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ABSTRACT 

 

World rice production has been threatened by increasing water scarcity, especially 

lowland rice as it is particularly sensitive to drought stress. Silicon (Si) is known as a 

beneficial element that enhances plant resistance to many environmental stresses, 

including drought. Rice genotypes vary in their capacity to accumulate Si. The variation 

in Si accumulation has been related to differential resistance to stresses among rice 

genotypes, with increased resistance associated with high Si accumulation. 

Nevertheless, there is a lack of evidence on whether genotypes with high Si 

accumulating capacity have better drought resistance than genotypes with relatively 

low Si content. This thesis characterised the relationship between Si accumulation in rice 

shoots and drought resistance in order to increase rice growth under drought stress and 

improve crop water-use efficiency under alternate wetting and drying (AWD) water-

saving regimes. 

 

The first set of experiments characterised the capacity of 27 rice genotypes to 

accumulate Si from nutrient solution (1.5 mM Si). Some genotypes consistently 

accumulated low or high amount of Si, whereas some genotypes varied in Si 

accumulation depending on the growth conditions. Two high-Si accumulating genotypes 

(Somewake and Calrose), and two low-Si accumulating genotypes (Langi and YRL38) were 

further studied under flooded soil culture supplemented with 0 and 0.5 g Si kg−1 soil. 

Application of Si (at 0.5 g Si kg−1 soil) in flooded soil increased shoot and root growth, 

and shoot Si accumulation more in high-Si than low-Si accumulating genotypes. In 

addition, a large root system was associated with an increase in shoot Si accumulation 

in high-Si genotype. 

 

The second set of experiments evaluated the effect of Si application (0.2 and 0.5 g Si 

kg−1 soil) on enhancing resistance to drought stress (mild and severe drought stress 

conditions) in low- (YRL38) and high-Si (Calrose) rice genotypes. Drought stress 

negatively affected net photosynthetic rate, stomatal conductance, transpiration rate, 

leaf area, root dry weight and length, leaf relative water content and water potential, 
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contributing to a decrease in shoot dry weight in both genotypes. In the absence of Si 

application, Calrose showed a better drought resistance than YRL38, with a greater 

maintenance of net photosynthetic rate, implying that drought resistance in rice might 

be positively related to Si-accumulating capacity. Application of Si alleviated the 

negative effects of drought stress in both genotypes by improving net photosynthetic 

rate, stomatal conductance, transpiration rate, leaf area, root dry weight and length, 

leaf relative water content and water potential, and hence also increased shoot growth. 

The genotypes responded differently to Si rate in enhancing drought resistance, with 

Calrose accumulating more Si (at 0.5 g Si kg−1 soil) than YRL38, resulting in greater shoot 

and root dry weights in the former under either mild or severe drought stress conditions. 

In contrast, YRL38 responded well to low Si rate (0.2 g Si kg−1 soil) for improving shoot 

and root dry weight under drought stress. The increased shoot dry weight in both 

genotypes following the application of Si was positively associated with an increase in 

net photosynthetic rate. 

 

The third group of experiments characterised the effects of Si application (0.2 and 0.5 g 

Si kg−1 soil) on growth and water-use efficiency of low- (YRL38) and high-Si (Calrose) rice 

genotypes when grown under AWD conditions. Both safe- (the water level was allowed 

to drop to 15 cm below the soil surface before re-flooding) and extreme-AWD (the water 

level was allowed to drop to 30 cm below the soil surface before re-flooding) conditions 

maintained shoot dry weight similar to the flooded treatment. Nevertheless, extreme-

AWD caused a decrease in root dry weight, net photosynthesis rate, stomatal 

conductance, transpiration rate, leaf relative water content and water potential. Both 

safe- and extreme-AWD methods decreased shoot Si accumulation in Calrose. 

Application of Si improved shoot dry weight, shoot Si accumulation, water-use 

efficiency, net photosynthetic rate, leaf relative water content and water potential of 

rice grown under AWD. Similar to the results from experiments described above, the 

rice genotypes differed in their responses to different Si rates in terms of increasing 

shoot dry weight, with YRL38 responding well to a low Si rate (0.2 g Si kg−1 soil), whereas 

shoot dry weight of Calrose increased with increasing Si rate, making shoot dry weight 

of Calrose greater than that of YRL38 when treated with a high Si rate (at 0.5 g Si 

kg−1 soil).  
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In conclusion, the findings highlighted that high Si accumulation in shoot is positively 

related to drought resistance. Application of Si enhanced drought resistance of rice 

through the improvement of net photosynthetic rate and plant water status. Similar 

results were also observed under AWD conditions. Shoot Si accumulation in high-Si 

genotype declined under AWD irrigation methods, suggesting that application of Si 

might be important to avoid low shoot Si accumulation. High-Si genotype had the 

capacity to accumulate larger amounts of Si than low-Si genotype, resulting in a greater 

shoot and root growth in the former under non-stress, drought stress, or AWD irrigation 

treatments. However, further research in field trials is still needed to confirm the 

findings from the present study. The findings from this research suggest that the 

cultivation of high-Si rice genotype combined with Si application could have a potential 

to enhance rice crop performance and water-use efficiency, especially in areas with 

insufficient irrigation water.
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Chapter 1 
 

Introduction 
 
1.1 General introduction 

 

Rice is the staple food for more than half of the world population, especially in Asia 

(Dawe 2000; Kubo and Purevdorj 2004). Water is the most important component in rice 

production, particularly in irrigated lowland rice that requires large volumes of water 

during growth, with around 1432 litres of water needed to produce 1 kg of rice (IRRI 

2016). Drought (water scarcity) is a major factor limiting irrigated lowland rice 

production worldwide (Haefele and Bouman 2009). Several strategies have been 

developed to increase rice growth and yield under limited water supply, for instance, 

breeding drought-resistant rice cultivars or developing water-saving regimes (Bouman 

et al. 2007).  

 

Alternate wetting and drying (AWD) water-saving regime has been used globally to 

reduce water consumption in irrigated lowland rice production, and thus increase crop 

water-use efficiency (Djaman et al. 2018; Yang et al. 2017). In AWD, irrigated lowland 

rice fields, which are generally flooded during growth, are allowed to dry for a number 

of days before being re-flooded, resulting in decreased volumes of irrigation water used. 

Many studies have reported the effects of optimal AWD conditions in maintaining or 

increasing rice growth and yield (Cabangon et al. 2004; Dong et al. 2012; Yao et al. 2012); 

in contrast, some severe AWD methods, although effectively reducing water usage, 

contributed to drought stress, and thus growth and yield losses (Bouman and Tuong 

2001). 

 

Silicon (Si) is widely accepted as a beneficial plant element promoting crop performance 

and a resistance to stress in a number of higher plant species (Ma 2004; Tubana et al. 

2016). Although Si is abundant in soil, the amount of plant-available Si [monosilicic acid 

(H4SiO4)] is generally low (Tubana et al. 2016). Accumulation of Si varies among plant 

species, dividing them into 1) Si accumulators (more than 10 g Si kg-1 dry weight), 2) 

intermediate Si accumulators (5–10 g Si kg-1 dry weight), and 3) low Si accumulators (less 
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than 5 g Si kg-1 dry weight) (Ma et al. 2001b). Specific Si transporters in roots play an 

important role in taking up Si from soil solution to many Si accumulators such as rice 

(Ma et al. 2006), barley (Chiba et al. 2009), wheat (Montpetit et al. 2012) and maize 

(Mitani et al. 2008).   

 

Silicon is deposited in several plant organs, especially in transpiring parts such as leaves 

(Yoshida et al. 1962). Deposited Si benefits crop growth and enhances resistance to a 

number of environmental stresses (Korndörfer and Lepsch 2001), including drought (Zhu 

and Gong 2014). The effect of Si on plant growth and yield is more apparent under stress 

than non-stress conditions (Chen et al. 2011; Ming et al. 2012). In addition to that, a 

difference in beneficial effects of Si is related to the variation in Si accumulation, with a 

more pronounced effect in species with high Si accumulation (Ma et al. 2001b). 

 

Rice is known as a Si accumulator, with 90% of the absorbed Si being in shoots (Yoshida 

et al. 1962b). The capacity to accumulate Si varies among rice genotypes, resulting in a 

difference in a beneficial effect of Si in (i) increasing growth (Swain et al. 2016) or (ii) 

enhancing resistance to stress (Winslow 1992). For example, rice genotypes that 

accumulated more Si showed greater resistance to rice green caterpillar (Nakata et al. 

2008) and leaf blast (Prabhu et al. 2001) in comparison to genotypes that accumulated 

relatively little Si. Hence, capacity to accumulate high Si could be considered a useful 

trait to improve rice productivity. 

 

1.2 Research gaps 

There remain gaps in a literature that are relevant to this research. 

 

1.2.1 Silicon benefits plants growth and yield, especially in plants with high Si 

accumulation (Ma et al. 2001a). Therefore, cultivation of rice genotypes with the 

capacity to accumulate high amounts of Si may have a potential to increase crop 

productivity. Although previous studies have characterised the capacity to 

accumulate Si in rice genotypes, there is still a large number of genotypes that 

have not been characterised before.  
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1.2.2 High Si accumulation is positively related to high resistance to several biotic and 

abiotic stresses. Nevertheless, there is a large gap in evidence whether 

genotypes with high Si accumulating capacity have better drought resistance 

than genotypes with relatively low Si content.  

 

1.2.3 Silicon alleviates drought stress in a number of higher plant species. A consistent 

positive correlation between Si application and drought stress resistance have 

been identified, but some issues still need further investigation due to 

inconsistent results; for example, the influence of Si application on stomatal 

conductance and transpiration rate. 

 

1.2.4 An alternate wetting and drying water-saving regime (AWD) has the potential to 

reduce water use in rice production; however, if not applied properly, AWD could 

lead to rice plants experiencing drought stress, leading to a decrease in growth 

and yield. There is a challenge to determine the effects of Si in relation to the 

AWD practices in order to prevent poor crop performance and improve rice 

water-use efficiency under AWD conditions.  

 

1.3 Aims of the study 

The overall aim of this PhD thesis was to determine a possible relationship between Si 

accumulation in rice shoots and drought resistance in order to increase rice growth 

under drought stress and improve crop water-use efficiency under AWD water-saving 

regimes where rice plants might be exposed to drought stress. The research study was 

planned to 

 

- Characterise Si accumulation capacity of various rice genotypes (Chapter 3). 

- Assess the effects of Si application on growth of rice under drought stress 

conditions (Chapter 4). 

- Determine the extent of variation in growth and Si accumulation under 

drought stress amongst rice genotypes with different capacities to 

accumulate Si (Chapter 4). 
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- Characterise the effects of Si on rice growth and water-use efficiency under 

AWD conditions (Chapter 5). 

- Determine the extent of plant growth and Si accumulation in rice genotypes 

differing in Si accumulation under AWD conditions (Chapter 5). 

 
1.4 Structure of the thesis 

 

This thesis is set out as a series of experimental papers. Justification of the research and 

main objectives of the study are presented in Chapter 1. Chapter 2 provides a literature 

review regarding cultivation of rice, the effects of drought stress, roles of Si in rice 

growth and drought stress resistance, and the effects of alternate wetting and drying 

water saving regime on rice production.  

 

Chapters 3, 4 and 5 are the experimental chapters and contain relevant literature and 

discussion. As these chapters are in preparation for publication as stand-alone journal 

articles, minor repetition exists in the introduction and materials and methods.  

 

- Chapter 3 presents results of the characterisation of capacity to accumulate 

Si by different rice genotypes grown in the solution and soil cultures. 

 

- Chapter 4 investigates the effects of Si application in enhancing drought 

resistance in rice genotypes differing in capacity to accumulate Si. 

 

- Chapter 5 presents the effects of Si application in increasing growth and 

water-use efficiency of rice genotypes differing in Si accumulation under 

AWD water-saving regimes. 

 

General discussion, conclusions and future work directions are included in Chapter 6. 
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Chapter 2 

Literature Review 

  

2.1 Introduction  

 

This chapter provides an overview of literature on rice cultivation, drought stress in rice, 

roles of Si in plant growth and resistance, and alternate wetting and drying (AWD) water-

saving regime. The review begins with a summary of history of rice cultivation and the 

importance of water in rice production. This is followed by a review of the effects of 

drought on rice, a summary of the current knowledge on uptake and accumulation of Si 

in plants, beneficial effects of Si, an overview of Si in rice, and the effects of Si in 

alleviating drought. The final section is an introduction of AWD and its beneficial effects 

on rice growth and yield.     

 

2.2 Cultivation of rice 

 

2.2.1 History of rice cultivation 

 

Rice (genus Oryza) belongs to the family Poaceae, which incorporates all grasses as 

monocotyledonous flowering plants, including cereals, bamboo, and many weed and 

pasture species, etc. (Campbell 2009; Grist 1986). The genus Oryza contains 23 species; 

however, most of them are wild, only O. sativa Linn. (Asian rice) and O. glaberima Steud. 

(African rice) are cultivated for food production (Vaughan et al. 2003). O. sativa 

genotypes have been cultivated in many regions around the world, such as Asia, Europe, 

Australia and America. In contrast, O. glaberrima is grown mainly in some parts of West 

Africa, but is being replaced by O. sativa, which has higher yield and shorter growing 

season (Linares 2002).  

 

Genetic studies show O. sativa was domesticated from wild rice O. rufipogon that occurs 

globally (Morishima et al. 1963; Watve 2011), and was first cultivated in China (Ho 1969; 

Liu et al. 2007; Macneish and Libby 1995; Molina et al. 2011). Ho (1969) reported that 
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many wild rice populations were found and recorded by inhabitants in different 

provinces of China between years 231 and 1023. Macneish and Libby (1995) found 

phytoliths, silicified plant cells, of O. sativa in soil samples in Xian Ren Dong and Wang 

Dong caves located near Yangtze River in China, suggesting that O. sativa was first 

cultivated there in 9000 BCE.  

 

Rice cultivation has spread from Asia to other continents such as America, Europe and 

Africa. In the late 1960s (the post-Green revolution period), world paddy rice production 

rose by 130% between 1966 and 2000 due to the development of modern technology 

of high-yielding rice varieties and fertilization (Muthayya et al. 2014). Nowadays, rice is 

one of the most important crops for half of the world's population (supplying 20% of the 

calories consumed globally), especially in Asia, where 90% of total world’s rice is grown 

and consumed (Dawe 2000; Kubo and Purevdorj 2004).  It has been estimated that world 

rice utilisation will expand by 1.4% in 2019/2020 to 518 million tonnes driven by growth 

of the world’s population (FAO 2019). 

 

2.2.2 Water demand in rice productivity 

 

Rice (Oryza sativa L.) culture can be divided into three main types based on water 

regime: 1) upland rice, with no standing water, 2) lowland rice, with 5 to 50 cm of 

standing water, and 3) deepwater rice, with more than 51 cm and up to 5 to 6 m of 

standing water (De Datta 1981). More than 75% of total world rice production is from 

irrigated lowland rice, which requires large amounts of water during growth, taking 

around 1432 litres of water to produce 1 kg of rice (IRRI 2016). Zhang and Yang (2004) 

reported that 70% of total water resources used in Chinese agriculture is applied to rice. 

Similarly, in Thailand, the irrigation water needed in rice production is around 10.5 

billion m3 per year, which is the largest amount of water usage among the staple crops 

(Gheewala et al. 2014). It is estimated that 34 to 43% of the total world’s irrigation water 

is used for irrigating lowland rice (Bouman et al. 2007). 

 

Recently, many rice growers in Asia have had insufficient water for rice production, 

which contributed to lower yields, especially of lowland rice cultivars that are sensitive 
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to drought stress (IRRI 2016). For example, it  was reported that rice production in India 

was reported to decline by 10 million tons due to the severe El Niño-related drought in 

2009 (Lehane 2014). Thailand also is significantly affected by drought stress; for 

example, the average rainfall was 10% lower in 2019 than the long-term average, 

impacting 65,600 hectares of main rice-growing areas (Angskul 2019). 

 

2.3 Effects of drought on rice  

 

Water stress or drought is one of the most important factors limiting lowland rice 

production. Drought stress is characterised by a low water content in the soil resulting 

in insufficient water uptake by plants (Hodson and Bryant 2012) and affecting many 

plant biochemical, molecular and physiological processes (Matsuda and Rayan 1990; 

Prasad et al. 2008). Several plant responses appear to represent adjustment and 

adaptation to drought such as rolling leaves, closing stomata and reducing rate of cell 

division and cell enlargement, contributing to growth and yield reduction (Bouman and 

Tuong 2001; Osakabe et al. 2014).  

 

Stomatal closure is considered a quick response to water deficit that prevents water loss 

through transpiration (Chaves 1991). Abscisic acid (ABA) has been reported to play an 

important role inducing stomatal closure. Under drought condition, plants produced and 

accumulated more ABA in guard cells, causing stomata closure, contributing to limited 

CO2 assimilation and a decrease in net photosynthesis (Lim et al. 2015; Luan 2002; 

Steuer et al. 1988). Several studies have reported a positive relation between decreased 

stomatal conductance and photosynthetic rate in rice exposed to drought stress, 

resulting in growth and yield reduction (Chen et al. 2011; Ji et al. 2012; Ming et al. 2012), 

especially in a variety sensitive to drought stress (Maksup et al. 2014).  

 

Plants water use-efficiency (WUE), total dry matter produced per unit of water input, is 

increased under drought stress for some cultivars (Yu et al. 2020; Zain et al. 2014) . Zain 

et al. (2014) studied the responses of rice to different durations of water stress. The 

results showed that with the increased stress condition, there was the reduction in 

stomatal conductance, transpiration rate and net photosynthesis, whereas WUE 
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increased. Generally, drought-resistant plants show high WUE under water-limiting 

condition, associated with maintaining a net carbon gain at low stomata conductance; 

therefore, high WUE is usually considered a desirable trait for drought resistance 

(Swarthout et al. 2009).  

 

The magnitude of yield loss under drought depends on timing, severity, duration and 

frequency of drought stress (Bouman et al. 2007). In rice, the reproductive stage is most 

sensitive to drought stress, with yield severely decreased (Boonjung and Fukai 1996; 

Sarvestani et al. 2008). For example, Wopereis et al. (1996) showed drought at early 

growth stages did not significantly reduce yield, whereas drought at the flowering stage 

reduced yield by 87%. 

 

2.4 Role of Silicon in plants 

 

2.4.1 Silicon in soil 

 

Silicon (Si) is the second most abundant element, after oxygen and makes up 28% of the 

earth’s crust. According to Sauer et al. (2006), Si compounds in soil are classified into 

adsorbed phase (i.e. hydroxyaluminosilicates), liquid phase (i.e. silicic acid) and solid 

phase (i.e. quartz). Silicon generally combines with oxygen, forming silica (SiO2), the 

most abundant oxide in the world (Holmes 1965), occurring in different crystalline 

forms, of which quartz is the most common, or as amorphous Si-containing substances 

(Berthelsen and Kordorfer 2011). The solubility of Si in the solid phase plays an 

important role in the concentration of Si in the liquid phase (Tubana et al. 2016). 

Amorphous silica contributes larger amounts of Si in soil solution in comparison to 

quarts due to the solubility of amorphous silica is higher (1.8 to 2.0 mM) than those from 

quarts (0.10 to 0.25 mM) (Tubana and Heckman 2015).  

 

Although Si is abundant in soil, the level of monosilicic acid (H4SiO4), plant-available Si, 

is generally low (Savant et al. 1997). The solubility of silicic acid in water is 2 mM at 25 

degree Celsius (Ma et al. 2001b). At above 2 mM, silicic acid forms hydrated amorphous 

silica polymers, which contain plant-unavailable Si (Lopez-Perez et al. 2018; Ma et al. 
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2001b). The concentrations of silicic acid in soil solution commonly found between 0.1 

to 0.6 mM depending on the solubility of Si, which remains constant over a wide pH 

range (pH 4 to 9)(Tubana et al. 2016).  

 

2.4.2 Silicon uptake and accumulation in plants 

 

Plant roots can take up Si readily from soil solution as monosilicic acid at a pH below 9, 

depositing it mainly in the apoplast (Broadley et al. 2012a; Sattelmacher and Horst 

2007); hence, plants growing in soil commonly contain Si in cells (Epstein 1994). Among 

plant species, Si concentration ranges from 0.1 to 10% w/w (1 to 100 g Si kg-1 dry weight), 

with monocots are commonly reported as Si accumulators (Epstein 1999). 

 

Silicon accumulation is mainly governed by the capacity of roots to take up Si (Mitani 

and Ma 2005). Other factors such as root development, transpiration, growth stage, soil 

texture and pH can also influence Si accumulation in plants (Ma and Takahashi 2002; 

Mitani and Ma 2005; Gocke et al. 2013; Quigley et al. 2017). Ma and Takahashi (2002) 

reported that the effects of Si are generally more obvious in plants with high Si 

accumulation. Mitani and Ma (2005) studied the uptake of Si in rice, cucumber and 

tomato and found that there were two processes of Si uptake including the process of 

transporting Si from the external or soil solution to the cell cortex, followed by the 

second process in which Si is translocated from root cortex to xylem. The researchers 

found that a greater Si uptake rate and a larger amount of Si in xylem sap was associated 

with high density of Si transporters in rice root. The specific Si transporters were also 

identified in other monocots such as barley (Chiba et al. 2009), wheat (Montpetit et al. 

2012) and maize (Mitani et al. 2008).  Also, Si transporters have been found in dicots 

such as soybean (Deshmukh et al. 2013) and cucumber (Sun et al. 2017). 

 

After being transported through the xylem, the absorbed silicic acid consequently 

polymerizes at high concentration (>2 mM) and is deposited in cell wall as amorphous 

silica gel (SiO2.nH2O) in various plant parts such as husks, shoots, flowers, roots and 

stems of rice (Cavins et al. 2010; Ma et al. 2007a; Yoshida et al. 1962b). However, in a 

transpiring organ such as a leaf, there is substantially higher Si accumulation compared 
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with roots and stems (Yoshida et al. 1962b). Li et al. (2014) investigated the variation in 

phytolith content among rice organs of five rice cultivars. The maximum content was 

found in sheaths, followed by leaves, stems and grains, respectively. This implied that 

after entry into the xylem, silicic acid is distributed to various plant organs via the 

transpiration stream (Raven 2001; Yoshida et al. 1962b). However, a recent study 

conducted in sorghum by Kumar et al. (2017) observed silicification of plant cells in the 

absence of transpiration, suggesting  the plant cells are actively moving Si into the cells 

independent of transpiration. The researchers indicated that although transpiration 

played a crucial role in transporting silicic acid to leaves, the silicification in the leaves 

was independent from transpiration. Instead, other biological factors such as the 

efficiency of root uptake of Si was considered to be involved in this process (Lux et al. 

2002). 

 

2.4.3 The beneficial effects of silicon in plants 

 

Although Si is not recognized as an essential nutrient to plants (Epstein 1994), it has 

been considered a quasi-essential element (Epstein and Bloom 2005) strengthening 

biotic and abiotic resistances in higher plants, especially in high-Si accumulating plants 

(Ma et al. 2001b). Silicon contributes to growth and yield in crop plants by inducing pest 

(Hosseini et al. 2012), pathogen (Datnoff et al. 1997), salt (Zhu and Gong 2014) and 

drought resistance (Kaya et al. 2006; Ming et al. 2012) (Fig. 2.1). The beneficial effects 

of Si generally were more visible in plants with high Si accumulation (Ma and Takahashi 

2002). In addition, the effects were more prominent in plants exposed to stress (Chen 

et al. 2011; Ming et al. 2012). 

 

Silicon has been considered a physical barrier to protect plants from diseases and pests. 

For example, deposition of Si beneath the plant cuticle prevented fungal penetration, 

thus increasing incubation and latent periods, while decreasing lesion size, contributing 

to reducing the apparent infection rate (Debona et al. 2017). In addition, Si has been 

reported to improve plant resistance again pests and pathogens through an increase in 

activities of defense enzymes (e.g. peroxidase and polyphenoloxidase) and defensive 

compounds (e.g. phenolics and momilactones) (Luyckx et al. 2017). 
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Studies observed the effect of Si enhancing resistance to brown rust in sugarcane 

(Naidoo et al. 2009), a fungal root disease in cucumber (Chérif et al. 1994), a fungal root 

disease in banana (Fortunato et al. 2012). In rice, Winslow (1992) found that Si increased 

upland rice resistance to a range of diseases, especially in high-Si accumulating organs 

such as husk and leaf. Santos et al. (2011) reported the beneficial effects of calcium 

silicate fertilizer on alleviating severity of brown spot and panicle blast, resulting in 

increasing grain yield.  

 

 

 

Figure 2.1. The different mechanisms by which silicon (Si) alleviates biotic and abiotic stress (Ma 

and Yamaji 2006) 

 

Silicon application generally increases pest resistance. In rice, studies investigated the 

effect of Si enhancing resistance to rice leaf roller and rice green caterpillar (Nakata et 

al. 2008), brown plant hopper (He et al. 2015b) and Asiatic rice borer (Djamin and Pathak 

1967). The effect of Si inducing pest resistance was also observed in other species such 



 

38 
 

as cucumber (Callis-Duehl et al. 2017; Correa et al. 2005), wheat (Costa et al. 2011; 

Gomes et al. 2005), sugarcane (Keeping and Meyer 2003) and maize (Sétamou et al. 

1993).  

 

Several abiotic stresses, such as salt, heat, drought, ion toxicity, etc., can significantly 

decrease plant growth and yield. There are many published reports on Si alleviating 

these stresses. For instance, Si application decreased Al content in peanut roots (Shen 

et al. 2014) or Mn accumulation in cucumber (Rogalla and Römheld 2002; Shen et al. 

2014). Additionally, application of Si resulted in a decrease in Na+ concentration (Saqib 

et al. 2008), and a maintenance of the thermal stability of membrane lipids in rice grown 

under heat stress (Agarie et al. 1998a) 

 

2.4.4 Silicon in rice  

 

Among poaceaeous species, rice is a strong Si accumulator (Ma and Takahashi 2002; Ma 

and Yamaji 2006), with approximately 100 g Si kg-1 shoot dry weight (Ma et al. 2007b) 

Rice accumulates more than 90% of total Si in shoots which is beneficial in alleviating 

many stresses through physical and biochemical process (Luyckx et al. 2017; Yoshida et 

al. 1962b). 

 

Rice has specific Si transporters in roots, a passive transporter Lsi1 and an active 

transporter Lsi2, which are localized at the distal and proximal sides, respectively, of the 

plasma membrane of exodermis and endodermis cells (Ma and Yamaji 2008). These Si 

transporters are mainly expressed in the main and lateral roots, but not in root hairs 

(Ma et al. 2001a). Silicon as silicic acid is passively transported from soil solution to the 

root exodermal cells by Lsi1 localized at the exodermis cells, and actively exported to 

cortical cells by Lsi2 localized at the exodermis cells. Lsi1 localized at the distal side of 

endodermis then imports Si to the endodermis cell; in contrast, Lsi2 at the proximal side 

of endodermis releases Si to the xylem cells (Fig. 2.2). The cooperation between Lsi1 and 

Lsi2 results in high Si accumulation in rice, with up to 10% in dry weight (Ma and Yamaji 

2015). 
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Figure 2.2 A model of Si transport from soil to xylem cells mediated by Si transporters Lsi1 and 

Lsi2 localized at exodermis and endodermis cells in rice root (Ma and Yamaji 2015). 

 

From root xylem sap, more than 90% of Si taken up is consequently moved to shoot by 

transpiration stream and distributed to transpiratory organs such as leaf blades, leaf 

sheaths, stems and husks, whereas only a small amount of Si is distributed to roots (Li 

et al. 2014). In rice leaves, Si transporter Lsi6 has been identified as responsible for 

translocating Si out of the xylem (Yamaji et al. 2008), whereas other unidentified Si 

transporters further transport Si to the epidermal cell wall (Ma and Yamaji 2015). The 

silicic acid is finally hydrated by water loss from transpiration and polymerised to 

amorphous silica and consequently deposited beneath a cuticle layer and in specific cells 

in epidermis, parenchyma, sclerenchyma, vascular bundle etc. (Yoshida et al. 1962a; 

Yoshida et al. 1962b). 

 

In rice leaf blades, silica is deposited in interspace between cuticle and epidermal cells 

and forms a cuticle-silica double layer that functions as a physical barrier protecting the 

plants from pests and pathogens and reducing excessive transpiration (Yoshida et al. 

1962a). At the productive stage, the cuticle-silica double layer is also formed in rice 

husks. The concentration of Si in this organ is greater than that in rice leaves as the plants 
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have developed a preferential distribution of Si to husks in order to protect grains from 

water loss and pathogen infection (Yoshida et al. 1962a). The transporters Lsi2, Lsi3 and 

Lsi6 in rice nodes have been found to play an important role in this process (Yamaji et 

al. 2015).  

 

The Si accumulation capacity and the abundance of specific Si transporters in rice vary 

among genotypes. Swain et al. (2016) found a difference in Si uptake capacity among 

seven Indica rice genotypes grown in hydroponic culture. The results showed genotypes 

with higher Si uptake produced greater growth in comparison to relatively low Si 

genotypes. Japonica rice accumulated more Si than Indica rice (Winslow 1992; Winslow 

et al. 1997) due to a greater abundance of Si transporters in roots of the former (Wu et 

al. 2006). Lux et al. (1999) found that roots of two upland rice genotypes (IRAT109 and 

Moroberekan) had a greater content of Si as compared to lowland rice (Koshihikari); 

despite a small number of genotypes tested, it was suggested that this trait might be 

related to high drought resistance of upland rice. Deren et al. (1992) investigated Si 

accumulation among 10 rice genotypes treated with a wide range of Si rates. They found 

that genotypes differed in Si accumulation at low but not at high Si supply. Furthermore, 

there were genotypes that had high Si accumulation capacity across all the Si 

treatments. Li et al. (2014) reported varietal differences in Si composition and phytolith 

content in different plant organs among five Chinese rice cultivars, indicating that 

genotypes substantially influenced the deposition of Si.  

 

2.4.5 Effects of silicon on drought resistance in rice 

 

To avoid a decrease in rice yield caused by drought stress, substantial efforts have been 

made globally to (i) manage water usage in rice fields (Bouman et al. 2007) and (ii) 

improve drought resistance (Fukai and Cooper 1995; Jongdee et al. 2002; Lanceras et al. 

2004). One potential way to enhance the resistance to drought in rice is application of 

Si.  

 

A number of studies reported the beneficial effects of Si in alleviating inhibited rice 

growth and yield under drought stress (Chen et al. 2011; Kim et al. 2011; 

Surapornpiboon et al. 2008), with stronger effects under drought stress than well-
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watered conditions (Gharineh and Karmollachaab 2013; Hattori et al. 2005; Ming et al. 

2012). Mostajeran and Rahimi-Eichi (2009) found that Si application improved straw and 

root weights, and grain yield of water-stressed rice. Yang et al. (2018) reported that the 

application of calcium silicate slag significantly increased shoot Si accumulation in rice 

grown under drought, making shoot and root biomass greater in Si-treated rice than 

untreated plants grown under both drought and well-watered conditions. Similarly in a 

glasshouse study, Ibrahim et al. (2018) observed the effects of Si in enhancing drought 

resistance in rice, resulting in an increase in shoot (by 97%) and root (by 49%) dry weight, 

respectively, in comparison to plants without Si. Moreover, the application increased 

rice grain yield and weight of 1,000 grain, contributing to improved water use efficiency 

under drought stress. The important mechanisms of Si enhancing drought resistance 

includes reducing transpiration loss (Agarie et al. 1998b; Gao et al. 2006), improving 

photosynthesis (Chen et al. 2011; Ming et al. 2012), enhancing plant antioxidant defence 

system (Gharineh and Karmollachaab 2013), balancing nutrient uptake (Gong and Chen 

2012; Xu et al. 2017), and increasing root water uptake (Hattori et al. 2009; Ming et al. 

2012).  

 

Several studies reported plant water status was alleviated with Si application (Ali et al. 

2013; Bae et al. 2015; Liu et al. 2014b; Shi et al. 2016). Ming et al. (2012) observed a 

significant decrease in water status in Brazilian upland rice grown under drought stress 

induced by polyethylene glycol. The results showed that Si application increased the leaf 

water potential and osmotic potential by 17% and 12%, respectively, in comparison to 

plants without Si. Similarly,  Chen et al. (2011) reported a 13 to 36 % increase in leaf 

water potential in both drought-resistant and -sensitive rice genotypes in comparison to 

control plants. The improvement in plant water status induced by Si application under 

drought conditions has been found to be associated with a reduction in transpiration 

loss via formation of a cuticle-silica double layer (Yoshida et al. 1962a) and by the effect 

of Si regulating stomatal movement (Agarie et al. 1998b; Gao et al. 2006; Ma et al. 2004). 

In addition to that, an improvement of root systems and aquaporin activity induced by 

Si application contributed to an increase in water uptake and transport in rice plants 

(Chen et al. 2018). 
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Application of Si influences stomatal conductance, transpiration rate and 

photosynthetic rate of rice plants subjected to drought stress. Under limited water, 

stomatal conductance is decreased in order to minimise transpiration losses, leading to 

low photosynthesis, and thus rice growth and yield decrease (Bouman et al. 2007). 

Silicon application has been reported to decrease stomatal conductance in rice grown 

either under non-stress (Agarie et al. 1998a) or drought stress conditions (Chen et al. 

2011; Sujatha et al. 2013). Similar results have also been reported in other species such 

as in maize (Gao et al. 2006), alfalfa (Liu and Guo 2013) and Kentucky bluegrass (Saud et 

al. 2014). In contrast, some studies reported an increase in stomatal conductance and 

transpiration rate in the presence of Si under drought stress (Gong et al. 2005; Hattori 

et al. 2005; Liu et al. 2014b; Ming et al. 2012). Although the effects of Si in regulating 

plant stomatal conductance and transpiration are still not well understood, a number of 

studies observed similar effect of Si in improving photosynthesis of rice exposed to 

drought stress, and hence rice growth and yield increase (Chen et al. 2011; Silva et al. 

2012; Yin et al. 2014). 

 

Silicon application under drought conditions influences uptake and translocation of 

other mineral nutrients in rice (Chen et al. 2011), altering their ratios in tissues (Zhu and 

Gong 2014). Ibrahim et al. (2018) reported that Si application increased N, K and total P 

in rice straw under drought stress. Similarly, application of Si increased K concentration 

in wheat leaves (Gong and Chen 2012) and Ca and K concentration in maize leaves (Kaya 

et al. 2006). On the other hand, Chen et al. (2011) found applying Si decreased K, Na, Ca, 

Mg and Fe in leaves of two rice lines supplied under drought. Pei et al. (2010) also 

observed a decrease in K, Na, Ca and Mg in wheat seedlings under drought induced by 

polyethylene glycol after applying Si. 
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Table 2.1. Effects of silicon (Si) on chlorophyll content, stomata conductance, transpiration, leaf relative water content, leaf water potential, 

water-use efficiency and other nutrients observed in different plant species under drought stress in comparison to plants treated without Si. 

Parameter Observed effects of Si Specie Reference 

 
Chlorophyll content Increase Rice Chen et al. (2011); De Oliveira et al. (2016) 
  Zoysia grass Bae et al. (2015) 

  Tomato Silva et al. (2012) 

Stomatal conductance 
 

Increase Rice Ming et al. (2012) 

  Sorghum Liu et al. (2014b) 

  Wheat Gong et al. (2005) 

  Soybean Shen et al. (2010) 

 Decrease Rice Chen et al. (2011) 

  Maize Gao et al. (2006) 

Transpiration 
 

Increase Rice Chen et al. (2011); Ming et al. (2012) 

  Soybean Shen et al. (2010) 

  Sorghum Liu et al. (2014b) 

  Tomato Shi et al. (2016) 

 Decrease Maize Gao et al. (2006) 

Leaf water potential Increase 
 
Rice Chen et al. (2011); Ming et al. (2012) 

  
Sorghum 
Sugarcane 

Liu et al. (2014b) 
Bezerra et al. (2019) 

  Wheat Ali et al. (2013) 

 Maintain Sorghum Hattori et al. (2005) 
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Table 2.1 (continued). Effects of silicon (Si) on chlorophyll content, stomata conductance, transpiration, leaf relative water content, leaf water potential, 

water-use efficiency and other nutrients observed in different plant species under drought stress in comparison to plants treated without Si. 

Parameter Observed effects of Si Specie Reference 

Leaf relative water content Increase Rice Ming et al. (2012); Surapornpiboon et al. (2008) 

  Zoysia grass Bae et al. (2015) 

  
Sorghum 
Sugarcane 

Liu et al. (2014b) 
Bezerra et al. (2019); Camargo et al. (2019) 

  Tomato Shi et al. (2016) 

  Wheat Ali et al. (2013); Gharineh and Karmollachaab (2013) 

Water-use efficiency Increase 
 
Rice Chen et al. (2011); Ming et al. (2012); Ibrahim et al. (2018) 

  Maize Gao et al. (2006) 

 Maintain Sorghum Hattori et al. (2005) 

Other nutrients Increase N, P and K Rice Ibrahim et al. (2018)  

 Increase Ca and K Maize Kaya et al. (2006) 

 Decrease K, Na, Ca, Mg and Fe Rice Chen et al. (2011) 

 Decrease K, Na, Ca and Mg Wheat Pei et al. (2010) 



 

45 
 

2.5 The effects of alternate wetting and drying regimes on water savings in rice 

production 

 

Increasing water scarcity is negatively affecting rice production, especially irrigated 

lowland rice as it is usually grown under flooded conditions during the entire growth 

period. Bouman et al. (2007) estimated that the water scarcity will affect 15 million 

hectares of rice production by 2025. To address this problem, water-use efficiency 

should be increased (Bouman and Tuong 2001). Many water regimes have been 

developed to meet this aim, for instance, alternate wetting and drying technology 

(AWD), aerobic rice cultivation, ground cover rice production system, and rice 

cultivation on raised beds (Bouman et al. 2007; Tao et al. 2006). 

 

Alternate wetting and drying practice, otherwise known as intermittent flooded and 

non-flooded irrigation, is considered as an effective technology for saving water and 

reducing greenhouse gas emissions (Yang et al. 2017; Ye et al. 2013). The rice field under 

AWD is allowed to dry for a number of days, and then re-flooded, thus decreasing water 

consumption. The duration of non-flooded to re-flooded fields varies from 1 to more 

than 10 days, depending on factors such as rainfall, soil type and rice genotype, etc. 

(Djaman et al. 2018; Mote et al. 2016). Crop production is substantially affected by 

differences in hydrologic conditions and the duration of non-flooding, whereby plants 

may be exposed to water deficit (Bouman et al. 2007; Mote et al. 2016; Yang et al. 2017).  

Therefore, AWD irrigation can result in higher (Pan et al. 2009; Yang et al. 2009; Zhang 

et al. 2009), similar (Cabangon et al. 2004; Dong et al. 2012; Yao et al. 2012) or lower 

growth and yield (Bouman and Tuong 2001) compared to continuously flooded 

condition. 

 

Increased growth and yields under AWD methods is associated with an increase in 

important phytohormone cytokinin. Rewatering has been reported to increase 

cytokinins (zeatine and zeatine riboside) in roots  (Yang et al. 2007), spikelets and flag 

leaves (Zhang et al. 2010), leading to a higher yield through promoting cell division and 

improving sink strength compared with continuously flooded condition. In addition to 

that, AWD improves soil redox potential and root oxidation activity, therefore benefiting 
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root growth, and thus yield production (Chu et al. 2015; Liu et al. 2013; Yang et al. 2007). 

In contrast, Norton et al. (2017) reported AWD is likely to alter soil strength, making soil 

harder and dryer, hence limiting root growth. Zhang et al. (2009) reported a significant 

decrease in root growth under AWD, contributing to a reduction in grain yield. 

 

A well-known moderate AWD is ‘Safe-AWD’ developed by International Rice Research 

Institute (IRRI) to save water in rice production by 17 to 38% without reducing yield 

(Lampayan et al. 2015). In this method, the field observation water tubes with drilled 

holes are used to monitor the water level in the fields, and farmers consider flooding 

the fields only when water drops to at least 15 cm below the soil surface. At this water 

level, roots can still take up water from the saturated soil deeper in the profile 

(Lampayan et al. 2015). Under Safe-AWD, continuous flooding is still applied during the 

flowering period (Lampayan et al. 2009). Safe-AWD has been reported to improve 

water-use efficiency by reducing water input, while maintaining or increasing growth 

and yield compared to continuously flooded conditions. Yao et al. (2012) reported that 

rice grown under Safe-AWD had similar biomass and yield as continuously flooded rice, 

but with a 10% decrease in water usage. Zhang et al. (2009) found Safe-AWD decreased 

water use by 28%, whereas it increased root biomass, water-use efficiency and grain 

yield. Similarly, Yang et al. (2009) reported that under Safe-AWD, there was significantly 

higher grain yield and better filled grain compared with well-watered conditions. Safe-

AWD can be progressed further by allowing the water level drop to 20 to 30 cm below 

the soil surface (Norton et al. 2017), and more severe AWD drying periods are possible 

in certain circumstances (Carrijo et al. 2017). However, the new practices should 

consider the relevant factors in order to prevent reduction in crop growth and yield. 

 

Several studies reported a beneficial effect of nutrient applications in maintaining or 

increasing rice growth and yields under AWD conditions (Djaman et al. 2018; Song et al. 

2019; Ullah et al. 2019). Sujatha et al. (2013) observed an effect of Si application in 

increasing leaf chlorophyll content, leaf relative water content and leaf Si content in rice 

grown under AWD, hence maintaining similar grain yield under AWD and well-watered 

treatments. Ullah et al. (2019) reported that application of potassium under AWD 
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resulted in an increase in shoot dry weight and grain yield in Thai rice cultivars in 

comparison to plants without additional potassium supply.  

 

2.6 Conclusions 

 

Drought stress negatively affects growth and yield of rice, which is one of the most 

important crops in the world. Therefore, it is necessary to find a potential strategy to 

maintain rice crop performance under drought stress. This chapter reviews the effects 

of drought stress on rice plants and summarises current knowledge on Si uptake and 

accumulation in rice plants and the beneficial effects of Si in alleviating drought stress.  

A consistent positive correlation between Si and drought resistance has been identified, 

but some issues still need further investigation due to inconsistent results. Variability in 

Si accumulation among rice genotypes can result in differential resistance to 

environmental stress. However, there is a large knowledge gap regarding a possible 

relationship between differences in Si accumulation and differential drought resistance 

in rice. Therefore, more work is needed to enhance the current knowledge.  

 

This chapter also provides a review of an alternate wetting and drying (AWD) water-

saving regime, which has a potential to decrease water use in rice production and 

increase rice water-use efficiency. Under AWD practices, rice plants may experience 

periodic and mild drought stress, leading to a decrease in growth and yield. Application 

of Si may benefit rice growth and yield under AWD by alleviating drought stress. 

Therefore, it is a challenge to determine the effects of Si application in relation to the 

AWD methods. This Si-AWD combination could be an effective water saving strategy, 

especially in arid and other areas where rice growers cannot access sufficient irrigation.  
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Chapter 3 

 

Genotypic variation in silicon accumulation capacity in rice (Oryza sativa L.) 

 

3.1 Abstract 

Rice (Oryza sativa L.) genotypes have a variable capacity to accumulate silicon (Si) in 

shoot, and these differences can be accentuated under stress conditions. This study 

characterised Si accumulation capacity of 27 rice genotypes grown in solution culture 

and assessed the effects of Si supply on Si accumulation and growth amongst rice 

genotypes differing in capacity to accumulate Si. A solution culture experiment using a 

completely randomized design with three replicates initially investigated 27 rice 

genotypes for accumulation of Si from the nutrient solution (1.50 mM Si) at 3 and 9 

hours. Accumulation of Si varied among genotypes, ranging from 8.3-16.8 mg Si g-1 root 

dry weight. Two high-Si accumulating genotypes (Somewake and Calrose), and two low-

Si accumulating genotypes (Langi and YRL38) were further studied under flooded soil 

culture supplemented with 0 and 0.5 g Si kg−1 soil using a completely randomized block 

design with three replicates. Applying Si increased shoot growth and Si accumulation in 

Calrose 25% more than YRL38 when treated with Si, indicating a larger impact of Si 

application on the high-Si in comparison to low-Si accumulating genotypes. In addition, 

large root biomass and long root length increased shoot Si accumulation in the high-Si 

genotype. The planting of high-Si rice genotypes could be a strategy for improving rice 

production, especially in regions exposed to stress that can be alleviated by Si.  

 

3.2 Introduction 

 

Silicon (Si) is the second (after oxygen) most abundant element in the earth’s crust (28% 

by weight) (Ferro and Saccone 2008). Plant roots can take up Si as monosilicic acid 

(H4SiO4) from soil solution at pH below 9 (Broadley et al. 2012b); hence, rice growing in 

soil commonly contain Si in various parts such as husks, shoots, flowers, roots and stems 

(Cavins et al. 2010; Ma et al. 2007a; Yoshida et al. 1962b). Silicon concentration ranges 

from 0.1 to 10% w/w (1 to 100 g Si kg-1 dry weight), with monocots tend to accumulate 
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more Si than do dicots. (Debona et al. 2017). Deposited Si, especially in  high-Si-

accumulating plants, enhances resistance to various stresses such as those caused by 

pests (He et al. 2015b; Hosseini et al. 2012), pathogens (Datnoff et al. 1997; Rodrigues 

et al. 2001), salt (Zhu and Gong 2014), drought (Ming et al. 2012; Sujatha et al. 2013), 

lodging (Dorairaj et al. 2017) and ion toxicity (Rogalla and Römheld 2002; Shen et al. 

2014).  

 

Rice (Oryza sativa L.) is a Si accumulator, particularly in the shoots which contain more 

than 90% of the total plant Si (Ma and Yamaji 2006; Yoshida et al. 1962b). Silicon 

transport in rice plants is facilitated by specific Si transporters (Epstein 2009). Lsi 1, 

localized in rice roots, was the first Si transporter identified to be responsible for 

transporting silicic acid from external solution into root cells (Ma et al. 2006). The silicic 

acid is further transported by Lsi2 to xylem cells (Ma et al. 2007a) and then translocated 

to shoot via the transpiration stream (Kumar et al. 2017; Yamaji et al. 2008). Transporter 

Lsi6 (expressed in rice shoots) has been reported to facilitate export of silicic acid out of 

the xylem into leaf cells (Yamaji et al. 2008). The silicic acid is then polymerized at high 

concentration (>2 mM) to amorphous silica gel (SiO2.nH2O) and consequently deposited 

beneath a cuticle layer and in specific cells in epidermis, parenchyma, sclerenchyma, 

vascular bundle, etc. (Yoshida et al. 1962a; Yoshida et al. 1962b). The formation of 

cuticle-silica double layer has been reported to play an important role as a physical 

barrier against insect and pathogen infestations as well as decreasing transpiration, thus 

enhancing drought resistance in rice (Epstein 1999; Yoshida et al. 1962a). Silicon 

transporters have also been identified in other monocots such as wheat (Montpetit et 

al. 2012) maize (ZmLsi1, ZmLsi2) (Mitani et al. 2008; Mitani et al. 2009) and barley 

(HvLsi1, HvLsi2) (Chiba et al. 2009; Mitani et al. 2009). 

 

All rice genotypes have a relatively high capacity to accumulate Si (Ma and Takahashi 

2002), but the extent of Si accumulation depends on the density of genetically-

controlled Si transporters in roots (Wu et al. 2006). In addition, the accumulation of Si is 

also affected by root development, transpiration, growth stage, soil texture and pH (Ma 

and Takahashi 2002; Mitani and Ma 2005; Gocke et al. 2013; Quigley et al. 2017). For 

example, upland Japonica rice was reported to contain 50 to 100%  greater Si 
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concentration in the flag leaf than upland Indica rice (Winslow 1992) due to its greater 

abundance of Si transporters in roots (Wu et al. 2006). The difference in Si accumulation 

among rice genotypes can result in differential resistance to biotic and abiotic stresses 

(Deren 2001), with more beneficial effects of Si in plants with high level of Si 

accumulation compared to low Si accumulators (Ma et al. 2001). For example, rice 

genotypes that accumulate greater Si have shown greater resistance to rice leaf folder  

(Nakata et al. 2008), rice green caterpillar (Nakata et al. 2008), husk discoloration and 

neck blast (Winslow 1992) and leaf blast (Prabhu et al. 2001) in comparison to genotypes 

that accumulate relatively little Si. Hence, capacity to accumulate high Si should be 

considered a useful trait to improve rice production. 

 

Silicon is usually abundant in intensively irrigated paddy fields (Dobermann and 

Fairhurst 2000); however, continuous cultivation and harvesting of rice removes large 

quantities of Si from soil (Meunier et al. 2008; Patel et al. 2017), causing poor crop 

performance and yield reduction (Grist 1986). To improve Si status in paddy fields, IRRI 

(2018) suggested not removing rice straw from the fields and applying calcium silicate 

fertilizers regularly. It has also been recommended that strategic combinations of Si 

fertilizer with high-Si accumulating rice cultivars could be used in rice production to 

decrease Si fertilizer application rates and the associated production costs (Datnoff et 

al. 1997). The objectives of this study were to: i) characterise Si accumulation capacity 

of 27 rice genotypes grown in solution culture; and ii) determine the extent that Si 

accumulation and plant growth in flooded soil varies amongst rice genotypes with 

different capacities to accumulate Si.  

 

3.3 Materials and methods  

 

3.3.1 Solution culture experiments 

 

Rice seed was prepared by surface sterilization in 1% (v/v) Ca(ClO)2 for 1 minute, then 

rinsing with deionised (DI) water for 1 minute before soaking in DI water in a glass beaker 

at 25 °C for 16 hours. The seed was germinated on a floating net (1-mm mesh) placed 

on the surface of 0.5 mM CaCl2 solution in an 8-litre plastic pot placed in a glasshouse at 
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the University of Western Australia (31.9812° S, 115.8199° E). Six-day-old seedlings were 

transferred to 4.5-litre plastic pots containing a half-strength Kimura B nutrient solution 

(pH 5.5), containing 0.18 mM (NH4)2SO4, 0.27 mM MgSO4.7H2O, 0.09 mM KNO3, 0.18 

mM Ca(NO3)2.4H2O, 0.09 mM KH2PO4, 20 μM NaEDTAFe.3H2O, 6.7 μM MnCl2.4H2O, 9.4 

μM H3BO3, 0.015 μM (NH4)6Mo7O24.4H2O, 0.15 μM ZnSO4.7H2O and 0.16 μM 

CuSO4.5H2O (Ma et al. 2001a). The seedlings were grown in a glasshouse where the 

temperature ranged from 30 °C (day) to 28 °C (night) with 370-560 μmol photons 

m−2 s−1 (PAR) light intensity, 10-h day length. The nutrient solution was replaced every 2 

days.  

 

A preliminary investigation was conducted to determine the concentration of Si suitable 

for assessing Si accumulation by rice grown in solution culture. Silicon (0.15 or 1.50 mM 

Na2SiO3) was added to a half-strength Kimura B nutrient solution containing two rice 

seedlings (vegetative development stage V5) (Counce et al. 2000), and the rate of Si 

depletion was measured. The Si was added as silicic acid prepared by passing 0.15 and 

1.50 mM Na2SiO3 through cation-exchange resin (Amberlite IR-120B, H+ form). After 9 

hours, Si was completely depleted when the starting concentration was 0.15 mM Si, and 

decreased to 0.7 mM Si when the starting concentration was 1.50 mM Si. The Si 

concentration of 1.50 mM was therefore selected for the subsequent Si accumulation 

experiment, so that Si accumulation was not limited by Si supply. 

 

A Si accumulation solution culture experiment was subsequently conducted using a 

completely randomized design with 27 rice genotypes, including 24 cultivars (Fig. 3.1) 

and three breeding lines (YRB4, YRL38 and YRW4), with three replicates.  Two rice 

seedlings (vegetative development stage V5) of each genotype were collected, gently 

rinsed in DI water for 2 minutes, placed briefly on tissue paper and then inserted into a 

120-mL plastic vial (wrapped in aluminium foil) containing the half-strength Kimura B 

nutrient solution plus 1.50 mM Si. The pH of the solution was adjusted to 5.5 using 5 M 

NaOH (initial pH was 4.9) before inserting the seedlings. A 1-mL aliquot of the nutrient 

solution was taken at 3 and 9 hours after commencing the experiment, and Si 

concentration was determined within 24 hours using the colorimetric molybdenum blue 

method (Mitani and Ma 2005). (see section 3.3.3). Silicon accumulation was calculated 
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from the depletion of Si in the uptake solution according to the following formula (Wu 

et al. 2006).    

 

Silicon accumulation per root dry weight =
𝑁𝑊𝑏 𝑥 𝐶𝑆𝑏 − (𝑁𝑊𝑏 − 𝑊𝑊) 𝑥 𝐶𝑆𝑓

𝑅𝑜𝑜𝑡 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 

 

Where    NWb = the amount of nutrient solution at the beginning of the experiment 

   CSb   = the Si concentration at the beginning of the experiment 

   CSf    = the Si concentration at the end of the experiment 

   WW = the amount of water loss (transpiration) 

 

The genotypes were classified based on their Si accumulation capacity using a modified 

method developed by Rengel and Graham (1995). The medium-efficiency interval was 

defined as the median ± standard deviation. Genotypes with Si accumulation below or 

above the medium efficiency interval was classified as low- or high-Si-accumulation 

genotypes, respectively. 

  

The solution culture experiment was repeated using 14 genotypes (Fig. 3.2) selected 

from the low-, medium- and high-Si-accumulation groups. This solution culture was 

conducted in a similar way to the first experiment, except that two seedlings were 

transferred to 1-L plastic pots containing 500 mL of the half-strength Kimura B nutrient 

solution (plus 1.50 mM Si) rather than to 120-mL vials to provide roots with access to a 

larger total amount of Si. The genotypes from this solution experiment were classified 

based on their Si accumulation using the approach described above. 

 

3.3.2 Soil culture experiment   

 

Two high- and two low-Si-accumulation genotypes (Table 3.2) identified from the 

solution culture experiments were chosen to study rice Si accumulation and growth in 
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soil culture. The experiment was conducted in the completely randomized block design 

with two factors (four rice genotypes x two Si rates) and three replicates per treatment.  

 

Soil used in this experiment was collected from 0 to 10 cm soil layer from the University 

of Western Australia farm Ridgefield at Pingelly, Western Australia (32.5061° S, 

116.9668° E). After drying at 40 °C for 48 hours and sieving through a 2-mm sieve, the 

soil was stored at room temperature until the start of the experiment. Subsamples of 

sieved soil were analysed for physical and chemical properties (Table 3.1). 

Table 3.1 Physical and chemical properties of soil used in the study 

 

 

 

 

 

 

 

 

 

 

Three-kg soil was amended with basal nutrients at the following rates (mg/kg): N, 33; P, 

21; K, 91; Ca, 40; Mg, 2; S, 33; Cu, 0.53; Zn, 2; Mn, 3; B, 0.12; Na, 0.03 and Mo, 0.07. 

Silicon was supplied as calcium silicate (CaSiO3; 200 mesh, 99%, Sigma Aldrich) at 0 or 

0.5 g Si kg−1 soil. To compensate for differential Ca supply in the Si treatments, calcium 

chloride (CaCl2) was applied at 0.7 and 0 g Ca kg−1 soil for Si rates at 0 and 0.5 g Si 

kg−1 soil, respectively. The amended soil was weighed into a 4-liter plastic pot and 

flooded with DI water to 2 cm above soil surface for 2 days before transplanting. Rice 

seeds were prepared in a similar way to the solution culture experiment. Five 6-day-old 

Soil parameter Value 

Organic Carbon (%) 2.41 

Conductivity (dS/m) 0.048 

Texture Loam 

pH Level (CaCl2) 5.4 

pH Level (H2O) 6.5 

Ammonium Nitrogen (mg/kg) 5 

Nitrate Nitrogen (mg/kg) 8 

Phosphorus Colwell (mg/kg) 10 

Potassium Colwell (mg/kg) 472 

Sulfur (mg/kg) 3.5 

Copper (mg/kg) 2.2 

Iron (mg/kg) 32.88 

Manganese (mg/kg) 74.24 

Zinc (mg/kg) 0.57 
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seedlings were transplanted to the flooded soil. Rice plants were grown under flooded 

condition in a glasshouse where the temperature was maintained at 30 °C during the 

day and 28 °C at night. After 5 weeks, shoots were cut just above the soil surface, and 

roots were collected by gently removing soil particles using a 2-mm sieve placed under 

running water. Root length was determined using a root scanner and processed by 

WinRHIZO Pro software (v2009, Regent Instrument, Quebec, QC, Canada). Both shoots 

and root dry weights were determined after oven-drying (Heratherm OMS 100, Thermo 

Scientific, Langenselbold, Germany) at 70°C for 72 hours. The dried shoots were ground 

before determining Si concentration using the method described below.  

 

3.3.3 Determining Si concentration in shoots 

 

Shoot samples were analysed using the acid digestion and alkaline dissolution method 

(Nayar et al. 1975). A 100-mg ground sample (< 0.25 mm) was transferred into a 50-mL 

conical flask washed by 10 mL concentrated NaOH (heated on a hot plate at 80 °C for 2 

minutes), rinsed with Milli-Q water and dried. An aliquot of 5 mL concentrated HNO3 

was added, and the sample heated on a hot plate (100 °C) for 10 minutes until the 

sample was completely digested. An aliquot of 1 mL 70% w/w HClO4 was added to the 

digested sample and heated at 140 °C until fumes ceased. The solution was transferred 

to a Teflon beaker containing 1 g of anhydrous Na2CO3 and boiled for 2 hours at 180 °C. 

The resultant solution was diluted to a final volume of 250 mL using DI water, and Si was 

determined using the colorimetric molybdenum blue method (Mitani and Ma 2005). 

 

The colorimetric molybdenum blue method, modified from Mitani and Ma (2005),  

involved adding 0.58 mL sample solution to a cuvette containing 1.74 mL deionised 

water, followed by 1.20 mL 0.26 M HCl and 0.16 mL 10% w/v (NH4)6Mo7O24; then, the 

cuvette was shaken thoroughly. After 5 minutes, 0.16 mL 20% w/v tartaric acid and 0.16 

mL reducing agent was added. The reducing agent contained 1 g Na2SO3, 0.5 g 1-amino-

2-naphthol-4-sulfonic acid and 30 g NaHSO3 in 200 mL of deionised water. After 1 hour, 

the absorbance at 600 nm was measured using a spectrophotometer (Shimadzu UV mini 

1240 UV-vis, Kyoto, Japan).   
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3.3.4 Statistical analysis 

 

The normality of data was determined using quantile-quantile plots. Bartlett’s test was 

used for testing homogeneity of variances. Differences in Si accumulation were analysed 

using one-way ANOVA (for the solution culture experiments) and two-way ANOVA 

(genotype x Si supply) (for the soil culture experiment) using R (Version 3.3.0). Tukey 

test was used subsequently to determine if mean values were significantly different (P 

≤0.05).  

 

3.4 Results 

 

3.4.1 Si accumulation by plants grown in solution culture 

 

Silicon accumulation by 27 genotypes increased over time in the first solution culture 

experiment, but varied from 8.6 to 16.8 mg Si g-1 root dry weight depending on genotype 

and the duration of exposure to Si (Fig. 3.1). At 3 hours after commencement of the 

experiment, Somewake accumulated approximately three to six times more Si than 

Langi, YRL38, Sherpa, Koshihikari, Bogan and Reiziq (P ≤0.05), and accumulated a similar 

amount to the remaining genotypes. The Kulu and Calrose genotypes also accumulated 

more Si than YRL38 after 3 hours (P ≤0.05). At 9 hours after commencement of the 

experiment, Somewake accumulated more Si than Langi, YRL38, Bogan, Inga and Pelde 

(P ≤0.05), and had similar accumulation as the other genotypes. Similar to Somewake, 

the genotypes Kulu, Akihikari, Calrose and Goolarah showed greater accumulation than 

Langi. The majority (20) of the genotypes were grouped as medium-Si accumulators 

(11.1–14.6 mg Si g-1 root dry weight), whereas three genotypes (Bogan, Langi and YRL38) 

were classified as low accumulators (<11.1 mg Si g-1 root dry weight), and four genotypes 

(Akihikari, Calrose, Kulu and Somewake) as high Si-accumulators (>14.6 mg Si g-1 root 

dry weight). Three low-Si genotypes (Bogan, Langi and YRL38), seven medium-Si 

genotypes (Goolarah, Inga, Koshihikari, Pelde, Quest, Sherpas and YRW4), and four high-

Si genotypes (Akihikari, Calrose, Kulu and Somewake) were selected for the subsequent 

study in the second solution culture experiment.
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Figure 3.1. The Si accumulation ranking of 27 rice genotypes based on removal of Si from nutrient solution (experiment 1). Seedlings (vegetative development 

stage V5) were inserted into half-strength Kimura B nutrient solution supplemented with 1.50 mM Si, and the Si accumulation was measured after 3 and 9 

hours. The medium-efficiency interval was defined as the median value of Si accumulation across all genotypes (after 9 h) ± standard deviation. Values are 

means (+ S.E.) of three replicates. Different lower case and capital letters above the bars indicate the means are significantly different at P ≤0.05 based on 

Tukey test.  
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In the second solution experiment, Si accumulation varied from 8.3 to 14.9 mg Si g-1 root 

dry weight among the 14 genotypes after 9 hours of treatment (Fig. 3.2). The Si 

accumulation ranking differed somewhat in comparison to the first experiment (also 

after 9 hours); however, there were genotypes that consistently accumulated more or 

less Si than other genotypes in both experiments. For example, genotype Somewake 

again accumulated greater Si accumulation than both Langi and YRL38 (P ≤0.05). Calrose 

and Inga also accumulated more Si than Langi and YRL38 (P ≤0.05). A median Si 

accumulation value in the second solution experiment was similar to that of the first 

solution experiment. The genotypes Somewake and Langi were the only genotypes 

grouped as high- (>13.0 mg Si g-1 root dry weight) and low-Si (<9.6 mg Si g-1 root dry 

weight) accumulators, respectively, whereas the remaining genotypes were 

 

Figure 3.2. The Si accumulation ranking of 14 rice genotypes based on removal of Si from 

nutrient solution (experiment 2). Seedlings (vegetative development stage V5) were inserted 

into half-strength Kimura B nutrient solution supplemented with 1.50 mM Si, and the Si 

accumulation was measured after 9 hours. The medium-efficiency interval was defined as the 

median value of Si accumulation across all genotypes ± standard deviation. Values are means (+ 

S.E.) of three replicates. Different letters above the bar indicate significant differences at P ≤0.05 

based on Tukey test. 
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classified as medium-Si accumulators (Fig. 3.2). Based on the two solution culture 

experiments, the Si accumulation and growth, two relatively high Si accumulators 

(Somewake and Calrose) and two low-Si genotypes (Langi and YRL38) were selected for 

the subsequent soil culture experiment.  

 

3.4.2 Soil culture: shoot Si concentration and content 

 

The Si supply x genotype interaction was significant for shoot Si concentration and 

content (Table 3.2), with low- and high-Si genotypes responding differently to Si 

application (Table 3.3). In the absence of Si, all genotypes had similar shoot Si 

concentration and content (Table 3.3), whereas in the +Si treatment (0.5 g Si kg−1 soil), 

shoot Si concentration and content increased (P ≤0.05) in a genotype-specific manner 

(Table 3.3). Applying Si increased shoot Si concentration of Calrose (52%), Langi (50%), 

YRL38 (42%) and Somewake (20%) compared to the control (0 g Si kg−1 soil) (P ≤0.05). 

Calrose had similar shoot Si concentration to Langi, which was significantly greater than 

Somewake and YRL38 in the +Si treatment (P ≤0.05). Silicon supply increased maximum 

shoot Si content in Calrose (151%), followed by Somewake (100%), Langi (89%) and 

YRL38 (84%) compared to the control (P ≤0.05; Table 3.3). Calrose shoot Si content was 

not significantly different to Somewake and Langi, but greater than YRL38 in the +Si 

treatment (P ≤0.05).  

 

Table 3.2 Analysis of variance for shoot Si content, shoot Si concentration, shoot and root dry 

weights and root length. 

*Significant effects that require means comparison P ≤0.05 

 

 

Source of 
variation 

P values* 

Shoot Si 
content  

Shoot Si 
concentration 

Shoot dry 
weight  

Root dry 
weight  

Root 
length 

Genotype (G) 0.084 < 0.001 0.010 < 0.001 < 0.001 

Silicon (Si) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

G x Si 0.021 < 0.001 0.031 0.010 0.158 
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3.4.3 Soil culture: shoot and root growth 

Application of Si x genotype interaction was significant for shoot and root dry weights 

(Table 3.2), with applying Si increased shoot and root dry weights in genotypes grown in 

soil depending on the genotype (Table 3.3). Applying Si (0.5 g Si kg−1 soil) increased shoot 

dry weight of Calrose (65%), Somewake (67%) and YRL38 (30%) in comparison to the 

control (P ≤0.05), but did not affect the shoot dry weight of Langi (Table 3.3). The shoot 

dry weight of Somewake was (36%) greater than that of Langi (P ≤0.05). Silicon   

Table 3.3. Shoot Si content (mg plant-1), shoot Si concentration (mg g-1 dry weight) and shoot 

and root dry weights (g plant-1) of low-Si (Langi and YRL38) and high-Si (Calrose and Somewake) 

rice genotypes supplied with 0 or 0.5 g Si kg−1 soil and harvested 5 weeks after transplanting. 

Values are means (± S.E.) of three replicates. The means followed by different letters in a column 

are significantly different at P ≤0.05 based on Tukey test. 

S.E.: standard error.  

Rice genotype and 
Si treatment 

Shoot Si 
content 

(mg plant-1) 

Shoot Si 
concentration 

(mg g-1 dry weight) 

Shoot dry 
weight 

(g plant-1) 

Root dry 
weight 

(g plant-1) 

YRL38 0 Si 38 ± 2 a  19 ± 0 a 2.0 ± 0.1 a 0.6 ± 0.0 ab 

Langi 0 Si 38 ± 1 a  22 ± 0 ab  1.7 ± 0.1 a 0.5 ± 0.0 a 

Calrose 0 Si 35 ± 4 a 21 ± 1 a 1.7 ± 0.1 a 0.6 ± 0.1 abc 

Somewake 0 Si 36 ± 1 a 20 ± 1 a 1.8 ± 0.1 a 0.5 ± 0.0 a 

YRL38 + Si 70 ± 4 b 27 ± 0 c 2.6 ± 0.2 bc 0.6 ± 0.0 abc 

Langi + Si 72 ± 1 bc 33 ± 1 d 2.2 ± 0.2 ab 0.7 ± 0.1 bc 

Calrose + Si 88 ± 3 c 32 ± 0 d 2.8 ± 0.1 bc 0.9 ± 0.0 d 

Somewake + Si 72 ± 7 bc  24 ± 1 bc 3.0 ± 0.1 c 0.8 ± 0.0 cd 
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application increased the root dry weight of Langi, Calrose and Somewake by 40-60 % 

(P ≤0.05) compared to the control, but did not influence that of YRL38 (Table 3.3). 

Applying 0.5 g Si kg−1 soil increased Calrose root dry weight relative to Langi and YRL38 

by up to 50% (P ≤0.05; Table 3.3). In the absence of Si application, shoot and root dry 

weights did not differ among the genotypes. Root length was influenced by the main 

effects of genotype and Si supply, but not by the interaction genotype x Si supply (P 

≤0.05; Table 3.2). Plants treated with Si had (33%) longer root length than those grown 

with no Si addition (P ≤0.05; Table 3.4). Among the four genotypes, Calrose had greater 

(P ≤0.05) root length than Langi and YRL38, but similar root length to Somewake (Table 

3.4). 

 

 Table 3.4. Root length (m plant-1) of low-Si (Langi and YRL38) and high-Si (Calrose and 

Somewake) rice genotypes supplied with 0 or 0.5 g Si kg−1 soil and harvested 5 weeks after 

transplanting. Values are means (± S.E.) of three replicates. For each main factor, the means 

followed by different letters are significantly different at P ≤0.05 based on Tukey test.  

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S.E.: standard error.  

  Root length (m plant-1) 

Genotype   

YRL38 572 ± 44 a 

Langi 779 ± 36 b 

Calrose 949 ± 96 c 

Somewake   834 ± 69 bc 

Si rate   

0.0 g Si kg−1 soil 674 ± 44 a 

0.5 g Si kg−1 soil 893 ± 56 b 



 

76 
 

3.5 Discussion  

 

Twenty seven rice genotypes varied in their capacity to accumulate Si when grown in 

either solution or soil. For example, Calrose accumulated 55 to 70 % more Si than Langi 

in solution culture and 25% more Si than YRL38 when grown in Si-supplemented soil 

(Table 3.3). Although previous studies have reported a variation in Si accumulation in 

different rice genotypes: 7 upland rice genotypes in hydroponic culture (Swain et al. 

2016), 8 rice genotypes grown under upland cultivation (Winslow 1992), 5 Chinese rice 

cultivars grown in soil (Li et al. 2014), 17 rice genotypes grown under lowland cultivation 

(Garrity et al. 1984), 5 Japonica and one Indica genotypes grown in soil (Rodrigues et al. 

2001), and 18 rice genotypes grown at three different locations (Deren et al. 1992), the 

present study demonstrated differential capacity to accumulate Si of rice genotypes 

which have never been considered for their capacity to accumulate Si before. A 

difference in capacity to accumulate Si among the genotypes tested here might be 

attributed to an abundance of Si transporter in roots. Similar solution culture studies 

done by Wu et al. (2006) and Ma et al. (2007b) found that at similar Si rates, Japonica 

rice genotype had 24-42% greater maximum rate of Si accumulation than Indica rice, 

indicating a higher density of Si transporter in the former. In addition, Ma et al. (2007b) 

observed that Japonica rice had stronger expression of Si transporter genes than Indica 

rice, making Japonica rice capable of greater Si accumulation. Variation in the capacity 

to accumulate Si among genotypes investigated in the present study could be related to 

genotypic differences in resistance to biotic and abiotic stresses and may have a 

potential for genetic selection for high-Si-accumulating genotypes. Moreover, the 

genotypes studied include some important commercial paddy rice cultivars (e.g., Calrose 

and Koshihikari). Understanding the capacity of them to accumulate Si may assist in 

determining if there were any benefits in applying Si in terms of improving growth and 

yield. 

 

The ranking of some genotypes based on Si accumulation varied depending on the 

growth conditions, but some genotypes consistently accumulated Si in solution and soil 

cultures. For example, in solution culture experiments, genotypes Somewake and Langi 

were always ranked as high- and low-Si-accumulators, respectively. Calrose, classified as 
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a high-Si genotype in the first solution culture experiment, and ranked as a medium-Si 

accumulator in the second experiment, still accumulated 55-70 % more Si than Langi in 

both experiments (Figs. 3.1 and 3.2). There are other reports with some rice genotypes 

more consistently accumulating Si than others when grown under different conditions 

(Deren et al. 1992; Deren et al. 1994; Rodrigues et al. 2001). In the process of developing 

high-Si rice genotypes, the present study suggests that selection criteria should include 

both the capacity to accumulate Si and the consistency of that accumulation; hence, the 

genotypes may have merit across multiple environments. 

 

Silicon application influenced an increase in growth of all rice genotypes, but the 

increase was greater in genotypes with high Si accumulation capacity. From the present 

study, Si application increased shoot and root growth to a greater extent in Calrose 

(high-Si genotype) than YRL38 (low-Si genotype) (Tables 3.3 and 3.4). The results were 

consistent with the study by Agarie et al. (1992) who found Si increased biomass of three 

rice cultivars by up to 60%, and the maximum increase was found in the genotype that 

accumulated highest Si in leaves. Silicon has been reported to be involved in rice cell 

wall construction (Boylston et al. 1990; He et al. 2015a; Inanaga and Okasaka 1995). 

Zhang et al. (2015) found that Si significantly increased cellulose, hemicelluloses and 

lignin in rice plants. In addition, the researchers observed the effect of Si on major wall 

polymer features (cellulosecrystallinity, arabinose substitution degree of xylans, and 

sinapyl alcohol pro-portion). The results from this study showed that application of Si 

improved rice stem strength and biomass production. Other studies have reported the 

beneficial effects of Si in promoting rice growth, including increasing photosynthesis 

(Agarie et al. 1998; Dorairaj et al. 2017; Sujatha et al. 2013), improving erectness of 

leaves (Ando et al. 2002; Fujii et al. 1999; Yoshida et al. 1969), and increasing efficiency 

of uptake of nutrients such as N, P and K (Ibrahim et al. (2018).  In contrast, Detmann et 

al. (2012) and Martins et al. (2012) reported that Si supply did not increase dry matter 

production among rice genotypes differing in Si accumulation capacity, and Fleck et al. 

(2015) found no effect of Si supply on shoot and root dry weight of Si-accumulating 

monocots (rice and maize). Finally, Makabe-Sasaki et al. (2014) reported an increase in 

rice shoot Si concentration, but no increase in shoot dry weight, upon treatment with 

Si. The conflicting results might be related to genetic factors i.e. a difference in efficiency 
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of utilisation of Si among rice genotypes (Martins et al. 2012). However, if the results 

from the present study are confirmed in field trials, these findings would suggest that 

combining high-Si cultivars and Si application may result in strong beneficial growth 

effects in rice, and thus may maintain good crop performance under stress conditions. 

 

Silicon accumulation in rice shoots increased with Si application, but the influence was 

greater in the high- than low-Si rice genotypes. In the present study, Calrose had greater 

shoot Si concentration and content than YRL38 when grown in the +Si treatment, but 

not in the absence of Si application (Table 3.3). The results were similar to those of Swain 

(2014) who studied the effect of Si rate on Si accumulation among Indica rice genotypes 

and reported a number of high-Si genotypes with greater Si concentration in comparison 

to low-Si genotypes when treated with the same Si rates. From the present study, the 

greater increase in shoot Si accumulation in Calrose than YRL38 might be partly 

attributed to a larger root system in the former (Tables 3.3 and 3.4). Indeed, the capacity 

of Si accumulation in rice has been found to be related to development of whole root 

system, making a difference in Si accumulation among genotypes (Ma and Takahashi 

2002; Swain et al. 2016). Additionally, increased root biomass and length in rice is often 

associated with increased nutrient absorption (Jia et al. 2008; Klinsawang et al. 2018; 

Teo et al. 1995). In the present study, Langi (low-Si genotype in solution culture) showed 

relatively high shoot Si concentration (similar to that in Calrose) when treated with Si 

(Table 3.3). This might be due to an effect of a small increase in shoot biomass in Langi 

when supplied with Si. Although Si did not promote plant growth in Langi, high Si 

concentration in shoot may still benefit the genotype by providing resistance to stresses 

such as drought or salt (Zhu and Gong 2014). 

 

Both solution and soil cultures are useful approaches for assessing Si accumulation in 

rice. In the present study, solution culture was a quick and effective approach to 

evaluate Si accumulation in a large number of rice genotypes. Two solution culture 

experiments provided similar median Si accumulation values and consistent ranking of 

genotypes differing in the capacity to accumulate Si: high- (Somewake and Calrose) and 

low- (Langi and YRL38) Si accumulators. The findings from the solution culture indicated 

maximum capacity of roots to take up Si in the short-term, which minimized (or 
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excluded) the effects of environmental factors such as pathogens and other microbes 

(Parker and Norvell 1999). Similar approaches have been used previously to measure Si 

accumulation in rice by  Ma et al. (2001), Wu et al. (2006) and Mitani‐Ueno et al. (2014). 

In the present study, a long-term soil culture was also used for assessing Si accumulation 

in rice shoots. The soil culture method accurately assessed Si accumulation in the high- 

and low-Si genotypes. For example, Calrose had greater shoot Si concentration and 

content than YRL38 when Si was applied (Table 3.3). To determine Si accumulation in 

rice, both solution and soil cultures are recommended for assessing capacity of roots to 

take up Si and shoots to accumulate Si.  

 

Identifying rice genotypes as high, medium and low Si accumulators is a practical 

method to characterise germplasm variability. In the present study, due to the majority 

of genotypes having similar Si accumulation in nutrient solution, using the median Si 

accumulation value ± standard deviation to differentiate genotypes into three groups 

allowed identification of genotypes with high- and low-Si accumulation. The approach 

has also been used for classifying 41 wheat genotypes for nitrogen-use efficiency (Malik 

et al. 2016). This classification method is especially useful for working with a large 

number of genotypes.  

 

3.6 Conclusions  

 

Twenty seven rice genotypes differed in their Si accumulation capacity under increased 

Si supply. Among different growth conditions, there were genotypes ranked consistently 

as high- or low-Si accumulators in both solution and soil cultures, whereas the 

accumulation of some genotypes was inconsistent. The present study therefore 

recommends the consistency of Si accumulation as one of the selection criteria when 

assessing Si accumulation in rice genotypes. Silicon application increased growth and 

shoot Si accumulation in both high- and low- Si accumulating genotypes, but the 

increase was greater in the former. The greater shoot Si accumulation in high-Si 

genotypes might be influenced by a larger root biomass and longer root length in 

comparison to low-Si genotypes. The findings need to be confirmed in field trials. The 
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planting of high-Si rice genotypes could be a strategy for improving rice production in 

regions exposed to stress that can be alleviated by Si.  
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Chapter 4 

 

Silicon enhances drought resistance in rice (Oryza sativa L.) genotypes  

differing in capacity to accumulate Si  

 
4.1 Abstract 
 
Drought is one of the main factors limiting growth of irrigated lowland rice (Oryza sativa 

L.). Silicon (Si) is a beneficial element enhancing resistance to biotic and abiotic stress in 

higher plants, including drought stress. Rice is a strong Si accumulator, but the capacity 

to accumulate Si varies among genotypes. This study evaluated the effectiveness of Si 

application to enhance drought resistance in rice genotypes, and to determine the 

extent plant growth under drought stress varies amongst rice genotypes with different 

capacities to accumulate Si. Rice genotypes with low-Si (YRL38) and high-Si (Calrose) 

accumulating capacity were treated with three Si rates (0, 0.2 and 0.5 g Si kg−1 soil) under 

three water regimes (flooded, mild drought and severe drought). Drought stress 

significantly decreased net photosynthetic rate, stomatal conductance, transpiration 

rate, leaf area, root dry weight and length, leaf relative water content and water 

potential; hence, shoot dry weight decreased in both genotypes. The decrease induced 

by drought stress, however, was greater in YRL38 than Calrose, implying drought 

resistance in rice might be positively related to Si-accumulating capacity. Silicon 

application enhanced drought resistance in both genotypes, resulting in an 

improvement of decreased parameters. The genotypes responded differently to Si 

application in terms of drought resistance; YRL38 shoot dry weight was improved by 0.2 

g Si kg−1 soil, and decreased by 0.5 g Si kg−1 soil. In contrast, application of 0.5 g Si kg−1 soil 

enhanced drought resistance of Calrose, with greater shoot and root dry weights in 

Calrose than YRL38 under either mild or severe drought stress conditions. This may 

indicate a greater capacity to accumulate Si in Calrose, and therefore a larger beneficial 

effect from Si application compared with YRL38. If the results are confirmed in a field 

trial, the cultivation of high-Si rice genotype combining with Si application could be a 

potential means to enhance rice crop performance under drought stress.  
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4.2 Introduction 

 

Rice is one of the most important crops for half of the world's population, supplying 20% 

of the calories consumed globally (Zeigler and Barclay 2008). World rice consumption is 

predicted to expand by 1.4% in 2019/2020 to 518 million tonnes, driven by the growth 

of world population (FAO 2019). More than 75% of world rice production is supplied by 

the irrigated lowland rice systems that require large volumes of water during growth, 

using approximately 1300 to 1500 mm of water per growing season or 1432 litres of 

water to produce 1 kg of rice (IRRI 2016). Increased lowland rice production has been 

constrained by increasing water scarcity and drought worldwide. Tuong and Bouman 

(2003) estimated that insufficient irrigation water supplies will threaten 15 to 20 million 

hectares or 25% of irrigated lowland rice production areas by 2025. 

 

Silicon is a beneficial element that has been demonstrated to promote drought 

resistance in higher plants (Ming et al. 2012; Sujatha et al. 2013). Silicon from soil is 

taken up by plant roots in the form of monosilicic acid (H4SiO4) at a pH below 9 and 

accumulated in shoots (deposited in the apoplast) (Broadley et al. 2012a; Sattelmacher 

and Horst 2007) as amorphous silica (SiO2.nH2O) or opal. The extent of Si accumulation 

ranges from 0.1 to 10% w/w (1 to 100 g Si   kg-1 dry matter) depending on the plant 

species (Ma et al. 2001). Silicon alleviates drought stress in higher plants such as wheat 

(Ahmad et al. 2016; Ahmed et al. 2016), rice (Chen et al. 2011; Ullah et al. 2018), barley 

(Hosseini et al. 2017), sugarcane (Bezerra et al. 2019; Camargo et al 2019), maize (Li et 

al. 2007; Sirisuntornlak et al. 2019), lentil (Biju et al. 2017), cucumber (Ma et al. 2004), 

tomato (Ullah et al. 2016; Zhang et al. 2018), canola (Habibi 2014) and rye (Hattori et al. 

2009). Silicon enhanced resistance to drought stress by reducing  transpiration loss 

(Agarie et al. 1998; Gao et al. 2006), improving photosynthesis (Chen et al. 2011; Ming 

et al. 2012), enhancing the plant antioxidant defence system (Gharineh and 

Karmollachaab 2013), balancing nutrient uptake (Gong and Chen 2012; Xu et al. 2017), 

and increasing root water uptake (Hattori et al. 2009; Ming et al. 2012).  

 

Although rice is considered to be a strong Si accumulator, the extent of Si accumulation 

in shoots varies among genotypes. The amount of Si accumulated in rice depends on 
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both genotypic and environmental factors such as density of Si transporters, root 

morphology, transpiration rate, soil texture and pH (Ma and Takahashi 2002; Mitani and 

Ma 2005; Gocke et al. 2013; Quigley et al. 2017). The variation in capacity to accumulate 

Si has been related to differential resistance to stresses among rice genotypes (Winslow 

1992), with high resistance associated with high Si accumulation (Ma 2004; Nakata et al. 

2008). However, the knowledge regarding a possible relationship between differences 

in Si accumulation among rice genotypes and their drought resistance is still lacking. 

 

Rice growth and yield responded to Si supply differently depending on the rice 

genotypes. In the previous study, the results showed that high and low Si accumulating 

rice genotypes responded differently to Si application when grown in flooded soil, and 

there was a greater increase in plant biomass in the high-Si than low-Si genotypes 

following Si application (Chapter 3). However, to the best of my knowledge, there is no 

literature available on the effects of Si application in enhancing drought resistance in 

rice genotypes differing in capacity to accumulate Si. Therefore, the aims of this study 

were to i) assess the effects of Si application on growth of rice under drought stress and 

ii) characterise differential drought stress resistance amongst rice genotypes differing in 

the capacity to accumulate Si. 

 

4.3 Materials and methods  
 
4.3.1 Experimental design and approach 
 
The experiment was conducted using a randomized complete block design with three 

factors and three replicates per treatment. The first factor was two rice genotypes 

varying in Si accumulation characterised in the previous study (Chapter 3): YRL38 (low-

Si genotype) and Calrose (high-Si genotype). The second factor was three Si rates 

selected from the preliminary studies: 0, 0.2 and 0.5 g Si kg−1 soil. The third factor was 

three water regimes: flooded, mild drought (water level at 15 cm depth) and severe 

drought (water level at 30 cm depth). 

 

Soil used in this experiment was collected from 0 to 10 cm soil layer from the University 

of Western Australia farm Ridgefield at Pingelly, Western Australia (32.5061° S, 
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116.9668° E). The soil was dried at 40 °C for 48 hours and sieved through a 2-mm sieve. 

Subsamples of sieved soil were analysed for physical and chemical properties (Table 

4.1). 

Table 4.1 Physical and chemical properties of soil used in the study 

 

 

 

 

 

 

 

 

 

 

 

Four-kg soil was amended with basal nutrients at the following rates (mg/kg): N, 33; P, 

21; K, 91; Mg, 2; S, 33; Cu, 0.53; Zn, 2; Mn, 3; B, 0.12; Na, 0.03; and Mo, 0.07. Silicon was 

supplied to the soil as calcium silicate (CaSiO3; 200 mesh, 99%, Sigma Aldrich) at 0, 0.2 

and 0.5 g Si kg−1 soil. To compensate for differential Ca supply in the Si treatments, 

calcium chloride (CaCl2) was applied at 0.7, 0.4 and 0 g Ca kg−1 soil for Si rates at 0, 0.2 

and 0.5 g Si kg−1 soil, respectively. The amended soil was weighed into pots (10 cm in 

diameter and 42 cm in depth) with a bottom cap. The cap had a 12-mm-diameter 

drainage hole connected to an open-end plastic tubing (10 mm diameter and 40 cm 

length) fastened to the pot to apply different water regimes. The soil was flooded with 

DI water at 2 cm above the soil surface for 2 days before transplanting rice seedlings.  

 

Rice seeds were surface-sterilized by soaking in 1% (v/v) Ca(ClO)2 for 1 minute, then 

rinsed by deionised (DI) water for 1 minute before soaking in DI water in a glass beaker 

Soil parameter Value 

Organic Carbon (%) 2.41 

Conductivity (dS/m) 0.048 

Texture Loam 

pH Level (CaCl2) 5.4 

pH Level (H2O) 6.5 

Ammonium Nitrogen (mg/kg) 5 

Nitrate Nitrogen (mg/kg) 8 

Phosphorus Colwell (mg/kg) 10 

Potassium Colwell (mg/kg) 472 

Sulfur (mg/kg) 3.5 

Copper (mg/kg) 2.2 

Iron (mg/kg) 32.88 

Manganese (mg/kg) 74.24 

Zinc (mg/kg) 0.57 
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at 25 °C for 16 hours. The seeds were transferred to a net (1-mm mesh) floating on 0.5 

mM CaCl2 solution in a 8-litre plastic container and placed in a glasshouse at the 

University of Western Australia (31.9812° S, 115.8199° E). Four 6-day-old seedlings per 

pot were transplanted into the submerged soil. Three days later the pots were thinned 

to two seedlings per pot.  

 

The rice plants were grown in a growth chamber with the temperature of 30°C during 

the day and 25°C at night, with 1,000 μmol photons m−2 s−1 (PAR) light intensity, 12-h 

day length, and 60% relative humidity. At the vegetative stage V6 (Counce et al. 2000), 

mild and severe drought stress treatments were applied by draining water via the plastic 

tubing to keep water level at 15 cm depth (mild drought) or 30 cm depth (severe 

drought) below the soil surface, while water was maintained at 2 cm above soil surface 

for the flooded pots. DI water was supplied at 9 am, 12 am and 4 pm daily via plastic 

tubing to keep specific water level in each pot. The experiment was harvested at the 

vegetative stage V8 (Counce et al. 2000). 

 

4.3.2 Measurements  

 

A day before harvest, net photosynthetic rate, transpiration rate and stomatal 

conductance were measured by a LI-6400XT portable infrared gas analyser (LI-COR Inc., 

Lincoln, NE, USA). The youngest fully expanded leaves were measured between 9.30 am 

and 12.00 pm. At harvest, leaf water potential of the youngest fully expanded leaves 

was measured using a pressure chamber (model 1000, PMS Instrument Co., Albany, OR, 

USA) between 9.00 to 11.00 am. The relative water content of the second youngest fully 

expanded leaves was determined according to the formula below. A leaf was cut and 

weighed immediately to determine the fresh weight and then rehydrated in water for 

24 hours. The leaf was blotted dry with tissue paper, and turgid weight was determined 

immediately followed by the leaf being dried in a hot-air oven at 70 °C for 72 hours. 

 

Leaf relative water content (%) =
(Fresh weight − Dry weight)

(Turgid weight − Dry weight)
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Shoot and root dry weight and leaf area were measured at the harvest. Shoots were cut 

just above the soil surface. Leaves were separated to determine leaf area using a leaf 

area meter (LI-3000, Li-COR Biosciences, Lincoln, NE, USA). Roots were gently washed on 

a 2-mm sieve under running water to remove soil particles. Root length was determined 

using a WinRHIZO Pro software (v2009, Regent Instrument, Quebec, QC, Canada). The 

shoots and roots were oven-dried (Heratherm OMS 100, Thermo Scientific, 

Langenselbold, Germany) at 70°C for 72 hours before recording dry weights. The dried 

shoots were digested to measure Si concentration as described below. 

 

Silicon concentration in shoots was determined following the acid digestion and alkaline 

dissolution method modified from Nayar et al. (1975). A 50-mL conical flask was cleaned 

with 10 mL concentrated NaOH (heated on a hot plate at 80 °C for 2 minutes), rinsed 

with Milli-Q water and dried before weighing a 100-mg ground (< 0.25 mm) shoot 

sample into the flask. The sample was digested on a hot plate (100 °C) with 5 mL 

concentrated HNO3 for 10 minutes before adding the 1 mL 70% w/w HClO4 and heating 

at 140 °C until the brown fumes ceased. The resultant solution was transferred to a 

Teflon beaker containing 1 g of anhydrous Na2CO3 and boiled for 2 hours at 180 °C. After 

cooling, the solution was made up to 250 mL prior to colorimetric analysis for Si 

determination (Mitani and Ma 2005). 

 

The colorimetric molybdenum blue method was modified from Mitani and Ma (2005). 

An aliquot of 0.58 mL sample solution was transferred to a cuvette containing 1.74 mL 

deionised water before adding 1.20 mL 0.26 M HCl and 0.16 mL 10% w/v (NH4)6Mo7O24. 

The cuvette was shaken thoroughly and left for 5 minutes. Subsequently, an aliquot of 

0.16 mL 20% w/v tartaric acid was added, followed by 0.16 mL reducing agent containing 

1 g Na2SO3, 0.5 g 1-amino-2-naphthol-4-sulfonic acid and 30 g NaHSO3 in 200 mL of 

deionised water. After 1 hour, the absorbance was measured at 600 nm with a 

spectrophotometer (Shimadzu UV mini 1240 UV-vis, Kyoto, Japan).   
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4.3.3 Statistical analysis 

 

The normality of data was determined using quantile-quantile plots. Bartlett’s test was 

used for testing homogeneity of variances. The statistical analyses were done via three-

way ANOVA (genotype x Si application x water regime) using R (3.3.0). Tukey test was 

used subsequently to determine if mean values were significantly different (P ≤0.05; 

Table 4.2).  

 

4.4 Results 
 
4.4.1 Shoot and root dry weights and leaf area  
 
Low- and high-Si genotypes responded differently to Si application and water regime, 

making the interaction genotype x Si application x water regime significant for shoot and 

root dry weights and leaf area (P ≤0.05; Table 4.2).  

 

Shoot dry weight under flooded condition, and without Si, was similar in both genotypes 

(Fig. 4.1). However, under drought stress and in the absence of Si, shoot dry weight 

decreased in both genotypes, but more so in YRL38 (low-Si genotype). At 0 g Si kg−1 soil, 

mild drought stress (water level at 15 cm below the soil surface) significantly decreased 

YRL38 shoot dry weight (by 22%) compared to flooded plants (Fig. 4.1), but did not affect 

shoot dry weight of Calrose. When plants were subjected to severe drought stress 

(water level at 30 cm below the soil surface), shoot dry weight of Calrose and YRL38 

without Si application was significantly decreased (by 29% and 47%, respectively) in 

comparison to flooded plants (Fig. 4.1). 

 

Shoot dry weight of both genotypes was increased with application of Si, regardless of 

the water regime (Fig 4.1).  Under flooded condition, application of Si increased shoot 

dry weight of both genotypes in a similar manner, with application of Si at 0.2 g Si 

kg−1 soil providing a significant increase in YRL38 and Calrose by 34% and 28%, 

respectively, in comparison to plants without Si (Fig. 4.1); there was no difference in 

shoot dry weight between 0.2 and 0.5 g Si kg−1 soil treatments.  
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When plants were exposed to mild drought stress, the response of shoot dry weight to 

Si application differed between the two genotypes (Fig. 4.1). YRL38 shoot dry weight 

significantly (by 79%) increased when applied with 0.2 g Si kg−1 soil in comparison to 

plants without Si. However, increasing Si rate from 0.2 to 0.5 g Si kg−1 soil resulted in a 

decrease (17%) in shoot dry weight of YRL38 compared to plants treated with 0.2 g Si 

kg−1 soil (Fig. 4.1). For Calrose, shoot dry weight significantly increased (by 47%) only 

when treated with 0.5 g Si kg−1 soil compared to plants without Si (Fig. 4.1).  

 

Under severe drought, application of 0.2 g Si kg−1 soil increased shoot dry weight in both 

genotypes (by 115% in YRL38 and 54% in Calrose) in comparison to plants without Si; 

whereas there was no further increase when increasing Si rate from 0.2 to 0.5 g Si 

kg−1 soil (Fig. 4.1). At 0.5 g Si kg−1 soil, Calrose had (16 to 30%) greater shoot dry weight 

than YRL38 regardless of the water regime (Fig. 4.1). 
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Table 4.2 Analysis of variance for shoot and root dry weights, leaf area, root length, shoot Si concentration and content, net photosynthetic rate, stomatal 

conductance, transpiration rate, leaf water potential and leaf water content. 

*Significant effects that require means comparison P ≤0.05 

Source of 
variation 

P values* 

Shoot 
dry 

weight 

Root 
dry 

weight 

Leaf 
area 

Root 
length 

Shoot Si 
concentration 

Shoot Si 
content  

Net 
photosynthetic 

rate 

Stomatal 
conductance 

Transpiration 
rate 

Leaf 
water 

potential 

Leaf 
water 

content 

Genotype (G) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.704 0.178 0.585 0.471 

Silicon (Si) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.002 < 0.001 < 0.001 

Water (W) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.053 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

G x Si < 0.001 < 0.001 0.004 < 0.001 0.012 < 0.001 0.017 0.040 0.384 0.139 0.134 

G x W 0.016 0.021 0.669 0.933 0.160 0.003 0.971 0.002 0.001 0.214 0.314 

Si x W 0.020 < 0.001 0.154 < 0.001 0.051 0.001 0.003 < 0.001 < 0.001 0.008 < 0.001 

G x Si x W 0.001 0.002 0.014 0.161 0.046 < 0.001 < 0.001 0.004 < 0.001 0.733 0.079 
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Figure 4.1. Shoot dry weight (g plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 0.5 g Si kg−1 soil 

and grown for 6 weeks after transplanting under flooded, mild drought (water level at 15 cm depth) and severe drought (water level 

at 30 cm depth) conditions. Values are means of three replicates, and error bars indicate the standard error of the mean. Different 

letters above the bars indicate significant differences at P ≤0.05 based on Tukey test. 
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Root dry weights of the two genotypes in the absence of Si were similar regardless of 

the water regime, and mild and severe drought stresses significantly decreased root dry 

weight in both genotypes in a similar manner (Fig. 4.2). Root dry weight of both 

genotypes was improved by application of Si depending on the water regime. In flooded 

soil, application of Si did not influence root dry weight of YRL38, but increased that of 

Calrose (by about 31%) in comparison to plants without Si) (Fig. 4.2).  

 

Under mild drought, YRL38 root dry weight was increased (by 133%) at 0.2 g Si kg−1 soil 

compared to plants without Si; however, increasing Si rate from 0.2 to 0.5 g Si kg−1 soil 

resulted in a decrease in root dry weight when compared to plants treated with 0.2 g Si 

kg−1 soil (Fig. 4.2). No effect of Si application on YRL38 root dry weight was found under 

severe drought stress condition (Fig. 4.2). In Calrose, application of 0.2 g Si kg−1 soil 

resulted in a 127% increase in root dry weight compared with plants without Si under 

mild drought stress, but not under severe drought (Fig. 4.2). Increasing Si rate from 0.2 

to 0.5 g Si kg−1 soil was associated with increases in root dry weight in Calrose (by 232% 

under mild drought and by 107 % under severe drought) in comparison to plants without 

Si (Fig. 4.2). 

 

Leaf area of the two genotypes was similar when grown in flooded condition in the 

absence of Si (Fig. 4.3). Without Si application, leaf area of both genotypes was not 

affected by mild drought stress in comparison to the flooded treatment. Under severe 

drought, leaf area of both genotypes declined significantly and more so for YRL38 (by 

56%) than Calrose (by 36%) in comparison to flooded plants (Fig. 4.3). In both genotypes, 

an application of 0.2 g Si kg−1 soil significantly increased leaf area regardless of the water 

regime; however, there was no further increase when Si rate increased from 0.2 to 0.5 

g Si kg−1 soil (Fig. 4.3). 
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Figure 4.2. Root dry weight (g plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 0.5 g Si kg−1 soil 

and grown for 6 weeks after transplanting under flooded, mild drought (water level at 15 cm depth) and severe drought (water level 

at 30 cm depth) conditions. Values are means of three replicates, and error bars indicate the standard error of the mean. Different 

letters above the bars indicate significant differences at P ≤0.05 based on Tukey test. 
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Figure 4.2. Root dry weight (g plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 0.5 g Si kg−1 soil 

and grown for 6 weeks after transplanting under flooded, mild drought (water level at 15 cm depth) and severe drought (water level 

at 30 cm depth) conditions. Values are means of three replicates, and error bars indicate the standard error of the mean. Different 

letters above the bars indicate significant differences at P ≤0.05 based on Tukey test. 
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4.4.2 Root length 
 
The interaction genotype x Si application x water regime was not significant for root 

length, but there were significant interactions water regime x Si application (P ≤0.05; 

Table 4.2) and genotype x Si application (P ≤0.05; Table 4.2). 

 

Root length in the absence of Si was significantly decreased under mild (by 51%) and 

severe drought stress (by 30%) compared with flooded plants (Table 4.3). Application of 

Si had no effect on root length in flooded soil, but resulted in a significant increase under 

both drought stress conditions (Table 4.3). Applying 0.2 Si kg−1 soil increased root length 

under mild (by 56%) and severe drought stress (by 96%) in comparison to plants without 

Si (Table 4.3); however, no further change was observed when increasing Si rate from 

0.2 to 0.5 g Si kg−1 soil (Table 4.3). 

 

Table 4.3. Root length (m plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction water regime x Si application (3-way interaction was non-

significant). The rice genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 6 

weeks after transplanting flooded, mild drought (water level at 15 cm depth) and severe drought 

(water level at 30 cm depth) conditions. The means in a column followed by different letters are 

significantly different at P ≤0.05 based on Tukey test. Values are means of three replicates (± 

SE).  

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

S.E.: standard error.  

Water 
Silicon 

(g kg−1 soil) 
 Root length 
(m plant-1)  

 
 

Flooded 

0 1511 ± 46 cd 

0.2 1571 ± 191 d 

0.5 1614 ± 197 d 

 
Mild 

drought 

0 737 ± 32 a 

0.2 1148 ± 105 bc 

0.5 1511 ± 251 cd 

 
Severe 

drought 

0 1064 ± 97 ab 

0.2 2109 ± 168 e 

0.5 2088 ± 195 e 
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Both genotypes had similar root lengths in the absence of Si; however, only Calrose root 

length responded to the application of Si (Table 4.4). Applying 0.2 Si kg−1 soil significantly 

(71%) increased root length of Calrose in comparison to plants without Si (Table 4.4); 

nevertheless, there was no further increase when Si rate increased from 0.2 to 0.5 g Si 

kg−1 soil.  

 

Table 4.4. Root length (m plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction genotype x Si application (3-way interaction was non-significant). 

The rice genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 6 weeks after 

transplanting under flooded, mild drought (water level at 15 cm depth) and severe drought 

(water level at 30 cm depth) conditions. The means in a column followed by different letters are 

significantly different at P ≤0.05 based on Tukey test. Values are means of three replicates (± 

SE).  

Genotype 
Silicon 

(g kg−1 soil) 
 Root length  
(m plant-1) 

 
 

YRL38 

0 1085 ± 116 a 

0.2 1304 ± 145 a 

0.5 1300 ± 129 a 

 
 

Calrose 

0 1123 ± 129 a 

0.2 1915 ± 161 b 

0.5 2175 ± 100 b 

S.E.: standard error.  

 

4.4.3 Shoot Si concentration and content 

 

Low- and high-Si genotypes responded differently to Si application and water regime, 

making the genotype x Si application x water regime interaction significant for both 

shoot Si concentration and content (P ≤0.05; Table 4.2).  

 

Shoot Si concentrations in the two genotypes were similar across all the treatments (Fig. 

4.4). However, in the absence of Si, neither mild nor severe drought stress influenced 

YRL38 shoot Si concentration, whereas severe drought significantly increased (by 68%) 

that of Calrose as compared to the flooded plants (Fig. 4.4).  
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Shoot Si concentration of both genotypes was increased by application of Si, depending 

on the water regime (Fig. 4.4). In YRL38, increasing Si application from 0 to 0.2 g Si kg−1 

soil did not affect Si concentration in shoots of plants grown in flooded soil, but resulted 

in a significant increase under mild (by 45%) and severe (by 44%) drought stress (Fig. 

4.4). Increasing Si rate from 0.2 to 0.5 g Si kg−1 soil significantly increased YRL38 shoot Si 

concentration under flooded (by 44%) compared to plants without Si. There was no 

difference in YRL38 shoot Si concentration between 0.2 and 0.5 g Si kg−1 soil treatments 

either under mild or severe drought stress conditions (Fig. 4.4). In Calrose, shoot Si 

concentration was not affected by increasing Si application from 0 to 0.2 g Si kg−1 soil 

regardless of the water regime, but was significantly (by 28 – 63%) increased at 0.5 g Si 

kg−1 soil in comparison to plants without Si (Fig. 4.4). 

 

Shoot Si content of both genotypes, in the absence of Si, was affected by neither mild 

nor severe drought stress conditions (Fig. 4.5). There was no significant difference in 

shoot Si content between genotypes under flooded and mild drought conditions in the 

absence of Si. However, when subjected to severe drought, Calrose had a 90% greater 

shoot Si content than YRL38 (Fig. 4.5).  

 

Shoot Si content of both genotypes was increased by application of Si regardless of the 

water regime (Fig. 4.5).  However, the genotypes responded differently to the Si rate 

increasing (Fig. 4.5). In YRL38, application of 0.2 g Si kg−1 soil resulted in a significant 

increase (by 55-208%) in shoot Si content in comparison to plants without Si and 

regardless of the water regime, whereas increasing Si rate from 0.2 to 0.5 g Si kg−1 soil 

resulted in a decrease in YRL38 Si content compared to plants treated with of 0.2 g Si 

kg−1 soil under mild drought (Fig. 4.5). In Calrose, application of 0.2 g Si kg−1 soil increased 

significantly (up to 75%) shoot Si content as compared to plants without Si regardless of 

the water regime. Increasing Si rate from 0.2 to 0.5 g Si kg−1 soil provided a further 

increase in Calrose regardless of the water regime, making shoot Si content 27 to 48 % 

higher in Calrose than YRL38 at 0.5 g Si kg−1 soil (Fig. 4.5).  
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Figure 4.4. Shoot Si concentration (mg g-1 dry weight) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 

0.5 g Si kg−1 soil and grown for 6 weeks after transplanting under flooded, mild drought (water level at 15 cm depth) and severe 

drought (water level at 30 cm depth) conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different letters above the bars indicate significant differences at P ≤0.05 based on Tukey test. 
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Figure 4.5. Shoot Si content (mg plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 0.5 g Si kg−1 soil 

and grown for 6 weeks after transplanting under flooded, mild drought (water level at 15 cm depth) and severe drought (water level 

at 30 cm depth) conditions. Values are means of three replicates, and error bars indicate the standard error of the mean. Different 

letters above the bars indicate significant differences at P ≤0.05 based on Tukey test. 

 

 mean.  
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4.4.4 Net photosynthetic rate, stomatal conductance and transpiration rate 

 

Net photosynthetic rate, stomatal conductance and transpiration rate were all 

influenced by the interaction genotype x Si application x water regime (P ≤0.05; Table 

4.2). 

 

Net photosynthetic rate under flooded condition, and without Si, was greater in YRL38 

in comparison to Calrose (Fig. 4.6). However, under drought stress, in the absence of Si, 

only Calrose maintained similar net photosynthetic rate in flooded soil as well as under 

drought stress conditions, whereas that of YRL38 was significantly (by 38%) decreased 

under severe drought in comparison to flooded plants (Fig. 4.6). 

 

Net photosynthetic rate was improved in a presence of Si in a genotype-specific manner 

depending on the water regime (Fig. 4.6). In YRL38, application of Si did not affect net 

photosynthetic rate under flooded condition, but resulted in an increase (by 19-56%) 

under drought stress conditions in comparison to plants without Si. There was no further 

increase observed when increasing Si application from 0.2 to 0.5 g Si kg−1 soil (Fig. 4.6). 

In Calrose, application of 0.2 g Si kg−1 soil significantly (by 26%) increased net 

photosynthetic rate compared with plants without Si under mild drought stress only. 

Increasing Si application from 0.2 to 0.5 g Si kg−1 soil significantly (by 23%) increased 

Calrose net photosynthetic rate in comparison to plants without Si under flooded 

condition and resulted in a further increase under mild drought stress when compared 

to plants treated with 0.2 g Si kg−1 soil (Fig. 4.6). No effect of Si application on Calrose 

net photosynthetic rate was observed under severe drought stress.  

 

Stomatal conductance and transpiration rate of both genotypes were similar under 

flooded condition, and without Si (Figs. 4.7 and 4.8). However, in the absence of Si, both 

mild and severe drought conditions decreased Calrose stomatal conductance and 

transpiration rate up to 62% and 29%, respectively, in comparison to flooded plants, 

whereas those of YRL38 were decreased only under severe drought stress (Figs. 4.7 and 

4.8).  
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Stomatal conductance was improved by Si application in Calrose, but not YRL38 (Fig. 

4.7). Calrose stomatal conductance was not influenced by applying 0.2 g Si kg−1 soil and 

regardless of the water regime, whereas increasing Si application from 0.2 to 0.5 g Si 

kg−1 soil resulted in a significant increase (by 107%) only under mild drought (Fig. 4.7).  

 

Transpiration rate of both genotypes was influenced by Si application under drought 

stress, but not under flooded conditions (Fig. 4.8). Under mild drought stress, increasing 

the Si rate from 0 to 0.2 g Si kg−1 soil resulted in an increase (by 75%) in transpiration 

rate in Calrose (by 88%) in comparison to plants without Si, whereas no further increase 

was observed from 0.2 to 0.5 g Si kg−1 soil (Fig. 4.8). There was no effect of Si application 

on YRL38 transpiration rate observed under mild drought (Fig. 4.8). Under severe 

drought stress, transpiration rate of Calrose was not influenced by Si application, 

whereas that of YRL38 was significantly increased (by 88%) only when treated with 0.2 

g Si kg−1 soil compared to plants without Si (Fig. 4.8).  
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Figure 4.6. Net photosynthetic rate (μmol CO2 m−2 s-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 

0.5 g Si kg−1 soil and grown for 6 weeks after transplanting under flooded, mild drought, and severe drought conditions. Values are 

means of three replicates, and error bars indicate the standard error of the mean. Different letters above the bars indicate significant 

differences at P ≤0.05 based on Tukey test. 

 

 mean.  
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Figure 4.7. Stomatal conductance (mol H2O m−2 s-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 0.5 

g Si kg−1 soil and grown for 6 weeks after transplanting under flooded, mild drought, and severe drought conditions. Values are 

means of three replicates, and error bars indicate the standard error of the mean. Different letters above the bars indicate significant 

differences at P ≤0.05 based on Tukey test. 

 

 



 

111 
 

 
 

 

 

 

Figure 4.8. Transpiration rate (mmol H2O m−2 s-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes supplied with 0, 0.2 or 0.5 g 

Si kg−1 soil and grown for 6 weeks after transplanting under flooded, mild drought, and severe drought conditions. Values are means 

of three replicates, and error bars indicate the standard error of the mean. Different letters above the bars indicate significant 

differences at P ≤0.05 based on Tukey test. 
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4.4.5 Leaf relative water content and leaf water potential  
 
Leaf relative water content and water potential were affected by the interaction Si 

application x water regime, but not by genotype (P ≤0.05; Table 4.2). 

 

Leaf relative water content, in the absence of Si, significantly decreased under drought 

stress conditions (by 13 % and 28% under mild and severe drought stress, respectively) 

in comparison to flooded plants (Table 4.5). In the absence of Si application, leaf water 

potential was significantly decreased (by 80%) only under severe drought stress as 

compared to flooded plants (Table 4.5). 

 

Table 4.5. Leaf relative water content (%) and leaf water potential (MPa) of low-Si (YRL38) and 

high-Si (Calrose) rice genotypes influenced by the interaction water regime x Si application (3-

way interaction was non-significant). The rice genotypes were supplied with 0, 0.2 or 0.5 g Si 

kg−1 soil and grown for 6 weeks after transplanting under flooded, mild drought (water level at 

15 cm depth) and severe drought (water level at 30 cm depth) conditions. The means in a column 

followed by different letters are significantly different at P ≤0.05 based on Tukey test. Values are 

means of three replicates (± SE).  

Water 
Si  

(g kg−1 soil) 
Leaf relative water 

content (%) 
Leaf water 

potential (MPa)  

 
 

Flooded 

0 95 ± 1 d -0.5 ± 0.0 ab 

0.2 92 ± 2 cd -0.5 ± 0.1 ab 

0.5 93 ± 3 cd -0.4 ± 0.0 a 

 
Mild 

drought 

0 83 ± 4 b -0.7 ± 0.0 b 

0.2 91 ± 1 bcd -0.7 ± 0.1 ab 

0.5 88 ± 2 bcd -0.6 ± 0.1 ab 

 
Severe 

drought 

0 68 ± 2 a -0.9 ± 0.1 c 

0.2 85 ± 1 bc -0.7 ± 0.0 b 

0.5 88 ± 2 bcd -0.5 ± 0.0 ab 

S.E.: standard error.  

 

Leaf relative water content and leaf water potential significantly increased with Si 

application only under severe drought, but not when grown under flooded or mild 

drought conditions (Table 4.5). Under severe drought, application of 0.2 g Si kg−1 soil 

significantly increased leaf relative water content (by 25%) and leaf water potential (by 
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22%) in comparison to plants without Si application (Table 4.5). There was no further 

change observed when Si rate increased from 0.2 to 0.5 g Si kg−1 soil (Table 4.5). 

 

4.5 Discussion 
 
Drought stress negatively affected both low- and high-Si rice genotypes, with a 

significant decrease in net photosynthetic rate, stomatal conductance, transpiration 

rate, root dry weight and length, leaf relative water content and water potential; hence, 

shoot dry weight decreased as well. The greater decrease in shoot dry weight was 

observed in YRL38 (low-Si genotype) than Calrose (high-Si genotype) (Fig. 4.1). The 

results may indicate a better drought resistance in Calrose than YRL38, which might be 

attributed to a more effective water saving adaptation by reducing stomatal 

conductance under mild and severe drought, and thus decreasing transpiration rate, 

whereas those parameters decreased in YRL38 only when subjected to severe drought 

(Figs. 4.7 and 4.8). Better adaptation to drought stress by reducing stomatal 

conductance was also found in upland rice as compared to lowland rice (Menge et al. 

2019). Although the closure of stomata generally limits CO2 uptake (Bouman and Tuong 

2001; Jaleel et al. 2009), the present study found Calrose still maintained net 

photosynthetic rate under drought stress, whereas that of YRL38 was significantly 

decreased (Fig. 4.6). The better maintenance of photosynthesis in Calrose than YRL38 

might be associated with greater shoot Si accumulation in the former (Fig. 4.5). Silicon 

in rice shoots has been found to play an important role in maintaining or increasing 

chlorophyll content in drought-stressed plants (Chen et al. 2011; Silva et al. 2012). 

Therefore, the results of the present study may imply that the genotypic differences in 

capacity to accumulate Si between the genotypes tested here could be related to the 

difference in their drought resistance. The high-Si accumulating rice genotypes may be 

suitable for lowland rice producing areas with insufficient irrigation water.  

 

Application of Si enhanced drought resistance in both rice genotypes. The mechanisms 

of Si-mediated alleviation of drought stress may be associated with the improvement in 

the net photosynthetic rate and plant water status under drought stress. In the presence 

of Si, net photosynthetic rate of both low- and high-Si genotypes increased under 
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drought stress in comparison to plants without Si (Fig. 4.6). The findings were consistent 

with the study by Ming et al. (2012) who reported Si application increased 

photosynthesis of rice seedling grown under drought stress. Similarly, Chen et al. (2011) 

found application of Si increased photosynthesis (by about 30%) in rice lines subjected 

to drought stress. Similar results were also observed in other species such as wheat (Ali 

et al. 2013; Maghsoudi et al. 2016), sorghum (Yin et al. 2014), tomato (Shi et al. 2016), 

cucumber (Ma et al. 2004) and zoysia grass (Bae et al. 2015).  

 

Silicon increased resistance of rice to drought stress by improving plant water status. 

The findings from the present study showed severe drought stress significantly 

decreased leaf relative water content and water potential, whereas application of Si 

significantly increased both parameters (Table 4.5). Many studies also reported Si 

alleviating plant water status and water balance under drought stress induced by PEG 

(Gharineh and Karmollachaab 2013; Yin et al. 2014) or drying soil (Chen et al. 2011; 

Sujatha et al. 2013) and sand (Bae et al. 2015). In the study presented here, the increased 

leaf water content and leaf water potential may be attributed to Si-mediated 

improvement in root dry weight and length under drought stress (Fig. 4.2). Silicon has 

been reported to increase root dry weight and promote root elongation in rice (Ming et 

al. 2012), sorghum (Ahmed et al. 2011; Hattori et al. 2005) and wheat (Ali et al. 2013; 

Gong et al. 2003), contributing to better water and nutrient uptake by drought-stressed 

plants compared to those not treated with Si (Chen et al. 2018; Saud et al. 2014). 

Additionally, the improvement in water uptake and transport increasing drought 

resistance has been associated with Si increasing root hydraulic conductance (Chen et 

al. 2018; Liu et al. 2014b; Shi et al. 2016) and enhancing osmotic adjustment (Liang et al. 

2015; Zhu and Gong 2014). 

 

Silicon has been found to decrease excessive transpiration via formation of a cuticle-

silica double layer (Ma et al. 2001; Yoshida et al. 1962a) and by regulating stomatal 

movement (Agarie et al. 1998; Gao et al. 2006; Ma et al. 2004), thus improving plant 

water status (Sacala 2009). In the present study, however, we observed an increase in 

stomatal conductance and transpiration rate in plants grown under drought stress in the 

presence of Si; for example, application of Si at 0.5 g Si kg−1 soil increased Calrose 
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stomatal conductance and transpiration rate under mild drought, contributing to an 

increase in net photosynthetic rate (Fig. 4.6). There were similar results observed in rice 

(Ming et al. 2012), soybean (Shen et al. 2010), tomato (Shi et al. 2016), pepper (Silva et 

al. 2012) and sorghum (Hattori et al. 2005; Yin et al. 2014). The variation in the effects 

of Si in regulating plant transpiration rate was attributed to differences in genotypes, 

species and growth conditions (Chen et al. 2018; Hattori et al. 2005). In the present 

study, the increase in stomatal conductance and transpiration rate under drought stress 

might have been associated with improved plant water status induced by Si-mediated 

maintenance of root growth (dry weight and length) as discussed above, allowing plants 

to maintain high net photosynthetic rate when exposed to drought stress. 

 

Low- and high-Si genotypes responded differently to Si application in terms of drought 

resistance. In the present study, drought-limited shoot growth of YRL38 was alleviated 

by the application of 0.2 g Si kg−1 soil, whereas increasing Si rate from 0.2 to 0.5 g Si 

kg−1 soil caused a decrease in shoot dry weight in comparison to Si rate at 0.2 g Si kg−1 soil 

(Fig. 4.1). In contrast, Calrose responded well to the application of 0.5 g Si kg−1 soil by 

improving shoot dry weight (Fig. 4.1). The results showed that the increased shoot dry 

weight in both genotypes was positively associated with an increase in net 

photosynthesis rate, implying that different rice genotypes might require different Si 

applications for contribution of photosynthesis to growth increase. In addition, the 

results showed that Calrose had a greater shoot and root dry weights and shoot Si 

accumulation than YRL38 when treated with 0.5 g Si kg−1 soil regardless of the water 

regime (Fig. 4.1). The results are consistent with the findings from the previous study 

whereby a greater effect of the application of 0.5 g Si kg−1 soil on increasing shoot and 

root dry weight and shoot Si content occurred in Calrose than YRL38 when grown in 

flooded soil (Chapter 3). The findings may indicate the difference in the capacity to 

accumulate Si, with Calrose accumulating a larger amount of Si (0.5 g Si kg−1 soil) to 

produce greater rice growth than YRL38. The findings may suggest a possibility to 

provide higher Si supply than the present study to further enhance the growth of Calrose 

under drought stress. 
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4.6 Conclusions 
 
Drought stress negatively affected two rice genotypes, with a significant decrease in 

physiological processes, resulting in a decrease in growth of both low- and high-Si 

genotypes. However, the decrease was greater in the low-Si genotype, especially under 

severe drought whereby high-Si genotype accumulated more Si than low-Si genotype. 

This may indicate the resistance to drought stress might be positively related to the Si-

accumulating capacity, and high-Si rice genotype might be suitable for rice production 

areas exposed to drought stress. Application of Si enhanced drought resistance by 

increasing net photosynthetic rate and plant water status, hence improving rice growth. 

Low- and high-Si genotypes differed in the extent of Si application enhancing drought 

resistance; the high-Si genotype accumulated a larger amount of Si than the low-Si 

genotype, resulting in a greater rice growth in the former under drought stress. If 

confirmed in field trials, these findings would suggest the combination of growing high-

Si rice genotype with Si application may have a potential to enhance crop performance 

under drought stress. 
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Chapter 5 

 

Alternate wetting and drying (AWD) irrigation and Si application improve growth and 

water-use efficiency of rice (Oryza sativa L.) genotypes differing in Si accumulation 

capacity 

 

5.1 Abstract  

 

Alternate wetting and drying (AWD) is a water-saving regime that can reduce water 

input in irrigated lowland rice production; however, it may cause a decrease in rice 

growth and yield. Silicon (Si) is a beneficial element enhancing resistance to drought 

stress in rice plants. Application of Si may have a potential to prevent a reduction in rice 

growth and yield and increase water-use efficiency under AWD conditions, especially in 

rice genotype with high capacity to accumulate Si. The glasshouse experiment was 

conducted using a randomized complete block design with three replicates. Low-Si 

(YRL38) and high-Si (Calrose) accumulating lowland rice genotypes were treated with 

three Si rates (0, 0.2 and 0.5 Si kg−1 soil) under three water regimes (continuously 

flooded, safe-AWD (water level was allowed to drop to 15 cm below soil surface before 

re-flooding) and extreme-AWD (water level was allowed to drop to 30 cm below soil 

surface before re-flooding). At the vegetative development stage V9, both AWD 

methods maintained shoot dry weight similar to the flooded treatment; however, 

extreme-AWD decreased root dry weight, net photosynthesis rate, stomatal 

conductance, transpiration rate, leaf relative water content and water potential. The 

irrigation water input was decreased only under extreme-AWD, thus water-use 

efficiency increased. The AWD methods significantly decreased Calrose shoot Si 

accumulation, suggesting that application of Si might be necessary in order to avoid 

insufficient Si in shoots that may lead to poor crop growth under stress conditions. 

Silicon application increased shoot dry weight, shoot Si accumulation, water-use 

efficiency, net photosynthetic rate, leaf relative water content and water potential of 

plants grown under AWD. The effect of Si application was expressed more clearly in 

Calrose than YRL38. In addition, the rice genotypes differently responded to Si 

application, with Si rate for maximal shoot growth being 0.2 g Si kg−1 soil in YRL38 and 
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0.5 g Si kg−1 soil in Calrose. The results indicated a greater capacity to accumulate Si in 

high-Si genotype Calrose compared with YRL38 was associated with a greater shoot 

growth in the former. If confirmed in the field trials, these findings suggest that the 

application of Si combined with high-Si genotypes may have a potential to improve 

water-use efficiency under AWD. 

 

5.2 Introduction 

 

Rice (Oryza sativa L.) production is expected to increase by 50% to support world 

population growth by 2030 (Tomlinson 2013), especially in developing countries in Asia 

and Africa. Sufficient water supply is one of the most important factors in irrigated 

lowland rice, which provides 75% of total world rice production (Chauhan et al. 2017). 

However, exacerbating water scarcity has threatened increased irrigated lowland rice 

worldwide. It has been estimated that 15 to 20 million hectares of irrigated lowland rice 

will be affected by insufficient irrigation water by 2025 (Tuong and Bouman 2003). It is 

necessary to have effective strategies to increase rice growth and yield, while reducing 

the amount of irrigation water use or increasing water productivity. 

 

Alternate wetting and drying (AWD) water-saving regime, also known as intermittent 

flooded and non-flooded irrigation, has been used to control water input in a range of 

rice-producing areas globally (Lampayan et al. 2015). Under AWD conditions, irrigated 

rice fields are allowed to dry for a number of days before being re-submerged, thus 

minimising an amount of water used (IRRI 2016). Crop production is substantially 

affected by differences in hydrologic conditions and the duration of non-flooded fields, 

consequently, plants may be exposed to water deficit (Bouman et al. 2007; Mote et al. 

2016; Yang et al. 2017). Studies have reported that AWD increased (Pan et al. 2009; Yang 

et al. 2009; Zhang et al. 2009), decreased (Bouman and Tuong 2001), or did not change 

(Cabangon et al. 2004; Dong et al. 2012; Yao et al. 2012) rice growth and yield in 

comparison with a continuously flooded method. In 2002, International Rice Research 

Institute (IRRI) developed the safe-AWD method in order to reduce water usage in rice 

fields, while maintaining yield. In safe-AWD, a field water tube is used to investigate 

water depth, which is allowed to drop to about 15 cm below soil surface before the soil 

is re-flooded. At this water level, rice roots are still able to take up water from the 
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saturated soil deeper in the profile without causing plant stress (Lampayan et al. 2015). 

Decreases in water use amounting to 17-38% under safe-AWD were recorded without 

reduced yield; hence, water-use efficiency was improved (Lampayan et al. 2015). It was 

suggested that the safe-AWD method might be further improved by allowing water to 

drop lower than 15 cm below soil surface in order to further decrease water input 

(Norton et al. 2017).  

 

Silicon is widely accepted as a beneficial element enhancing resistance to several 

stresses in higher plants including drought stress (Ma 2004). Rice is a strong Si 

accumulator with specific Si transporters in roots, Lsi1 and Lsi2, actively transporting Si 

in a form of silicic acid (H4SiO4) from soil solution to xylem cells (Yamaji and Ma 2011). 

Silicic acid taken up by the plant root is consequently moved to shoot via transpiration 

stream before being translocated to shoot cell by Lsi6. The silicic acid is then 

polymerised and deposited in shoots (usually containing more than 90% of the total 

plant Si) (Ma and Yamaji 2015). Variable Si accumulation in rice shoot has been found to 

be related to differential resistance to biotic and abiotic stresses (Deren 2001; Nakata et 

al. 2008; Prabhu et al. 2001), with high resistance associated with high Si accumulation. 

A capacity to accumulate Si in rice is mainly controlled by abundance of the Si 

transporters in roots (Wu et al. 2006), making rice genotypes differ in shoot Si 

accumulation, and hence in resistance to stresses. In a previous study, shoot Si 

accumulation had a positive relationship with drought resistance. In addition, 

application of Si increased drought-inhibited shoot and root dry weight of both low- and 

high-Si genotypes, with high-Si rice having a greater capacity to accumulate Si, and thus 

produce greater shoot and root dry weight than low-Si rice genotypes (Chapter 4). 

 

Under AWD practice, application of Si resulted in an increase in leaf chlorophyll content, 

leaf relative water content, leaf Si content, and hence maintained similar grain yield 

under AWD treatment as well-water condition (Sujatha et al. 2013). The beneficial 

effects of Si in enhancing resistance to drought stress might be a potential way to 

increase water-use efficiency under AWD conditions by maintaining or increasing rice 

growth, while reducing water input, especially when combined with rice genotypes with 

high capacity to accumulate Si supply. Therefore, the aims of this study were to 1) 
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characterise the effects of Si on rice growth and water-use efficiency under AWD 

conditions and 2) determine the extent of plant growth in rice genotypes differing in Si 

accumulation under AWD conditions. 

 

5.3. Materials and methods  
 
5.3.1 Experimental design and approach 
 
The experiment was conducted using a randomized complete block design with three 

factors and three replicates per treatment. The first factor was two rice genotypes 

varying in Si accumulation as characterised in the previous study (Chapter 3): YRL38 

(low-Si genotype) and Calrose (high-Si genotype). The second factor was three Si rates 

selected from the preliminary studies: 0, 0.2 and 0.5 g Si kg−1 soil. The third factor was 

three water regimes: flooded, safe-AWD (water level allowed to drop to 15 cm depth 

before re-flooding) and extreme-AWD (water level allowed to drop to 30 cm depth 

before re-flooding). 

 

Soil used in this experiment was collected from 0 to 10 cm soil layer from the University 

of Western Australia farm Ridgefield at Pingelly, Western Australia (32.5061° S, 

116.9668° E). The soil was dried at 40 °C for 48 hours and sieved through a 2-mm sieve. 

Subsamples of sieved soil were analysed for physical and chemical properties (Table 

5.1). Four kg of soil was amended with basal nutrients at the following rates (mg/kg): N, 

33; P, 21; K, 91; Mg, 2; S, 33; Cu, 0.53; Zn, 2; Mn, 3; B, 0.12; Na, 0.03; and Mo, 0.07. 

Silicon was supplied to the soil as calcium silicate (CaSiO3; 200 mesh, 99%, Sigma Aldrich) 

at 0, 0.2 and 0.5 g Si kg−1 soil. To compensate for differential Ca supply in the Si 

treatments, calcium chloride (CaCl2) was applied at 0.7, 0.4 and 0 g Ca kg−1 soil for Si 

rates at 0, 0.2 and 0.5 g Si kg−1 soil, respectively. The amended soil was weighed into 

pots (10 cm in diameter and 42 cm in depth) with a bottom cap. The cap had a 12-mm-

diameter drainage hole connected to an open-end plastic tubing (10 mm diameter and 

40 cm length) fastened to the pot to observe the water level in the pot. The soil was 

flooded with deionised (DI) water at 2 cm above the soil surface for 2 days before 

transplanting rice seedlings. 
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Rice seeds were surface-sterilized by soaking in 1% (v/v) Ca(ClO)2 for 1 minute, then 

rinsed by deionised (DI) water for 1 minute before soaking in DI water in a glass beaker 

at 25 °C for 16 hours. The seeds were transferred to a net (1-mm mesh) floating on 0.5 

mM CaCl2 solution in a 8-litre plastic container and placed in a glasshouse at the 

University of Western Australia (31.9812° S, 115.8199° E). Four 6-day-old seedlings per 

pot were transplanted into the submerged soil. Three days later the pots were thinned 

to two seedlings per pot.  

 

Table 5.1 Physical and chemical properties of soil used in the study 

 

 

 

 

 

 

 

 

 

 

 

The rice plants were grown in a growth chamber with the temperature of 30°C during 

the day and 25°C at night, with 1,000 μmol photons m−2 s−1 (PAR) light intensity, 12-h 

day length, and 60% relative humidity. Pots containing 4 kg of soil flooded with DI water 

and without plants were placed in the growth chamber for the measurement of water 

loss by evaporation. At the vegetative stage V6 (Counce et al. 2000), water depth was 

increased to 5 cm above soil surface. In the continuously flooded treatment, the water 

level was maintained at 5 cm above the soil surface until harvest. In AWD treatments, 

the water level was allowed to drop to 15 cm (safe-AWD) or 30 cm (extreme-AWD) 

below the soil surface, observed via the plastic tubing, before DI water was applied from 

Soil parameter Value 

Organic Carbon (%) 2.41 

Conductivity (dS/m) 0.048 

Texture Loam 

pH Level (CaCl2) 5.4 

pH Level (H2O) 6.5 

Ammonium Nitrogen (mg/kg) 5 

Nitrate Nitrogen (mg/kg) 8 

Phosphorus Colwell (mg/kg) 10 

Potassium Colwell (mg/kg) 472 

Sulfur (mg/kg) 3.5 

Copper (mg/kg) 2.2 

Iron (mg/kg) 32.88 

Manganese (mg/kg) 74.24 

Zinc (mg/kg) 0.57 
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soil surface to re-flood to 5-cm water depth above the soil surface. The irrigation cycle 

of AWD treatments was maintained throughout a period of growth until harvest at 49 

days after rice planting in pots or vegetative stage V9 (Counce et al. 2000). The amount 

and timing of irrigation is reported in Appendix A.  

 

5.3.2 Measurements  

 

The total amount of irrigation water utilised by each pot was recorded individually by 

weighing each pot at approximately 10 am every day. Daily transpiration was calculated 

as the difference in pot weight from that on the previous day after evaporation was 

subtracted. The amount of evaporated water was determined by weighing control pots 

without plants daily at approximately 10 am. The weight difference between days was 

considered the total daily evaporation.  At harvest, water-use efficiency was calculated 

by dividing total dry weight by irrigation water use. A day before harvest, net 

photosynthetic rate, transpiration rate and stomatal conductance were measured by a 

LI-6400XT portable infrared gas analyser (LI-COR Inc., Lincoln, NE, USA). The youngest 

fully expanded leaves were measured between 9.30 am and 12.00 pm. 

 

At harvest, leaf water potential of the youngest fully expanded leaves was measured 

using a pressure chamber (model 1000, PMS Instrument Co., Albany, OR, USA) between 

9.00 to 11.00 am. The relative water content of the second youngest fully expanded 

leaves was determined according to the formula below. A leaf was cut and weighed 

immediately to determine the fresh weight and then rehydrated in water for 24 hours. 

The leaf was blotted dry with tissue paper, and turgid weight was determined 

immediately followed by the leaf being dried in a hot-air oven at 70 °C for 72 hours. 

 

Leaf relative water content (%) =
(Fresh weight − Dry weight)

(Turgid weight − Dry weight)
 

 

Shoot and root dry weight and leaf area were measured at the harvest. Shoots were cut 

just above the soil surface. Leaves were separated to determine leaf area using a leaf 

area meter (LI-3000, Li-COR Biosciences, Lincoln, NE, USA). Roots were gently washed on 
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a 2-mm sieve under running water to remove soil particles. Root length was determined 

using a WinRHIZO Pro software (v2009, Regent Instrument, Quebec, QC, Canada). The 

shoots and roots were oven-dried (Heratherm OMS 100, Thermo Scientific, 

Langenselbold, Germany) at 70°C for 72 hours before recording dry weights. The dried 

shoots were digested to measure Si concentration as described below. 

 

Silicon concentration in shoots was determined following the acid digestion and alkaline 

dissolution method modified from Nayar et al. (1975). A 50-mL conical flask was cleaned 

with 10 mL concentrated NaOH (heated on a hot plate at 80 °C for 2 minutes), rinsed 

with Milli-Q water and dried before weighing a 100-mg ground (< 0.25 mm) shoot 

sample into the flask. The sample was digested on a hot plate (100 °C) with 5 mL 

concentrated HNO3 for 10 minutes before adding 1 mL 70% w/w HClO4 and heating at 

140 °C until the brown fumes ceased. The resultant solution was transferred to a Teflon 

beaker containing 1 g of anhydrous Na2CO3 and boiled for 2 hours at 180 °C. After 

cooling, the solution was made up to 250 mL prior to colorimetric analysis for Si 

determination. 

 

The colorimetric molybdenum blue method was modified from Mitani and Ma (2005). 

An aliquot of 0.58 mL sample solution was transferred to a cuvette containing 1.74 mL 

deionised water before adding 1.20 mL 0.26 M HCl and 0.16 mL 10% w/v (NH4)6Mo7O24. 

The cuvette was shaken thoroughly and left for 5 minutes. Subsequently, an aliquot of 

0.16 mL 20% w/v tartaric acid was added, followed by 0.16 mL reducing agent containing 

1 g Na2SO3, 0.5 g 1-amino-2-naphthol-4-sulfonic acid and 30 g NaHSO3 in 200 mL of 

deionised water. After 1 hour, the absorbance was measured at 600 nm by a 

spectrophotometer (Shimadzu UV mini 1240 UV-vis, Kyoto, Japan).   

 

5.3.3 Statistical analysis 

 

The normality of data was determined using quantile-quantile plots. Bartlett’s test was 

used for testing homogeneity of variances. The statistical analyses were done via three-

way ANOVA (genotype x Si application x water regime) using R (3.3.0). Tukey test was 
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used subsequently to determine if mean values were significantly different (P ≤0.05; 

Table 5.2).  

 

5.4 Results 

 

5.4.1 Shoot dry weight and leaf area 

 

The three-way interaction genotype x Si application x water regime was not significant 

for shoot dry weight, but there were significant two-way interactions for water regime 

x Si application (P ≤0.05; Table 5.2), genotype x water regime (P ≤0.05; Table 5.2), and 

genotype x Si application (P ≤0.05; Table 5.2).  

 

Shoot dry weight was increased by application of Si, depending on the water regime 

(Table 5.3). In the absence of Si, shoot dry weights were similar among the water 

regimes (Table 5.3). In the presence of 0.2 g Si kg−1 soil, shoot dry weight was 

significantly increased (by 20 % and 15 % under flooded and extreme-AWD conditions, 

respectively) as compared to plants without Si (Table 5.3), but there was no effects of 

0.2 g Si kg−1 soil under safe-AWD.  In contrast, in the safe-AWD treatment, increasing Si 

rate to 0.5 g Si kg−1 soil was required to achieve a significant increase in shoot dry weight 

in comparison to the flooded plants without Si (Table 5.3). At 0.5 g Si kg−1 soil, shoot dry 

weights were similar among the water regimes (Table 5.3). 
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Table 5.2 Analysis of variance for shoot and root dry weights, leaf area, root length, shoot Si concentration and content, photosynthetic rate, stomatal 

conductance, transpiration rate, leaf water potential and leaf water content. 

1Shoot dry weight; 2root dry weight; 3leaf area, 4root length; 5irrigation water use; 6water-use efficiency; 7shoot Si concentration; 8shoot Si content; 9net 
photosynthetic rate; 10stomatal conductance; 11transpiration rate; 12leaf water potential; 13leaf water content, * significant effects that require means 
comparison P ≤0.05. 

 

 

 

Source of 
variation 

P values* 

SDW1 RDW2 LA3 RL4 IWU5 WUE6 SSC7 SSCT8  PR9 SC10 TR11 LWP12 LWC13 

Genotype (G) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.056 0.547 0.004 0.07 0.091 < 0.001 0.213 0.113 

Silicon (Si) < 0.001 0.214 0.009 0.147 < 0.001 0.014 < 0.001 < 0.001 0.003 0.469 0.441 0.055 < 0.001 

Water (W) 0.039 < 0.001 0.57 0.669 < 0.001 0.274 < 0.001 < 0.001 0.24 0.134 0.033 0.052 0.001 

G x Si < 0.001 < 0.001 0.007 0.022 0.059 < 0.001 0.041 < 0.001 < 0.001 0.074 0.003 0.615 0.507 

G x W 0.049 0.050 0.979 0.057 0.353 < 0.001 0.495 0.043 0.105 0.003 0.027 0.107 0.096 

Si x W 0.146 0.510 0.552 0.429 0.043 0.004 0.020 0.004 0.043 0.834 0.235 0.048 0.015 

G x Si x W 0.306 0.431 0.792 0.813 0.385 0.064 0.293 0.463 0.060 0.237 0.271 0.769 0.126 
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Table 5.3. Shoot dry weight (g plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction water regime x Si application (3-way interaction was non-

significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks 

after transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before 

re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. The means in a column followed by different letters are significantly different at P 

≤0.05. Values are means of three replicates (± SE).  

 

 

 

 

 

 

 

 
 
 

 

 

 

 
 
 
 

S.E.: standard error.  

 

Shoot dry weight varied with genotype, depending on the water regime (Table 5.4). In 

flooded soil, Calrose, high-Si accumulating genotype, had a 12 % greater shoot dry 

weight than YRL38, low-Si accumulating genotype; however, the genotypes had similar 

shoot dry weight under AWD conditions (Table 5.4). Shoot dry weight of both genotypes 

was not affected by AWD conditions with respect to the flooded control (Table 5.4). 

 

Shoot dry weight was increased by the application of Si in a genotype-specific manner 

(Fig 5.1). In the absence of Si, shoot dry weight was similar between the genotypes (Fig. 

5.1). Applying 0.2 g Si kg−1 soil significantly increased shoot dry weight of YRL38 and 

Calrose (by 18% and 12%, respectively) in comparison to plants without Si (Fig. 5.1). 

Water regime Silicon (g kg−1 soil) Shoot dry weight (g plant-1) 

 

Flooded 

0 8.7 ± 0.3 ab 

0.2 10.4 ± 0.5 cd 

0.5 10.6 ± 0.6 cd 

 

Safe-AWD 

0 8.6 ± 0.1 ab 

0.2 9.5 ± 0.3 abc 

0.5 10.8 ± 0.2 d 

 

Extreme-AWD 

0 8.4 ± 0.1 a 

0.2 9.7 ± 0.3 bcd 

0.5 9.9 ± 0.4 cd 
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Increasing Si rate from 0.2 to 0.5 g Si kg−1 soil resulted in a further increase only in 

Calrose, making shoot dry weight (15%) greater in Calrose than YRL38 (Fig. 5.1).  

 

Leaf area was influenced by the genotype x Si application interaction, but not by the 

water regime (P ≤0.05; Table 5.2). Similar to shoot dry weight, YRL38 and Calrose had 

comparable leaf area in the absence of Si (Fig. 5.2). YRL38 leaf area was not affected by 

Si application, whereas the leaf area of Calrose was significantly (22%) increased in 

comparison to plants without Si, but only when treated with 0.5 g Si kg−1 soil, making 

leaf area (37%) greater in Calrose than YRL38 in the presence of 0.5 g Si kg−1 soil (Fig. 

5.2). 

 

Table 5.4. Shoot and root dry weight (g plant-1) of low-Si (YRL38) and high-Si (Calrose) rice 

genotypes influenced by genotype x water regime interaction (3-way interaction was non-

significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks 

after transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before 

re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. The means in a column followed by different letters are significantly different at P 

≤0.05 based on Tukey test. Values are means of three replicates (± SE).  

Genotype Water regime Shoot dry weight (g plant-1) Root dry weight (g plant-1) 

 

YRL38 

Flooded 9.3 ± 0.4 a 1.9 ± 0.1 a 

Safe-AWD 9.6 ± 0.3 a 1.9 ± 0.1 a 

Extreme-AWD 9.0 ± 0.3 a 1.7 ± 0.0 a 

 

Calrose 

Flooded 10.4 ± 0.5 b 3.0 ± 0.1 c 

Safe-AWD 9.7 ± 0.4 ab 2.7 ± 0.1 bc 

Extreme-AWD 9.7 ± 0.4 ab 2.6 ± 0.1 b 

S.E.: standard error.  
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Figure 5.1. Shoot and root dry weights (g plant-1) of low-Si (YRL38) and high-Si (Calrose) rice 

genotypes influenced by the interaction genotype x Si application (3-way interaction was non-

significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks 

after transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before 

re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different lower case and capital letters above the bars indicate the means are 

significantly different at P ≤0.05 based on Tukey test. 

 
Figure 5.2. Leaf area (cm2 plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction genotype x Si application (3-way interaction was non-significant). 

The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks after 

transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before re-

flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different letters above the bars indicate significant differences at P ≤0.05 based on 

Tukey test. 
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5.4.2 Root dry weight and length 
 
Root dry weight was affected by the interaction genotype x water regime (P ≤0.05; Table 

5.2) and genotype x Si application (P ≤0.05; Table 5.2). Root length was influenced by 

the interaction genotype x Si application (P ≤0.05; Table 5.2). 

 

Root dry weight was greater in Calrose than YRL38 regardless of the water regimes 

(Table 5.4). However, only Calrose root dry weight declined (by 13%) when grown under 

extreme-AWD method in comparison to flooded plants, whereas there was no effect of 

AWD conditions on YRL38 root dry weight (Table 5.4). Calrose had a greater root dry 

weight and length than YRL38 regardless of the Si rate (Figs. 5.1 and 5.3). Application of 

Si did not affect YRL38 root dry weight and length, whereas those parameters in Calrose 

increased (by 14-18%) in comparison to plants without Si only when treated with 0.5 g 

Si kg−1 soil (Fig. 5.1 and 5.3). 

 
Figure 5.3. Root length (m plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction genotype x Si application (3-way interaction was non-significant). 

The rice genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks after 

transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before re-

flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different letters above the bars indicate significant differences at P ≤0.05 based on 

Tukey test. 
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5.4.3 Irrigation water use and water-use efficiency 
 
The interaction genotype x Si application x water regime was not significant for the 

amount of irrigation water used and water-use efficiency. Irrigation water use was 

influenced by the interaction water regime x Si application (P ≤0.05; Table 5.2) and the 

main factor of genotype (P ≤0.05; Appendix B). Water-use efficiency was affected by the 

interactions water regime x Si application (P ≤0.05; Table 5.2), genotype x water regime 

(P ≤0.05; Table 5.2) and genotype x Si application (P ≤0.05; Table 5.2). 

 

Irrigation water use and water-use efficiency, in the absence of Si, were not significantly 

affected by safe-AWD (Table 5.5). Under extreme-AWD condition, and in the absence of 

Si, irrigation water use was reduced by 15% in comparison to flooded soil; hence, water-

use efficiency increased by 11% (Table 5.5). Application of Si increased irrigation water 

use and water-use efficiency depending on the water regimes. In flooded soil, rice plants 

treated with 0.2 g Si kg−1 soil used a similar amount of water to plants not supplied with 

Si, thus plant water-use efficiency increased by 11% compared to plants without Si 

(Table 5.5). In contrast, application of 0.5 g Si kg−1 soil under flooded condition resulted 

in an increase in irrigation water use; therefore, plant water-use efficiency did not 

improve (Table 5.5). Under safe-AWD conditions, application of 0.2 g Si kg−1 soil did not 

affect either irrigation water use or water-use efficiency, whereas increasing Si rate to 

0.5 g Si kg−1 soil resulted in an about 10% increase in irrigation water use and water-use 

efficiency in comparison to plants without Si (Table 5.5). Under extreme-AWD, Si 

application significantly (about 17%) increased irrigation water use as compared to 

plants without Si; hence, water-use efficiency did not improve (Table 5.5). 

 

Comparing genotypes, Calrose used 10% more water than YRL38 (Appendix B). Under 

different water regimes, Calrose had an 11% greater water-use efficiency than YRL8 

when grown in flooded soil (Table 5.6). YRL38 water use-efficiency was improved (11%) 

in comparison to flooded plants only when grown under safe-AWD condition, whereas 

that of Calrose was not affected by AWD methods (Table 5.6). In the absence of Si, YRL38 

and Calrose had similar water-use efficiency (Fig. 5.4). Application of Si did not affect 

YRL38 water-use efficiency; however, applying 0.5 g Si kg−1 soil improved that of Calrose 
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by 14% in comparison to plants without Si, making water-use efficiency greater (13%) in 

Calrose than YRL38 (Fig. 5.4) 

 

Table 5.5. Irrigation water use (L plant-1) and water-use efficiency (g dry weight L-1) of low-Si 

(YRL38) and high-Si (Calrose) rice genotypes as influenced by the interaction water regime x Si 

application (3-way interaction was non-significant). The genotypes were supplied with 0, 0.2 or 

0.5 g Si kg−1 soil and grown for 7 weeks after transplanting under flooded, safe-AWD (water level 

drops to 15 cm depth before re-flooding), and extreme-AWD (water level drops to 30 cm depth 

before re-flooding) conditions. The means in a column followed by different letters are 

significantly different at P ≤0.05 based on Tukey test. Values are means of three replicates (± 

SE).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

S.E.: standard error.  
 

 

 

 

 

 

 

 

 

 

Water regime 

Silicon 

(g kg−1 soil) 

Irrigation water use  

(L plant-1) 

Water-use efficiency     

(g dry weight L-1) 

 

Flooded 

0 4.04 ± 0.1 bc 2.72 ± 0.1 a 

0.2 4.24 ± 0.1 cd 3.02 ± 0.1 bc 

0.5 4.44 ± 0.1 d 2.94 ± 0.2 abc 

 

Safe-AWD 

0 3.85 ± 0.1 b 2.83 ± 0.1 ab 

0.2 4.11 ± 0.1 bc 2.86 ± 0.1 abc 

0.5 4.22 ± 0.2 cd 3.14 ± 0.1 c 

 

Extreme-AWD 

0 3.45 ± 0.1 a 3.03 ± 0.0 bc 

0.2 4.06 ± 0.1 bc 2.92 ± 0.1 abc 

0.5 4.03 ± 0.1 bc 2.98 ± 0.1 abc 
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Table 5.6. Water-use efficiency (g dry weight L-1) of low-Si (YRL38) and high-Si (Calrose) rice 

genotypes influenced by the interaction genotype x water regime (3-way interaction was non-

significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks 

after transplanting flooded, safe-AWD (water level allowed to drop to 15 cm depth before re-

flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Different letters indicate significant difference at P ≤0.05 based on Tukey test. Values 

are means of three replicates (± SE). 

Genotype Water regime Water-use efficiency (g dry weight L-1)  

 

YRL38 

Flooded 2.7 ± 0.1 a 

Safe-AWD 3.0 ± 0.1 b 

Extreme-AWD 2.9 ± 0.1 ab 

 

Calrose 

Flooded 3.0 ± 0.1 b 

Safe-AWD 2.9 ± 0.1 ab 

Extreme-AWD 3.0 ± 0.1 b 

S.E.: standard error.  

 

 
Figure 5.4. Water use efficiency (g dry weight L-1) of low-Si (YRL38) and high-Si (Calrose) rice 

genotypes influenced by the interaction genotype x Si application (3-way interaction was non-

significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks 

after transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before 

re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different letters above the bars indicate significant differences at P ≤0.05 based on 

Tukey test. 
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5.4.4 Shoot Si concentration and Si content 
 

Shoot Si concentration was influenced by the interactions water regime x Si application 

(P ≤0.05; Table 5.2) and genotype x Si application (P ≤0.05; Table 5.2). Shoot Si 

concentration, in the absence of Si, was significantly decreased under safe- and 

extreme-AWD conditions by 21% and 17%, respectively, in comparison to flooded plants 

without Si (Table 5.7). Shoot Si concentration in all three water regime treatments 

increased (by 30-55%) only when treated with 0.5 g Si kg−1 soil in comparison to plants 

without Si, making shoot Si concentration similar under safe- and extreme-AWD and 

flooded conditions (Table 5.7).  

 

Shoot Si concentration of YRL38 and Calrose was similar regardless of Si rates (Fig. 5.5). 

Application of Si increased shoot Si concentration in both genotypes, but in a different 

manner. In YRL38, shoot Si concentration was increased after treatment with 0.2 g and 

0.5 g Si kg−1 soil (by 19% and 43%, respectively) in comparison to plants without Si (Fig. 

5.5), whereas that of Calrose was increased (48%) only when supplied with 0.5 g Si 

kg−1 soil as compared to plants without Si (Fig. 5.5). 

 

Shoot Si content was affected by the interactions water regime x Si application (P ≤0.05; 

Table 5.2), genotype x water regime (P ≤0.05; Table 5.2), and genotype x Si application 

(P ≤0.05; Table 5.2). Similar to shoot Si concentration compared to flooded plants 

without Si application, shoot Si content was significantly (by about 20%) decreased 

under safe- and extreme-AWD conditions (Table 5.7). Application of 0.2 g Si kg−1 soil 

significantly (by 25-37%) increased shoot Si content compared to plants without Si 

regardless of the water regime (Table 5.7). Increasing Si rate from 0.2 to 0.5 g Si kg−1 soil 

resulted in a further increase in shoot Si content in all three water regime treatments, 

making shoot Si content similar under safe- and extreme-AWD and flooded conditions 

(Table 5.7). 
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Table 5.7. Shoot Si concentration (mg g-1 dry weight) and shoot Si content (mg plant-1) of low-Si 

(YRL38) and high-Si (Calrose) rice genotypes influenced by the interaction water regime x Si 

application (3-way interaction was non-significant). The genotypes were supplied with 0, 0.2 or 

0.5 g Si kg−1 soil and grown for 7 weeks after transplanting under flooded, safe-AWD (water level 

allowed to drop to 15 cm depth before re-flooding), and extreme-AWD (water level allowed to 

drop to 30 cm depth before re-flooding) conditions. Different letters indicate significant 

difference at P ≤0.05 based on Tukey test. Values are means of three replicates (± SE). 

Water regime 

Silicon 

(g kg−1 soil) 

Shoot Si concentration 

(mg g-1 dry weight) 

Shoot Si content 

 (mg plant-1) 

Flooded 0 24 ± 1 cd 206 ± 6 b 

0.2 26 ± 1 d 266 ± 11 c 

0.5 30 ± 1 e 318 ± 19 d 

 

Safe-AWD 

0 19 ± 1 a 164 ± 7 a 

0.2 22 ± 1 abc 205 ± 10 b 

0.5 30 ± 1 e 327 ± 17 d 

 

Extreme-AWD 

0 20 ± 1 ab 166 ± 9 a 

0.2 24 ± 1 bcd 227 ± 10 bc 

0.5 31 ± 1 e 306 ± 21 d 

S.E.: standard error.  
 

Comparing genotypes, Calrose had a 12% greater shoot Si content than YRL38 when 

grown in flooded soil (Table 5.8); however, only Calrose shoot Si content was 

significantly decreased under safe-and extreme-AWD conditions (by 17% and 12%, 

respectively) in comparison to flooded plants (Table 5.8), making shoot Si content similar 

between the genotypes under AWD conditions. In the absence of Si, both YRL38 and 

Calrose had similar shoot Si content, which was also increased in a similar way when 

treated with 0.2 g Si kg−1 soil (Fig. 5.6). Nevertheless, increasing Si rate from 0.2 to 0.5 g 

Si kg−1 soil was associated with a larger increase in Calrose (98% increase) than YRL38 

(57% increase) in comparison to plants without Si, making shoot Si content greater in 

the former (Fig. 5.6). 
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Figure 5.5. Shoot Si concentration (mg g-1 dry weight) of low-Si (YRL38) and high-Si (Calrose) rice 

genotypes influenced by the interaction genotype x Si application (3-way interaction was non-

significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks 

after transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before 

re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different letters above the bars indicate significant differences at P ≤0.05 based on 

Tukey test. 
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Table 5.8. Shoot Si content (mg plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction genotype x water regime (3-way interaction was non-significant). 

The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks after 

transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before re-

flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Different letters indicate significant difference at P ≤0.05 based on Tukey test. Values 

are means of three replicates (± SE). 

Genotype Water regime Shoot Si content (mg plant-1) 

 

YRL38 

Flooded 248 ± 13 a 

Safe-AWD 234 ± 20 a 

Extreme-AWD 221 ± 16 a 

 

Calrose 

Flooded 278 ± 22 b 

Safe-AWD 230 ± 31 a 

Extreme-AWD 245 ± 28 a 

S.E.: standard error. 
 

 

Figure 5.6. Shoot Si content (mg plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the interaction genotype x Si application (3-way interaction was non-significant). 

The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks after 

transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth before re-

flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-flooding) 

conditions. Values are means of three replicates, and error bars indicate the standard error of 

the mean. Different letters above the bars indicate significant differences at P ≤0.05 based on 

Tukey test. 

0

100

200

300

400

0 Si 0.2 Si 0.5 Si

YRL38 Calrose

Sh
o

o
t 

Si
 c

o
n

te
n

t 
(m

g 
p

la
n

t-1
)

a a

b
c

b

d



 

143 
 

5.4.5 Net photosynthetic rate, stomatal conductance and transpiration rate 
 
Net photosynthetic rate was influenced by the interactions water regime x Si application 

(P ≤0.05; Table 5.2) and genotype x Si application (P ≤0.05; Table 5.2). Net 

photosynthetic rate under safe-AWD method was similar to the flooded treatment 

when grown in the absence of Si, whereas extreme-AWD significantly (by 14%) 

decreased net photosynthetic rate when compared to flooded condition (Table 5.9). 

Application of 0.2 and 0.5 Si kg−1 soil significantly (by about 10-26%) increased net 

photosynthetic rate in comparison to plants without Si under AWD treatments, whereas 

no effect of Si application was observed under flooded condition (Table 5.9).  

 

Table 5.9. Net photosynthetic rate (μmol CO2 m−2 s-1) of low-Si (YRL38) and high-Si (Calrose) rice 

genotypes influenced by the interaction water regime x Si application (3-way interaction was 

non-significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 

weeks after transplanting under flooded, safe-AWD (water level allowed to drop to 15 cm depth 

before re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth before re-

flooding) conditions. Different letters indicate significant difference at P ≤0.05 based on Tukey 

test. Values are means of three replicates (± SE). 

Water regime 

Silicon 

(g kg−1 soil) 

Net photosynthetic rate 

(μmol CO2 m−2 s-1) 

Flooded 0 22 ± 1 bc 

0.2 24 ± 1 c 

0.5 23 ± 1 c 

Safe-AWD 0 21 ± 1 ab 

0.2 23 ± 1 c 

0.5 23 ± 2 bc 

Extreme-AWD 0 19 ± 1 a 

0.2 23 ± 1 bc 

0.5 24 ± 1 c 

S.E.: standard error. 
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Comparing genotypes, Calrose and YRL38 had similar net photosynthetic rate when 

grown in the absence of Si (Fig 5.7); however, Si application increased net 

photosynthetic rate in both genotypes, but in a different manner (Fig. 5.7). YRL38 net 

photosynthetic rate was increased (by 9%) in comparison to plants without Si only when 

treated with 0.2 g Si kg−1 soil, whereas that of Calrose was increased (by 19%) only in the 

treatment with 0.5 g Si kg−1 soil (Fig. 5.7). 

 

 
Figure 5.7. Net photosynthetic rate (μmol CO2 m−2 s-1) and transpiration rate (mmol H2O m−2 s-1) 

of low-Si (YRL38) and high-Si (Calrose) rice genotypes influenced by the interaction genotype x 

Si application (3-way interaction was non-significant). The genotypes were supplied with 0, 0.2 

or 0.5 g Si kg−1 soil and grown for 7 weeks after transplanting under flooded, safe-AWD (water 

level allowed to drop to 15 cm depth before re-flooding), and extreme-AWD (water level allowed 

to drop to 30 cm depth before re-flooding) conditions. Values are means of three replicates, and 

error bars indicate the standard error of the mean. Different lower case and capital letters above 

the bars indicate the means are significantly different at P ≤0.05 based on Tukey test. 

 

Stomatal conductance and transpiration rate were influenced by the interaction 

genotype x water regime (Table 5.2). Moreover, the interaction genotype x Si 

application affected transpiration rate (Table 5.2). Stomatal conductance and 

transpiration rate were greater in Calrose than YRL38 when grown in flooded soil (Table 

5.10); however, only those of Calrose were affected by AWD method, with a 19% and 

17% decrease in stomatal conductance and transpiration rate, respectively, under 

extreme-AWD compared to flooded plants, whereas no effect of AWD methods on 

YRL38 stomatal conductance and transpiration rate was observed (Table 5.10). 

0

5

10

15

20

25

30

0 Si 0.2 Si 0.5 Si 0 Si 0.2 Si 0.5 Si

YRL38 Calrose

Net photosynthestic rate Transpiration rate

N
et

 p
h

o
to

sy
n

th
et

ic
 r

at
e 

an
d

 
tr

an
sp

ir
at

io
n

 r
at

e

A
BC

A A
AB

C

ab ab a
ab bc c



 

145 
 

Transpiration rates of the two genotypes were similar when grown in the absence of Si, 

but only that of Calrose increased (by 19%) when supplied with 0.5 g Si kg−1 soil in 

comparison to plants without Si (Fig. 5.7). 

 

Table 5.10. Stomatal conductance (mol H2O m−2 s-1) and transpiration rate (mmol H2O m−2 s-1) of 

low-Si (YRL38) and high-Si (Calrose) rice genotypes influenced by the interaction genotype x 

water regime (3-way interaction was non-significant). The genotypes were supplied with 0, 0.2 

or 0.5 g Si kg−1 soil and grown for 7 weeks after transplanting under flooded, safe-AWD (water 

level allowed to drop to 15 cm depth before re-flooding), and extreme-AWD (water level allowed 

to drop to 30 cm depth before re-flooding) conditions. Different letters indicate significant 

difference at P ≤0.05 based on Tukey test. Values are means of three replicates (± SE). 

Genotype Water regime 

Stomatal conductance 

(mol H2O m−2 s-1) 

Transpiration rate 

(mmol H2O m−2 s-1) 

YRL38 Flooded 0.40 ± 0.02 ab 7.2 ± 0.4 ab 

Safe-AWD 0.40 ± 0.02 ab 7.0 ± 0.1 a 

Extreme-AWD 0.43 ± 0.02 ab 7.4 ± 03 ab 

Calrose Flooded 0.57 ± 0.02 c 9.6 ± 0.3 c 

Safe-AWD 0.52 ± 0.02 bc 8.4 ± 0.5 bc 

Extreme-AWD 0.46 ± 0.02 ab 8.0 ± 0.4 ab 

S.E.: standard error. 
 

5.4.6 Leaf water potential and leaf relative water content 

 

The three-way interaction genotype x Si application x water regime was not significant 

for leaf relative water content and leaf water potential, but there was a significant two-

way interaction water regime x Si application (P ≤0.05; Table 5.2).  

 

In the absence of Si, only extreme-AWD significantly decreased leaf relative water 

content and water potential (by 8% and 40%, respectively) as compared to flooded 

plants (Table 5.11). Decreased leaf relative water content under extreme-AWD was 

improved (by 11%) in comparison to plants without Si when treated with 0.2 g Si 

kg−1 soil; however, application of 0.5 g Si kg−1 soil did not provide a further increase 
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(Table 5.11). Leaf water potential under extreme-AWD was improved only when treated 

with 0.5 g Si kg−1 soil (by 9%) in comparison to plants without Si, whereas 0.2 g Si kg−1 soil 

did not result in any change (Table 5.11). 

 

Table 5.11. Leaf relative water content (%) and leaf water potential (MPa) of low-Si (YRL38) and 

high-Si (Calrose) rice genotypes influenced by the interaction genotype x water regime (3-way 

interaction was non-significant). The genotypes were supplied with 0, 0.2 or 0.5 g Si kg−1 soil and 

grown for 7 weeks after transplanting under flooded, safe-AWD (water level allowed to drop to 

15 cm depth before re-flooding), and extreme-AWD (water level allowed to drop to 30 cm depth 

before re-flooding) conditions. Different letters indicate significant difference at P ≤0.05 based 

on Tukey test. Values are means of three replicates (± SE). 

Water regime 

Silicon 

(g kg−1 soil) 

Leaf relative water 

content (%) 

Leaf water potential 

(MPa) 

Flooded 0 93 ± 2 bc - 0.6 ± 0.0 a 

0.2 96 ± 1 bc - 0.6 ± 0.0 a 

0.5 97 ± 1 c - 0.6 ± 0.0 a 

Safe-AWD 0 92 ± 2 b   - 0.7 ± 0.0 ab 

0.2 95 ± 1 bc  - 0.7 ± 0.0 ab 

0.5 95 ± 1 bc - 0.6 ± 0.0 a 

Extreme-AWD 0 86 ± 1 a - 0.7 ± 0.0 b 

0.2 95 ± 1 bc   - 0.7 ± 0.0 ab 

0.5 95 ± 1 bc - 0.6 ± 0.0 a 

S.E.: standard error. 
 

5.5 Discussion 
 
In the absence of Si, safe-AWD method maintained similar shoot and root dry weight to 

flooded condition (Tables 5.3 and 5.4). The maintenance of plant dry weight under safe-

AWD might be attributed to the continuance of net photosynthetic rate (Table 5.9). 

Moderate AWD conditions have been reported to maintain or increase photosynthesis 

in comparison to continuous flooding (Dodd et al. 2015; Zhang et al. 2009). Moreover, 

rewatering promoted cytokinin biosynthesis (zeatine and zeatine riboside) (Yang et al. 
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2007; Zhang et al. 2009), leading to an increase in cell division, and thus plant dry weight 

increased (Del Pozo et al. 2005). Although extreme-AWD maintained shoot dry weight 

in both genotypes relative to safe-AWD and flooded conditions, it was associated with 

a decrease in root dry weight of high-Si genotype (Table 5.4), which might in turn result 

in a decrease in leaf relative water content and water potential (Table 5.11). A decrease 

in root growth induced by AWD conditions might have been due to increased soil 

penetration resistance induced by drying soil (Cairns et al. 2004). The results from the 

present study were similar to the study by Chu et al. (2015) and Liu et al. (2013) who 

reported that moderate AWD practice maintained or increased root growth when 

compared to flooded condition, whereas the AWD method with severe soil drying 

limited root development, contributing to a decline in grain yield (Zhang et al. 2009). In 

the present study, although extreme-AWD practice significantly (by 15%) decreased 

irrigation water input in comparison to flooded treatment, the findings suggest that the 

negative effect of extreme-AWD may limit root dry weight as the long-term practice of 

extreme-AWD may cause a decrease in grain yield. 

 

Shoot Si accumulation was limited under AWD conditions in the high-Si genotype. The 

results from the present study showed that AWD methods decreased Calrose shoot Si 

content when compared to flooded control plants, but did not affect shoot Si content in 

YRL38 (Table 5.8). The decreased Si accumulation may be attributed to the decreased 

root dry weight as discussed above. Additionally, the results showed that the decreased 

shoot Si accumulation in Calrose was associated with a decrease in transpiration rate, 

which may be a consequence of decreased plant water status (Table 5.11). Nevertheless, 

application of Si significantly enhanced shoot Si accumulation under AWD methods, 

suggesting that the application of Si to rice plants growing under AWD conditions might 

be necessary to prevent low Si accumulation in shoots that may lead to decreased 

resistance to environmental stresses such as salt (Zhu and Gong 2014) and metal toxicity 

(Ma and Yamaji 2006).  

 

Application of Si increased shoot dry weight and water-use efficiency of rice grown 

under AWD conditions. For example, in the present study, application of 0.5 g Si kg−1 soil 

significantly (by 26 %) improved shoot growth under safe-AWD (Table 5.3), and hence 
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increased water-use efficiency (Table 5.5). Under extreme-AWD, although applying 0.5 

Si kg−1 soil increased only shoot dry weight, but not water-use efficiency when compared 

to plants without Si, the treatment resulted in shoot dry weight similar to the flooded 

plants treated with the same Si rate (Table 5.3), while reducing irrigation water input by 

9% (Table 5.5). The findings were consistent with the previous study that found an 

increase in shoot dry weight of plants exposed to drought stress when treated with Si 

(Chapter 4). In the present study, the increased shoot dry weight under AWD conditions 

following Si application was associated with the improvement of shoot Si accumulation 

and net photosynthetic rate. Many studies have reported the effect of Si application 

enhancing photosynthesis via the improvement of leaf angle (Ando et al. 2002; Fujii et 

al. 1999), chlorophyll content (Chen et al. 2011; De Oliveira et al. 2016) and 

photosynthetic enzyme activities (Gong and Chen 2012). In addition to that, application 

of Si resulted in an increase in leaf relative water content and water potential (Table 

5.11). This might be due to the Si supply promoting root growth (Fig. 5.1), thus plant 

water uptake increased. These findings may indicate the beneficial effects of Si in terms 

of improving crop growth under water-limited conditions.  

 

The effect of Si application was more obvious in the high-Si than low-Si genotypes. The 

Si application significantly increased leaf area, root dry weight and length, water-use 

efficiency and transpiration rate in Calrose, but not in YRL38. This may be due to the 

genotypic difference in the capacity to accumulate Si being greater in Calrose than 

YRL38. The results were consistent with the previous studies that recorded a larger 

effect of Si application on increasing shoot growth and shoot Si accumulation in Calrose 

than YRL38 (Chapters 3 and 4). In addition, the results are similar to the research done 

by Swain (2014) who found that application of Si increased shoot growth of high-Si more 

than low-Si-accumulating rice genotypes. The smaller effect of Si on low-Si genotypes 

might be also partly attributed to the experimental conditions. Many studies have 

reported that the effect of Si application was more visible under stress in comparison to 

non-stress conditions (Ali et al. 2013; Chen et al. 2011; Ma 2004), whereas the drying 

and wetting methods limiting water input in the present study might not have induced 

sufficiently severe drought stress for the effect of Si to be expressed clearly. Future 

research may consider growing plants in larger pots, with a considerable amount of soil 
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holding relatively large volume of water. A slower decline in water level might prolong 

the period in which the top part of the soil profile is dry to not just impose, but also 

exacerbate, drought stress to plants. In that way, the effect of Si application may be 

more pronounced.  

 

The low- and high-Si rice genotypes responded differently to Si application in terms of 

contribution of photosynthesis to shoot dry weight increase. The present study showed 

that the increased net photosynthetic rate of YRL38 induced by 0.2 g Si kg−1 soil was 

positively associated with an increase in shoot dry weight. In contrast, Calrose 

responded well to increasing Si rate by improving net photosynthetic rate, and hence 

shoot dry weight increased, making shoot dry weight and water-use efficiency greater 

in Calrose than YRL38 at 0.5 g Si kg−1 soil (Figs 5.1 and 5.4). The previous study done 

under drought stress conditions also showed similar results (Chapter 4). Additionally, 

the results from the present study showed that Calrose root dry weight and length were 

significantly enhanced by 0.5 g Si kg−1 soil (Figs. 5.3 and 5.5), whereas no effect of Si 

application on YRL38 root traits was observed. This may indicate the importance of 

differential genotypic capacity for Si accumulation on rice growth and crop water-use 

efficiency under AWD practices. 

 

5.6 Conclusions 

 

Both safe- and extreme-AWD water-saving regimes maintained shoot growth similar to 

the flooding treatment; however, extreme-AWD method decreased root dry weight and 

plant water status, which may subsequently contribute to a decline in growth and yield. 

Irrigation water use was decreased only under extreme-AWD method, and hence water-

use efficiency increased. The AWD conditions caused a decrease in Si accumulation by 

the high-Si genotype. The results suggest that the application of Si under AWD 

conditions might be necessary to prevent low Si content in rice, which might lead to low 

resistance to environmental stresses. Application of Si was associated with an increase 

in shoot growth, shoot Si accumulation and water-use efficiency under AWD. In 

addition, the effect of Si was more obvious in the high-Si than low-Si genotypes. The 

genotypes responded differently to Si in terms of shoot growth, with the high-Si 
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genotype accumulating more Si to produce greater shoot growth than the low-Si 

genotype. The findings indicated that Si accumulation in shoots was related to crop 

growth; combining high-Si genotype with Si application may have a potential to improve 

water-use efficiency under AWD. 
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Chapter 6 
 

General discussion, conclusions and future work 
 

6.1 Introduction 

 

The overall aim of this PhD thesis was to determine a relationship between Si 

accumulation in rice shoots and drought resistance in order to increase rice growth 

under drought stress and also improve rice water-use efficiency under alternate wetting 

and drying (AWD) water-saving regimes in areas where rice plants may be exposed to 

drought stress. This general discussion summarises the key findings across the three 

groups of experiments described in the preceding chapters, and discusses the main 

conclusions of this PhD study.  

 

6.2 Key findings  

 

1. Rice genotypes varied in their capacity to accumulate Si from nutrient solution 

and soil with increased Si supply (Chapter 3). 

2. Large root system had a potential to increase Si accumulation in a high-Si 

genotype (Chapter 3). 

3. High shoot Si accumulation had a positive relationship with increased resistance 

to drought stress in rice (Chapter 4). 

4. Drought stress decreased plant physiological traits; however, the application of 

Si improved the decreased parameters. The role of Si in alleviating drought stress 

was associated with the enhancement of photosynthesis and plant water status 

(Chapter 4). 

5. Safe- and extreme-AWD maintained shoot dry weight similar to flooded 

condition; however, extreme-AWD caused a decrease in root dry weight and 

plant water status (Chapter 5). 

6. The AWD treatments decreased Si accumulation in shoots of high-Si genotype 

(Chapter 5). 
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7. Application of Si increased shoot Si accumulation, net photosynthetic rate, plant 

water status, shoot dry weight and water-use efficiency under AWD conditions 

(Chapter 5). 

8. High-Si rice genotype responded well to high Si rate achieving maximal shoot 

growth, whereas shoot growth of low-Si genotype increased with low Si rate 

under either drought stress (Chapter 4) or AWD treatments (Chapter 5).  

9. There was a larger effect of Si application in increasing shoot and root dry weight 

in high-Si than low-Si genotypes under non-stress (Chapter 3), drought stress 

(Chapter 4) and AWD treatments (Chapter 5). 

 

6.3 General discussion 

 

6.3.1 Si accumulation in rice  

 

Rice genotypes varied in their capacity to accumulate Si (Chapter 3) (Deren et al. 1992; 

Garrity et al. 1984; Li et al. 2014; Swain et al. 2016). This may be attributed to several 

factors such as density of Si transporters in roots, transpiration, growth stage, soil 

texture and pH (Ma and Takahashi 2002; Mitani and Ma 2005; Gocke et al. 2013; Quigley 

et al. 2017; Wu et al. 2006). Root development also plays an important role in Si uptake 

and accumulation in rice (Ma and Takahashi 2002; Swain et al. 2016). This was confirmed 

in the present study (Chapter 3), whereby Si application (at 0.5 g Si kg−1 soil) increased 

root dry weight of high-Si genotype, which in turn enabled the plants to take up more Si 

from soil solution, resulting in greater shoot Si accumulation in the high-Si than low-Si 

genotypes. This finding implied that the genotypes might not differ directly in the Si 

accumulation capacity, but differential Si accumulation in shoot was simply a 

consequence of differential size of the root system.  

 

Some rice genotypes accumulated high or low Si across all environments and treatments 

tested, whereas the Si accumulation of some genotypes varied depending on growth 

conditions (Chapter 3) (Deren et al. 1992; Rodrigues et al. 2001). Deren et al. (1992) 

observed certain rice cultivars tended to have a consistently high capacity to accumulate 
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Si. The variation may have been influenced by either genotypic or environmental factors 

mentioned above. These findings suggest that the consistent capacity to accumulate Si 

should be considered a selection criterion for developing high-Si rice genotypes.  

 

High Si accumulation in shoots was related to increased resistance to drought stress. 

Greater resistance to drought stress in high-Si than low-Si genotypes when grown in the 

absence of Si was partly associated with the better maintenance of net photosynthetic 

rate under drought stress, which may have been attributed to a greater shoot Si 

accumulation in the former (Chapter 4). The results contributed to a better 

understanding of putative relationships between Si accumulation and drought 

resistance in rice. 

 

6.3.2 Roles of Si in alleviating drought stress in rice 

 

Drought stress caused a significant decrease in rice physiological properties, 

contributing to poor crop growth; nevertheless, Si alleviated the negative effects of 

drought stress. The possible mechanisms of Si-mediated alleviation of drought stress are 

summarised below (Fig. 6.1). In the present study, application of Si enhanced drought 

resistance of rice through the improvement of plant water status and net 

photosynthetic rate (Chapter 4). Similar findings were also observed under AWD 

conditions (Chapter 5). Alleviation of drought-decreased plant water status may have 

been due to the effect of Si enhancing root traits (dry weight and length) (Chapter 4) 

(Hattori et al. 2005; Liu et al. 2009; Ming et al. 2012) and root hydraulic conductance 

(Chen et al. 2018; Liu et al. 2014b; Shi et al. 2016), which might contribute to increasing 

root water uptake. In addition, application of Si may increase uptake of potassium (K), 

which is involved in osmotic adjustment in plants, contributing to increased water 

uptake (Liang et al. 2015; Zhu and Gong 2014).  

 

Plant stomatal conductance and transpiration rate were expected to decrease in the 

presence of Si (Agarie et al. 1998; Gao et al. 2006; Ma et al 2004); nevertheless, in the 

present study, Si application resulted in an increase in stomatal conductance and 

transpiration rate in rice under drought stress (Chapter 4) (Hattori et al. 2005; Ming et 
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al. 2012; Silva et al. 2012). The contrasting findings may have been due to different 

growth conditions influencing root development, and hence the capacity of the rice to 

take up water (Hattori et al. 2008b). In the present study, the increased stomatal 

conductance may have been associated with the improvement in plant water status as 

discussed above. This might imply that the effect of Si on improving plant water status 

was achieved through increasing water uptake rather than decreasing water loss via the 

stomata. 

 

Photosynthesis in rice plants has a strong relation with stomatal conductance (Kusumi 

et al. 2012). The increased net photosynthetic rate following the application of Si may 

have been due to the increased stomatal conductance enhancing carbon dioxide 

assimilation, resulting in an improvement in shoot and root growth under drought stress 

(Chapter 4). Additionally, increased net photosynthetic rate may have been attributed 

to the effect of Si increasing chlorophyll contents (De Oliveira et al. 2016), improving 

erectness of leaves (Ando et al. 2002; Fujii et al. 1999; Yoshida et al. 1969), and  

increasing photosynthetic enzyme activities (Gong and Chen 2012). The beneficial 

effects of Si in increasing net photosynthetic rate were also observed under AWD 

conditions (Chapter 5). These findings support the role of Si in enhancing resistance to 

drought stress in rice plants and suggest Si may be important for increasing crop growth 

and yield under drought stress conditions. 
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Figure 6.1. Possible mechanisms of Si-mediated resistance to drought. 
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6.3.3 The effects of AWD water-saving regimes in relation to Si application  

 

Both safe-AWD and extreme-AWD methods maintained similar rice shoot dry weight as 

observed in the flooded condition in the absence of Si (Chapter 5). This may have been 

due to the effects of rewatering increasing cytokinin biosynthesis (zeatine and zeatine 

riboside), promoting cell divisions and improving sink strength, thus increasing growth 

and yield (Yang et al. 2007; Zhang et al. 2009). Moreover, AWD conditions improves 

canopy structure (Yang et al. 2017), which might contribute to a maintenance (Chapter 

5) or an increase in net photosynthetic rate (Dodd et al. 2015; Zhang et al. 2009). 

Extreme-AWD, however, caused a decrease in root dry weight of high-Si genotype, 

which in turn resulted in a decrease in plant water uptake as reflected in decreased leaf 

relative water content and water potential (Chapter 5). The decreased root dry weight 

might have been attributed to the effect of AWD altering soil strength, making soil 

harder and drier (Dodd et al. 2015; Norton et al. 2017). Furthermore, drying soil can 

cause an increase in soil penetration resistance, hence limiting root development (Cairns 

et al. 2004). Limited root growth has been investigated under AWD practices causing 

severe soil drying (Zhang et al. 2009), whereas moderate AWD generally promoted root 

growth (Carrijo et al. 2017; Fang et al. 2018). 

 

In the present research, extreme-AWD method in the absence of Si application saved 

about 15% of irrigation water input in comparison to flooded condition, whereas safe-

AWD condition was not associated with a significant decrease (Chapter 5). A greater 

water saving under extreme-AWD than safe-AWD practices was probably due to the 

extreme-AWD having a longer period of dry soil, contributing to lower frequency of re-

watering. In addition, the limited root dry weight under extreme-AWD might have 

contributed to a decrease in plant water uptake (Chapter 5), which would appear as 

decreased irrigation water input under extreme-AWD method. Although extreme-AWD 

had the potential to decrease water usage, a long-term impact of extreme-AWD limiting 

root dry weight might be negative for rice growth and grain yield production. Therefore, 

the present study suggests considering the threshold level for irrigation not lower than 

15 cm below the soil surface to avoid a rice growth and yield penalty. 
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The findings from the present study showed for the first time that AWD methods 

decreased accumulation of Si in rice shoots of high-Si genotype (Chapter 5). This may 

have been due to the effect of AWD limiting root dry weight as discussed above, 

contributing to a decrease in plant nutrient uptake. AWD practices have also decreased 

the accumulation of other plant nutrient such as Na, Mg, Ca and Fe in rice (Norton et al. 

2017) or Cu, K, Mn, P, S and Zn in grass (Misra and Tyler 2000). In addition, the decrease 

in shoot Si accumulation might have been associated with a decrease in transpiration 

rate as plant water status declined under the AWD conditions (Chapter 5) (McLarnon et 

al. 2017). However, the application of Si improved shoot Si accumulation, shoot dry 

weight, plant water status and water-use efficiency under AWD practices. This may have 

been attributed to the effect of Si enhancing net photosynthetic rate and root growth 

(Chapter 5). This finding may suggest that application of Si can be a potential strategy to 

prevent poor crop performance and improve rice water-use efficiency under AWD 

management. 

 

The effect of Si application under AWD practices was smaller in low-Si than high-Si 

genotypes (Chapter 5). This might have been due to the high-Si genotype having high 

capacity to accumulate Si. In addition, the effect of Si might not have been expressed 

strongly due to the experimental conditions, whereby the duration of soil drying in AWD 

methods might not have been long enough (due to the need for frequent re-watering) 

to induce severe drought stress. Generally, the effects of Si are more visible under stress 

than non-stress conditions (Ali et al. 2013; Chen et al. 2011; Ma 2004). Similar findings 

were also found under drought stress (Chapter 4). In the present research, Si improved 

several plant parameters, resulting in a greater rice growth as compared to plants 

without Si application under both non-stress and stress conditions. These results 

appeared to contradict studies that reported there was no effect of Si on growth and 

yield of non-stressed plants (Hattori et al. 2008a; Liu et al. 2014a; Ma and Takahashi 

2002). Benefits of Si on non-stressed plants has remained controversial, however, 

application of Si fertilizer to paddy fields is suggested because rice plants generally 

experience some form of stress under field conditions (Coskun et al. 2019). 
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6.3.4 Genotypic response of rice to Si application 

 

Rice genotypes responded differently to Si application. Low- and high-Si genotypes 

required different Si rates for promoting net photosynthetic rate and root growth 

(Chapters 4 and 5). The Si-enhanced root growth might in turn increase shoot growth 

due to improved water and nutrient uptake.  A better response to increasing Si rate in 

high-Si than low-Si genotypes might have been associated with the higher capacity to 

accumulate Si in the former, resulting in better shoot and root growth in the high-Si than 

low-Si genotypes under non-stress (Chapter 3), drought stress (Chapter 4) or AWD 

(Chapter 5) conditions when supplied with high Si rate (0.5 g Si kg−1 soil).  

 

The findings from the present research indicate the importance of the high-Si-

accumulating trait in increasing rice growth. However, the high-Si rice genotype may not 

reach its expected growth and yield when cultivated on low-Si soils. Contemporary rice 

cultivation techniques often remove large quantities of Si from soil as a result of 

continuous cultivation and the harvest cycle (Meunier et al. 2008; Patel et al. 2017); 

hence, application of Si fertiliser to rice fields regularly is suggested (IRRI 2018). The low 

plant-available Si in soil may in turn limit the expected benefits in the high-Si genotype. 

This may underline the importance in maintaining adequate concentration of Si in soil 

to achieve the expected yields of high-Si genotypes. Si-based fertilisers, however, are 

often considered expensive (Gascho 2001; Meena et al. 2014); therefore, other cheaper 

strategies such as recycling of organic siliceous materials (rice straw or husks) would 

be affordable and preferable for most rice growers. The increase in Si level in soil may 

not only benefit high-Si rice genotypes, but also minimise the use of pesticides as a 

result of the Si enhancing resistance to insect pests and diseases.  

 

6.4 Future research directions 
 

- Silicon has been shown to enhance drought resistance in plants through 

different mechanisms such as modification of gas exchange attributes 

(photosynthetic rate, stomatal conductance and transpiration rate), osmotic 

adjustment, reduction of oxidative stress, modification of gene expression, 

and regulation of compatible solutes and phytohormone synthesis. However, 
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the association of genotypic difference in Si accumulation with these 

mechanisms is not well understood. Future research may study some of 

these research areas when comparing rice genotypes differing in capacity to 

accumulate Si. The study might be conducted either under drought or AWD 

conditions. 

 

- Application of Si improved plant-available Si in soil, hence benefiting rice 

growth either under non-stress or stress conditions, particularly in high-Si 

genotypes. However, application of Si-based fertilisers may not be 

favourable for rice growers due to its high cost. Future research may develop 

inexpensive and more effective Si-based fertilisers or alternative Si 

fertilisation strategies; for example, application of fertilisers based on silicate 

solubilizing bacteria. 

 

- The present study showed for the first time that AWD conditions limited the 

accumulation of Si in the high-Si genotype, which might be attributed to the 

effect of AWD decreasing root dry weight. If the results from the present 

study are confirmed in the field trials, further research may investigate 

whether a growth and yield decline under AWD is associated with the 

decreased shoot Si accumulation. In addition, the study may include the 

determination of other nutrients (such as K and P) in rice shoots because 

their uptake and translocation have been influenced by Si.  

 

- A smaller effect of Si application in low-Si than high-Si genotypes under AWD 

practices in the present study may have been attributed to the experimental 

conditions (the need for frequent re-watering because of relatively low 

soil/plant mass ratio), which might not have induced severe drought stress 

for the effect of Si to be expressed strongly. Therefore, future research 

should prolong a period of plant exposure to drought stress (by having a 

larger soil/plant mass ratio to minimise the frequency of re-watering), testing 

a hypothesis that prolonged drought stress may allow a stronger effect of Si 

application. Such a study may also include the measurement of chlorophyll 
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fluorescence during soil drying period between the irrigations; this indicator 

should reflect the difference in severity of drought stress that plants were 

exposed to when grown under different AWD thresholds levels. 

 
6.5 Conclusions 
 
This PhD research characterised the capacity of a large number of rice genotypes to 

accumulate Si, which might be useful for developing high-Si rice genotypes. Also, the 

study contributed to an improved understanding of a possible relationship between Si 

accumulation and drought resistance in rice, with high Si accumulation associated with 

increased resistance to drought stress. Roles of Si in alleviating drought stress in rice 

have been attributed to enhanced photosynthetic parameters and plant water status 

under drought stress. Safe-AWD and extreme-AWD methods maintained shoot dry 

weight of rice similar to flooded condition; however, extreme-AWD condition caused a 

decrease in root dry weight and plant water status. AWD water-saving regimes 

decreased the accumulation of Si in rice shoots; however, Si application improved shoot 

Si accumulation, shoot dry weight and water-use efficiency. The findings suggest the 

importance of Si supply under AWD methods in alleviating low Si accumulation in shoot 

that may lead to poor crop performance.  

 

The rice genotype with higher capacity to accumulate Si had a larger benefit from Si 

application in terms of increasing crop growth and drought resistance as compared to 

the genotype with relatively poor Si accumulation in shoot under either non-stress, 

drought stress or AWD conditions. Taken together, the findings of this thesis suggest 

that cultivation of rice genotypes with high Si accumulation in shoots, combined with Si 

application, has a potential to increase rice productivity under drought stress or AWD 

water-saving regimes. This combined method may benefit rice cultivation especially in 

arid areas where rice growers cannot access sufficient amounts of water for irrigation.  
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Appendix A. 

 

The amount and timing of irrigation of rice genotypes grown under flooded and 

alternate wetting and drying (AWD) conditions. 

 

 

 
Figure A1. Amount and timing of irrigation of the rice genotype Calrose supplied with 0, 0.2 or 

0.5 g Si kg−1 soil under flooded condition. 

 

 
Figure A2. Amount and timing of irrigation of the rice genotype Calrose supplied with 0, 0.2 or 

0.5 g Si kg−1 soil under safe-AWD (water level allowed to drop to 15 cm depth before re-flooding) 

condition. 
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Figure A3. Amount and timing of irrigation of the rice genotype Calrose supplied with 0, 0.2 or 

0.5 g Si kg−1 soil under extreme-AWD (water level allowed to drop to 30 cm depth before re-

flooding) condition. 

 

 

 

 

 
Figure A4. Amount and timing of irrigation of the rice genotype YRL38 supplied with 0, 0.2 or 0.5 

g Si kg−1 soil under flooded condition. 
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Figure A5. Amount and timing of irrigation of the rice genotype YRL38 supplied with 0, 0.2 or 0.5 

g Si kg−1 soil under safe-AWD (water level allowed to drop to 15 cm depth before re-flooding) 

condition. 

 

 

 

 

 
Figure A6. Amount and timing of irrigation of the rice genotype YRL38 supplied with 0, 0.2 or 0.5 

g Si kg−1 soil under extreme-AWD (water level allowed to drop to 30 cm depth before re-

flooding) condition.
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Appendix B. 

 

Data not shown in Chapter 5 

 

Table B1. Irrigation water use (L plant-1) of low-Si (YRL38) and high-Si (Calrose) rice genotypes 

influenced by the genotype (3-way interaction was non-significant). The genotypes were supplied with 

0, 0.2 or 0.5 g Si kg−1 soil and grown for 7 weeks after transplanting under flooded, Safe-AWD (water 

level allowed to drop to 15 cm depth before re-flooding), and Extreme-AWD (water level allowed to 

drop to 30 cm depth before re-flooding) conditions. The means in a column followed by different 

letters are significantly different at P ≤0.05. Values are means of three replicates (± SE).  

Genotype 

 Irrigation water use  

(L plant-1) 

YRL38 3.9 ± 0.1 a 

Calrose 4.3 ± 0.1 b 

 

 




