ 0.2 0.54 + 0.03 10.0 £ 1.1 25.0 £ 0.9
Moderately-high  Control 141 £ 0.7 6.5 + 0.4 0.29 + 0.02 74 + 04 045 + 0.08 112 + 1.1 259 + 0.7
CFS15 11.7 £ 1.2 6.3 = 0.3 0.30 £ 0.01 6.7 = 0.3 0.49 £ 0.03 10.1 = 0.9 239 £ 0.8
CFS30 16.5 £ 1.2 6.1 + 0.9 0.37 + 0.09 6.1 + 1.1 0.63 = 0.17 10.0 £ 1.9 23.2 = 4.0
Super-high Control 54 £ 1.0 6.2 £ 0.5 0.30 £ 0.03 7.1 = 0.6 0.54 £ 0.06 104 = 1.1 245 £ 0.6
CFS15 3.4+ 1.0 6.0 = 0.4 0.31 = 0.04 6.1 = 1.4 0.44 = 0.03 129 £ 2.0 25.6 = 1.9
CFS30 3.1+ 07 6.1 + 0.5 0.39 + 0.04 6.2 + 1.0 0.54 + 0.09 95+ 1.1 228 + 25
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Table 4.S3. Concentration of As in brown rice

Temperature Material Inorganic As DMA Total As
treatment application  (mg kg™) (mg kg™) (mg kg™d)
Ambient Control 0.313 £ 0.008 0.122 = 0.023  0.490 = 0.060
CFS15 0.293 £ 0.007 0.112 = 0.020  0.494 = 0.033
CFS30 0.288 £ 0.011  0.134 + 0.035 0.432 = 0.013
Mildly-haigh Control 0.340 £ 0.007 0.216 = 0.086  0.617 = 0.070
CFS15 0.307 = 0.007 0.128 = 0.023  0.497 £ 0.021
CFS30 0.289 = 0.004 0.147 £ 0.023  0.466 = 0.029
Moderately-high  Control 0.344 = 0.011 0.209 = 0.023  0.609 = 0.009
CFS15 0.345 £ 0.010 0.172 = 0.007  0.576 = 0.013
CFS30 0.311 £ 0.006  0.154 = 0.013  0.444 = 0.009
Super-high Control 0.414 = 0.005  0.157 £ 0.022  0.627 = 0.008
CFS15 0.394 £ 0.017 0.127 = 0.017  0.530 = 0.016
CFS30 0.370 £ 0.022 0.183 = 0.090 0.569 = 0.043
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Table 4.54. Concentration of total As in the each parts of rice straw.

Temperature Material Internode 1 Nodel Internode 2 Node 2 Under node3
treatment application (mg kg (mg kg (mg kg™ (g poth (g poth)
Ambient Control 59 £ 0.7 275 = 3.2 4.2 £ 0.2 215 + 0.8 3.6 £ 0.3
CFS15 7.6 £ 0.4 212 £ 0.5 53 £ 0.3 16.7 = 1.4 45 + 0.5
CFS30 5.7 = 0.1 19.0 = 1.9 42 + 0.3 17.0 = 0.9 29 + 0.1
Mildly-haigh Control 6.9 £ 0.7 26.7 £ 0.3 3.6 £ 0.3 20.8 + 0.9 3.1+ 04
CFS15 8.3 = 0.7 18.7 £ 0.8 49 = 0.2 143 £ 1.3 3.7 £ 0.2
CFS30 51 £ 0.3 17.2 £ 0.7 3.4 %+ 0.2 15.1 £ 0.3 31 £ 04
Moderately-high  Control 5.0 = 0.3 19.7 = 0.7 3.4 + 0.3 17.9 = 2.7 3.4 + 0.3
CFS15 6.6 = 0.9 22.1 = 3.0 5.2 = 0.8 13.4 + 0.2 39+ 0.2
CFS30 5.4 £ 0.6 15.8 £ 4.1 3.3+ 0.7 124 = 2.1 27 £ 0.3
Super-high Control 6.3 £ 0.6 237 £ 1.7 3.6 £ 03 17.7 £ 2.2 3.6 £ 0.2
CFS15 6.0 = 0.6 18.9 + 3.2 3.9 + 0.0 13.9 = 2.1 29 + 0.9
CFS30 42 + 1.0 14.7 £ 3.0 35+ 0.6 10.9 £ 0.5 3.1+ 0.6
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Table 4.S5. Concentration of carbon in each parts of rice plants.

Temperature Material Inter node 1 Nodel Inter node 2 Node 2 Under node3 Brown rice
treatmen application (g kg (g kg™ (g ke'h) (g keh (g kg™ (g kg-1)
Ambient Control 401.4 = 3.6 375.0 £ 3.2 416.5 £ 3.90 3913 £ 15 419.6 = 5.29 416.4 £ 3.2
CFS15 3975 + 2.8 368.4 = 10.2 402.1 £ 479 390.5 £ 3.6 405.0 £ 5.27 405.2 = 4.4
CFS30 3815 £ 1.1 3619 = 0.3 392.2 £ 6.24 395.6 £ 4.4 391.4 = 2.03 418.1 = 1.3
Mildly-haigh Control 401.0 = 6.7 375.6 £ 1.6 4141 £ 551 389.8 £ 1.3 417.3 £ 5.18 4175 += 3.7
CFS15 400.6 = 6.4 372.8 £ 1.9 406.6 = 10.02 3884 + 1.8 405.2 £ 4.38 408.9 * 1.6
CFS30 383.3 * 8.1 379.9 * 0.1 393.3 + 3.08 3889 + 1.1 399.0 + 1.85 4185 * 1.2
Moderately-high  Control 407.5 £ 4.4 369.8 + 3.4 418.4 £ 4.47 387.4 £ 2.7 422.0 £ 2.09 4153 £ 2.9
CFS15 404.1 = 5.8 376.7 £ 7.6 410.2 = 7.79 391.6 + 2.9 393.7 = 5.91 414.8 * 3.3
CFS30 381.0 £ 1.1 369.9 £ 1.2 395.4 + 3.30 390.7 £ 0.1 394.2 £ 2.92 408.7 £ 1.6
Super-high Control 397.7 £ 2.0 368.5 + 234 422.8 £ 5.48 385.8 £ 1.2 415.8 = 7.97 407.4 £ 2.1
CFS15 402.6 £ 2.2 341.8 £ 0.2 405.8 = 9.89 3884 £ 25 393.6 £ 1.70 4119 £ 0.7
CFS30 387.6 = 0.0 382.7 £ 0.0 396.2 = 0.00 394.3 £ 0.0 389.5 = 0.00 409.3 £ 0.0
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Table 4.56. Accumulation of total As in each parts of rice plant.

Temperature Material Brown rice Internode 1 Nodel Inter node 2 Node 2 Under internode 3 Sum of straw SUM
treatment application (u g pot™h (u g pot™) (u g poth (u g pot™h) (u g pot™h (u g pot™h (u g pot™h) (u g pot™)
Ambient Control 9.7 £ 1.6 385 + 35 81 % 05 270 £ 1.3 10.0 £ 0.6 263 = 1.2 109.9 = 4.6 1195 =+ 3.6
CFS15 9.1+ 04 42.4 + 0.3 75+ 05 318 + 3.4 9.1+ 02 39.7 + 6.8 130.5 £ 9.3 139.7 £ 9.7
CFS30 9.7 £ 1.1 33.7 £ 35 56 £ 0.6 23.8 £ 1.3 72 £ 1.2 28.0 = 4.2 98.4 £ 10.5 108.1 £ 11.6
Mildly-haigh Control 11.4 £ 0.9 49.6 £ 3.8 8.8 £ 0.1 284 = 1.9 119 £ 0.5 28.1 = 3.7 126.7 £ 7.8 138.2 £ 7.6
CFS15 10.7 £ 1.4 52.6 = 8.9 74 £ 0.7 328 + 1.8 9.6 £ 0.2 40.2 = 5.6 142.7 £ 16.3 153.4 £ 17.6
CFS30 11.0 £ 0.9 372 £ 20 6.1 + 0.2 227+ 1.9 81+ 03 313 £ 49 1055 £ 7.8 116.5 = 8.6
Moderately-high Control 8.6 £ 0.5 326 £ 3.2 58 £ 0.7 254 = 29 7.8 £ 0.9 39.0 = 6.8 110.6 = 9.4 119.3 £ 9.7
CFS15 6.7 £ 0.5 42.0 £ 7.4 6.6 £ 1.0 34.8 £ 5.7 6.6 £ 0.5 39.3 £ 2.6 129.3 £ 9.4 136.0 £ 8.9
CFS30 73 £ 05 325 £ 59 54 + 1.1 20.3 + 5.6 72+ 12 26.8 + 4.8 92.2 +18.2 99.5 + 18.6
Super-high Control 3.4 = 0.7 384 = 1.7 7.1 £ 0.2 248 = 0.3 9.3+ 0.3 37.8 £ 6.3 117.3 £ 5.9 120.7 £ 5.8
CFS15 1.8 £ 0.6 353 £ 2.4 5.7 £ 0.6 23.8 £ 5.9 6.1 £ 1.0 349 £ 75 1059 + 6.4 107.7 £ 6.8
CFS30 18 + 0.5 255+ 7.0 5.9 + 1.7 22.6 + 6.9 6.0 £ 1.3 30.7 = 95 90.7 + 23.1 925 + 235
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Table 4.S7. Accumulation of carbon in each parts of rice plant

Temperature Material Brown rice Internode 1 Nodel Internode 2 Node 2 Under internode 3 Sum of straw SUM
treatment application (g pot™) (g pot™h) (g pot™) (g pot™) (g pot™) (g pot™) (g pot™) (g pot™)
Ambient Control 6.9 £ 0.5 2.6 £ 0.0 0.11 = 0.01 3.1+0.2 0.18 £ 0.01 89 £ 04 14.8 £ 0.6 21.7 £ 1.0
CFS15 6.4 + 0.4 24 £ 0.1 0.13 + 0.01 35+ 0.3 0.22 £ 0.01 8.6 + 0.3 14.7 £ 0.7 212 £ 1.1
CFS30 8.0 £ 0.8 22+ 03 0.11 = 0.02 3.8 + 0.4 0.17 = 0.03 8.7 + 1.0 149 + 1.7 229 = 25
Mildly-haigh Control 6.6 = 0.3 3.1+ 00 0.12 = 0.00 3.8+ 0.1 0.22 = 0.01 10.5 + 0.1 17.7 £ 0.1 24.4 = 0.4
CFS15 74 = 0.7 2.7 0.2 0.15 + 0.01 4.4 + 0.6 0.27 + 0.02 10.0 = 1.0 175 £ 1.9 249 = 2.4
CFS30 8.4 = 0.2 26 £ 0.1 0.14 = 0.00 3.9 £ 04 0.21 £ 0.01 10.0 £ 0.4 16.8 £ 0.9 253 £ 1.0
Moderately-high Control 5.0 £ 0.2 3.0 £ 0.2 0.11 = 0.01 47 = 0.5 0.17 £ 0.03 109 + 0.3 18.9 £ 0.6 239 = 0.8
CFS15 41+ 04 2.7 0.2 0.11 + 0.00 41+ 04 0.19 = 0.01 9.4 + 0.3 16.6 = 0.7 207 £ 1.1
CFS30 57 = 0.5 23+ 04 0.14 = 0.04 4.0 = 0.8 0.25 = 0.07 9.2 + 1.7 15.9 * 3.1 21.6 = 3.5
Super-high Control 1.9 £ 0.3 28 £ 0.2 0.11 + 0.01 44 + 0.4 0.21 + 0.02 10.2 £ 0.3 17.7 £ 0.5 19.6 = 0.1
CFS15 1.2 £ 0.3 24 + 0.6 0.11 + 0.01 52 + 0.8 0.17 = 0.01 10.1 + 0.8 18.0 + 1.7 19.2 + 1.4
CFS30 1.1 £ 0.2 2.4 + 0.4 0.15 + 0.02 3.8+ 04 0.21 = 0.04 89 + 1.0 15.4 £ 1.8 165 £ 1.9
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4. Discussion

4.1. Increase in arsenic concentration in brown rice due to high
temperatures and the reduction effect of converted furnace slag
application

Muehe et al. (2019) reported important information on the relationship between

elevated temperatures and soil As content, and warned of possible future rice cultivation
at elevated temperatures. They noted that an increase in the As concentration in rice
grains with the increase in temperature could seriously affect humans. In the present
study, the effect of temperature on the As concentration in paddy rice during the ripening
period was investigated in a temperature-graded chamber. A significant positive
correlation was observed between arsenic concentration in brown rice and temperature.
The significance probability of the mean daily maximum temperature and the mean
daytime temperature was higher than the mean daily temperature and the mean daily
minimum temperature.

The Japanese Ministry of Agriculture, Forestry and Fisheries (2019) conducted a
multiple regression analysis of 3007 rice sites across Japan produced from 2013-2016 and
noted that temperature in the first 2-4 weeks after heading was a significant explanatory
variable and its adjusted coefficient of determination was high, along with an available
As concentration in the soil. In other words, it is assumed that temperature after heading
is a crucial factor affecting the arsenic concentration in brown rice, and the present study
confirmed the prediction of the Japanese Ministry of Agriculture, Forestry and Fisheries
(2019).

In the present study, we clarified that the application of CFS significantly reduced
the brown rice As concentration even in the high-temperature condition compared to the
non-application control (Table 4.4). CES is a useful soil conditioner for replenishing

silicate and iron, and because it is relatively inexpensive, it is widely used in paddy rice
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cultivation in Japan. We have already reported that the application of CFS effectively
reduces brown rice As concentration in paddy rice cultivated in the field under normal
temperature conditions (Matsumoto et al., 2015; Makino et al., 2016). In those reports, we
pointed out that the As reduction effect by the application of CFS is mainly due to the
competitive suppression effect by silicate, not to the adsorption effect of iron. The
application of CFS did not affect the concentration of As in the soil solution, but we
observed an increase in the concentration of silicate. Therefore, the As adsorption effect
of iron including in CFS was not large, and the reason for the reduction of As
concentration in brown rice by CFS was considered the competitive suppression of As
uptake by the increased silicate in the soil solution. In fact, arsenite is the main form of
arsenic in soil solution, and many researchers have reported that arsenic uptake is
suppressed by the increase of silicate, which is similar in chemical form of arsenite, in the
soil solution (Bogdan and Schenk, 2008; Li et al., 2018; Wang, 2016). Such the effect of
silicate brought about a reduction in brown rice arsenic concentration in the CFS
application as compared with the control even under the high-temperature treatment
conditions performed in this study. Furthermore, Kaneda et al. (2010) demonstrated in a
pot experiment that the rapid increase in leaf temperature associated with high-
temperature treatment was suppressed from the ripening stage by the application of
calcium silicate, and it has been speculated that it inhibits the consumption of
carbohydrates accumulated in the leaf blade, thereby suppressing the decrease in yield
and improving the quality of brown rice. Therefore, it is considered that the application
of CFS is effective fertilizer management as an As reduction and degradation of yield and

quality measure even under increasing temperature during the ripening period.

4.2. Mechanism of increase in brown rice arsenic concentration due to high
temperature
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Weber et al. (2010) showed that when the soil temperature was set to 5 °C, 14 °C
and 23 °C, the higher the soil temperature, the higher the microbial activity and the
greater the elution of iron and As from the soil solid phase to the soil solution. Neumann
et al. (2017) used an XRF imaging device to increase iron and As accumulation on the root
surface of paddy rice by 91% and 52%, respectively, when the soil temperature rises from
26.1 °C to 30.5 °C. It was shown that an increase in soil temperature promotes the elution
of iron and As from the solid phase. In a pot test of paddy rice using TGC, we also found
that the rate was significantly higher in the group subjected to high-temperature
treatment from 1 week after heading to harvest than in the control group (Dhar et al. In
press). In other words, the increase in soil temperature with increasing temperature has
a significant effect on microbial activity in the soil, increasing the activity of iron-reducing
bacteria and the amount of As adsorbed on iron also released into the soil solution
because the activity of iron-reducing bacteria increases and the amount of divalent iron
released from the solid phase into the soil solution is increased (Neumann et al., 2017)
and the temperature The increase in As uptake by rice plants was found to increase the
risk of As uptake. However, Neumann et al. (2017), who conducted an experiment in
which only the soil temperature was increased, showed no increase in As concentration
in brown rice, which they attributed to a physiological mechanism that inhibits the
translocation of As into brown rice in rice.

In recent years, the mechanism of As accumulation in brown rice has been
elucidated. It has been shown that As dissolved in soil solution is absorbed by the silicate
transporter (Lsil) and transported to the above-ground part. It has also been shown that
the main form of As, iAs, is transferred to brown rice through the sieve tubes, and that
the As is isolated at the nodes by the vacuoles of the sieve companion cells, and that the
As is fractionated in the vacuole by glutathione (GSH) and phytochelatin (PC), which are

combined with glutathione (GSH) and phytochelatin (PC) to become non-toxic. In other
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words, isolation of iAs in the nodes is considered to be an essential and significant
mechanism to inhibit As translocation to brown rice. In fact, the concentration of As in
the nodes was reported to be several times higher than that of straw. In this study, the
total As concentration in the node 1 and node 2 was 22.6 ppm and 18.4 ppm, respectively,
compared to 6.4 ppm and 4.6 ppm in the internode 1 and internode 2 in the ambient plot,
respectively, and the total As concentration in the node was 3.5 to 4 times higher than
that in the internodes. While the carbon distribution ratio in the nodes is 0.5-1.1% (Figure
4.5A), the As distribution ratio in the nodes shown in Figure 4.4A is 5-7%, indicating that
As tends to accumulate relatively more in the nodes. If the As exclusion mechanism in
these nodes is damaged by high temperature, the translocation of As to brown rice may
accelerate, but the effect of high temperature on the As exclusion mechanism in these
nodes has not been investigated in detail.

In this study, total As concentration tended to decrease with the high temperature
in both straw and nodes, and there was a significant negative linearity in the relationship
between As concentration and temperature in node 1, internode 2, and node 2 (Table 4.4).
In particular, node 2 was highly significant, and it was clear that As concentration in the
nodes decreased with high temperature. However, since the dry matter weight of straw
tended to increase with high-temperature treatment (Table 4.3), it may be considered that
the decrease in these concentrations was merely a dilution effect due to the increased dry
matter weight. Therefore, we calculated the total As accumulation in each part of the
straw and found that high temperatures significantly reduced the As accumulation in
node 2 (Table 4.7). The relationship between As accumulation and high temperature in
node 1 was not significant at the 5% level, but the significance probability p was 0.061,
suggesting that high temperature may also reduce the accumulation of As in node 1.
These results suggest that high temperatures during the ripening period may affect the

As exclusion mechanism in the nodes. Furthermore, as shown in Figure 4.4, the
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distribution ratio of As in node 1 and node 2 tends to decrease with high temperature.
Therefore, it is necessary to investigate the damage to the exclusion mechanism of As in

nodes by genetic and proteomic analysis.

4.3. Decrease in yield due to high temperature and dry matter weight by
parts of rice plant
In this test, cultivation was carried out under the same weather conditions up to 1

week after heading, and high-temperature treatment was performed 1 week after
heading. In other words, the difference in dry matter weight for each part is considered
to be due to the difference in weather conditions after ripening. Among them, brown rice
was most affected by high temperatures, and the correlation with the maximum
temperature was especially significant (Table 4.3). On the other hand, in the straw, the
part that showed significant linearity with the temperature was in under internode 3, and
the dry matter weight of under internode 3 increased as the temperature increased.
Generally, during the ripening period, carbohydrates are transferred to brown rice, and
the rice matures, but under high-temperature conditions, the weight of brown rice
decreases, and the weight of straw, especially the straw in the lower internodes, increases.
These phenomena are interpreted as the suppression of translocation of carbohydrates to
brown rice due to high temperature. Tashiro and Wardlaw (1991) reported that the grain
weight of Japonica rice varieties clearly decreased when the average daily temperature
exceeded 26 °C during the ripening period. Many researchers have investigated the effect
of high temperature on rice growth and reported that high temperatures during the
ripening period significantly affected yield and quality deterioration (Peng et al., 2004).
The main reason for the decrease in yield under high-temperature conditions is
thought to be the shortened ripening period (Nagato and Ebata, 1965; Kim, 1983; Tashiro
and Wardlaw, 1989). In general, the end of ripening is caused by loss of activity in the

source and/or sink. That is, ripening ends when their activities are lost due to the aging
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of panicle and foliage. As reported by many researchers, it was considered that the
senescence of panicle and foliage accelerated with increasing temperature, which may
have led to the early completion of maturation and the early cessation of panicle weight
increase.

It was clear from the results of this study that the yield decreased with increasing
temperature in the ripening period, which was due to the suppression of carbohydrate
translocation during the ripening period. In fact, both the amount of carbon accumulation
and the carbon distribution ratio was lower in the high-temperature treatments (Table
4.8, Figure 4.5). Similarly, because iAs is transferred to brown rice through the sieve pipe
as described above, the amount of As accumulated in brown rice and the distribution rate

of As were examined compared to carbon.

4.4. Effect of high temperature to As/carbon distribution ratio each part of

the rice
In this study, it was clear that the concentration of As in brown rice increased with

increasing temperature (Table 4.4), but the As accumulation in brown rice decreased with
increasing temperature, similar to carbon (Table 4.7). On the other hand, there was no
difference in the concentration of carbon in the part of rice plant and no difference in
temperature treatment (Table 4.6). Differences in the distribution ratio were observed
with high temperatures. In other words, this difference in the distribution ratio indicates
the degree of suppression of ripening due to high temperature, and the fact that the
distribution ratio to brown rice is significantly reduced due to high temperature is clear
from the high distribution rate in straw. This is because the transfer of carbon from straw
is suppressed.

There is no difference in the concentration of each part in carbon, and a constant
concentration is maintained, so it is considered that there is no special exclusion

mechanism or accumulation mechanism for carbon translocation (Table 4.6). On the other
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hand, as with carbon, the amount of As accumulated in brown rice decreased in the high-
temperature area due to early termination of ripening (Table 4.7), but unlike carbon, the
concentration of As in brown rice increased as the temperature increased (Table 4.4). The
effect of high temperature on As distribution ratio in straw was not as clear as that of
carbon (Figure 4.4, 4.5), although it was noticeable that the distribution ratio of As to
brown rice decreased with increasing temperature, as was the case with carbon. This
suggests that the effect of high temperature on the transfer and accumulation of carbon
and As in brown rice may be different.

Therefore, the indices for each temperature treatment area were calculated for each
part, where the ambient treatment was set at 100. In this case, it is clear that both the
distribution ratio of As and carbon to brown rice decreases with high temperatures (Table
4.9). However, the distribution ratio of carbon tended to increase with the high
temperature in all parts of the straw. In contrast, As showed a similar trend to carbon in
the straw of under internode 3, but there was no clear relationship with high
temperatures in other parts. Carbon is a major component of brown rice, and it is not an
exaggeration to say that its conversion is the key to the yield of brown rice. The negative
correlation between the decrease in the carbon distribution ratio and the As concentration
in brown rice was found to be significant (Figure 4.6). In other words, this suggests that
carbon translocation flow has a significant effect on the concentration of As in brown rice,
and the As concentration decreases when the carbon translocation flow is high and
increases when the carbon translocation flow is low. The concentration of As increases at
higher temperatures suggests that the ratio of inhibition of translocation due to high
temperatures is different between As and carbon because the amount of As transferred
to brown rice also decreases at higher temperatures. In other words, the higher the
temperature, the less dilution of As by carbon, the higher the concentration of As in the

brown rice.
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Therefore, As/carbon ratio of the distribution ratio was calculated for each part of
the rice, and no effect of high temperature was observed in the straw under internode 3,
but this value tended to decrease in other parts of the straw, while it tended to increase
in the brown rice (Table 4.10). In other words, translocation of carbon is more susceptible
to damage at higher temperatures than that of As. Since there was a significant positive
correlation between the As/carbon ratio of the distribution ratio and the concentration of
As in brown rice (Figure 4.7), the decrease in the carbon translocation rate due to high
temperature was considered to be the main reason for the increase in the concentration
of As in brown rice. Besides, this value increases with increasing temperature, i.e.,
As/carbon ratio of the distribution ratio has a very strong correlation with temperature,
suggesting that the difference between As and carbon in flow rate widens with increasing
temperature and that the translocation of carbon to brown rice is more susceptible to
damage due to high temperature. Therefore, the concentration of As in brown rice under
high temperature condition is considered to be high due to insufficient dilution by carbon.
The significant difference between carbon and As translocation is that there is no
difference in the concentration of carbon and no exclusion or accumulation mechanism
in the translocation. If this sequestration mechanism is in any way affected by high
temperatures, the transfer of As into the brown rice could be accelerated. On the other
hand, the final amount of As accumulation was smaller at higher temperatures compared
to the ambient condition. This may be due to the shortened ripening period caused by
high temperatures. Therefore, it would then be necessary to clarify the rate of
translocation of As with considering the mechanism of As exclusion in relation to the
temperature over the ripening period. Furthermore, breeding rice varieties that are
resistant to high-temperature ripening is effective in reducing As concentration in rice

because the dilution effect by carbon may reduce the concentration of As.
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Chapter 5

Conclusions and Recommendations

This chapter summarizes major conclusions based on the results of this study and
gives a clear conception, which we expected. In this study, some newly important issues
have been addressed. Further studies are also needed while made for recommendation

purposes.

1. Conclusions

From this study summarized major conclusions are as following:

» Increased high temperature could be responsible to increase iAs
concentration in brown rice grain during the ripening period. Due to the increased
air temperature after heading, soil temperature also increased which followed to

great impact through increasing As concentration in brown rice grain.

> Increased air temperature may increase adjacent soil temperature. When
daily air temperature over 26 °C, adjacent soil temperature also increases rapidly

to increase As in soil solution.

> After heading, 1-4 weeks have also been addressed in critical time to
increase As concentration in soil solution when the daily temperature increases.
The total As concentrations increased until 4" weeks up to 60.5 ug L™ in the soil
solution after heading, whereas from 5" weeks As concentration (55.0 ug L)

decreased during the ripening period.

> High temperature may increases arsenic accumulation in rice grain
although rice cultivated in uncontaminated soil. The total As concentration in soil
solution is particularly high for high-temperature treatment (56.0 pug L™') compare

to control (49.1 ug L) where rice cultivated in uncontaminated soil.
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» Excessive As may accumulates in brown rice grain in day time compare to
nighttime temperature. In the daytime, the highest temperature was detected in
the range of 5.0 °C above the ambient temperature and was 3.5 °C times higher

temperature compare to nighttime temperature.

> Significantly, a positive correlation was detected between brown rice yield
and the air and soil temperatures, and the increase in air and soil temperatures
resulted in a decrease in the yield at approximately 39% lower than the ambient
treatment. The level of arsenic in straw, panicle, node, and grain of the rice plant
samples collected from high temperatures are significantly higher compared to
ambient treatment. those found in the samples collected from the arsenic affected
areas. Since grain is used as daily feed for humans, arsenic exposure of human

grain through rice and its impact should be carefully evaluated.

» In some cases, the thousand-grain weight was increased in the high-
temperature conditions when the amount of carbohydrate would be preferentially

accumulated in the rice grains.

> Arsenic and As species (1As and DMA) also significantly increased with the
increase of total arsenic when the high temperature increases. The proportions of
the total As concentration was average 94% while iAs and DMA to total
concentration were 73.7% and 20%, respectively in brown rice grain during the

ripening period.

> Application of Si materials may promotable technique to reduce As
concentration in rice grain under high-temperature conditions. Because Calcium
silicate materials were significantly reduced As and As species in all high-

temperature treatments after heading during the ripening period.
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» Application of Fe materials was effective to reduce As and As species
concentration in rice grain under high-temperature conditions. Two levels of CFS
slag (CFS15 and CFS30) were significantly reduced As concentration in biomass,
node, and grain even in high-temperature conditions which indicated to increase

grain yield.

> The application of CFSis effective to reduce the As concentration in all parts

of rice plant even in maximum and the mean temperature were high.

» CFS application suppressed absorption of As because each parts of rice
plant As accumulation significantly reduced when maximum temperature

verified as a covariate.

» Node associated to accumulate more As compare to straw in the analysis of
each parts of rice straws even in high temperature conditions. Moreover, in the
present study, we detected that the total As concentration in the node was 3.5 to 4
times higher than internode through the relationship between carbon (0.5-1.1%)

and As (5-7%) distribution ratio in the nodes.

» A larger difference was found between As and carbon distribution ration
to brown rice with the day time mean and maximum temperature. When As a
decrease carbon distribution and accumulation are more than a decrease in the As
distribution rate with the high temperature, then ultimately may affect to brown

rice yield which we examined in our present study for confirming.

> Total Arsenic concentration in edible parts of straws and nodes have been
found to be relatively significant negative linearity in the relationship between As
concentration and temperature in node 1, internode 2, and specifically node 2.
Among the analysis of the total As concentration in nodes and straw of this studied,

relatively higher levels of arsenic reduced in node 2 while influenced high
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temperature also appear to have significantly higher tendency to reduce
accumulate arsenic in nodes of the rice plants after heading during the ripening

period.

» The concentration of As in brown rice increased while high temperature
increases, although As and carbon accumulation decreased in brown rice due to
ripening period interrupted as longer for maturity grain with the high

temperature.

> The present study found that there was different transfer and accumulation
for carbon and As accumulation in brown rice under high temperature because of
As translocation inhibited to accumulate more As in brown rice due to the
insufficient carbon dilution during the ripening period which retarded to increase

As concentration in brown rice under high temperature conditions.

2. Recommendations

It should be recommended noted that only the experiment be conducted in the
paddy field, which is needed for estimating As toxicity. Some recent studies suggest that
a significant portion of arsenic in paddy field differ exist as As toxicity. However, the
present study, conducted in Wagner pots due to analytical limitations. Studies are needed

to better understand the levels of arsenic toxicity in paddy fields.

> In this study variation in arsenic uptake among different paddy, varieties
were not assessed. Japanese popular cultivar of “Koshihikari” was the
predominant rice variety in this study. More studies are needed to better
understand the uptake of arsenic by different resistant varieties of paddy,

including the indica varieties for comparing under high-temperature conditions.

» From the results of pot experiments, it appears that during the ripening
period As concentration increased in rice grain with the air and soil temperature
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increases. Appropriate field studies need to be carried out to better understand for
measuring the levels of soil depth as activated to increase the high temperature in
the soil solution and these processes and their relative importance in regulating

arsenic contents of soils.

» Adsorption-desorption depends on a wide range of factors, including soil
characteristics (e.g." sand, silt and clay contents), pH, Eh of both soil and water
although those factors did not evaluate in our studies. The effect of other relevant
factors on arsenic adsorption-desorption in agricultural soil should be carefully

studied.

> In order to elucidate the mechanisms underlying the increase in the As
concentration in rice grains due to high temperature, it is necessary to determine
the effect of high temperature on the mechanisms of As accumulation and defense

in rice plants from growth period to harvest in rice plant.

» Further investigations of agronomic methods are required in field

conditions to determine all of the precise effects of increased temperatures.

> TFor the better understanding of total As concentration in node of As
exclusion mechanism did not discussed in details for reducing As concentration
in node 2 with the high temperature during the ripening period. Therefore, it is
necessary to evaluate the exclusion mechanism of As in node by the analysis of

genetically and proteomic.

152



References:

» Abedin M]J, Feldmann ], Meharg AA. 2002. Uptake kinetics of arsenic species in
rice plants. Plant Physiol. 128, 1120-1128.

» Aostinho FB, Tubana BS, Martins MS, Datnoff LE. 2017. Effect of different silicon
sources on yield and silicon uptake of rice grown under varying phosphorus rates.

Plants, 6: 35.

» Ahmad MF, Rasul DG. 2008. Prediction of Soil Temperature by Air Temperature:
A Case Study for Faisalabad. Pakistan Journal of Meteorology, 5, 19-27.

» Ahmed ZU, Panaullah GM, Gauch H, McCouch SR, Tyagi W, Kabir MS, Duxbury
JM. 2011. Genotype and environment effects on rice (Oryza sativa L.) grain arsenic
concentration in Bangladesh. Plant Soil, 338, 367-382.

» AL Rmailli SW, Haris PI, Harrington CF and Ayub M. 2005. A survey of arsenic in
foodstuffs on sale in the United Kingdom and imported from Bangladesh. Sci.
Total Environ. 337, 23-30.

> Allaway WH. 1968. Agronomic controls over the environmental cycling of trace
elements. Advan. Agron. 20, 235-274.

> Ando H, Kakuda KI, Fujii H, Suzuki K, Ajiki T. 2002. Growth and canopy structure
of rice plants grown under field conditions as affected by Si application. Soil Sci.
Plant Nutr. 48, 429-432.

» Arao T, Kawasaki A, Baba K, Matsumoto S. 2011. Effects of arsenic compound
amendment on arsenic speciation in rice grain. Environ. Sci. Technol. 45, 1291-
1297.

» Arao T, Makino T, Kawasaki A, Akahane I, Kiho N. 2018. Effect of air temperature
after heading of rice on the arsenic concentration of grain. Soil Sci. Plant Nutr. 64:

433-437.

153



Ashraf MA, Umetsu K, Ponomarenko O, Saito M, Aslam M, Antipova O, Dolgova
N, Kiani CD, Nehzati S, Tanoi K. 2020. PIN FORMED 2 Modulates the Transport
of Arsenite in Arabidopsis thaliana. Plant Comm. 1, 100009.

Atiga O, Nunes LM, Otero XL. 2020. Effect of cooking on arsenic concentration in
rice. Environ. Sci. Pollut. Res. Int. 27, 10757-10765.

Awasthi S, Chauhan R, Srivastava S, Tripathi R. 2017. The journey of arsenic from
soil to grain. Front. Plant Sci. 8.

Azad M, Mondal A, Hossain M, Moniruzzaman. 2012. Effect of Arsenic Amended
Irrigation Water on Growth and Yield of BR-11 Rice (Oryza sativa L.) Grown in
Open Field Gangetic Soil Condition in Rajshahi. J. Environ. Sci. & Natural
Resources, 5, 55-59.

Bahuguna RN, Solis CA, Shi W, Jagadish KSV. 2017. Post-flowering night
respiration and altered sink activity account for high night temperature-induced
grain yield and quality loss in rice ( Oryza sativa L .). Physiologia Pantarum, 159,
59-73.

Bakhat HF, Zia Z, Fahad S, Abbas S, Hammad HM, Shahzad AN, Abbas F, Alharby
H, Shahid M. 2017. Arsenic uptake, accumulation and toxicity in rice plants:
Possible remedies for its detoxification: A review. Environ. Sci. Pollut. Res. 24,
9142-9158.

Banerjee M, Banerjee N, Bhattacharjee P, Mondal D, Lythgoe PR, Martinez M, Giri
AK. 2013. High arsenic in rice is associated with elevated genotoxic effects in
humans. Scientific Reports, 3, 1-8.

Begum MC, Islam MS, Islam M, Parvez MS, Kabir AH. 2016. Biochemical and
molycular responses underlying differential arsenic tolerance in rice (Oryza sativa

L.). Plant Physiol. Biochem. 104, 266-277.

154



Bhumbla DK, Keefer RF. 1994. Arsenic mobilization and bioavailability in soils. In:
Nriagu, J.O. (Ed.). Arsenic in the environment, Part I: Cycling and
Characterization. Wiley, New York, 51-58. ISBN: 0-471-30436-0.

Bogdan K, Schenk MK. 2008. Arsenic in rice (Oryza sativa L.) related to dynamics
of arsenic and silicic acid in paddy soils. Environ. Sci. Technol. 2008, 42, 7885-7890.
Bonte M, van Breukelen BM, Stuyfzand PJ. 2013. Temperature-induced impacts on
groundwater quality and arsenic mobility in anoxic aquifer sediments used for
both drinking water and shallow geothermal energy production. Water Res. 47,
5088-5100.

Brammer H, Kassam A, Meharg AA, Ravenscroft PKR. 2008. Arsenic pollution
Key points. The Royal Grographical Society. Retrieved from
http://www.rgs.org/NR/rdonlyres/00D3AC7E-F6 AF-48DEB575-

63ABB2F86AF8/0/ArsenicFINAL.pdf

Carey A, Norton GJ, Deacon C, Scheckel KG, Lombi E, Punshon T. Andrew A.
2011. Phloem transport of arsenic species from flag leaf to grain during grain filling.
Plant Physiol. 192, 87-98

Carey AM, Scheckel KG, Lombi E, Newville M, Choi Y, Norton GJ. 2010. Grain
unloading of arsenic species in rice. Plant Physiol. 152, 309-319.

Carey M, Jiujin X, Gomes Farias ], Meharg AA. 2015. Rethinking Rice Preparation
for Highly Efficient Removal of Inorganic Arsenic Using Percolating Cooking
Water. Plos One, 10, e0131608.

Chatterjee D, Majumder S, Biswas A, Nath B, Battacharya P, Bhowmick S,
Mukherjee-Goswami A. Saha D, Hazra R, Palash BM, Chetterjee D, Mukherjee A,
Bundschuh J. 2010. Assessment of arsenic exposure from groundwater and rice in
Bengal Delta Region, West Bengal, India. Water Res. 44, 5803-5812.

Chen Y, Moore KL, Miller AJ, Mcgrath SP, Ma JF, Zhao F. 2015. The role of nodes

155


http://www.rgs.org/NR/rdonlyres/00D3AC7F-F6AF-48DEB575-63ABB2F86AF8/0/ArsenicFINAL.pdf
http://www.rgs.org/NR/rdonlyres/00D3AC7F-F6AF-48DEB575-63ABB2F86AF8/0/ArsenicFINAL.pdf

in arsenic storage and distribution in rice. J. Exp. Bot. 66, 3717-3724.

Chen Y, Yong-He H, Yong Z, Rathinasabapathi B, Lena QM. 2017. Arsenic
transport in rice and biological solutions to reduce arsenic risk from rice. Front.
Plant Sci. 8.

Codex Alimentarius Commission 2016. In Proceedings of the Repl6/cf Joint
FAO/WHO Food Standards Programme Codex Alimentarius Commission 39th
Session, Rome, Italy, 27 June-1 July 2016; p. 37.

Codex Alimentarius Commission 2016: In: REP16/CF JOINT FAO/WHO FOOD
STANDARDS PROGRAMME CODEX ALIMENTARIUS COMMISSION 39th
Session Rome. pp. 37 http://www.fao.org/fao-who-codexalimentarius/sh-
proxy/zh/?Ink=1&url=https%253 A %252F %252Fworkspace.fao.org %252Fsit%252F
codex%252FMeetings%252FCX-735-
10%252FReport%252FREP16_CFe.pdf(15December, 2019)

Deng N, Ling X, Sun Y, Zhang C, Fahad S, Peng S, Cui K, Nie L, Huang J. 2015.
Influence of temperature and solar radiation on grain yield and quality in irrigated
rice system. Europ. J. Agronomy, 64: 37-46.

Dhar P, Kobayashi K, Ujiie K, Adachi F, Kasuga ], Akahane I, Arao T, Matsumoto
S. 2020. The Increase in the Arsenic Concentration in Brown Rice Due to High
Temperature during the Ripening Period and Its Reduction by Silicate Material
Treatment. Agriculture, 10, 289.

Dhar P, Kobayashi K, Ujiie K, Adachi F, Kasuga ], Akahane I, Arao T, Matsumoto
S. 2020. Effect of High Temperature during the Ripening Period on the Arsenic
Accumulation in Rice grain Grown on Uncontaminated Soil with Relatively Low

Level of Arsenic. Press 1. 2020.

Duker AA, Carranza EJM, Hale M. 2005. Arsenic geochemistry and health.

Environment International, 31, pp. 631-641.

156



Duxbury JM, Panaullah GM. 2008. Remediation of Arsenic for Agriculture
Sustainability, Food Security and Health in Bangladesh; FAO: Rome, Italy; 1-28.
Feng X, Han L, Chao D, Liu D, Zhang Y, Wang R, Guo ], Feng R, Xu Y, Ding Y.
2017. Ionomic and transcriptomic analysis provides new insight into the
distribution and transport of cadmium and arsenic in rice. J. Hazard. Mater. 331,
246-256.

Frommer ], Voegelin A, Dittmar ], Marcus MA, Kretzschmar R. 2010.
Biogeochemical processes and arsenic enrichment around rice roots in paddy soil:
Results from micro-focused X-ray spectroscopy. Europe. J. Soil Sci., 62, 305-317.
Fujii H, Mori S, Ando H. 2008. Effects of silicate fertilizer application on the yield
of rice plants grown under insufficient light condition. Jpn. J. Soil Sci. Plant Nutr.
79, 471-477, (In Japanese with English summary).

Garnier JM, Travassac F, Lenoble V, Rose ], Zheng Y, Hossian MS, Chowdhury SH,
Biswas AK, Ahmed KM, Cheng Z, van Green A. 2010.Temporal variations in
arsenic uptake by rice plants in Bangladesh: The role of iron plaque in paddy fields
irrigated with groundwater. Sci. Total Environ. 408, 4185-4193.

Goldberg, S. 2002. Competitive adsorption of arsenate and arsenite on oxides and
clay minerals. Soil Sci. Soc. Am. J. 66, 413—421.

Gonzalez PS, Talano MA, Oller ALW, Ibanez, SG, Medina MI, Agostini E. 2014.
Update on mechanisms involved in arsenic and chromium accumulation,
translocation and homeostasis in plants. Chapter 3. In Heavy Metal Remediation:
Nova Science Publishers, Inc. Hauppauge, NY, USA, 45-72. ISBN: 978-1-63321-
568-9

Gounou C, Bousserrhine N, Varrault G, Mouchel JM. 2010. Influence of the iron-
reducing bacteria on the release of heavy metals in anaerobic river sediment.

Water, Air, and Soil Pollut. 212,123-129.

157



Gupta DK, Tiwari S, Razafindrabe BHN, Chatterjee S. 2017. Arsenic contamination
from historical aspects until present situation. In Arsenic Contamination in the
Environment: The Issues and Solutions; Gupta DK, Chatterjee S, Eds.; Springer
International Publishing AG: Cham, Switzerland, 2017; pp. 1-12.

Harisha R, Hosamani K, Keri R, Nataraj S, Aminabhavi T. 2010. Arsenic removal
from drinking water using thin film composite nanofiltration membrane.
Desalination, 252, 75-80.

Hojsak I, Braegger C, Bronsky J, Campoy C, Colomb V, Decsi T, Domellof M,
Fewtrell M, Mis NF, Mihatsch W, Molgaard C, van Goudoever J. 2015. Arsenic in
rice: A cause for concern. Journal of Pediatric Gastroenterology and Nutrition,
60,142-145.

Horie T, Baker JT, Nakagawa H, Matsui T, Kim HY. 2000. Crop ecosystem
responses to climatic change: Rice. In Climate Change and Global Crop
Productivity; CABI Publishing: Wallingford, UK, 2000; pp. 81-106.

Horner NS, Beauchemin D. 2013. The effect of cooking and washing rice on the
bioaccessibility of As, Cu, Fe, V and Zn using an on-line continuous leaching
method. Analytica Chimica Acta, 758, 28-35.

Hu P, Ouyang Y, Wu L, Shen L, Luo Y, Christie P. 2015. Effects of water
management on arsenic and cadmium speciation and accumulation in an upland
rice cultivar. J. Environ. Sci. 27, 225-231.

HuY, LiJH, Zhu YG, Huang YZ, Hu HQ, Christie P. 2005. Sequestration of As by
iron plaque on the roots of three rice (Oryza sativa L.) cultivars in a low-P soil with
or without P fertilizer. Environ. Geochem. Health, 27, 169-176.

Huang JH, Fecher P, Ilgen G, Hu KN, Yang J. 2012. Speciation of arsenite and
arsenate in rice grain — Verification of nitric acid based extraction method and

mass sample survey? Food Chem. 130, 453-459.

158



Islam KI, Khan A, Islam T. 2015. Correlation between Atmospheric Temperature
and Soil Temperature: A Case Study for Dhaka, Bangladesh. Atmospheric and
Climate Sciences, 5.

IPCC (Intergovernmental Panel on climate Change) Sixth Assessment Report. 2018,
SR1.5 C Chapter 2. 1: 1-112.

IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I,
I and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change; Core Writing Team, Pachauri, R.K., Meyer, L.A., Eds.; IPCC:
Geneva, Switzerland, 2014; Available online:
https://www.ipcc.ch/site/assets/uploads/2018/02/SYR _ AR5_FINAL_full.pdf
(accessed on 6 April 2020).

Ishikawa S, Makino T, Ito M, Harada K, Nakada H, Nishida I, Nishimura M,
Tokunaga T, Shirao K, Yoshizawa C, Matsuyama M, Abe T, Arao T. 2016. Low-
cadmium rice (Oryza sativa L.) cultivar can simultaneously reduce arsenic and
cadmium concentrations in rice grains. Soil Sci. Plant. Nutri. 62, 327-3309.

Jackson BP, Punshon P. 2015. Recent advances in the measurement of arsenic,
cadmium, and mercury in rice and other foods. Current Environmental Health
Reports, 2, 15-24.

Jia Y, Huang H, Chen Z, Zhu YG. 2014. Arsenic uptake by rice is influenced by
microbe-mediated arsenic redox changes in the rhizosphere. Environ. Sci. Technol.
48, 1001-1007.

Jin Z, Ge D, Chen HM, Fang J. 1995. Effects of climate change on rice production
and strategies for adaptation in southern China. In Climate Change and
Agriculture: Analysis of Potential International Impacts. Am. Soc. Agron. 59, 307—
323.

Kabata-Pendias A. 2000. Trace Elements in Soils and Plants, 3rd ed.; CRC Press

159



Inc.: Boca Raton, FL, USA, 2000; pp. 225-230.

Kamiya T, Islam MR, Duan G, Uraguchi S, Fujiwara T. 2013. Phosphate deficiency
signaling pathway is a target of arsenate and phosphate transporter OsPT1 is
involved in As accumulation in shoots of rice. Soil Sci. Plant Nutr. 59, 580-590.
Kaneta Y, Takahashi D, Sakaguchi H, Kon K, Takakai F, Sato T. 2010. Effect of
silicate fertilizer on leaf temperature, stoma conductance and silicic acid uptake in
rice under high temperature during the ripening stage. Jpn. J. Sci. Soil Manure, 81,
504-507. (In Japanese)

KimJ, Shon ], Lee C, Yang W, Yoon Y, Yang W, Lee, B. 2011. Relationship between
grain filling duration and leaf senescence of temperate rice under high
temperature. Field Crops Res. 122, 207-213.

Kim KC. 1983. Studies on the Effect of Temperature During the Reduction Division
and the Grain Filling Stage in Rice Plants II. Effect of Air Temperature at the Grain
Filling Stage in Indica-Japonica Crosses. Korean J. Crop Sci. 28, 58-75.

Kobya M, Soltani RDC, Omwene PI, Khataee A. 2020. A review on
decontamination of arsenic-contained water by electrocoagulation: Reactor
configurations and operating cost along with removal mechanisms. Environ.
Technol. Innov. 17, 100519.

Kumarthilaka P, Seneweerabc S, Yong SO, Meharg A, Bundschuha J. 2019. Arsenic
in cooked rice foods: Assessing health risks and mitigation options. Environment

International, 127, 584-591.

Kumpiene JA, Lagerkvist AC, Maurice C. 2008. Stabilization of As, Cr, Cu, Pb and
Zn in soil using amendments—a review. Waste. Manag. 28, 215-225.
Li G, Zenng M, Tang J, Shim H, Cai C. 2018. Effect of Silicon on Arsenic

Concentration and Speciation in Different Rice Tissues. Pedosphere , 28, 511-520.

160



LiRY, Ago Y, Liu WJ, Mitani N, Feldmann J, McGrath SP, Ma JF, Zhao F]. 2009b.
The rice aquaporin Lsil mediates uptake of methylated arsenic species. Plant
Physiol. 150, 2071-2080.

Li RY, Stroud JL, Ma JF, Mcgrath SP, Zhao FJ. 2009a. Mitigation of arsenic
accumulation in rice with water management and silicon fertilization. Environ. Sci.
Technol. 2009, 43, 3778-3783.

Liu WJ, Zhu YG, Hu Y, Williams PN, Gault AG, Meharg AA, Charnock JM, Smith
FA. 2006. Arsenic sequestration in iron plaque, its accumulation and speciation in
mature rice plants (Oryza Sativa L.). Environ. Sci. Technol. 40: 5730-5736.

Liu W], Zhu YG, Smith FA, Smith SE. 2004. Do iron plaque and genotypes affect
arsenate uptake and translocation by rice seedlings (Oryza sativa L.) grown in

solution culture? J. Exp. Botany, 55: 1707-1713.

Lombi E, Scheckel KG, Pallon J, Carey AM, Zhu 'Y G, Meharg A A. 2009. Speciation
and distribution of arsenic and localization of nutrients in rice grains. New
Phytologist, 184, 193-201.

Lombi E, Zhao FJ, Fuhrmann M, Ma SQ. Mcgrath SP. 2002. Arsenic distribution
and speciation in the fronds of the hyperaccumulator Pteris vittata. New
Phytologist, 156, 195-203.

Luxton TP, Tadanier CJ, Eick M]J. 2006. Mobilization of Arsenite by Competitive
Interaction with Silicic Acid. Soil Sci. Soc. Am. J. 70, 204-214.

MaJF, Yamaji N, Mitani N, Xu XY, Su YH, McGrath SP, Zhao FJ. 2004.Transporters
of arsenite in rice and their role in arsenic accumulation in rice grain. Proc. Natl.
Acad. Sci. USA, 105, 9931-9935.

MaJF, Yamaji N, Mitani N, Xu XY, Su YH, McGrath SP, Zhao FJ. 2008. Transporters
of arsenite in rice and their role in arsenic accumulation in rice grain. Proc. Natl.

Acad. Sci. USA, 105, 9931-9935.

161



Ma, JF, Yamaji N, Mitani N, Tamai K, Konishi S, Fujiwara T, Katsuhara M, Yano
M. 2007. An efflux transporter of silicon in rice. Nature 2007, 448, 209-212.
[CrossRef] [PubMed]

Ma JF, Yamaji N. 2006. Silicon uptake and accumulation in higher plants. Trends
Plant Sci. 11, 392-397.

Ma JF. 2004. Role of silicon in enhancing the resistance of plants to biotic and
abiotic stresses. Soil Sci. Plant Nutri. 50, 11-18.

MaL, Wang L, Jia Y, Yang Z. 2016. Arsenic speciation in locally grown rice grains
from Hunan Province, China: Spatial distribution and potential health risk.
Science of the Total Environment, 557-558, 438-444.

Ma LQ, Komar KM, Tu C, Zhang W, Cai Y, Kennelley E. 2001. A fern that
hyperaccumulates arsenic. Nature, 409, 579.

MAFF 2019: “Suiden dojo-chti hiso-t6 no jittai chosa kekka” [Survey of As in
paddy tields in Japan].
http://www.maff.go.jp/j/syouan/nouan/kome/k_as/attach/pdf/maff_kome-2.pdf
(in Japanese) (15 December, 2019)

Makino T, Nakamura K, Katou H, Ishikawa S, Ito M, Honma T, Miyazaki N,
Takehisa K, Sano S, Matsumoto S. 2016. Simultaneous decrease of arsenic and
cadmium in rice (Oryza sativa L.) plants cultivated under submerged field
conditions by the application of iron. Soil Sci. Plant Nutri. 62, 340-348.

Mandal B K, Suzuki KT. 2002. Arsenic round the world: A review. Talanta, 58, 201-
235.

Marin AR, Masscheleyn PH, Patrick WH. 1992. The influence of chemical form and
concentration of arsenic on rice growth and tissue arsenic concentration. Plant Soil,

139, 175-183.

162



Martinez VD, Vucic EA, Becker-Santos DD, Gil L, Lam WL. 2011. Arsenic exposure
and the induction of human cancers. J. Toxicol. 431287.

Matoh T, Murata S, Takahashi E. 1991. Effect of silicate application on
photosynthesis of rice. Jpn. J. Soil Sci. Plant Nutr. 62, 248-251, (In Japanese with
English summary).

Matsumoto S, Kasuga J, Taiki N, Makino T, Arao T. 2015a. Inhibition of arsenic
accumulation in Japanese rice by the application of iron and silicate materials.
Catena, 135, 328-335.

Matsumoto S, Kasuga J, Taiki N, Makino T, Arao T. 2015b. Reduction of the risk of
arsenic accumulation in rice by the water management and material application in
relation to phosphate status. J. Plant Interact. 10, 65-74.

Matumoto S, Kasuga J, Makino T, Arao T. 2016. Evaluation of the effects of
application of iron materials on the accumulation and speciation of arsenic in rice
grain grown on uncontaminated soil with relatively high levels of arsenic. Environ.
Exp. Bot. 125, 42-51.

Meharg A. 2005. Venomous Earth: How Arsenic Caused the World's World Mass
Poisoning. UK: Palgrave Macmillan.

Meharg AA, Adomaco E, Lawgali Y, Deacon C, Williams P. 2006. Food Standards
Agency contract C101045 : Levels of arsenic in rice — literature review Prepared
by : 1-65.

Meharg AA, Lombi E, Williams PN, Scheckel KG, Feldmann ], Raab A. 2008b.
Speciation and localization of arsenic in white and brown rice grains. Environ. Sci.
Technol. 42, 1051-1057.

Meharg AA, Williams PN, Adomako E, Lawgali YY, Deacon C, Villada A, Cambell
RCJ, Sun G, Zhu YG, Feldmann ]. 2009. Geographical variation in total and

163



inorganic arsenic content of polished (white) rice. Environ. Sci. Technol. 43, 1612—
1617.

Meharg AA. Hartley-Whitaker J. 2002. Arsenic uptake and metabolism in arsenic
resistant and nonresistant plant species. New Phytologist, 154, 29-43.

Meharg AA, Zhao FJ. 2012. Risk from arsenic in rice grain. 31-50. Springer Nature,
Dordrecht.

Mei XQ, Wong MH, Yang Y, Dong HY, Qiu RL, Ye ZH. 2012. The effects of radial
oxygen loss on arsenic tolerance and uptake in rice and on its rhizosphere. Environ.

Pollut. 165, 109-117.

Melkonian S, Argos M, Hall M N, Chen Y, Parvez F, Pierce B, Ahsan H. 2013.
Urinary and dietary analysis of 18,470 Bangladeshis reveal a correlation of rice
consumption with arsenic exposure and toxicity. PLoS ONE, 8, 1-10.

Mihucz VG, Tatar E, Virag I, Zang C, Jao Y, Zaray G. 2007. Arsenic removal from
rice by washing and cooking with water. Food Chemistry, 1054, 1718-1725.
Molgora C, Dominguez A, Avila E, Drogui P, Buelna G. 2013. arsenic from
drinking water: A comparative study between electro coagulation microfiltration
and chemical coagulation-microfiltration processes. Separation and Purification
Technology, 118, 645-651.

Mondal D, Polya DA. 2008. Rice is a major exposure route for arsenic in Chakdaha
block, Nadia district, West Bengal, India: A probabilistic risk assessment. Applied
Geochemistry, 23, 2987-2998.

Moore KL, Chen, Y, Meene AML. Van De, Hughes L, Liu W, Geraki T, Moore KL.
2013. Combined NanoSIMS and synchrotron X-ray fluorescence reveal distinct
cellular and subcellular distribution patterns of trace elements in rice tissues. New

Photologist, 201, 1.

164



Moore KL, Schroder M, Lombi E, Zhao FJ, McGrath, SP, Hawkesford M]J. 2010.
NanoSIMS analysis of arsenic and selenium in cereal grain. New Phytologist, 185,
434-445.

Mori, S.; Fujii, H. 2013. Utilization and research of silicon in recent agriculture: 6.
Alleviative effects of silicate application on the rice production by meteorlogical
disaster. Jpn J. Soil Sci. Plant Nutr. 84, 504-507. (In Japanese)

Morita S, Nakano H. 2011. Nonstructural carbohydrate content in the stem at full
heading contributes to high performance of ripening in heat-tolerant rice cultivar
Nikomaru. Crop Sci. 51, 818-828.

Morita S, Wada H, Matsue Y. 2016. Countermeasures for heat damage in rice grain
quality under climate change. Plant Prod. Sci. 19, 1-11.

Morita, S. 2008. Prospect for developing measures to prevent high-temperature
damage to rice grain ripening. Jpn. J. Crop Sci. 77, 1-12.

Mousavian MTH, Karizaki VM. 2012. Determination of mass transfer parameters
during deep fat frying of rice crackers. Rice Science, 19, 64-69.

Muehe EM, Wang T, Kerl CF, Planer-Friedrich B, Fendorf S. 2019. Rice production
threatened by coupled stresses of climate and soil arsenic. Nature
Communications, 10, 1-10.

Neumann RB, Seyfferth AL, Teshera-Levye ], Ellingson J. 2017. Soil Warming
Increases Arsenic Availability in the Rice Rhizosphere. Agric. Environ. Lett. 2017,
2, 170006.

Norton GJ, Duan GL, Dasgupta T, Islam MR, Ming L, Zhu YG, Deacon CM, Moran
AC, Islam S, Zhao F, Stroud JL, Mcgrath SP, Feldmann J, Price AH, Meharg AA.
2009. Environmental and genetic control of arsenic accumulation and speciation
in rice grain: comparing a range of common cultivars grown in contaminated sites

across Bangladesh, China, and India. Environ. Sci. Technol. 43, 8381-8386.

165



Norton GJ, Islam MR, Duan G, Lei M, Zhu Y, Deacon CM. 2010. Arsenic shoot-
grain relationships in field grown rice cultivars. Environ. Sci. Technol. 44, 1471-
1477.

Norton GJ, Pinson SR, Alexander J, Mckay S, Hansen H, Duan GL, Price, AH. 2012.
Variation in grain arsenic assessed in a diverse panel of rice (Oryza sativa L.) grown
in multiple sites. New Phytologist, 193, 650-664.

Ohtsuka T, Yamaguchi N, Makino T, Sakurai K, Kimura K, Kudo K, Amachi, S.
2013. Arsenic dissolution from Japanese paddy soil by a dissimilatory arsenate-
reducing bacterium geobacter sp. OR-1. Environ. Sci. Technol. 47, 6263-6271.
Okada M, Hamasaki T. Hayashi T. 1995. Temperature gradient chambers for
research on global environment change. I. Thermal environment in a large
chamber. Biotronics, 24, 85-97.

Olson MJ. 2014. Arsenic: Detection, management strategies and health effects. NY:
Nova Science Publishers, Inc.

Otles S and Cagindi O. 2010. Health importance of arsenic in drinking water and
food. Environ. Geochem. Health, 32, 367-71.

Panaullah GM, Alam T, Hossain MB, Loeppert RH, Lauren JG, Meisner CA.
Duxbury JM. 2008. Arsenic toxicity to rice (Oryza sativa L.) in Bangladesh. Plant
and Soil, 317, 31-39.

Pasias IN, Thomaidis NS, Piperaki EA. 2013. Determination of total arsenic, total
inorganic arsenic and inorganic arsenic species in rice and rice flour by
electrothermal atomic absorption spectrometry. Microchemical Journal, 108, 1-6.
Paszkowski U, Kroken S, Roux C, Briggs SP. 2002. Rice phosphate transporters
include an evolutionarily divergent gene specifically activated in arbuscular
mycorrhizal symbiosis. Proc. Natl. Acad. Sci. USA 2002, 99, 13324-13329.

Peng S, Huang ], Sheehy JE, Laza RC, Visperas RM, Zhong X, Centeno GS, Khush

166



GS, Cassman, K.G. 2004. Rice yields decline with higher night temperature from
global warming. Proc. Natl. Acad. Sci. USA. 101, 9971-9975.

Punson T, Jackson BP, Meharg AA, Warczack T, Scheckel K, Guerinot ML. 2017.
Understanding As dynamics in agronomics systems to predict and prevent uptake
by crop plants. Sci. Total Environ. 209-220

Raab A, Williams PN, Meharg AA, Feldmann J. 2007. Uptake and translocation of
inorganic and methylated species by plants. Environ. Chem. 4, 197-203

Rintala EM, Ekhom P, Koivisto P, Peltonen K, Venalainen ER. 2014. The intake of
inorganic arsenic from long grain rice and rice-based baby food in Finland - Low
safety margin warrants follow up. Food Chem. 150, 199- 205.

Rossman TG. 2003. Mechanism of arsenic carcinogenesis: An integrated approach.
Mutat. Res. 533, 37-65.

Sahoo PK, Kim K. 2013. A review of the arsenic concentration in paddy rice from
the perspective of geoscience. Geosci. J. 17, 107-122.

Sengupta MK, Hossain MA, Mukherjee A, Ahamed S, Das B, Nayak B,
Chakraborti D. 2006. Arsenic burden of cooked rice: Traditional and modern
methods. Food Chem. Toxicol. 44, 1823-1829.

Seytferth AL, Webb SM, Andrews JC, Fendorf S. 2010. Arsenic localization,
speciation, and co-occurrence with iron on rice (Oryza sativa L.) roots having
variable Fe coatings. Environ. Sci. Technol. 44, 8108-8113.

Seytferth AL, Webb SM, Andrews JC, Fendorf S. 2011. Defining the distribution of
arsenic species and plant nutrients in rice (Oryza sativa L.) from the root to the
grain. Geochimica et Cosmochimica Acta, 75, 6655-6671.

Seyftferth, AL., S. Fendorf. 2012. Silicate mineral impacts on the uptake and storage
of arsenic and plant nutrients in rice (Oryza sativa L). Environ. Sci. Technol. 46:

13176-13183.

167



Shah AL, Naher UA, Hasan Z, Panhwar QA and Radziah. 2014. Influence of
arsenic rice growth and its mitigation with different water management
techniques. Asian J. Crop Sci. 6, 373-382.

Shi S, Wang T, Chen Z, Tang Z, Wu Z, Salt DE. 2016. OsHAC1; 1 and OsHAC1; 2
function as arsenate reductases and regulate arsenic accumulation. Plant Physiol.
172, 1708-1719.

Shi W, Yin X, Struik PC, Solis C, Xie F, Schmidt R C, Jagadish, S. V. K. 2017. High
day- and night-time temperatures affect grain growth dynamics in contrasting rice
genotypes. Environ. Exp. Bot. 68, 5233-5245.

Smith E, Juhasz AL, Weber J, Naidu. 2008. Arsenic uptake and speciation in rice
plants grown under greenhouse conditions with arsenic contaminated irrigation
water. Sci. Total Environ. 392, 277-283.

Smith SE, Christophersen HM, Pope S, Smith FA. 2010. Arsenic uptake and toxicity
in plants: integrating mycorrhizal influences. Plant Soil, 327, 1-21

Song WY, Yamaki T, Yamaji N, Ko DH, Jung KH, Fujii-Kashino M, An G,
Martinoia E, Lee Y, Ma JF.2014. A rice ABC transporter, OsABCC1, reduces arsenic
accumulation in the grain. Proc. Natl. Acad. Sci. USA 2014, 111, 15699-15704.
Spanu A, Daga L, Orlandoni AM, Sanna G. 2012: The role of irrigation techniques
in arsenic bioaccumulation in rice (Oryza sativa L.). Environ. Sci. Technol., 46, 8333—
8340.

Su S, Zeng X, Bai L, Jiang X, Li L. 2010. Bioaccumulation and biovolatilisation of
pentavalent arsenic by Penicillin janthinellum, Fusarium oxysporum, and
Trichoderma asperellum under laboratory conditions. Current Microbiology, 61,

261-266

168



Suda A, Makino T. 2015. Functional effects of manganese and iron oxides on the
dynamics of trace elements in soils with a special focus on arsenic and cadmium:

A review. Geoderma, 270: 68-75.

Sun GX, Williams PN, Carey AM, Zhu YG, Deacon C, Raab A. 2008. Inorganic
arsenic in rice bran and its products are an order of magnitude higher than in bulk
grain. Environ. Sci. Technol. 42, 7542-7546.

Suriyagoda LDB, Dittert K, Lambers H. 2018. Agriculture , Ecosystems and
Environment Mechanism of arsenic uptake , translocation and plant resistance to
accumulate arsenic in rice grains. Agriculture, Ecosystems and Environment, 253,
23-37.

Swedlundi PJ, Webester JG. 1999. Adsorption and polymerization of silicic acid on
ferrihydrite, and its effect on arsenic adsorption. Water Res. 33, 3413-3422.

Syu CH, Huang CC, Jiang PY, Lee CH, Lee DY. 2015. Arsenic accumulation and
speciation in rice grains influenced by arsenic phytotoxicity and rice genotypes
grown in arsenic-elevated paddy soils. J. Hazard. Mater. 286, 179-186.

Takahashi Y, Minamikawa R, Hattori KH, Kurishima K, Kihou N, Yuita K. 2004.
Arsenic behavior in paddy fields during the cycle of flooded and non-flooded
periods. Environ. Sci. Technol. 38, 1038-1044.

Tang Z, Chen Y, Chen F, Ji Y, Zhao FJ. 2017. OsPTR7 (OsNPF8. 1), a putative
peptide transporter in rice, is involved in dimethylarsenate accumulation in rice
grain. Plant Cell Physiol. 58, 904-913.

Tao F, Hayashi Y, Zhang Z, Sakamoto T, Yokozawa M. 2008. Global warming, rice
production, and water use in China: Developing a probabilistic assessment. Agric.
For. Meteorol. 148, 94-110.

Tian X, Luo H, Zhou H. 2009. Research on heat stress of rice in china: progress and

prospect. Chinese Agricultural Science Bulletin 25, 166-168.

169



Tashiro T and Wardlaw IF. 1991. The effect of high temperature on kernel
dimensions and the type and occurrence of kernel damage in rice. Aust. J. Agric.
Res. 42, 485-496.

Tashiro T and Wardlaw IF. 1989. A Comparison of the Effect of High Temperature

on Grain Development in Wheat and Rice. Annals of Botany, 64, 59-65.

Tyrovola K, Nikolaidis NP. 2009. Arsenic mobility and stabilization in topsoils.
Water Res. 43: 1589-1596.

Ultra VU, Nakayama A, Tanaka S, Kang Y, Sakurai K, Iwasaki K. 2009. Potential
for the alleviation of arsenic toxicity in paddy rice using amorphous iron-
(hydr)oxide amendments. Soil Sci. Plant Nutr. 55: 160-169.

Uraguchi S, Kamiya T, Sakamoto T, Kasai K, Sato Y, Nagamura Y, Yoshida A,
Kyozuka J, Ishikawa S, Fujiwara T. 2011. Low-affinity cation transporter (OsLCT1)
regulates cadmium transport into rice grains. Proc. Natl. Acad. Sci. U.S.A. 108:

20959-20964.

van Halem D, Bakker S, Amy G, van Dijk J. 2009. Arsenic in drinking water: a
worldwide water quality concern for water supply companies. Drinking Water

Engineering and Science, 2, 29-34.

Van Kiet H, Nose A. 2016. Effects of temperature on growth and photosynthesis
in the seedling stage of the sheath blight-resistant rice genotype 32R. Plant Prod.
Sci. 19: 246-256.

Verma PK, Verma S, Tripathi RD, Chakrabarty D. 2020. A rice glutaredoxin
regulate the expression of aquaporin genes and modulate root responses to
provide arsenic tolerance. Ecotoxico. Environ. Saf. 195, 110471.

Waltham CA, Eick MJ. 2002. Kinetics of Arsenic Adsorption on Goethite in the
Presence of Sorbed Silicic Acid. Soil Sci. Soc. Am. J. 2002, 66, 818-825.

170



Wang HY, Wen SL, Chen P, Zhang L, Cen K, Sun GX. 2016. Mitigation of cadmium
and arsenic in rice grain by applying different silicon fertilizers in contaminated
fields. Environ. Sci. Pollut. Res. 23, 3781-3788.

Wang XW, Peng B, Tan C Ma L Rathinasabapathi B. 2015. Recent advances in
arsenic bioavailability transport and speciation in rice. Environ. Sci. Pollut. Res. 22,
5742-5750

Weber FA, Hofacker AF, Voegelin A, Kretzschmar R. 2010. Temperature
dependence and coupling of iron and arsenic reduction and release during
flooding of a contaminated soil. Environ. Sci. Technol. 44, 116-122.

Wei Y, Zhu ], Nguyen A. 2014. Rice consumption and urinary concentrations of
arsenic in U.S. adults. International Journal of Environmental Health Research, 24,
459-470.

Williams PN, Price AH, Raab A, Hossian SA, Feldmann J, Meharg AA. 2005.
Variation in Arsenic Speciation and Concentration in Paddy Rice Related to
Dietary Exposure. Environ. Sci. Technol. 39, 5531-5540.

Williams PN, Santner J, Larsen M, Lehto NJ, Oburger E, Wenzel W, Zhang, H. 2014.
Localized flux maxima of arsenic, lead, and iron around root apices in flooded
lowland rice. Environ. Sci. Technol. 48, 8498-8506.

Williams PN, Villada A, Deacon C, Raab A, Figuerola ], Green AJ, Meharg AA.
2007. Greatly enhanced arsenic shoot assimilation in rice leads to elevated grain
levels compared to wheat and barley. Environ. Sci. Technol. 41, 6854-6859.
World Health Organization (WHO). 2010. Exposure to arsenic: A major public
health concern. Retrieved from

http://www.who.int/ipcs/features/arsenic.pdf?ua=1

171



Wu Z, Ren H, McGrath SP, Wu P, Zhao FJ. 2011. Investigating the contribution of
the phosphate transport pathway to arsenic accumulation in rice. Plant Physiol.
2011, 157, 498-508.

Xiao Z, Xie X, PiK, Yan Y, LiJ, Chi Z, Qian K, Wang Y. 2018. Effects of irrigation-
induced water table fluctuation on arsenic mobilization in the unsaturated zone of
the Datong Basin, northern China. J. Hydrol. 564, 256-265.

Xu], Shi S, Wang L, Tang Z, Lv T, Zhu X, Ding X, Wang Y, Zhao FJ, Wu Z. 2017.
OsHACH4 is critical for arsenate tolerance and regulates arsenic accumulation in
rice. New Phytol. 215, 1090-1101.

Xu XY, McGrath SP, Meharg AA, Zhao FJ. 2008. Growing rice aerobically
markedly decreases arsenic accumulation. Environ. Sci. Tecnol. 42, 5574-5579.
Yamaguchi N, Nakamura T, Dong D, Takahashi Y, Amachi S, Makino T. 2011.
Arsenic release from flooded paddy soils is influenced by speciation, Eh, pH, and
iron dissolution. Chemosphere, 83, 925-932.

Yamaji, N.; Ma, J.F. 2014. The node, a hub for mineral nutrient distribution in
graminaceous plants. Trends Plant Sci. 2014, 19, 556-563.

Yang Li. 2005. Diagnostic study of serious high temperature over south in 2003
summer. Climatic Environ. Res. 10, 80-85.(In chiness with English abstract)
Zavala Y], Gerads R, Gurleyuk H, Duxbury JM. 2008. Arsenic in Rice: II. Arsenic
Speciation in USA Grain and Implications for Human Health. Environ. Sci. Tecnol.
42, 3861-3866.

Zhao FJ, Harris E, Yan ], Ma J, Wu L, Liu W, Zhu YG. 2013. Arsenic methylation in
soils and its relationship with microbial arsM abundance and diversity, and As
speciation in rice. Environ. Sci. Tecnol. 47, 7147-7157.

Zhao FJ, McGrath SP, Meharg AA. 2010a. Arsenic as a Food Chain Contaminant:

Mechanisms of Plant Uptake and Metabolism and Mitigation Strategies. Annu.

172



Rev. Plant Biol. 61, 535-559.

Zhao XQ, Mitani N, Yamaji N, Shen RF, Ma JF. 2010b. Involvement of silicon influx
transporter OsNIP2;1 in selenite uptake in rice. Plant Physiol. 153, 1871-1877.
Zheng MZ, Cai C, Hu Y, Sun G X, Williams PN, Cui HJ. 2011. Spatial distribution
of arsenic and temporal variation of its concentration in rice. New Phytol. 189, 200

209.

173



Summary

Arsenic (As) is a non-essential, potentially ubiquitous metal, naturally occurring
in the environment with a relatively low concentration. Rice, the primary dietary source
of inorganic As, is more concentrated As in grain than other cereals, despite its high
essential nutritional content like carbohydrates, protein, vitamins, and fiber. Increased air
temperature would amplify the risk of increasing toxic inorganic As (iAs) accumulation
in rice grain using multiyear statistical analysis. Considering the As toxic effect, many
authentic mitigation techniques and tests have been followed to reduce As concentration
in rice. However, the effect of high temperature on As accumulation in rice grain during
the ripening period is not research experimentally. This thesis aimed to clarify the effect
of high temperature during the ripening period on the elution of As in soil solution from
soil solid phase and on the concentration of As species in brown rice using temperature-
gradient chamber (TGC). Furthermore, it was verified whether the application of soil
conditioner (silicate and iron) was effective in reducing the arsenic concentration in
brown rice even at high temperatures.

This thesis gave some critical insights for conducting three experiments. The
growing conditions in these experiments were common, and the cultivation and high-
temperature treatment of rice were carried out as follows. Before transplanting Wagner
pots were filled with 3-kg As-uncontaminated gray lowland paddy field soil and 2.8 g of
abasal compound fertilizer used in every pot, which each pot contained N 14%, P20s 14%,
and K20 14%. Calcium silicate and converted furnace slag (CFS) were used as Si
treatment and Fe treatment, respectively. Rice seedlings that were approx. 25 days old
were transplanted to the Wagner pots and kept those with flooding conditions until
harvest. One week after heading, all rice plants were moved into TGC for temperature-

treatment, where the temperature treatment section separated, followed by ambient,
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mildly-high, moderately-high, and super-high temperature treatment to detect the
temperature variation.

Air and soil temperature difference was observed in the TGC in the range of 2-
3.2 °C compared to ambient temperature. The high temperature significantly increased
the total As concentration in the soil solution during the ripening period. The
concentrations of As in the soil solution during the middle ripening period (14-28 days
after heading) were tended to be higher than those of the early ripening period (7 days
after heading) and harvesting period (41 days after heading).

There was a significant negative correlation between the brown rice yield and the
air and soil temperatures, and the increase in air and soil temperatures resulted in a
decrease in the yield. The reduction in yield was significantly mitigated by applying
calcium silicate and CFS. The concentration of As in the brown rice was significantly
positively correlated with the air and soil temperature, and the concentration of As
increased with increasing air and soil temperatures. When calcium silicate and CFS were
applied, the concentration of As in brown rice was significantly lower at all temperature
ranges, and those applications were effective in reducing the arsenic concentration even
at high temperatures. These results suggest that the application of soil modifiers
including silicate and iron may help mitigate the decrease in yield and the increasing As
concentration in brown rice even under high-temperature conditions.

The total As concentration in each part of the straw, especially in node 1, node 2,
and internode 2, was found a significant regression linearity correlation with the
temperature when the average day time and maximum temperature were high. Although
no significant linear relationship has been found between temperature and carbon
concentration at any parts of the rice plant, indicating that there is no unique

accumulation mechanism in those parts of rice plants for carbon translocation.
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The accumulation of As and carbon significantly reduced with increasing
temperature in the brown rice due to the ripening period shorten when the temperature
increased highly. The distribution ratio of As and carbon had been found to decrease
significantly in brown rice when the temperature increased. A negative correlation has
been found between the concentration of As and carbon distribution ratio in brown rice.
A significant positive correlation was found between the As/carbon ratio of the
distribution ratio and the concentration of As in brown rice, indicating the decrease in
the carbon translocation rate from straw to the grain may increase As concentration in
brown rice. In other words, the main factor of the increase of As concentration in brown
rice under high-temperature conditions is considered to be insufficient dilution by carbon
and damaged node function which trap As. Our findings highlighted that elevated
temperatures might increase the risk of dietary As exposure in rice by decreasing the
dilution effect by carbon and decrease of the node function to accumulate more As.

From this study's results, the yield decreased with increasing temperature in the
ripening period due to the suppression of carbohydrate translocation during this period.
The amount of carbon accumulation and the carbon distribution ratio were lower in the
high-temperature treatments. Similarly, because As is transferred to brown rice through
the sieve tube, the amount of As accumulated in brown rice and the distribution rate of
As were examined, compared to carbon. A significant negative correlation was found
between the total As concentration in each part of the straw, especially in node 1, node 2,
internode 2, and the average daytime temperature and maximum during the ripening
period. These results indicate that the ability to prevent As translocation to brown rice,
present in the nodes, may be reduced by high temperatures. No significant linear
relationship has been found between temperature and carbon concentration in any parts
of the rice plant, indicating no unique accumulation mechanism in those parts of rice

plants for carbon translocation.
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The accumulation of As and carbon significantly reduced with increasing
temperature in the brown rice, as the ripening period shortened when the temperature
increased. The effect of high temperature on As distribution ratio in straw was not as
clear as that of carbon. However, it was observed that the distribution ratio of As to
brown rice decreased with increasing temperature, which was also the case with carbon
and suggests that the effect of high temperature on the transfer and accumulation of
carbon and As in brown rice may be different. The distribution ratio of carbon tended to
increase with a high temperature in all parts of the straw. In contrast, As showed a similar
trend to carbon in the straw under internode 3, but there was no clear relationship with
high temperatures in other parts. The negative correlation between the decrease in carbon
distribution ratio and As concentration in brown rice was significant. This suggests that
carbon translocation flow significantly affects As concentration in brown rice; As
concentration decreases with high carbon translocation flow and increases with low
carbon translocation flow. The As concentration increases at higher temperatures,
suggesting that the translocation inhibition ratio due to high temperatures differs
between As and carbon because the amount of As transferred to brown rice also decreases
at higher temperatures. In other words, higher temperature causes less As dilution by
carbon and higher As concentration in brown rice.

The significant difference between carbon and As translocation is that there is no
difference in carbon concentration and no exclusion or accumulation mechanism in the
translocation. If this sequestration mechanism is affected by high temperatures, the As
transfer into brown rice could be accelerated. On the other hand, the final amount of As
accumulation was smaller at higher temperatures than under ambient conditions. This
may be due to the shortened ripening period caused by high temperatures. Therefore, it
would be necessary to clarify the As translocation rate by considering the As exclusion

mechanism relative to temperature over the ripening period. Furthermore, breeding rice
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varieties that are resistant to high-temperature ripening effectively reduced As

concentration in rice because carbon's dilution effect may reduce As concentration.
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ERITEREPICHBRIKIEE CHET 2B ILRATHS. B HEICBIT5E
DO FIEMEIL T OB LR ITTEMMITIR S RSN, BB TIEIHEMO e figL L THE
THEGNRKEL, BEFOS LA S ORIICER ShE . —J7, ERIETIX
“fiod e BRI L L, TAREROEHIZE > TRINZIEH SN D L9127, D,
HIEHM O < ZEARREETHEE SN 2 A IMoZE D L 0 b e BRENE O &0V
HINTWD. B, EHEMREMOHKELRET 23 —T v 7 ALRBRT, ZKEH
b FIRE O ERRILEED 0. 35 mg/kg IZ5%E 4L (2016 ) , FFEHRTEEICB W TH X
Kb RREOEBDE L ROOHND LI/ >TWDH. —J, IPCC 5 5 WRakii®S
E IR RA 722 BRI OMEEEN M FE T SN TR D, AREEE IZB W TR o &iRic
DN EB LN ADE~OEENFSINTND., ZoX)7plss b L, T4,
iR D (2018) 12XV, KRIKFESOIIHOR—KH CTHEERIZRICHKER L 3 A
(1986-2014 4FpE) O L R, HEROKIRE ARERHERBE Y, HEZO
HICE D a Aol e RREN LRI LRBEINT. £, BWKES (2019)
NAE 3007 AT CAEESNT-a A EZHE LZE 24, HFHE 2 W ~4 8 o35 1S
O HYEHKIR E o AhOEM bt FEEIIIEOMBEREZ RT ZENALNE R, F
2T, ARiFETIE, BEAREMT v o8 — (TGC) ZFEH LT, AT OREEN 1
Bhoe ZOBEHIZKIETERLLIOZATO e BZREICKITTEELRIET L L &
L7z, £, INETICeRBBEEEBOZDIIREIN TV DA O HIEGEEM D&
BT TOARGMELZFHME L7z, 61T, SO ERB I PRFBRELRLRIZEND
DEFEELIHREFTHZ LIck by, BRAMOEENZ AL BRELZ EHIEL A=
ALZHENTT HZ LA,

BAMOBEN LKk e BRELZ LR SEI20EINERIET D201, b FIEHY
DKM L2 FETALTZT 73Ry b (1/5000a) THIEINTA X ‘2> eh )’
Z HBE 1 BRI 3 FD TGC I A L, INHEE THEE L7z, £ TGC LAY OB HIZH
FTAY » FAD E=ALT3nEIEN, AV AONLERIOXEZIHX E L, AT
X 2 i RALER 1 X, B OO X A m iR ALEE 2 (X & L7z, THRIX & 2 SO miRALER X o
SR & MBI IR 2N I NN, 2 DO EIRAEEX OB OKIE & g2 7
BIIRKERERITHEIN o7, 200, WSRO X 2 SEABEX E L T—
IZF & O TUBDOINT 21T o 7=, B O LEREKRT O e BREX, &SRO X
DFMNHBE LV EEICEHLHESR L. $72bb, @Rk HEPo e ZoEse
EINDEEZEZX LN, EIRABX O ZKNE X, BHBRE O TS L - TR & g
LTRI 17T%RD Lz, R oFAEEe R (PAFAT7 Vi (DMA) BEIOE /A
FTIY U ML) ) OREIFABEFICEZRIIRO Lo 72. ZhlixtL, #
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PEDOE R As ORI, EIRAFLO TR E D & EL R A HEA AR L (p = 0.065),
BRI OBEIRN LK e BEE 2 BRI 5 02 R L7,

TABREM (AT L) Ol N HE O SIRSM T TE ke FRE DK
BWICHENTH L ERGELT. IKEE 2T TA LY 73Ry b (1/5000a) (2
TAWANT T L% 0, 15ghif L THEELE ‘2ve )’ 2 1 #M%ZIC T6C 12
RO\ L CULRHEE THebs L7z, TGC TIEAL LV Bz TR Z /X, #EIRX,
HEIRX, BEEX O 4 KEEIZRE L. T6C AL DI £ TOHRIRITHEMX X
D TGC NC 2 CRWEIFH CTHER L Tz, ZKOIE & KRB K OEEE & oficix

BERAOHENDY, SiRE EEED FRIIINEDKR TA2 L7611, — 5T, Z
DEKNEDIRTIXT AW N T LEEAT D E THEICEMINZ. ZXkFoe
BEEL, SIEBIOHEEELAFERLEOMBERERZ L, Kih e HERED EFIC
o TeRBENLEH Lz, 72, FABHILVY U LA L5Ge, Xk
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FED 5 A BBEEM ORiH TR TE 2 ML RE L TV 5.

B2 Z 7 Ol 8 MR O il T CE ke RREOKBICA R TH D & Mk
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ERRE L RRFBEZIEL, HAUAORE BB LI OERAEEELZ AT Lz, M
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