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  Pref ace   

 For over 150 years, plant scientists have recorded the benefi cial effects of silicon 
(Si) in enhancing plant resistance and/or tolerance to various biotic and abiotic 
stresses. Interestingly, Si is the only mineral element known to effectively mitigate 
multiple abiotic stresses including salinity, drought, fl ooding, freezing, high tem-
perature, ultraviolet radiation and mineral nutrient defi ciency/toxicity stress. In 
recent years, Si has become more globally accepted as an agriculturally important 
addition. Application of Si fertilizers have been shown to signifi cantly enhance 
plant resistance to diseases and pests, thus contributing to increased food safety, 
higher production with lower input costs and reduced negative impacts on environ-
mental health. However, it was not until the late 1980s that Si began to attract the 
attention of a broader group of plant scientists. Over the past decade, rapid progress 
has been made in cloning and functional characterization of the genes responsible 
for Si transport and distribution in higher plants. Progress has also been made, in 
unravelling the molecular basis of Si-mediated resistance against both biotic and 
abiotic stresses. Nevertheless, the mechanisms involved in the manifold roles of Si 
in plant biology still remain poorly understood and in need of further research. 
Moreover, with the exception of rice and sugarcane, less attention has been paid to 
the application of Si-based fertilizers for general agricultural practice. 

 In the present book, we provide an overview of the current knowledge on Si in 
agriculture, as it relates to plants, soils and fertilizers. Finally, we discuss the future 
interdisciplinary research that is needed to further the knowledge and potential uses 
of Si in agriculture and in broader environmental sciences. The book is organized 
into 13 chapters. Dr. Yongchao Liang, from Zhejiang University, China, authored 
Chaps.   1    ,   2    ,   3    ,   6     and   10    . He also collaborated with Dr. Alin Song from Chinese 
Academy of Agricultural Sciences on Chaps.   5     and   12     and with Dr. Haijun Gong 
from Northwest A&F University, China, on Chap.   11    . Dr. Miroslav Nikolic from 
University of Belgrade, Serbia, wrote Chaps.   4    ,   8     and   13    . Dr. Richard Bélanger 
from Laval University, Canada, wrote Chap.   9    , and Dr. Haijun Gong wrote Chap.   7    . 
Drs. M. Nikolic, R. Bélanger and Y. Liang reviewed and fi nalized all the chapters. 
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 This book is primarily intended for graduate students and researchers in various 
fi elds of agricultural, biological and environmental sciences, as well as for experts 
and consultants in the agronomic and fertilizer industry. This book aims to serve as 
an important reference for those engaged in crop nutritional physiology and molec-
ular biology, crop production, crop protection, environmental protection, soil bio-
geochemistry, soil and plant nutrient management, fertilizer production and 
agricultural extension. We hope that it will also contribute to stimulating discus-
sions on the need for future research to broaden our understanding of the roles of Si 
in plant biology and, especially, plant stress physiology. 

 We would like to express our sincere gratitude to Dr. Nina Nikolic from the 
University of Belgrade, Serbia, for her critical reading of all the chapters and her 
useful comments. Last but not least, our thanks are given to Ms. Abbey Huang from 
Springer for her instructions and assistance during the publication process.  

    Hangzhou, China     Yongchao     Liang   
Beijing ,  China    
   Belgrade ,  Serbia      Miroslav     Nikolic     
   Québec ,  Canada      Richard     Bélanger    
   Yangling ,  China      Haijun     Gong   
  Beijing, China    Alin     Song    
March, 2015     
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    Chapter 1   
 History and Introduction of Silicon Research 

          Abstract     Although silicon (Si) is not yet listed among the essential elements for 
the growth of higher plants, it has been well documented to play an important 
role in providing benefi cial effects on growth and yield, especially in plants 
under stressful environments. From a practical perspective, the use of slag-based 
 silicate fertilizers in agriculture can be dated back to the Middle Ages in Europe. 
Over the last decade, the discovery of specifi c Si transporters in rice roots has 
allowed great progress in the understanding of Si uptake by plants at the molecu-
lar level. In the same manner, important advancements have been made in 
 dissecting the molecular mechanisms by which Si enhances plant resistance to 
fungal and bacterial diseases and insect pest damage. In contrast, more efforts are 
needed to explain at the molecular level the numerous reports showing Si benefi ts 
against abiotic stresses. In this chapter, a brief review is presented focusing on 
the most important historical points and general introduction of worldwide Si 
research.  

  Keywords     Abiotic stress   •   Biotic stress   •   Silicon uptake and transport   •   Slag  

1.1               General 

 Silicon (Si) is a tetravalent metalloid and, together with its chemical analogue ger-
manium (Ge), is a crucial semiconductor widely used in circuits for modern elec-
tronics. Si is a ubiquitous element and the second most abundant after oxygen in 
soil, comprising approximately 28 % of the Earth’s crust. Despite this, most sources 
of Si in soil are present as crystalline aluminosilicates, which are insoluble and not 
directly available for plants (Richmond and Sussman  2003 ). The plant-available 
form of Si is monosilicic acid (H 4 SiO 4 ), which is present in the soil solution bathing 
the plant roots at concentrations normally ranging from 0.1 to 0.6 mM (Gunnarsson 
and Arnórsson  2000 ), roughly two orders of magnitude higher than the concentra-
tions of phosphorus (P) in soil solutions (Epstein  1994 ,  1999 ). However, Si is con-
tained in varying amounts in all terrestrial plants, ranging from 0.1 to 10 % of shoot 
dry weight. 
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 Despite its ubiquity and abundance in both soils and plants, Si has not yet been 
considered an ‘essential’ mineral element of any terrestrial higher plant taxon, with 
the exception of the members of Equisetaceae, nor has it received the attention of 
plant physiologists (Epstein  1994 ). This is partly because convincing evidence that 
Si can meet the defi nition of essentiality as established by Arnon and Stout in the 
1930s is still scarce, and it is currently impossible to purify nutrient solution cultures 
to be completely free of Si. Consequently, Si is not deliberately included in the for-
mulation of any of the commonly used hydroponics nutrient solutions, where it 
might occur from a purifi ed water, chemicals and contamination by air dusts. Thus, 
Epstein ( 1994 ,  1999 ,  2001 ) reiterates that plants grown in conventional nutrient 
solutions are, to an important extent, experimental artefacts, because in reality plants 
rooting in soils are exposed to ample supply of Si from growth media and its omis-
sion from solution cultures may lead to distorted results in experiments on inorganic 
plant nutrition, growth and development and responses to environmental stress. 
Accordingly, Epstein’s lab prescribed adding 1 mM Na 2 SiO 3  for preparation of a 
modifi ed Hoagland solution to eliminate experimental artefacts mentioned above 
(Epstein  1994 ). Epstein ( 1999 ) considered Si a ‘quasi-essential’ element for many of 
plant species for which its absolute essentiality has not been established. According 
to the defi nition of ‘quasi-essential’ elements, an element is defi ned as quasi-essen-
tial if it is ubiquitous in plants and if a defi ciency of it can be severe enough to result 
in demonstrable adverse effects or abnormalities with respect to growth, develop-
ment, reproduction or viability (Epstein  1999 ). More recently, however, Epstein and 
Bloom ( 2005 ) have further modifi ed the near universally accepted defi nition of 
essentiality of elements established by Arnon and Stout ( 1939 ). Based on this newly 
modifi ed defi nition, an element is essential if it fulfi ls either one or both of the two 
following criteria: (1) the element is part of a molecule that is an intrinsic component 
of the structure or metabolism of the plant, and (2) the plant can be so severely defi -
cient in the element that it exhibits abnormalities in growth, development or repro-
duction, i.e. ‘performance’, compared to plants with lower defi ciency. Following 
this new defi nition, Si is undoubtedly an essential element for higher plants. 

 Based on the current knowledge documented in the literature, it is clear that Si 
does show its signifi cance for the life of plants and the performance of crops in the 
following aspects, but defi nitely not confi ned to these: (1) essentiality (diatoms 
(Bacillariophyta), horsetails or scouring rushes (Equisetaceae)); (2) enhancement of 
growth, yield and quality; (3) promotion of mechanical strength or plant erectness 
and hence resistance to lodging; (4) better light interception and hence promotion of 
photosynthesis; (5) resistance to insuffi cient sunshine or shading; (6) effects of 
plant surface properties; (7) resistance to plant diseases caused by fungi, bacteria, 
viruses and nematodes; (8) resistance to herbivores ranging from phytophagous 
insects to mammals; (9) resistance to excess metal toxicity; (10) resistance to salin-
ity stress; (11) inhibition of transpiration and hence resistance to drought stress and 
effi cient water use; (12) resistance to high temperature and chilling or freezing 
stress; (13) resistance to UV radiation or monochromic exposure; (14) enhancement 
of root oxidizing power and root activities and hence alleviation of reduced toxicity 
under low Eh; (15) effects on enzyme activities; (16) alleviation of stress from other 
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minerals [e.g. potassium (K), phosphorus (P) and iron (Fe) defi ciency; nitrogen (N), 
P and boron (B) excess; etc.]; (17) promotion of nodule formation in legume plants 
and hence promotion of N 2  fi xation (Nelwamondo and Dakora  1999 ; Nelwamondo 
et al.  2001 ; Mali and Aery  2008 ); and (18) promotion of formation of phytolith- 
occluded carbon and hence having implications in carbon bio-sequestration of 
atmospheric CO 2  and global climate change (Song et al.  2012 ,  2013 ). 

 Over the last century, especially the last decade, numerous studies have focused 
on a better understanding of the mechanism(s) involved in (1) the effects of Si on 
agricultural and horticultural crop productivity and quality; (2) Si-mediated allevia-
tion of various forms of abiotic and biotic stress; (3) Si uptake, transport and accu-
mulation; (4) soil Si biogeochemistry and its bioavailability; (5) analytical methods 
of Si in soil, plant and fertilizer; and (6) Si fertilizer manufacturing, application and 
management. The international Si community has grown through a history of more 
than one decade since the fi rst International Conference on Silicon in Agriculture 
was successfully held in Florida, USA (1999), followed by the second in Tsuruoka, 
Japan (2002); the third in Uberlandia, Brazil (2005); the fourth in KwaZulu-Natal, 
South Africa (2008); the fi fth in Beijing, China (2011); and the sixth in Stockholm, 
Sweden (2014). All these conferences provided a forum for the distinguished scien-
tists, colleagues, students, fertilizer producers and consumers to present their most 
recent fi ndings and achievements and to exchange their valuable experiences with 
their international partners, thus putting forward the science of Si in agriculture at 
an international level. Rapid and ample progress has been achieved since the last 
two to three decades in all the aspects mentioned above (e.g. Horst and Marschner 
 1978a ,  b ; Horiguchi and Morita  1987 ; Chérif et al.  1992a ,  b ;  1994 ; Hodson and 
Evans  1995 ; Liang  1999 ; Epstein  1999 ; Rogalla and Römheld  2002 ; Rodrigues 
et al.  2003 ,  2004 ; Fauteux et al.  2005 ; Gong et al.  2005 ; Guo et al.  2005 ; Liang et al. 
 2005 ; Nikolic et al.  2007 ; Chain et al.  2009 ; Ghareeb et al.  2011a ; Detmann et al. 
 2012 ; Liu et al.  2013a ,  b ; Pavlovic et al.  2013 ; Ye et al.  2013 ; He et al.  2015 ), while 
the fastest and greatest progress has been made in mechanisms of Si uptake and 
transport in higher plants, pioneering work performed by Ma’s group on isolation, 
identifi cation and functional analysis of a series of genes responsible for Si trans-
port in rice ( Oryza sativa ), maize ( Zea mays ), barley ( Hordeum vulgare ) and pump-
kin ( Cucurbita moschata ) (Ma et al.  2006 ,  2007a ; Yamaji and Ma  2009 ; Mitani 
et al.  2009 ,  2011 ; for more details, see Chapter   4    ). More recently, He et al. ( 2013 , 
 2015 ) have provided more convincing and direct evidence showing that Si is natu-
rally present as a constituent of the cell walls, where it is fi rmly bound to the cell 
wall matrix (hemicellulose) rather than occurring within intra- or extracellular silica 
deposition, as determined by using inductively coupled plasma mass spectrometry 
(ICP-MS) and X-ray photoelectron spectroscopy (XPS). This species of Si, linked 
with the cell wall matrix, improves the structural stability of cell walls during their 
expansion and subsequent cell division. Maintaining cell shape is thereby enhanced, 
which may be crucial for the function and survival of cells. These authors have pro-
vided further evidence indicating that organosilicon is present in plant cell walls, 
which broadens our understanding of the chemical nature of ‘anomalous Si’ in plant 
biology (He et al.  2013 ,  2015 ). 

1.1 General
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 In this book, the current and updated knowledge of Si in soil, plant and fertilizer 
will be summarized and overviewed, and future research needs for Si in agriculture 
and in eco-environmental systems will also be discussed. In this chapter a review is 
presented on the history and general introduction of worldwide Si research.  

1.2     Silicon Research and Application in Europe 

 Field application of slag-based fertilizer in Europe can be traced back to the Middle 
Ages (fi fth to fi fteenth centuries) when the medieval Cistercians in monasteries of 
European countries such as Dürstel in Switzerland, Noraskog in Sweden, 
Champagne in France and Märkische Sauerland in Germany, who were known to 
have been skilled metallurgists, extracted iron (Fe) using iron ore deposits and 
used the by- product of iron-making industry, phosphate-rich (also silicate- and 
calcium-rich) slag, from their furnaces as an agricultural fertilizer. The blast fur-
nace, discovered in the twelfth century, is ranked fourth among the top 10 inven-
tions of the Middle Ages. Like manure and cinder, iron-making slag has been used 
extensively for centuries as fertilizer or liming materials in maize, potato and sugar 
beet to improve crop yield and to rectify soil pH in Germany, Belgium, France and 
Britain. 

 Early studies of Si in plants in Europe showed that the concentration of Si was 
found to be between 10 and 20 times higher in species of Poaceae than in non- 
monocotyledonous species (de Saussure  1804 ). This may be the earliest recording 
of extremely wide variation of Si content in higher plants. In the book  Elements of 
Agricultural Chemistry  edited by Davy ( 1819 ), the greatest chemist of his age, the 
roles of Si in providing protection against insect damage were commented as saying 
that ‘the siliceous epidermis of plants serves as support, protects the bark from the 
action of insects, and seems to perform a part in the economy of these feeble vege-
table tribes (Grasses and Equisetables) similar to that performed in the animal king-
dom by the shell of crustaceous insects’. Struve ( 1835 ) in Germany was also one of 
the pioneers to investigate the form of silica deposited on the cell walls of higher 
plants (phytoliths). He demonstrated for ‘tabashir’ in bamboo stems that silicifi ed 
parts remain intact after ashing but dissolved in caustic potash solution. Later, more 
research was done on silica bodies in Cauto bark ( Moquilea  or  Hirtella  species, 
Chrysobalanaceae) and  Calamus  parenchyma (Cruger  1857 ) and in  Zea  and 
 Saccharum  (Wiesner  1867 ). 

 Liebig ( 1840 ), a German chemist and agricultural scientist (Fig.  1.1 ), fi rst rec-
ommended sodium silicate as a Si fertilizer to improve crop productivity after he 
conducted the pioneering greenhouse experiments to explore silicate effect on sugar 
beet growth. He concluded that the true purpose of a fertilizer is to supply ammonia 
and such salts as potassium silicate, calcium phosphate and magnesium phosphate 
to plants. By using the solution culture technique around the 1860s in Germany, 
Sachs ( 1865 ) determined which elements are indispensable to plant nutrition and 
commented in his book (a chapter ‘Nutrients’) that Si does not belong among the 
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indispensable elements in the same sense as potassium (K) and P but that Si is 
widely distributed in plants. This is the fi rst paper excluding Si as an essential ele-
ment, but stressing its wide distribution in plants.

   Since 1856, a long-term fi eld experiment at the Rothamsted Experimental Station 
in England has been conducted to test sodium silicate effect on grass and barley 
growth and yield. Sodium silicate, both as a fresh application and as a residue, con-
tinued to give substantial yield increases in the period 2002–2005 on plots lacking 
P or K but had no effect on plots receiving these nutrients (Rothamsted Research 
 2006 ). 

 Over the last century, numerous researches on the physiological role of Si and its 
agronomic effects have been carried out across Europe. Some of the most impres-
sive work was done by Marschner and his co-workers, who criticized the claims of 
the essentiality of Si by Japanese scientists (Marschner et al.  1990 ). For instance, 
Miyake and Takahashi ( 1978 ,  1983 ) reported that Si-deprived cucumber ( Cucumis 
sativus ) and tomato ( Lycopersicon esculentum ) grown hydroponically exhibited 
typical defi ciency symptoms, leading to an implication of Si as an essential element 
for higher plants. However, with regard to the experiments with cucumber, 
Marschner et al. ( 1990 ) concluded that the Si defi ciency symptoms observed by 
Miyake and Takahashi ( 1983 ) were actually zinc (Zn) defi ciency symptoms, because 
the concentrations of Zn in the nutrient solution were low (0.1 μM or less) and those 
of P were excessive. Marschner et al. ( 1990 ) could rectify the so-called Si defi -
ciency symptoms by lowering the concentration of P in the nutrient solution or rais-
ing that of Zn. Thus, the observation by Miyake and Takahashi ( 1983 ) is an instance 
of Si-mediated amelioration of an unfavourable environment and that, according to 
the classical defi nition for essentiality established by Arnon and Stout ( 1939 ), does 
not qualify the element for ‘essential’ status. 

 Numerous European studies have been performed on Si-mediated resistance to 
metal toxicity stress including aluminium (Al) (e.g. Hodson and Evans  1995 ; Wang 
et al.  2004 ), manganese (Mn) (e.g. Horst and Marschner  1978a ,  b ; Iwasaki et al. 
 2002a ,  b ; Rogalla and Römheld  2002 ; Führs et al.  2009 ; Dragisic Maksimovic et al. 
 2012 ) and cadmium (Cd) (e.g. Vaculík et al.  2012 ). 

  Fig. 1.1    Justus von Liebig 
(1803–1873)       
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 Interestingly, Si has been found to alleviate Fe defi ciency symptoms in cucumber 
as demonstrated for the fi rst time by Nikolic and his colleagues, by enhancing remo-
bilization of Fe from the root apoplast and subsequent xylem transport (Pavlovic 
et al.  2013 ; for more details, see Chap.   8    ). Pioneering research work has been done 
by Wydra and his colleagues showing that Si is also very effective in suppressing 
bacterial wilt in tomato, a Si non-accumulating (Si-excluder) plant species (Dannon 
and Wydra  2004 ; Diogo and Wydra  2007 ; Ghareeb et al.  2011a ,  b ). The interactive 
mechanisms of Si and bacterial wilt in tomato were explained at both physiological 
and molecular levels (also see Chap.   9    ). 

 Another important fi nding has recently been reported by Fleck et al. ( 2011 ). In 
their work, they showed that Si reduced radical oxygen and oxidation power in rice, 
thus increasing suberization of exodermis and lignifi cation of sclerenchyma. These 
changes increased  with Si supply and were related to a higher transcription of genes 
associated with suberin and lignin synthesis.  

1.3     Silicon Research in Asia 

1.3.1     Japan 

 Japanese scientists started to investigate the role of Si in higher plants, especially in 
rice plants at the beginning of the twentieth century (reviewed by Ma and Takahashi 
 2002 ). The earlier research mainly focused on fi eld observations of the relationship 
between disease severity and leaf Si content. By collecting rice plants from 13 dif-
ferent regions in Western Japan and comparing the chemical composition of the rice 
plants infected with blast with that of healthy ones grown in the same paddy fi eld, 
Onodera ( 1917 ) fi rst published a paper entitled ‘Chemical studies on rice blast dis-
ease’ in a scientifi c journal, concluding that blast diseased plants contained less Si 
than healthy ones obtained from the same fi eld. Therefore, a close relationship 
existed between Si content in leaves and rice blast incidence, and the natural Si 
content found in rice tissue depended on the paddy fi eld in which the plants had 
been grown. Although Onodera did not intend to study the physiological role Si 
played in rice blast resistance, his pioneering work stimulated further research on Si 
in Japan. Subsequently, more papers were published dealing with the effects of 
genotype and silicate fertilizer (Kawashima  1927 ; Ma and Takahashi  2002  and ref-
erences therein) on rice blast severity both under controlled environments and in the 
fi eld. Kawashima ( 1927 ) fi rst demonstrated that both rice blast resistance and Si 
content in rice plants were signifi cantly increased by application of Si under con-
trolled conditions. He also found that Si content in rice straw and husks was propor-
tional to the amount of Si amended to the soil and the severity of blast on panicles 
was inversely proportional to the amount of Si in rice tissues. Similar results were 
reported by Ito and Hayashi ( 1931 ) and Miyake and Ikeda ( 1932 ). Inokari and 
Kubota ( 1930 ) demonstrated that the incidence of blast was signifi cantly reduced by 
application of Si fertilizer to Si-defi cient paddy fi elds derived from peat soils. 
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To dramatically reduce the intensity of blast, application of 1.5–2.0 t ha −1  of various 
Si sources to Si-defi cient paddy soils was recommended in Japan (Suzuki  1935 ). It 
was also shown that application of Si fertilizer was more effective in alleviating 
brown spot and blast in rice under excess nitrogen stress. 

 Rice is a staple food in Japan and other Asian countries. Monocropping with rice 
results in leaching and defi ciency of nutrients and available Si. Soil degradation and 
low productivity thus occur in such rice fi elds (Ma and Takahashi  2002 ). To solve 
this problem, the Ministry of Agriculture, Forestry and Fisheries of Japan started 
nationwide trials using slag in rice fi elds at different experimental stations in 1952. 
The results indicate that, in addition to supplementing base ions (e.g. P, K, Fe, Mn 
and Zn), slag contains an important source of Si important for the improvement of 
the productivity in the degraded paddy soils. Consequently, Si was fi rst among the 
fertilizers listed as a nutrient in the 1950s. The fi rst national standard for slag-based 
Si fertilizer was established in 1955 in Japan. This is one of the most important 
contributions to the fi eld of Si research and application by Japanese scientists. The 
extensive use of slag-based Si fertilizer to the degraded Si-defi cient paddy soils also 
contributed signifi cantly to sustained rice productivity and food safety after World 
War II. The annual consumption of slag-based Si fertilizer averages 1 million tons 
with its peak at 3 million tons. In addition, after Imaizumi and Yoshida ( 1958 ) made 
an intensive investigation on the Si-supplying capacity of paddy soils by using vari-
ous solvents including hot hydrochloric acid, ammonium oxalate (at pH 3.0), 2 % 
sodium carbonate, 0.002 N sulphuric acid (at pH 3.0), saturated carbonic acid water 
(at pH 3.8) and sodium acetate (at pH 4.0), they found the best relationship between 
the amount of Si extracted by the acetate buffer and the amount of Si in rice straw. 
This fi nding served as the basis to defi ne a method to assess a soil Si-supplying 
power that has been widely used both in Japan and in the rest of the world. 

 As for investigations on the roles Si plays in plant biology, Takeoka et al. ( 1979 ) 
postulated the famous ‘window’ hypothesis that the presence of epidermal silica bod-
ies facilitates the transmission of light through the epidermis to the photosynthetic 
mesophyll or to stem cortical tissue, consequently increasing photosynthesis and 
plant growth. This hypothesis, however, was not supported by the later fi ndings of 
Kaufman et al. ( 1979 ,  1981 ,  1985 ) and fi nally was disproved by Agarie et al. ( 1996 ). 

 By using IR and UV absorption spectroscopy, Inanaga et al. ( 1995 ) provided 
some evidence that Si exists in association with some organic compounds in the cell 
walls of rice seedlings. They hypothesized that in rice, Si may bind with the lignin–
carbohydrate complexes or phenol–carbohydrate complexes in a similar way to cal-
cium (Inanaga and Okasaka  1995 ; Inanaga et al.  1995 ). If Si is present in association 
with organic compounds in the cell walls of rice plants, it may compete with cal-
cium for binding sites on the cell wall. This hypothesis has recently been confi rmed 
by He et al. ( 2013 ,  2015 ). 

 From efforts initiated in the early 2000s, Ma and his co-workers made a break-
through in Si transport in plants that led to the identifi cation, characterization, 
cloning and functional analysis of a series of Si transporter genes ( Lsi1 ,  Lsi2  and 
 Lsi6 ) responsible for Si uptake, translocation and distribution fi rst in rice, then in 
barley ( Hordeum vulgare ) and maize ( Zea mays ) and more recently in pumpkin 
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(Ma et al.  2006 ,  2007a ,  b ,  2011 ; for more details, see Chap.   4    ). These Si genes fi rst 
identifi ed in higher plants bear no similarity to the Si transporters previously iden-
tifi ed in diatoms (Hilderbrand et al.  1997 ).  

1.3.2     China 

 China has a long history of contributions to agriculture with more than 5000 years of 
agricultural civilization. According to China’s fi rst agricultural encyclopaedia, tran-
scribed in Latin letters as ‘Qi Min Yao Shu’ (English translation ‘Important Arts for 
the People’s Welfare’; see   http://www.chinaculture.org/created/2005-04/30/con-
tent_68368.htm    ) by Jia Sixie in the late years of the Northern Wei Dynasty (386–
534), applying organic manure such as straw, manure and composting to cropland is 
the best way to improve soil fertility and sustain crop productivity through recycling 
of nutrients including Si. Also, wood or crop straw burning in China has been a rather 
common practice for cooking in rural areas; the returning of the burning ash and/or 
cinder containing large quantities of mineral elements including Si and K to crop 
fi elds as a soil amendment is an extremely effective supplement of Si nutrient removed 
by crop harvest. However, the effects of steel or iron slag-based Si fertilizer on crop 
growth, yield and quality were not studied until the 1950s with the paper published 
by Zhu and Chen ( 1963 ) in the scientifi c journal  Acta Pedologia Sinica . Starting in 
1958, Zhu and Chen ( 1963 ) conducted extensive fi eld trials with different blast fur-
nace slags in different types of soils differing in pH (pH 6.5–7.6) and soil texture and 
in varying crops including rice, wheat ( Triticum aestivum ), maize, millet ( Setaria 
italica ), sorghum ( Sorghum bicolor ), soybean ( Glycine max ), cotton ( Gossypium ), 
potato ( Solanum tuberosum ), sugar beets ( Beta vulgaris ), sunfl ower ( Helianthus ann-
uus ) and pumpkin ( Cucurbita moschata ) in Liaoning, Jilin and Heilongjiang prov-
inces of Northeast China. The results showed that, on average, application of slag 
increased rice yield by 10 % and upland crop yield by 5 % with distinct residual 
effects. Application of slag increased not only crop yield but also crop quality. For 
example, oil content of soybean and sunfl ower, starch content of potato and rice, 
sugar content of beets, protein content of wheat and cotton yield before frost were 
signifi cantly raised by application of blast furnace slag. Since then, numerous studies 
have focused on Si-supplying capacity in low-pH oxisols and ultisols located in tropi-
cal and subtropical areas of south China including Chinese Taiwan and the responses 
of different crops such as rice, sugarcane, wheat, maize and other vegetable and hor-
ticultural crops (Lian  1976 ; Qin  1979 ; He et al.  1980 ; Ma et al.  1985 ). 

 Most of the research work conducted in China before 1990 focused mainly on 
Si-supplying power and crop responses to slag-based Si fertilizers in acid soils in 
tropical and subtropical regions. The positive effect of Si on crops was restricted to 
Si-defi cient (critical plant-available SiO 2  content of 105–120 mg kg −1 ) paddy soils 
derived from acid soils, while those developed from calcareous soils with high pH 
were thought to be Si suffi cient with plant-available SiO 2  content of over 200 mg 
kg −1  since application of Si fertilizers to these soils did not affect crops. 
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Nevertheless, Liang et al. ( 1994 ) fi rst demonstrated that Si defi ciency still occurred 
in rice grown on calcareous paddy soils in which plant-available Si was not suffi -
cient although the acetate-extractable Si was much higher than the critical value. 
The acetate buffer (pH 4.0) extraction method seems to overestimate Si-supplying 
power in calcareous soils with considerable amount of the extracted Si unavailable 
to plants. Positive rice growth and yield responses were obtained with Si applied 
to those soils. 

 Investigations into the physiological and biochemical roles of Si in stimulating 
plant growth, increasing crop yield and enhancing resistance to lodging, plant dis-
ease and pest damage and various forms of environmental stress have been ongoing 
since the 1970s. Many papers have been published in domestic and international 
journals over the last decades. One of the highlights in Si research in China is the 
hypothesis proposed by Liang and his colleagues (e.g. Liang  1999 ; Liang et al. 
 2003 ,  2007 ,  2008 ; Song et al.  2009 ,  2011 ) that Si-enhanced antioxidant defence 
capacity is a universal and major strategy for Si-mediated tolerance to abiotic stress 
such as salinity, freezing, drought and heavy metals in plants. Progress has also been 
made in mechanisms of Si uptake and transport by dicots such as cucumber. It has 
been demonstrated for the fi rst time that Si uptake and transport is an active process 
in cucumber (Liang et al.  2005 ). Furthermore, Liang et al. ( 2006 ) concluded that 
both active and passive Si-uptake components coexist in rice, maize, sunfl ower and 
wax gourd, with their relative contribution being dependent upon the plant species 
and external Si concentrations. The contribution of passive component cannot be 
overlooked in rice and maize, especially at a higher external Si concentration, while 
the active component is also important in sunfl ower and wax gourd, especially at a 
lower external Si concentration. Furthermore, xylem loading of Si is an active pro-
cess in rice, maize, sunfl ower and wax gourd, regardless of external Si 
concentrations. 

 By analysing single cells of the suspended rice cell culture in the absence and 
presence of Si using a combination of physical techniques including atomic force 
microscopy (AFM), He et al. ( 2013 ,  2015 ) have recently provided more convincing 
and direct evidence demonstrating that Si is naturally present as a constituent of the 
cell walls rather than occurring within intra- or extracellular silica deposition. More 
importantly, it seems that a majority of Si occurred fi rmly bound to the polysaccha-
ride matrix of cell walls, such as hemicellulose, not as free silicate/silicic acid or 
silica, which is less readily liberated by weak alkali or acid or even enzymes. This 
wall-bound form of Si also plays a signifi cant role in maintaining cellular integrity 
and structure of the walls, thereby highlighting the biochemical and structural role 
of Si at the trace level in preserving cell shape and mechanical properties to ensure 
subsequent wall expansion and cell division, which may be crucial for the function 
and survival of cells. 

 Rapid and ample progress has recently been achieved by Ye et al. ( 2013 ) who 
have fi rst demonstrated that apart from the roles Si may play in passive or constitu-
tive defences, Si primes jasmonate (JA)-mediated inducible antiherbivore defence 
responses and increases rice resistance to the leaffolder caterpillar, and Si accumu-
lation in rice leaves is mediated by the JA pathway, suggesting a strong interaction 
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between Si and JA in rice defence against insect herbivores. This interaction is 
 considered to be a possible widespread mechanism by which Si enhances plant 
resistance against biotic stresses in Si-accumulating plant species (Ye et al.  2013 ).  

1.3.3     Other Southeast Asian Countries 

 In addition to the extensive research on soil, plant and fertilizer Si in Japan and China, 
numerous researches targeting raising crop yield by using slag-based Si fertilizers 
were also conducted in South Korea, North Korea, Thailand, Malaysia, Indonesia, the 
Philippines, Sri Lanka, Ceylon, India, Pakistan, etc. Application of slag-based Si fer-
tilizers to paddy soils is a rather common practice in these countries. 

 South Korea has a long history of research on the effects of Si on rice growth and 
yield, which has started since the 1960s (Kim and Choi  2002 ; Lee et al.  2005 ). 
Korean paddy soils are generally characterized by low pH and low available Si con-
tent. The soil pH and available Si content averaged 5.6 and 72 mg SiO 2  kg −1 , respec-
tively, which were lower than the optimum ranges of pH (6.0–6.5) and available Si 
(130–180 mg SiO 2  kg −1 ). 

 The fi rst silicate fertilizer in Korea from 1963 to 1990 was the grounded wol-
lastonite. Another important source of Si fertilizer is blast furnace slag, a by- product 
of iron and steel industry. This silicate fertilizer has been provided to farms every 4 
years and subsidized by the government since 1996. With successive use of silicate 
fertilizer, the average Si content in soil was increased from 75 mg SiO 2  kg −1  in the 
1970s to 118 mg SiO 2  kg −1  in 2003. 

 The benefi cial effect of Si on rice yield has been extensively studied in Korea. 
For instance, a 26-year fi eld experiment was done from 1975 to 2000 on the Si fer-
tilization of 1.5 Mg ha −1  to the clay loam paddy fi elds. The average rice yield for 
every 5-year interval was observed to continually increase with silicate fertilizer 
applied at 1.5 Mg ha −1  as compared to a NPK treatment (Kim and Choi  2002 ). 

 In the Philippines, scientists in IRRI (International Rice Research Institute) con-
ducted a series of fi eld experiments to investigate the effects of different forms of Si 
sources, rates and methods of application on agronomic and entomological aspects 
of fl ooded rice and obtained encouraging results ( IRRI 1965 ,  1966 ,  1967 ). Positive 
rice yield responses to Si fertilizers have also been reported in Sri Lanka (Rodrigo 
 1964 ; Takijima et al.  1970 ), Thailand (Takahashi et al.  1980 ), Indonesia (Burbey 
et al.  1988 ), and India (Datta et al.  1962 ; Sadanandan and Varghes  1968 ).    

1.4     Silicon Research in America and Australia 

 Although the fi rst patents for using slag as a fertilizer were obtained by Zippicotte 
in the USA in 1881 (Zippicotte  1881 ), Si was not approved as a plant-benefi cial 
substance by the Association of American Plant Food Control Offi cials (AAPFCO) 
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until 2012. Indeed, the fi rst analysis for Si content in soils available for plants was 
conducted on the Hawaiian Islands in 1898 (Maxwell  1898 ). Before the 1950s, 
numerous researches were conducted in the USA to demonstrate whether Si was an 
essential element for higher plants, but no conclusion was drawn because no con-
vincing evidence was obtained. The earlier investigations showed that Si was a 
benefi cial or essential element by some plants (Sommer  1926 ; Lipman  1938 ; 
Raleigh  1939 ). For example, Sommer ( 1926 ) reported that the growth of rice and of 
millet was improved by the addition of Si to the nutrient solution. Lipman ( 1938 ) 
found that sunfl ower and barley defi nitely benefi ted from addition of Si to the cul-
ture medium, especially in terms of seed production. Raleigh ( 1939 ) reported that 
Si was an indispensible element for the growth of beet plant. However, such experi-
mental results of earlier investigations into the essentiality of Si were diffi cult to 
interpret because these experiments were performed with paraffi n-coated glass con-
tainers or asphalt-painted iron containers. It was then impossible and is now still 
impossible to create a Si-free experimental environment to verify whether Si is 
essential or not for higher plants because of contamination from chemical and water 
impurities and from dust. In a solution culture experiment, Woolley ( 1957 ) grew 
tomato plants with double distilled water (0.00085 g L −1  Si) and purifi ed salts to 
exclude Si from the environment to determine whether it is an essential element for 
tomato. The Si-deprived plants with only 4.2 mg kg −1  of Si in the shoots grew as 
well as those deliberately supplied with the element. Physiologically speaking, Si 
can perhaps be considered as a micronutrient, the inadvertent supply of which 
through environmental contamination meeting the requirements of solution- 
cultured plants. 

 An early and important discovery into the signifi cance of Si in plant biology was 
made by Williams and Vlamis ( 1957a ,  b ), who demonstrated that addition of Si to 
a nutrient solution supplied with excess Mn prevented Mn toxicity symptoms (dark 
brown necrotic spots in the leaves) in barley, however with no effect on the total leaf 
Mn content. They concluded that Si caused Mn to be more evenly distributed instead 
of being concentrated in discrete necrotic spots. 

 In the 1960s, two most impressive review articles on Si were published, which 
stimulated and deepened the research work related to Si in agriculture and plant 
biology. In 1967, Jones and Handreck ( 1967 ) from Australia published a thorough 
review article, which covered several aspects of Si ranging from Si soil chemistry 
and availability through plant Si uptake and the factors affecting Si uptake to 
Si-alleviated manganese toxicity to animal Si nutrition via ingesting pasture plants. 
In 1969, Lewin and Reimann ( 1969 ) published a review article ‘Silicon and Plant 
Growth’, in which they discussed in detail chemical forms, uptake and distribution 
of Si in plants and its effect on plant growth, increased Mn and Fe toxicity and water 
loss by transpiration under Si defi ciency, as well as the interactions of Si with P and 
B. In recent years, the most important review articles regarding plant Si nutrition are 
arguably the two reviews by Epstein ( 1994 ,  1999 ), which have greatly stimulated 
worldwide research on Si at chemical, physiological and molecular aspects. 
Considering the importance of Si in plant growth and the reality of presence of Si at 
an appreciable concentration in the medium to which plant roots are normally 
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exposed, Epstein ( 1994 ,  1999 ) fi rst discussed the reasons why Si should not have 
been omitted from conventional culture solutions and why the experimental plants 
grown in Si-deprived nutrient solutions should be considered to be experimental 
artefacts. Also inclusion of Si should be recommended in commercial 
hydroponics. 

 Since the 1990s, great progress has been made in Canada and the USA  regard-
ing the mode of action of Si against plant diseases. Earlier reports were mostly 
associated with the mechanical barrier hypothesis whereby fungal penetration 
was believed to be impeded by silica opals or phytoliths deposited on the cell 
walls (Wagner  1940 ; Heath and Stumpf  1986 ; Carver et al.  1987 ,  1994 ), and for a 
long time, this mode of action prevailed but stood uncontested. This hypothesis, 
however, was challenged by Samuels et al. ( 1991a ,  b ) and particularly by 
Bélanger’s group (Chérif et al.  1992a ,  b ,  1994 ) who fi rst linked this benefi cial 
effect of Si to the elicitation of defence mechanisms. Indeed, they found that the 
activities of some pathogenesis-related proteins (enzymes) such as peroxidase 
(POD), polyphenol oxidase (PPO) and chitinase in cucumber infected with 
 Pythium  spp. were signifi cantly stimulated by Si. Subsequently, Bélanger and his 
co-workers (Fawe et al.  1998 ,  2001 ) provided some direct evidence showing that 
Si played more than a mechanical role  in planta  as Si was shown to be involved in 
enhancing cucumber resistance to  P. xanthii  by stimulating phytoalexin produc-
tion within the plant. Thus, Si was hypothesized to be actively involved in trigger-
ing defence mechanisms in response to fungal attack in cucumber. This hypothesis 
was further supported by Datnoff and his co-workers who reported that the fungi-
toxic compounds identifi ed as momilactones, known as rice phytoalexins, were 
detected in blast-infected rice supplied with Si (Rodrigues et al.  2003 ,  2004 ). 
Furthermore, evidence was provided that Si-alleviated powdery mildew infection 
in wheat was attributable to a cellular reaction to fungal presence (Bélanger et al. 
 2003 ). Later on, Fauteux et al. ( 2005 ) suggested  that Si could act as a potentiator 
of plant defence responses or as an activator of strategic signalling proteins to 
interact with several key components of plant stress signalling systems, ultimately 
leading to induced resistance against pathogenic fungi. However, the molecular 
mechanisms of how such priming is associated with Si still remain unclear. The 
association between Si and priming in plant–pathogen interactions has recently 
been corroborated by Vivancos et al. ( 2015 ), but  at the same time their work sug-
gests that mechanisms other than SA-dependent plant defence priming are 
involved. These latest  results may be helpful in defi ning a unifying theory explain-
ing the elusive and debated mode of action of Si in plant–pathogen interactions 
(see Chap.   9    ).  

1 History and Introduction of Silicon Research
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1.5     Silicon Research in Africa 

 The fi rst discovery that applications of silica may benefi t sugarcane growth can be 
dated back to 1937 in Mauritius by D’Hotman De Villiers (Meyer and Keeping  2001 ). 
Application of Si-containing crushed basalt at rates varying from 200 to 400 t ha −1  
could lead to cumulative yield increases between 30 and 60 t ha −1 . Since then, many 
fi eld trials on application of silicate materials to highly weathered entisols, ultisols 
and oxisols low in soluble Si have resulted in signifi cant responses in both cane and 
sugar yields in several African countries including Mauritius and South Africa 
(Bishop  1967 ; Cheong and Halais  1970 ; Du Preez  1970 ; Meyer and Keeping  2001 ). 
The more recent research on Si in Africa has been mainly focused on the infl uence of 
Si on the resistance of sugarcane to the stalk borer  Eldana saccharina  (Keeping and 
Meyer  2006 ; Smith et al.  2007 ; Kvedaras et al.  2007 ,  2009 ; see Chap.   10    ).     
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    Chapter 2   
 Analysis of Silicon in Soil, Plant and Fertilizer 

          Abstract     The fi rst soil testing of plant-available silicon (Si) was not conducted 
until 1898 on Hawaiian soils. However, numerous procedures have since been 
developed for determination of Si content in a wide variety of materials including 
soils, plants and fertilizers. This chapter reviews current analytical procedures that 
are widely used for analysis of both total Si in soils, plants and fertilizers and plant-
available Si in soils and fertilizers.  

  Keywords     Plant available   •   Silicon fertilizer   •   Silicon analysis   •   Soil   •   Total 
silicon           

2.1      General 

 Although silica bodies were isolated from various plant species in the early nine-
teenth century (Davy  1819 ; Struve  1835 ), the fi rst soil test for plant-available Si was 
not conducted until 1898 on Hawaiian soils (Maxwell  1898 ). Since then, numerous 
procedures for determination of Si content in a wide variety of materials including 
soils, plants and fertilizers have been developed (Snyder  2001 ; Sauer et al.  2006 ). 
However, apart from the review articles by Snyder ( 2001 ) and Sauer et al. ( 2006 ), 
no reviews have been published with focus on comparing the published extraction 
techniques or methodologies for chemically and physically analysing plant materi-
als for Si and for determining total as well as plant-available Si in soils and fertil-
izers. The classical methods for determining total Si content of various materials 
involve conversion of insoluble silicates into sodium silicate through high- 
temperature fusion with sodium carbonate or hydroxide or other sodic bases (Snyder 
 2001 ) followed by determination of Si by a variety of methods including gravime-
try, colorimetry and absorption/emission spectroscopy. In general, all the analytical 
methods involve two major steps; the fi rst one is to dissolve Si contained in the 
insoluble silicates and extract or isolate Si from the materials, and the second one is 
to gauge Si based on gravimetric methods, spectrometric methods or microscopic 
observation. X-ray fl uorescence spectrometry (XRF) as a nondestructive technique 
for multielemental analysis of soil and plant materials showed even higher measure-
ment accuracy for Si over the destructive methods based on alkaline fusion or acid 
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digestion (e.g. Ramsey et al.  1995 ; Reidinger et al.  2012 ); this technique, however, 
has not been routinely used so far. In this chapter, current methods that can be 
widely used are reviewed.  

2.2     Analysis of Total Silicon in Soil 

2.2.1     Gravimetric Methods 

 Gravimetric methods are classic accurate methods that are suitable for determina-
tion of total Si in a wide variety of solid materials including soils, waste materials, 
sewage sludge, plants, organic manures and fertilizers, etc. They require basic com-
mon and simple laboratory equipment except for the expensive platinum wares. On 
the other hand, they are time consuming and tedious and thus not suitable for rou-
tine analysis of a large number of samples especially if only an analysis of Si is 
required (Snyder  2001 ). Therefore, rapid and robust methods suitable for routine 
analyses are needed in modern laboratories. The principle and detailed procedure 
are listed in Table  2.1 .    

2.2.2     Spectroscopic Methods 

 The rapid development of modern spectroscopic techniques has made it possible to 
use more rapid and robust techniques suitable for routine analysis of large samples. 
However, conversion of the silicates contained in the solid samples into a soluble 
form of Si by using sodium carbonate (Na 2 CO 3 ), lithium metaborate (LiBO 2 ) or 
sodium hydroxide (NaOH) is needed before using such spectrometric techniques 
(Snyder  2001 ). The principle and detailed procedure are listed in Table  2.2 .

2.3         Analysis of Total Si in Plant Material 

2.3.1     Gravimetric Methods 

 To analyse Si in an organic matrix, such as plant material, the organic matter should 
be fi rst removed by oxidation at a high temperature (550 °C), and then the non-Si 
elements are solubilized by 6 M HCl followed by fi ltration through ashless fi lter 
paper that retains the Si precipitates. The paper is then ignited and weighed. 
Afterwards, HF is used to evolve Si so that the weight loss is assumed to be Si 
(Snyder  2001 ). Yoshida et al. ( 1976 ) used a gravimetric method to determine Si and 
other mineral elements in rice straw following the removal of organic matter by acid 
digestion.  

2 Analysis of Silicon in Soil, Plant and Fertilizer
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2.3.2     Spectrometric Methods 

 Spectrometric methods used widely for Si determination normally include colori-
metric, atomic absorption spectrometric (AAS) and inductively coupled plasma 
spectrometric (ICP) assays of Si following alkaline- or acid-based digestion of plant 
materials. More recently, XRF, particularly portable X-ray fl uorescence spectrom-
etry (P-XRF), has been reported to be a much faster, safer, nonconsumptive and 
potentially more accurate method to determine Si concentrations in plant material 
(Reidinger et al.  2012 ). XRF works on the principle of excitation of inner orbital 
electrons by an X-ray radiation source. As the excited electrons relax to the ground 
state, they fl uoresce, thereby ejecting photons of energy and wavelength character-
istic of the atoms present. Despite several advantages of XRF over digestion-based 
techniques, such as its nonconsumptive nature and its higher measurement accu-
racy, XRF is still not routinely used for measurement of Si in plants partly due to the 
higher purchasing price of XRF instruments than that for equipment typically used 
in digestion-based techniques such as AAS or ICP (Reidinger et al.  2012 ). 

2.3.2.1     Procedures for Sample Preparation (Table   2.3  ) 

   Table 2.3    Selected procedures for sample preparation   

 Method  Procedures for sample preparation 

 (a) Lithium metaborate fusion 
method (Meyer and Bloom 
 1993 ) 

 1. Tare 10-ml graphite crucibles and weigh 300 mg of LiBO 2  
 2. Add 100 mg of plant tissues carefully to ensure that the 
sample is not in contact with the wall of the crucible 
 3. Place the crucibles into a muffl e furnace and heat slowly up 
to 485 °C over a period of 5 h to ash the plant tissues and 
continue to heat for 24 h at 485 °C 
 4. Remove the crucibles from the oven and raise oven 
temperature to 950 °C 
 5. Carefully mix plant ash with LiBO 2  with a small clean 
spatula 
 6. Transfer the crucibles into the furnace for approximately 
15 min or until the temperature returned to 950 °C using large 
long-handled tongs and leather gloves 
 7. Remove the crucibles and place them on a heat-resistant 
slab to cool. At this time, the fused LiBO 2  and plant ash will 
form a small solid spherical bead 
 9. Transfer the solid spherical bead into a high-density 
polyethylene plastic bottle containing 50 mL or 100 mL of 
2 M HCl. Larger volumes of acid can be used if the sample is 
expected to contain larger amounts of silica 
 10. Cap the bottles and place them on a shaker for 2 h 
 11. Make appropriate dilutions and determine the Si content 
by the molybdenum blue method 

(continued)
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Table 2.3 (continued)

 Method  Procedures for sample preparation 
 (b) Autoclave-induced 
digestion (AID) method 
(Elliott and Snyder  1991 ) 

 1. Place 100 mg of straw samples milled to pass a 20-mesh 
screen and dried to a moisture content of <10 % into a 
250-mL polyethylene tube 
 2. Add 2 mL 50 % H 2 O 2  and 4.5 mL 50 % (w/w) NaOH 
 3. Digest the resulting suspension in an autoclave at 138 kPa 
for 1 h 
 4. Dilute the digested sample to 50 mL with deionized/
distilled water 
 5. Determine Si content colorimetrically 

 (c) Acid digestion and alkaline 
dissolution method (Nayar 
et al.  1975 ) 

 1. Prepare 50-mL Corning glass conical fl asks which are 
thoroughly cleaned with hot alkali followed by acids and 
distilled water 
 2. Weigh 100 mg fi nely ground, oven-dried (70 °C) plant 
samples into the fl ask containing 5 mL concentrated HNO 3  or 
a mixture of 5 mL concentrated HNO 3 , 1 mL 70 % HClO 4  and 
0.5 mL concentrated H 2 SO 4  
 3. Place the fl ask on a hot plate for acid digestion 
 4. Wait for about 30 min till the brown fumes ceases and the 
volume of the acid is reduced to about 2 mL (overheating and 
drying should be avoided) 
 5. Transfer the resultant solutions carefully with repeated 
washings into tall stainless-steel beakers containing 1–1.5 g of 
anhydrous Na 2 CO 3  in suspension so that there is suffi cient 
alkali in excess after neutralization of the acid 
 6. Boil the alkali suspension in the stainless-steel beaker for 
3–5 min to ensure complete dissolution of silica 
 7. After cooling make up the resultant solution to 250 mL for 
colorimetric analysis of the dissolved Si 

 (d) Oven-induced digestion 
(OID) method (Kraska and 
Breitenbeck  2010 ) 

 1. Weigh 100 mg of dry and ground tissue samples into a 
50-mL polyethylene screw-cap centrifuge tube previously 
washed with 0.1 M NaOH, rinsed with distilled water and 
dried 
 2. Add 5 drops of octyl alcohol to reduce foaming prior to 
adding H 2 O 2  and NaOH 
 3. Add 2 mL of 30 % H 2 O 2  to the samples 
 4. Place the tightly capped tube in a convection oven at 95 °C 
 5. Remove the tube and add 4 mL of 50 % NaOH to the hot 
samples after 30 min 
 6. Gently vortex the sample tube and tightly cap, and then 
return to the oven (95 °C) 
 7. Remove the sample tube after 4 h and add 1 mL of 5 mM 
NH 4 F to facilitate the formation of monosilicic acid prior to 
quantitative transfer to 50-mL volumetric fl ask 
 8. Dilute to fi nal volume with distilled water for determination 
of the dissolved Si 

(continued)
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2.3.2.2         Procedures for Si Determination 

   Colorimetric Methods 

 Silicon (Si) can be determined colorimetrically, using light absorption spectrometer 
either by the blue Si molybdenum method at lower Si concentrations or by the yel-
low Si molybdenum method at higher Si concentrations. Si in solution reacts with 
ammonium molybdate forming a yellow silicomolybdate complex. Silicomolybdate 
complex can be fi nally converted into a reduced silicomolybdate complex which is 
blue, using a reducing solution such as ammonia ferrous sulphate, ascorbic acid or 
a mixture of sodium sulphite, sodium bisulphite and 1-amino-2-naphthol-4-sulfonic 
acid. Oxalic acid or tartaric acid is added to remove phosphate interferences. These 
two methods are similar in principle; however, the blue molybdenum method is 
more popular because of its higher sensitivity (Table   2.4  ).   

Table 2.3 (continued)

 Method  Procedures for sample preparation 
 (e) Tiron extraction method 
(Guntzer et al.  2010 ) 

 1. Weigh 0.5 g of plant sample milled to pass a 20-mesh 
screen into a polypropylene tube 
 2. Add 30 mL of a 0.1 M Tiron (4,5-dihydroxy-1,3-benzene- 
disulfonic acid disodium salt, C 6 H 4 Na 2 O 8 S 2 ) solution buffered 
at pH 10.5 to the plant sample in the tube 
 3. Place the tube in a water bath at 85 °C and horizontally 
shake for 1 h with the cap loosely closed to prevent 
evaporation 
 4. Cool the tube 
 5. Take 10 mL of the extraction solution and add 10 mL of 
30 % H 2 O 2  to destroy Tiron to reduce the matrix effect during 
ICP-OES analysis 
 6. Shake the new solution at 85 °C in the water bath for one 
more hour until it was colourless 
 7. Cool and fi lter the solution at a 0.2-μm cellulose nitrate 
membrane before ICP-OES analysis 

 (f) Hydrofl uoric acid 
extraction method (Saito et al. 
 2005 ) 

 1. Weigh 500 mg of dried and milled plant samples into a 
50-mL polypropylene or polyethylene bottle 
 2. Add 10 mL of the extraction solution (1.5 M HF + 0.6 M 
HCl) 
 3. Stopper the bottle, stir the content of the bottle to immerse 
the plant tissues in the HF solution, and let it stand for 30 min 
at 30 °C (1 h at 18 °C) with occasional stirring (roughly every 
10 min) 
 4. Add 40 mL of distilled water, stir to homogenize the 
content, and let plant materials settle for 20 min 
 5. Take the aliquot (0.1 mL) of the clear supernatant for 
determination of the dissolved Si 

2 Analysis of Silicon in Soil, Plant and Fertilizer



27

   AAS and ICP Methods 

 In addition to colorimetric determination of Si using a light absorption spectrome-
ter, dissolved Si can also be determined by AAS using a nitrous oxide–acetylene 
fl ame (Eaton et al.  1995 ) or by ICP (Jones and Dreher  1996 ).     

2.4     Analysis of Soluble Silicon in Soil 

 As the total Si content is not related to the concentration of soluble Si in soils and 
can provide little information on soil Si availability to plants, various chemical 
extractants (Table  2.5 ; Berthelsen and Korndörfer  2005 ) are developed to assess 
Si-supplying power or plant-available Si. Currently, the chemical extracts reported 
to be useful in assaying plant-available Si are water (at varying soil: water ratios), 
sodium acetate buffer (pH 4.0), ammonium acetate (pH 4.8), dilute HCl or H 2 SO 4 , 
ammonium oxalate (pH 3.0), dilute citric acid or acetic acid, dilute CaCl 2 , dilute 
phosphate plus acetate (pH 3.5), sodium phosphate buffer (pH 6.2), dilute Na 2 CO 3 , 
etc. (Gillman and Bell  1978 ; Fox et al.  1967 ; Fox and Silva  1978 ; Haysom and 
Chapman  1975 ; Imaizumi and Yoshidai  1958 ; Haysom and Kingston  2001 ;  Kato 

   Table 2.4    Procedures and reagent preparation for colorimetric determination of Si using 
molybdenum blue method   

 Reagents  Procedure 

 1. Si standard solution of 50 mg L −1  Si by diluting 
1,000 mg L −1  Si standard with addition of 2.5 mM 
HCl to adjust the pH of the solution in the range 
between 2 and 4 

 (1) Transfer 1 mL sample solution to a 
50-mL volumetric fl ask 

 2. 0.5 M B solution and 0.1 M B solution form 
H 3 BO 3  (store in plastic bottles) 

 (2) Add 30 mL 20 % acetic acid 

 3. Stock 0.5 M Mo solution from Na 2 MoO 4  · 2H 2 O 
(store in a polypropylene bottle) 

 (3) Add 10 mL ammonium molybdate 
solution (54 g L −1 , pH 7.0) 

 4. Stock H 2 SO 4  solution (0.8 M H 2 SO 4  + 0.5 M B) 
from concentrated H 2 SO 4  and H 3 BO 3  

 (4) Shake up to mix thoroughly and keep 
for 5 min 

 5. Working Mo solution (0.25 M Mo + 0.4 M 
H 2 SO 4  + 0.25 M B) freshly prepared before use by 
combining 1 volume of the stock H 2 SO 4  solution, 
and 1 volume of the stock Mo solution (stable for 
about 1 month at 5 °C) 

 (5) Immediately add 5 mL 20 % tartaric 
acid and 1 mL reducing solution 
containing 8 g L −1  Na 2 SO 3 , 1.6 g L −1  
1-amino-2-naphthol-4-sulfonic acid and 
100 g L −1  NaHSO 3  

 6. 0.5 M citric acid (stock citric) solution with 
addition of 250 mg L −1  of benzoic acid as 
antiseptic 

 (6) Adjust to 50 mL with 20 % acetic acid 
and wait for 30 min 

 7. 0.1 M citric acid (working citric) solution from 
0.5 M citric acid 

 (7) Measure the absorbance at 650 nm 

 8. 1 M tartaric acid 

  According to Kilmer ( 1965 ) and Hallmark et al. ( 1982 )  
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and Sumida 2000 ; Korndörfer et al.  2001 ; Nayer et al.  1977 ; Nonaka and Takahashi 
 1988 ,  1990 ). In general, the most successful extractants are acid rather than neutral 
or alkaline solutions (Imaizumi and Yoshidai  1958 ), and dissolution is further 
increased by chelating agents due to decreased Si sorption resulting from the lower 
concentration of Al and Fe in solution (Berthelsen and Korndörfer  2005 ). Other fac-
tors such as the method of equilibration, soil–solution ratio, temperature and pH of 
extractant solution are also important.

2.4.1       Acetate Buffer Method 

 The acetate buffer method proposed by Imaizumi and Yoshida ( 1958 ) is one of the 
most widely used analytical methods to assay the Si-supplying capacity in soils 
(Table  2.6 ).

   By comparing various chemicals including hot hydrochloric acid, ammonium 
oxalate buffer at pH 3.0, 2 % sodium carbonate, 0.002 N sulphuric acid at pH 3.0, 
saturated carbonic acid water at pH 3.8 and sodium acetate buffer at pH 4.0 as 
extractants, Imaizumi and Yoshida ( 1958 ) found that more soil Si was extracted by 
acid than by alkaline chemicals. They further concluded that CO 2 -saturated water 
(pH 3.8) was best suited for estimating the Si uptake by rice plants followed by the 
acetate buffer, and the amount of SiO 2  extracted by CO 2 -saturated water was corre-
lated nicely with that extracted by acetate buffer (pH 4.0). Considering that prepar-
ing the acetate buffer is easier, and a more stable pH can be reached during extraction, 
and that the acetate-extractable SiO 2  is well correlated with the amount of Si taken 
up by rice, Imaizumi and Yoshida ( 1958 ) suggested the use of acetate buffer as an 
extractant to estimate Si-supplying power in soil. Up to now, this acetate buffer 
extractant has been used to assess the Si-supplying capacity in soils in Japan, 
Chinese Taiwan (Lian  1976 ), China (Qin  1979 ; He et al.  1980 ; Zang et al.  1982 ; Ma 
et al.  1985 ; Liang et al.  1994 ), South Korea (Park  2001 ), Korea (Lian  1976 ), 
Malaysia and Thailand (Kawaguchi  1966 ), Ceylon (Takijima et al.  1970 ), India 

   Table 2.6    The procedure of acetate buffer method   

 Extractant  Procedure 
 1.0 M acetate 
buffer (pH 4.0) 

 (1) Put 10 g of air-dried soils (<2 mm) into a 200-mL fl ask 
 (2) Add 100 mL 1.0 M sodium acetate buffer which is prepared by diluting 
49.2 mL acetic acid and 14.8 g anhydrous sodium acetate to 1 L and 
adjusting to pH 4.0 with acetic acid or sodium acetate 
 (3) Put the fl ask into a water bath at 40 °C for incubation for 5 h with 
intermittent shaking (once every hour) 
 (4) Filtrate 
 (5) Measure Si colorimetrically at 650 nm 

  According to Imaizumi and Yoshidai ( 1958 )  

2 Analysis of Silicon in Soil, Plant and Fertilizer



31

(Nayer et al.  1977 ), Australia (Haysom and Kingston  2001 ) and Brazil (Korndörfer 
et al.  2001 ). 

 As the acetate buffer method involves extracting Si in soil for 5 h at 40 °C and is 
thus time consuming and laborious, the modifi ed procedure in Korea involves 
extracting Si for 90 min at 60 °C, which is reported to be more feasible for routine 
analysis of soil-available Si in laboratories (Park  2001 ). 

 However, it is also reported that the acetate buffer method overestimated the 
Si-supplying power in soils previously fertilized with slag-based calcium silicate 
fertilizers (Takahashi  1981 ; Takahashi and Nonaka  1986 ; Nonaka and Takahashi 
 1990 ) and in calcareous soils (Liang et al.  1994 ), because this acetate buffer is 
strong enough to dissolve some non-available Si from the residual calcium silicate 
fertilizers, and it extracts additional portions of Si which may be carbonate bound 
but not plant available in the calcareous soils (Liang et al.  1994 ).  

2.4.2     Water Extraction Method 

 To overcome overestimation problems, Nonaka and Takahashi ( 1988 ,  1990 ) 
 proposed a method for measuring water-soluble Si in rice paddy soils (Table  2.7 ).

   For soils previously fertilized with slag-based calcium silicate fertilizers, Si 
extracted by this new method was generally correlated better with Si in rice straw 
than the Si extracted by the acetate buffer method. However, this method has not 
been widely used for routine lab testing or for commercial use since the 2-week 
period between soil sampling, and reporting of results is a serious disadvantage 
(Savant et al.  1997 ; Snyder  2001 ). Sumida ( 1992 ) developed two additional soil 
incubation methods. One involves incubation of soil under fl ooded conditions for 4 
weeks at 30 °C using a soil–water ratio of 1:4. The other method requires 5 days of 
incubation of soil with the addition of external silicic acid in a range from 0 to 
100 mg SiO 2  kg −1  at 30 °C using soil–water ratio of 1:10. They serve the purpose to 
investigate the impacts of silicate fertilizer management on the characteristics of Si 
dissolution and adsorption of various paddy soils. Although these methods provide 

   Table 2.7    The procedure of water extraction method   

 Extractant  Procedure 
 Distilled water  (1) Put 10 g of air-dried soil sample (<2 mm) into a 100-mL polyethylene 

cylindrical bottle 
 (2) Add 60 mL distilled water to the bottle 
 (3) Shake and degas 
 (4) Put the bottle in an incubator at 40 °C for 1 week without further shaking 
 (5) Filtrate 
 (6) Measure Si in the supernatant colorimetrically at 650 nm 

  According to Nonaka and Takahashi ( 1988 ,  1990 )  
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the most suitable the Si-supplying capacity indices in paddy soils previously 
amended with calcium silicate or organic manure and in the soils with varying clay 
minerals and textures, they are not suitable for use in a routine soil testing labora-
tory because of their longer time requirement and/or complexity (Savant et al.  1997 ; 
Snyder  2001 ).  

2.4.3     CaCl 2  Extraction Method 

 Water extracts have often been used to assay water-soluble or readily soluble Si 
(Elawad et al.  1982 ; Fox et al.  1967 ; Fox and Silva  1978 ; Gillman and Bell  1978 ; 
Menzies and Bell  1988 ; Nonaka and Takahashi  1988 ,  1990 ; Takahashi and Nonaka 
 1986 ). It is reported that the water-extractable Si was signifi cantly correlated with 
Si uptake by plants (Fox et al.  1967 ; Medina-Gonzales et al.  1988 ; Takahashi and 
Nonaka  1986 ). However, some researchers fi nd that the incubation method is gener-
ally not a suitable method since the low ionic strength of the solution may cause 
dispersion (Elgawhary and Lindsay  1972 ; Lindsay  1979 ). Generally, as drying of 
soil samples results in changes in equilibrium between soluble and solid Si com-
pounds, and as soluble Si compounds (mainly monosilicic acids) adsorbed on soil 
particles are dehydrated during soil drying, extracting Si with water as an extractant 
requires a longer period of time (Table  2.5 ). 

 Considering the resulting dispersion effect caused by the low ionic strength in 
the water incubation solution, Elgawhary and Lindsay ( 1972 ) recommended the use 
of 0.02 M CaCl 2  as the reactive media to equalize ionic strengths and facilitate ready 
fl occulation of colloidal Si. According to the soil chemical equilibrium principle, Si 
extracted with diluted CaCl 2  may correspond more closely to the levels of Si(OH) 4  
expected from solubility predictions (Lindsay  1979 ). Accordingly, a diluted CaCl 2  
solution was recommended by Haysom and Chapman ( 1975 ) as an extractant to 
assess Si-supplying power in soils under sugarcane (Table  2.8 ).

   The critical value is 100 mg Si kg −1  soil, below which Si defi ciency for sugarcane 
is expected. They concluded that although Si extracted with either 0.5 M NH 4 OAC 
or 0.005 M H 2 SO 4  was well correlated with cane yield, 0.01 M CaCl 2  was the best 

   Table 2.8    The procedure of water extraction method   

 Extractant  Procedure 
 0.01 M CaCl 2   (1) Put 2 g of air-dried soil sample (<2 mm) into a 50-mL polyethylene tube 

 (2) Add 20 mL 0.01 M CaCl 2  to the tube 
 (3) Shake for 16 h 
 (4) Centrifuge at 2,000 rpm for 10 min 
 (5) Measure Si in the supernatant colorimetrically at 650 nm 

  According to Nonaka and Takahashi ( 1988 ,  1990 )  
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extractant. This method was also adopted by Wickramasinghe ( 1994 ) with some 
modifi cations. After having compared a number of extraction methods over a wide 
range of soil types from north Queensland in Australia, Berthelsen ( 2000 ) con-
cluded that 0.01 M CaCl 2 -extractable Si provided a measure of the readily available 
Si present in the soil solution, while NH 4 OAC- and acetic acid-extractable Si frac-
tions were likely to contain rather simple polymers affected by changes in pH, CEC 
and the ratio of soluble Si–Al in the soil solution. Berthelsen et al. ( 2003 ) also 
reported that the Si contents in sugarcane were signifi cantly related to readily solu-
ble soil Si extracted by 0.01 M CaCl 2  but were not correlated with the level of soil 
Si extracted by a stronger acid extractant (e.g. 0.005 M H 2 SO 4 ).  

2.4.4     Citric Acid Extraction Method 

 Ueda and Yamaoka ( 1959 ) measured soil Si-supplying capacity in degraded paddy 
soils where nutrients such as bases, Fe, Mn and Si were leached out by using 
0.025 M citric acid, 2 % Na 2 CO 3 , oxalic acid and oxalate buffer and 1 M acetate 
buffer to extract plant-available Si. Their results showed that the straw Si was sig-
nifi cantly correlated with citric acid-extractable Si and with acetate buffer- 
extractable Si, but was not well correlated to the Si extracted by other extractants. 
They thus proposed using citric acid as an extractant to assess the soil Si-supplying 
power. Later, numerous researches all over the world confi rmed that 0.025 M citric 
acid was the most suitable extractant to assay the plant-available Si in soils. For 
example, by comparing 1.0 M acetate buffer extractant with three other extractants, 
i.e. distilled water, 0.2 M HCl and 0.025 M citric acid, Nayer et al. ( 1977 ) reported 
that the extracting power was in the order of 0.2 M HCl > 0.025 M citric acid > 1.0 M 
acetate buffer at pH 4 > distilled water, with only some exceptions in some soils. 
They further found that citric acid-extractable Si had the strongest correlation with 
the Si taken up by rice plants. Zhang and Zang ( 1982 ) also compared the differences 
and similarities in the analytical methods for determining plant-available Si in 28 
Si-fertilized paddy soils derived from coastal marine deposits, granite, basalt, red 
sandstone, quaternary red earth and alluvial deposits in Guangdong, Jiangxi, 
Zhejiang and Jiangsu provinces of South China. They used acetate buffer, 0.01 M 
H 2 SO 4 , 0.2 M HCl and  0.025 M citric acid with intermittent shaking at 30 °C for 5 
h or 1 h and at 15 °C for 15 min to extract the plant-available Si in all the soils used. 
The results showed that the Si amounts extracted by these extractants were all sig-
nifi cantly correlated with the straw Si content and with the relative increase of rice 
yield in Si-fertilized plots. However, it was roughly calculated that the amount of Si 
extracted by the acetate buffer and 0.01 M H 2 SO 4  was less and by 0.2 M HCl was 
more than the amount of Si removed by rice during the growing season and that the 
amount of Si extracted by citric acid was approximately equal to that removed by 
rice.  
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2.4.5     Sulphuric Acid-Extractable Method 

 More recently, Hong et al. ( 2011 ) also studied the effect of fi ve extracting methods 
(0.025 M citric acid with continuous shaking at 30 °C for 2 h, 1 % citric acid with 
intermittent shaking at 30 °C for 5 h, 1 M acetate buffer with intermittent shaking at 
40 °C for 5 h, 0.01 M H 2 SO 4  with continuous shaking at 20 °C for 30 min and 0.2 M 
HCl without shaking at 40 °C for 16 h) on extraction of Si in neutral and alkaline 
paddy soils sampled from Heilongjiang province, Northeast China. They found that, 
on the average, the concentration of Si measured by 0.2 M HCl extraction was 
39-fold higher than by the other methods, and the concentration of Si determined by 
0.01 M H 2 SO 4  extraction was almost equal to that by 0.025 M citric acid extraction. 
They concluded that both 0.01 M H 2 SO 4  and 0.025 M citric acid were the most suit-
able extractants to assess the Si-supplying power in neutral and especially in alka-
line soils and argued that the ‘too strong’ acidity and ‘too long’ incubation period 
might be the major reasons for the unexpectedly higher content of Si solubilized by 
the 0.2 M HCl extractant. 

 Kanamugire et al. ( 2006 ) compared the correlation coeffi cient between the 
amount of Si accumulated by sorghum and sugarcane in 5 acid soils and the amount 
of Si extracted by six different extractants (0.025 M H 2 SO 4 , 0.01 M H 2 SO 4 , 0.5 M 
acetic acid, 0.01 M CaCl 2 , water and 0.5 M NH 4 OAC) and found that the correla-
tions between the total Si taken up by sorghum and sugarcane and Si extracted from 
soils by the extraction methods used were all statistically signifi cant, with the 
0.025 M H 2 SO 4  extractant showing the best correlation with total Si uptake by 
plants. They also proposed that a positive response to the application of Si to be 
likely when the soil test level using 0.025 M H 2 SO 4  is below 45 mg Si kg −1  for sandy 
soils, below 65 mg Si kg −1  for loamy sands to sandy clay loams and 100 mg Si kg −1  
for clayey soils.  

2.4.6     Acetic Acid Extraction Method 

 Barbosa et al. ( 2001 ) developed a soil testing method using acetic acid as an extract-
ant for determining plant-available Si in paddy and sugarcane soils in South Florida, 
and this method has been well accepted (Table  2.9 ). Critical values for soil Si test 
ranges of low (<7 mg Si L −1 ), medium (7–24 mg Si L −1 ) and high (>24 mg Si L −1 ) 
were established (Snyder  2001 ).

2.4.7        Phosphate Extraction Method 

 Khalid et al. ( 1978 ) proposed extracting water-soluble Si by shaking 3 g of soil with 
30 mL distilled water for 4 h to measure the ‘intensity factor’ and using a phosphate 
extractant to gauge plant-available Si as the ‘capacity factor’. Briefl y, 3 g of soil are 
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shaken for 4 h with 30 mL 0.1 M acetic acid containing 50 mg P L −1  as Ca(H 2 PO 4 ) 2  
at pH 3.5 (adjusted with NH 4 OH). The results obtained from 5-year fi eld trials 
showed that the amount of Si taken up by rice seedlings was higher than extracted 
by the acetic acid plus phosphate (Khalid et al.  1978 ).  Kato and Sumida (2000)  
proposed a phosphate buffer method for measuring plant-available Si, in which 5 g 
soil is shaken for 24 h with 50 mL of 0.04 M phosphate buffer solution at pH 6.2 
made by titrating 0.04 M Na 2 HPO 4  with 0.04 M NaH 2 PO 4  to pH 6.2. After centrifu-
gation and fi ltration, the Si concentration in the supernatant is measured colorimet-
rically. Kato and Sumida ( 2000 ) reported a better correlation between the amount of 
Si taken up by rice with soil Si extracted by the phosphate buffer than by the acetate 
buffer method. They concluded that the phosphate buffer method was better for 
assessing the Si-supplying power in paddy soils than the traditional acetate buffer 
method because the proposed method did not overestimate Si availability in soils 
previously treated with calcium silicate fertilizers.  

2.4.8     Alkaline Extraction Method 

 Alkaline wet chemical dissolution extracts such as NaOH, a strong base, and 
Na 2 CO 3 , a weak base, are frequently used to extract Si in soils. The NaOH- or 
Na 2 CO 3 -extractable Si is considered to represent the fraction of amorphous Si in 
soils (Foster  1953 ; Follett et al.  1965 ) and amorphous biogenically derived Si in 
sediments (DeMaster  1981 ; Mortlock and Froelich  1989 ; Koning et al.  2002 ). The 
principle of these alkaline-extractable methods is based on the fact that the solubil-
ity of amorphous Si increases with increasing pH values (Iler  1979 ). While NaOH 
is more often used in soils than Na 2 CO 3 , the latter is the most commonly used 
method to extract amorphous biogenically derived Si in aquatic sediments (Conley 
 1998 ). Foster ( 1953 ) used 0.5 M NaOH to extract amorphous soil Si at soil–solution 
ratio of 1 g : 50 mL in a boiling water bath for 4 h. Since then, this NaOH-based 
extraction has become a standard method to assay amorphous Si in soils. As NaOH 

   Table 2.9    The procedure of acid extraction method   

 Extractant  Procedure 
 0.5 M acetic 
acid 

 (1) Scoop 10 cm 3  of air-dried and sieved (<2 mm) soil into a 75-mL plastic 
extraction bottle 
 (2) Add 25 mL of 0.5 M acetic acid to the bottle and let the mixture stand 
overnight (approximately 20 h) 
 (3) Shake on a reciprocating shaker (120 rpm) for 50 min 
 (4) Filter and collect the extract into plastic containers 
 (5) Measure Si in the supernatant by ICP-OES 
 (6) Calculate Si on a soil volume basis (mg Si L −1 ) by multiplying mg Si L −1  
in soil extract with 2.5 

  According to Barbosa et al. ( 2001 )  
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also partly dissolves the silicate minerals, Hashimoto and Jackson ( 1960 ) proposed 
using 0.5 M NaOH to extract amorphous Si within 2.5 min to reduce the dissolution 
of silicate minerals. 

 Some extractants can dissolve or extract different components from certain sili-
ceous soils. For example, dithionite–citrate–bicarbonate (DCB) (Weaver et al.  1968 ) 
and ammonium oxalate extracts (Wang and Schuppli  1986 ) which are originally 
prepared for determining crystalline and amorphous Fe also are often used for anal-
ysis of crystalline and amorphous Si. 

 Although numerous extractants have been proposed to assay the soil Si-supplying 
power all over the world, the most widely used extract is 1.0 M acetate buffer at pH 
4.0 proposed by Imaizumi and Yoshidai ( 1958 ) as there are threshold or critical 
values below which plant response to Si fertilizers can be expected. The critical 
value of acetate buffer-extracted Si, below which positive response of rice to slag- 
based Si fertilizers can be expected, is 105 mg SiO 2  kg −1  in Japan, 100 mg SiO 2  kg −1  
in Korea, 40 mg SiO 2  kg −1  in Chinese Taiwan (Lian  1976 ) and 95 mg SiO 2  kg −1  in 
China (Zang et al.  1982 ). 

 In fact, no extraction has been found to work equally well on all soils (Snyder 
 2001 ). The Si content extracted by all of the discussed extractants can only be con-
sidered as a reference index to estimate the Si-supplying power in soils, but it does 
not measure the exact amount of plant-available Si and should be used to make 
diagnosis for Si defi ciency in plants together with plant Si content, the truely impor-
tant variable. Research is also warranted on testing whether the Si extracted by any 
of the established extractants is well correlated with Si uptake by plants.   

2.5     Analysis of Plant-Available Silicon in Fertilizers 

 Procedures for determination of total Si in soils such as alkaline fusion method can 
apply to analysis of Si in fertilizers. However, total Si content in Si fertilizers, which 
is not related to Si availability, can provide little information on plant-available Si, 
which is most important to assessing the quality and Si-supplying power of the 
fertilizers. Therefore, a powerful method for assaying plant-available Si content is 
needed to assess the Si-supplying capacity of the fertilizer of interest. Unfortunately, 
it is diffi cult to select a universally suitable method or extractant for assessing the 
Si-supplying capacity of all types of materials, all soils and soil conditions (Gascho 
 2001 ; Berthelsen and Korndörfer  2005 ). While a number of chemical extractants 
have been developed to estimate soluble or extractable Si in silicate materials, often 
the correlations between the Si contents in a fertilizer and a response of the Si con-
centrations in plants on fertilized fi elds are rather low (Berthelsen and Korndörfer 
 2005 ). Actually, a lot of physical and chemical properties of the materials such as 
pH, molar ratio of CaO–SiO 2  and mineral particle size can greatly infl uence Si solu-
bility and plant availability (Ma and Takahashi  2002 ). 

 Up to recently, many researchers have used different extractants to assay the 
plant-available Si in solid fertilizers. These extractants include HCl + HF, Na 2 CO 3  
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(10 g L −1 ) + NH 4 NO 3  (16 10 g L −1 ), citric acid (50 g L −1 ), HCl (0.5 mM) and ammo-
nium citrate (Buck et al.  2011 ; Korndörfer and Pereira  2011 ; Sebastian et al.  2013 ). 
Based on the correlation coeffi cients, the best extractant for available Si in solid 
fertilizers was Na 2 CO 3  + NH 4 NO 3 , while for liquid fertilizers, HCl + HF was found 
to be superior for total Si assessment (Buck et al.  2011 ; Korndörfer and Pereira 
 2011 ). It is shown that the 5-day Na 2 CO 3 –NH 4 NO 3  soluble Si extraction method can 
be applied to quantify the plant-available Si in solid fertilizer products at levels 
ranging from 0.2 to 8.4 % Si, and the single-laboratory validation of the 5-day 
Na 2 CO 3 –NH 4 NO 3  soluble Si extraction method has been approved by the Association 
of American Plant Food Control Offi cials for testing nonliquid Si fertilizer products 
(Sebastian et al.  2013 ) and the Association of American Plant Food Control Offi cials 
(AAPFCO) (Korndörfer and Pereira  2011 ). 

 Given in Table  2.10  are quantities of total and extractable Si in the waste materi-
als tested (Haynes et al.  2013 ). The data listed in Table  2.10  clearly indicate that the 
total Si was over 20 % in fl y ash and Ca silicate and between 14 % and 18 % in the 
BF slags, while it ranged from 5.4 % in the steel slag to 6.8 % in the processing 
mud. The water/exchange resin method extracted 11.7 % of total Si from Ca sili-
cate, but ammonia acetate and HCl extracted < 1 %. The two Na 2 CO 3 –NH 4 NO 3  
methods extracted the greatest proportions of total Si from the Ca silicate (i.e. 24 % 
and 27 %). In the BF slags, approximately 17 %–20 %, 28 %–44 %, 1 %–5 %, 
0.17 %–3.1 % and 0.67 %–17 % of total Si were extracted by ammonium acetate, 
HCl, water/exchange resin, Na 2 CO 3 –NH 4 NO 3  and Na 2 CO 3 –NH 4 NO 3  plus a 5-day 
equilibration, respectively. Although the total Si was lower in steel slag and process-
ing mud than in the BF-slag samples, the proportions of ammonia acetate- and HCl- 
extractable Si were much greater in steel slag and processing mud than in the 
BF-slag samples. This was also true for the water/exchange resin extraction for steel 
slag. For the Na 2 CO 3 –NH 4 NO 3  method, adding 5 days of equilibration prior to Si 
analysis could extract greater amount of Si from all the materials tested. Haynes 

    Table 2.10    Quantities of total and extractable Si in the waste materials tested a    

 Material 
 Total 
Si (%) 

 NH 4  
acetate- 
extractable 
Si (g kg −1 )     

 HCl- 
extractable 
Si (g kg −1 )   

 Water/
cation 
exchange 
resin Si 
(g kg −1 )   

 Na 2 CO 3 –
NH 4 NO 3 - 
extractable 
Si (g kg −1 )   

 Na 2 CO 3 –
NH 4 NO 3  + 5 d 
equilibration- 
extractable 
Si (g kg −1 )   

 Ca silicate  24.2  1.8 (0.78)  1.9 (0.78)  28.3 (11.7)  58.8 (24)  64.5 (27) 
 BF slag 1  17.3  29.9 (17.2)  49.9 (28.8)  7.2 (4.2)  3.1 (1.8)  17.2 (9.9) 
 BF slag 2  14.8  27.1 (18.3)  66.2 (44.7)  1.9 (1.3)  1.7 (1.1)  7.2 (4.9) 
 BF slag 3  16.1  31.5 (19.6)  58.1 (36.1)  1.8 (1.1)   0.17 (0.11)  0.67 (0.41) 
 Steel slag  5.4  25.7 (47.6)  38.3 (70.1)  11.3 (20.9)  3.63 (6.7)  4.6 (8.5) 
 Processing mud  6.8  33.3 (49.0)  47.9 (70.4)  3.2 (4.7)  0.14 (0.21)  0.37 (0.54) 
 Fly ash  29.1  0.01  0.02  0.02  0.07 (0.02)  0.30 (0.10) 

  From Haynes et al. ( 2013 ) 
  a Percentage of total Si present in extractable form is shown in parentheses  

2.5 Analysis of Plant-Available Silicon in Fertilizers



38

et al. ( 2013 ) draw a conclusion that the BF slags tested are the most effective as 
sources of Si fertilizer and that, in slag-amended soils, CaCl 2  and NH 4 OAC are the 
most reliable soil test extractants.

2.5.1       Acid Extraction Methods 

 The earliest widespread commercial Si fertilizer used for rice crop in Japan is slag- 
based calcium silicate (Ma and Takahashi  2002 ). Si extraction with 0.5 M HCl at 30 °C 
for 1 h is proposed as an ‘offi cial’ method of gauging Si availability in slags in Japan 
(NIAES  1987 ; Ma and Takahashi  2002 ). In China, this procedure is also a commonly 
used method to gauge the plant-available Si in Si materials (Wang et al.  1995 ; Li et al. 
 2004 ). Wang et al. ( 1995 ) reported that both 0.5 M HCl and 2 % citric acid could be 
satisfactorily used to assess plant-available Si content in fertilizers. The amount of Si 
extracted by 0.5 M HCl was higher than that by 2 % citric acid. The amounts of plant-
available Si extracted from different slag-based calcium silicates by 0.5 M HCl and 
2 % citric acid at 30 °C were strongly correlated with the increment of the plant-
available Si in both alluvial deposit- and red soil-derived paddy soils fertilized by slag-
based calcium silicates. Considering that plant roots release organic acids to the 
rhizosphere, Wang et al. ( 1995 ) believe that citric acid is recommended as a more 
suitable extractant to estimate plant-available Si in fertilizers. It was reported that, how-
ever, Si extraction with 0.5 M HCl at 30 °C for 1 h was not an appropriate procedure to 
predict Si uptake by rice as the amount of Si extracted from the Si fertilizer was not 
related to the Si uptake by plants (Takahashi  1981 ; Kato and Owa  1997 ; Snyder  2001 ).  

2.5.2     Acetate Buffer Method 

 The 1.0 M acetate buffer at pH 4 method proposed by Imaizumi and Yoshidai ( 1958 ) 
has also been recommended for assessing Si availability in slags (NIAES  1987 ). 
However, this method has been found unsuitable for gauging plant-available Si in 
soils fertilized by slag-based calcium silicate (Takahashi  1981 ; Takahashi and 
Nonaka  1986 ; Nonaka and Takahashi  1990 ).  

2.5.3     Acidic Cation Exchange Method 

 Kato and Owa ( 1997 ) also demonstrated that the acid extraction method commonly 
used in Japan was unsuitable for gauging available Si content in slag-based calcium 
silicate fertilizers. They developed a procedure using a weakly acidic cation 
exchange H + -resin (Table  2.11 ).

   This method is reported to provide the best indicator of plant-available Si in the 
fertilizer, and the Si extracted is correlated well with both the indirect chemical 
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extraction results and also soil and plant Si and yield in the pot experiments (Kato 
and Owa  1997 ). Pereira et al. ( 2003 ) also tested this ‘resin’ method and found it to 
give the highest correlation between Si extracted from 12 different sources of Si 
materials and Si uptake by rice.  

2.5.4     ‘Column’ Method 

 Snyder ( 2001 ) and his colleagues also developed a ‘column’ method to compare 
mineral Si sources on the basis of plant availability of Si, maintenance of neutral 
solution pH, low Ca concentration near the Si source and suffi ciently low dissolved 
Si concentration to minimize polymerization (Table  2.12 ). However, Si laboratory 
analysis to identify promising mineral Si sources is required to correlate with both 
the crop responses and crop Si uptake through greenhouse and fi eld trials to ulti-
mately assess the Si-supplying capacity of the sources.

   Table 2.11    The procedure of acidic cation exchange H-resin method   

 Extractant  Procedure 
 Acidic cation exchange 
H-resin 

 (1) Put 0.2 g air-dried and sieved (<2 mm) slag into a 500-mL plastic 
extraction bottle 
 (2) Add 0.5 g of weekly acidic cation exchange H-resin (e.g. 
Amberlite IRC-50) into the bottle 
 (3) Add 400 mL distilled water 
 (4) Immediately shake the bottle for a while by hand 
 (5) Shake on a reciprocating shaker at 100 rpm at 25°C for 96 h 
 (6) Filter and collect the extract into plastic containers 
 (7) Measure Si in the supernatant colorimetrically at 650 nm 

  According to Kato and Owa ( 1997 ), also see Snyder ( 2001 )  

   Table 2.12    The procedure of column method   

 Extractant  Procedure 
 Acidic cation 
exchange H-resin 

 (1) Put 3 g of silicon source and 5.0 g medium-density polyethylene 
into a 20-mL plastic syringe slag and mix 
 (2) Use glass wool above and below the mix to ensure that the mixture 
is retained in the centre of the syringe 
 (3) Insert a stopper fi tted with a glass tuber in place of the syringe 
plunger 
 (4) Use a peristaltic pump to pass 0.1 M TRIS buffer (pH 7) upwards 
through the syringe (the ‘column’) at a rate of 1 mL min −1  
 (5) Collect the water solutions passing through the column in each of 2 
successive 24-h periods for analysis of Si 
 (6) Use a similar analysis of fi nely ground wollastonite with each 
analysis of candidate Si sources to serve as a reference 

  According to Snyder ( 2001 )  

2.5 Analysis of Plant-Available Silicon in Fertilizers



40

2.5.5        Sodium Carbonate–Ammonium Nitrate Method 

 More recently, Sebastian et al. ( 2013 ) have developed a 5-day method for determin-
ing the soluble Si concentrations in nonliquid fertilizer products using a 
Na 2 CO 3  + NH 4 NO 3  extractant followed by visible spectroscopy with heteropoly 
blue analysis at 660 nm. This 5-day Na 2 CO 3 –NH 4 NO 3  soluble Si extraction method 
has recently been approved by the Association of American Plant Food Control 
Offi cials (AAPFCO) for testing nonliquid Si fertilizer products (Sebastian et al. 
 2013 ) (Table  2.13 ).

   Table 2.13    The procedure of 5-day Na 2 CO 3 –NH 4 NO 3  soluble Si extraction method   

 Extractant  Procedure 
 0.047 M sodium 
carbonate and 
ammonium nitrate 
solutions 

 (1) Grind test sample: grind fertilizer material to pass a 300-μm sieve 
 (2) Weigh out a 0.2 g test portion (±0.005 g at most), transfer to a 
250-mL tarred plastic fl ask, weigh again after transfer, and record test 
portion weight 
 (3) Add 100 ml each of sodium carbonate and ammonium nitrate 
solutions (0.047 M Na 2 CO 3  + 0.10 M NH 4 NO 3 ) using a plastic graduated 
cylinder 
 (4) Cap fl ask tightly and shake solution at 140 rmp (table unit) at 
ambient temperature for 1 h 
 (5) Remove from shaker and let stand undisturbed for 5 days 
 (6) Prepare a spiked talc sample by extracting talc using steps (1–5) 
above. Before step 4, add 3 mL 500 mg L −1  Si spike solution to the talc 
test sample. This talc-spiked test sample is processed and used for the 
matrix spike recovery test to verify that soluble (spike) rather than 
insoluble Si (talc) is extracted and reported using this method 
 (7) Make a duplicate of at least one of the unknown test samples 
 (8) At the end of 5 days, transfer 2 mL (4 mL for materials expected to 
be < 3 % Si) of resting extraction sample (step 5 above) to a 200-mL 
polypropylene volumetric fl ask and dilute to 200 mL with distillate 
water. Stopper fl ask and mix by inverting 10 times and pipette 20 mL of 
diluted test solution into a plastic test tube 
 (9) Prepare Si calibration standards, blank (0 mg Si L −1 ) and standards 
1–4 (0.25, 0.50, 1.0 and 2.0 mg Si L −1 ) 
 (10) Add 2 mL 0.42 M ammonium molybdate solution containing 
1.84 M H 2 SO 4  and mix well for 10 s using a touch agitator; wait 10 min 
and then add 2 ml 1.33 M tartaric acid solution. Stopper test tube and 
mix well for 10 s using a touch agitator. Wait 5 min and then add 2- mL 
0.017 M ascorbic acid solution. Stopper test tube and mix well for 10 s 
using a touch agitator 
 (11) Allow test sample, blank and standards to stand for 1 h for colour 
development. Colour gradation from blue to purple should be seen with 
increasing Si concentration 
 (12) Measure the absorbance at 660 nm 

  According to Sebastian et al. ( 2013 )  
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    Chapter 3   
 Silicon Biogeochemistry and Bioavailability 
in Soil 

          Abstract     Whether silicon (Si) defi ciency occurs in plants depends largely on plant- 
available Si concentration in soils but not on total Si content. Si bioavailability in 
soils is related closely to soil Si biogeochemistry including biogeochemical cycling 
of Si, forms and solubility of Si in soils and solubility of Si in soils. This chapter 
deals in detail with soil Si biogeochemistry and bioavailability, solid forms of Si in 
soils, Si in natural waters, soluble and plant-available Si in soils, and Si-supplying 
power.  

  Keywords     Plant-available silicon   •   Silicon in natural water   •   Silicon-supplying 
power   •   Soil silicon chemistry  

3.1               Silicon in Soil 

 Silicon (Si), atomic number 14, molecular weight 28.0855, has 4 outer valance elec-
trons and oxidation states of +2, +4, and −4 with its melting point of 1,410 °C and 
boiling point of 2,355 °C (Gascho  2001 ). Interestingly, in the periodic table of ele-
ments, Si is surrounded by such near neighbours as boron (B), carbon (C), nitrogen 
(N), oxygen (O), phosphorus (P) and sulphur (S) (all recognized as ‘essential ele-
ments’), and aluminium (Al), gallium (Ga), germanium (Ge) and arsenic (As), 
which, together with Si itself, are all recognized as ‘nonessential and/or benefi cial 
elements’ or even toxic elements. 

 Si is the second most abundant element after oxygen in the Earth’s crust and in 
soil. The average content of elemental Si in the lithosphere is approximately 28 %. 
Total Si content in soil ranges normally from 25 to 35 % with an average of 30 %, 
depending greatly upon soil types. However, in some highly weathered soils such as 
latosols or latosolic red soils in the tropics where desilifi cation and fersialitization 
processes are extremely active, Si content can be as low as less than 1 %. Si content 
and its availability in soil depend greatly upon soil-forming processes and conse-
quently soil types (Fig.  3.1 ). Si is mainly present in soils including various catego-
ries of aluminosilicates and quartz (SiO 2 ), which may account for up to 75–95 % of 
soil inorganic constituents. Except organic soils (histosols), most mineral soils are 
composed of sands (largely SiO 2 ), various crystalline forms of primary (e.g. olivine, 
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augite, hornblende, quartz, feldspars-orthoclase, plagioclase, albite and mica) and 
secondary silicate minerals (clay minerals like illite, vermiculite, montmorillonite, 
chlorite and kaolinite) and amorphous (noncrystalline) Si-containing minerals such 
as allophone and opal. These forms of silicate compounds are only sparingly solu-
ble and usually biogeochemically inert. Monosilicic acid or orthosilicic acid 
(H 4 SiO 4 ) is the only form of water-soluble Si, while poly-silicic acid (polymerized 
silicic acid) is only partially water soluble in soil. Water-soluble Si is present in soil 
solution and can be adsorbed on the surfaces of inorganic, organic and organic–inor-
ganic colloids in soils such as soil clays, soil organic matter and organic–inorganic 
complex.

3.1.1       Solid Forms of Silicon 

 Solid forms of Si can be divided into two categories: one is various forms of sili-
cates bound to Al and/or other elements; and the other is quartz (SiO 2 ). The com-
monly present primary silicate minerals are crystalline silicates and can be divided 
into the following fi ve categories (Hurlbut and Klein  1985 ; Deer et al.  1992 ):

More

Soil Order Dominant Minerals Desilification

Mollisols Feldspars, Vermiculites

Vertisols

Inceptisols

Alfisols

Ultisols

Oxisols

Smectites
SiO2

Smectites, Kaolinites

SiO2

Kaolinites, Smectites
SiO2

Kaolinites, Sesquioxides 
SiO2

Sesquioxides, Kaolinites
SiO2

Less

Si availability

Higher

Silica-sesquioxide 
ratio

Higher

Lower Lower

  Fig. 3.1    Simplifi ed acid weathering sequence in soil in relation to Si availability (Modifi ed from 
Friesen et al.  1994 ; Savant et al.  1997 )       
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    1.    Nesosilicates: Nesosilicates or orthosilicates, which have isolated (insular) 
 negatively charged silicon–oxygen tetrahedra, [SiO 4 ] 4− , are connected only by 
interstitial cations such as iron (Fe), magnesium (Mg), etc. The representative 
minerals are forsterite (Mg 2 SiO 4 ) and fayalite (Fe 2 SiO 4 ), which belong to the 
olivine group.   

   2.    Cyclosilicates or ring silicates: Cyclosilicates, which have linked silicon–oxygen 
tetrahedra with (T  x  O 3 x  ) 2 x −  or a ratio of 1:3, exist usually as 3-member (T 3 O 9 ) 6−  
and 6-member (T 6 O 18 ) 12−  rings, where T stands for a tetrahedrally coordinated 
cation. The minerals typically representing this category are benitoite 
[BaTi(Si 3 O 9 )] (3-member ring) and axinite [(Ca,Fe,Mn) 3 Al 2 (BO 3 ) (Si 4 O 12 )OH] 
(6-member ring).   

   3.    Inosilicates: Inosilicates or chain silicates consist of both single-chain and 
double- chain silicates. The single-chain silicates have interlocking chains of tet-
rahedra with a silicon–oxygen ratio of 1:3 (SiO 3 ), while the double-chain sili-
cates have interlocking chains of tetrahedra with a silicon–oxygen ratio of 4:11 
(Si 4 O 11 ). The typical minerals representing the single-chain and double-chain 
inosilicates are augite [(Ca,Na) (Mg,Fe,Al) (Si,Al) 2 O 6 ] and hornblende [Ca 2 (Mg
,Fe) 5 (OH) 2 Si 8 O 22 ], respectively.   

   4.    Tectosilicates: Tectosilicates are characterized by a three-dimensional frame-
work of silicate tetrahedra with a silicon–oxygen ratio of 1:2 (SiO 2 ). This cate-
gory accounts nearly for 75 % of the Earth’s crust. Except for the quartz group, 
the minerals representing this category are aluminosilicates. The commonly 
present tectosilicates belong to the feldspar family including alkali feldspars 
(potassium feldspars) and plagioclase feldspars. The typical minerals of alkali 
feldspars (potassium feldspars) are microcline (KAlSi 3 O 8 ), orthoclase (KAlSi 3 O 8 ) 
and anorthoclase [(Na,K)AlSi 3 O 8 ], while albite (NaAlSi 3 O 8 ) and anorthite 
(CaAl 2 Si 2 O 8 ) are the representing minerals of plagioclase feldspars. The quartz 
group is characterized by a three-dimensional framework of silicon–oxygen tet-
rahedra, including quartz, tridymite and cristobalite, all corners being shared 
except those protruding at the outer surfaces. This category of mineral is 
extremely resistant to weathering.   

   5.    Phyllosilicates: Phyllosilicates or sheet silicates form parallel sheets of silicate 
tetrahedra with a silicon–oxygen ratio of 2:5 (Si 2 O 5 ). Mica group is the typical 
primary minerals representing phyllosilicates including biotite [K(Mg,Fe) 3 (AlSi 3 )
O 10 (OH) 2 ], muscovite [KAl 2 (AlSi 3 )O 10 (OH) 2 ], phlogopite [KMg 3 (AlSi 3 )
O 10 (OH) 2 ], lepidolite [K(Li,Al) 2–3 (AlSi 3 )O 10 (OH) 2 ], margarite [CaAl 2 (Al 2 Si 2 )
O 10 (OH) 2 ] and chlorite [(Mg,Fe) 3 (Si,Al) 4 O 10 (OH) 2  · (Mg,Fe) 3  (OH) 6 ].    

  All these crystalline aluminosilicates or SiO 2  are highly weather resistant, with 
the resistance depending largely upon their structure. The stability of these silicates 
increases in the order of olivine (nesosilicates) < augite (single-chain 
 inosilicates) < hornblende (double-chain inosilicates) < biotite (phyllosili-
cates) < potassium- feldspar (tectosilicates) < muscovite (phyllosilicates) < quartz 
(tectosilicates). 
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 The noncrystalline silicates, which are commonly present in soil, are various 
layered clay minerals. The formation of these clay minerals by neogenesis implies 
that all polyhedra of primary minerals, especially of olivine, augite, hornblende and 
feldspars, are liberated by hydrolysis and then reassembled to clays either inside or 
adjacent to the parent crystal or after movement to a different horizon site (Jenny 
 1980 ). In soils, the commonly present clay minerals (secondary silicates) are phyl-
losilicates which are characterized by a structure of silicate tetrahedrons arranged in 
sheets. The typical phyllosilicates in soils are illites, vermiculites, montmorillon-
ites, chlorites, kaolinites and halloysites. The principal clays that might result from 
the weathering of mica can be summarized as follows (Jenny  1980 ):

   Kaolinite

Mica

Illite

Vermiculite

Montmorillonite

Chlorite-type intergrades

Sesquioxides

Brucite

Silica

  

    The left arrows point to the oxide clay minerals resulting from severe lattice 
disruption during both rock weathering and soil-forming processes, while the right 
arrows result in the commonly present silicate clay minerals derived from weather-
ing of mica in soils (Jenny  1980 ). Clay genesis is one of the most important indica-
tors of soil formation from parent materials or parent rocks, which is a function of 
the soil-forming factors. For instance, the effect of the climatic factors on clay for-
mation processes can be illustrated by the transformations of biotite (Tardy et al. 
 1973 ): in arid climates it is typically converted to montmorillonite and in temperate 
environments to vermiculite, while intensive weathering in the humid tropics leads 
to the formation of kaolinite; on the other hand, weathering of the plagioclase feld-
spar progresses directly to kaolinite in all climatic conditions. 

 The commonly present soil amorphous aluminosilicate, which is particularly 
abundant in soils derived from volcanic ash in humid regions, is allophane 
(Al 2 O 3 ,SiO 2  ·  n H 2 O), with its SiO 2 /Al 2 O 3  ratio and CEC being highly variable. 
According to Jackson ( 1958 ), allophane can be divided into two groups, unstable 
and stable, depending largely upon its dissolution characteristics by dilute acid (e.g. 
HCl) or alkali (e.g. 2 % Na 2 CO 3 ). The amorphous SiO 2  is composed of both silica 
glass, which is scarce in soils, and opal, which is commonly present. The bioavail-
ability of amorphous opal (SiO 2  ·  n H 2 O) to higher plants is higher than that of allo-
phane or laterite (Fe 2 O 3  · 2SiO 2  ·  n H 2 O). 

 The solid forms of silicates and Si compounds may undergo weathering with 
their weathering rate related to not only the mineral itself and its specifi c surface 
area but also the environmental factors such as temperature, water, pH, etc.  
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3.1.2     Solubility of Silicon 

 As is well known, Si, which is surrounded by four oxygen atoms, remains tetrahe-
dral as SiO 4  in most silicate minerals. In general, quartz is considered to be the most 
stable SiO 2  mineral at normal temperatures and pressures. Different forms of silica 
have their solubility relationships (see Table  3.1  and Fig.  3.2 ). The solubility of sil-
ica minerals ranges from 10 −2.74  M (amorphous Si) to 10 −4  M (quartz) (Lindsay 
 1979 ). According to Jenny ( 1980 ), the solubility of quartz dissolved in water in 
amounts of SiO 2  ranges from 5 to 20 mg L −1 . Hydration, as SiO 2  + 2H 2 O, produces 
Si(OH) 4  molecules. The solubility of amorphous silica increases with an increase in 
temperature, approaching 0 at temperature < 0 °C (Iler  1979 ). Amorphous silica 
precipitates in a structure of a porous gel with its solubility in water ranging gener-
ally from 100 to 150 SiO 2  mg L −1  at pH 7 at room temperature (Jenny  1980 ). 
However, amorphous silica of such high solubility is thermodynamically unstable 
such that the silica gel is expected to form quartz. Because Si(OH) 4  can be strongly 
specifi cally adsorbed on the surfaces of sesquioxide clays, soluble Si concentration 
is less than 10 mg kg −1  in many highly weathered acid soils in the tropical areas (Fox 
et al.  1967 ).

    Table  3.1  (Reactions 8 to 12) and Fig.  3.3  show the relationships between the 
dissociation of H 4 SiO 4  and the polymerization of silicate species in solution under 
the condition that H 4 SiO 4  in soil solution is controlled by SiO 2  (soil) (Lindsay 
 1979 ). The major silicate species as shown in Fig.  3.4  are the forms of silicate 
compounds that can be expected in soil solution. Clearly, the ionic silicates con-
tribute signifi cantly to total silica in solution only at pH > 8.5, whereas H 4 SiO 4  is 
the major form of Si species in solution at pH values ranging from 4.5 to 8.0 
(Lindsay  1979 ).

     Table 3.1    The major equilibrium reactions of SiO 2  minerals with water and dissociation of H 4 SiO 4  
(Modifi ed from Lindsay  1979 ).   

 Reaction no.  Equilibrium reaction equation  Log  K  o  

 Hydration of SiO 2  minerals 
 1  SiO 2  (silica glass) + 2H 2 O = H 4 SiO 4  o   −2.71 
 2  SiO 2  (amorphous) + 2H 2 O = H 4 SiO 4  o   −2.74 
 3  SiO 2  (coesite) + 2H 2 O = H 4 SiO 4  o   −3.05 
 4  SiO 2  (soil) + 2H 2 O = H 4 SiO 4  o   −3.10 
 5  α − SiO 2  (tridymite) + 2H 2 O = H 4 SiO 4  o   −3.76 
 6  α − SiO 2  (cristobalite) + 2H 2 O = H 4 SiO 4  o   −3.94 
 7  α − SiO 2  (quartz) + 2H 2 O = H 4 SiO 4  o   −4.00 
 Dissociation of silicic acid 
 8  H 4 SiO 4  o  = H 3 SiO 4  −  + H +   −9.71 
 9  H 4 SiO 4  o  = H 2 SiO 4  2−  + 2H +   −22.98 
 10  H 4 SiO 4  o  = HSiO 4  3−  + 3H +   −32.85 
 11  H 4 SiO 4  o  = SiO 4  4−  + 4H +   −45.95 
 12  4H 4 SiO 4  o  = H 6 Si 4 O 2  2−  + 2H +  + 4H 2 O  −13.32 
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  Fig. 3.2    The activity of H 4 SiO 4  maintained by various forms of silica (Redrawn by Miroslav 
Nikolic from Lindsay  1979 )       

  Fig. 3.3    Silicate species in equilibrium with SiO 2  (soil) represented by 10 −3.10  M H 4 SiO 4  (Redrawn 
by Miroslav Nikolic from Lindsay  1979 )       
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3.2          Silicon in Natural Waters 

 Si in natural waters such as rivers and lakes is primarily derived from the weathering 
of silicates and aluminosilicates in the bedrock and soils of an area (Berner and 
Berner  1996 ). The concentrations of Si in natural waters are much lower than 
120 mg SiO 2  L −1  (Martin  1970 ) and in soil solutions decrease with an increase in pH 
up to about pH 8 (Jones and Handreck  1967 ). Si in natural waters, which accounts 
for a considerable proportion of Si absorbed by plants, is greatly infl uenced by Si in 
soil solution. The low concentration of silica in natural waters has been attributed 
largely to both adsorption of silica by Fe and Al hydroxides (Jones and Handreck 
 1967 ) and recombination of silica with aluminium silicates (Mackenzie et al.  1967 ). 

 Rainwater normally contains little Si, with Si accretion and input from rainwater 
being < 1 kg ha −1  year −1  (Alexandre et al.  1997 ). The concentration of Si in irrigation 
water varies with the source of water used. If a form of rainwater harvesting is 
employed, then the water will contain little Si, whereas if the water comes from a 
wadi or river, the concentration of Si will be possibly higher (Imaizumi and Yoshidai 
 1958 ; Meybeck  1987 ; Bluth and Kump  1994 ; White and Blum  1995 ). 

 By calculating the averaged component of the global rivers, the US Geological 
Survey pioneer, Clarke ( 1924 ), showed that silica in the rivers accounted for approx-
imately 12 % of the total dissolved solids and the dissolved Si concentration of Nile, 
Amazon and Mississippi waters was 17, 11 and 11 mg SiO 2  L −1 , respectively. By 
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  Fig. 3.4    Sources and forms of riverine Si. Amorphous Si (ASi); particulate Si (PSi); biogenic 
particulate Si (BSi) (Redrawn by Yongchao Liang from Dürr et al.  2011 )       
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determining Si concentration of water in 225 rivers in Japan, Kobayashi ( 1960 ) 
showed that the averaged concentration of soluble Si was about 10 mg SiO 2  L −1  in 
the waters of rivers going through the sedimentary rock areas compared to about 
45 mg SiO 2  L −1  in the waters of rivers going through the igneous rocks. 

 By making a survey on soluble Si concentrations in 43 sampling sites of the eight 
main streams in Zhejiang province, China, Ma et al. ( 1987 ) found that the average 
soluble Si concentrations ranged from 7.4 to 10.6 mg SiO 2  L −1  and distinct seasonal 
variation in soluble Si concentrations was also found in the main rivers surveyed. 
Furthermore, the sampling sites where soluble Si concentrations are less than 10 mg 
SiO 2  L −1  (critical value for Si defi ciency in rice) accounted for 70 % of the total 
sampling sites (Ma et al.  1987 ). Investigation by Qian et al. ( 1995 ) also shows that 
average soluble Si concentrations of the Yangtze River and the Yellow River are 
about 9 and 7 mg SiO 2  L −1 , respectively, which are lower than the Si concentrations 
found in the Nile, Amazon and Mississippi waters (Clarke  1924 ) and below the 
critical value for Si defi ciency in rice ( Oryza sativa ) as well. 

 Figure  3.4  shows sources and forms of riverine silica (Dürr et al.  2011 ). Dissolved 
silica (DSi) is composed of fossil amorphous silica coming from anthropogenic 
input and dissolved silica derived from chemical weathering of surface rocks. It is 
reported that the averaged global dissolved Si (DSi) values range from 8.3 to 
13.1 mg SiO 2  L −1  with small variation having taken place over the last 9 decades 
(Dürr et al.  2011 ). African rivers have the highest Si concentrations (12.6 mg SiO 2  
L −1  on average) followed by Australian rivers (11.8 mg SiO 2  L −1 ) and Asian rivers 
(10.0 mg SiO 2  L −1 ), while European rivers have the lowest silica levels on average: 
5.6 mg SiO 2  L −1  vs. 9.5 mg SiO 2  L −1  for the global exorheic (externally drained 
water bodies) average. In addition, European rivers have the lowest averaged dis-
solved silica infl ux (13.5 Mt SiO 2  year −1 ), whereas Asian rivers have the highest 
averaged dissolved silica infl ux (129.4 Mt SiO 2  year −1 ) followed by South American 
rivers (106.5 Mt SiO 2  year −1 ) (Dürr et al.  2011 ). 

 Liu et al. ( 2008 ) reported the concentrations of silicic acid and particulate bio-
genic Si (PBSi; μmol L −1 ) in major streams entering into Jiaozhou Bay, China. The 
concentrations of silicic acid varied considerably among different streams (e.g. the 
Licunhe and Daguhe) and also by a factor of 1–12 between dry and fl ood seasons. 
They ranged from 10.5 to 370.8 μmol L −1  from March to August 2002 and from 
April to August 2004 with the Licunhe and Moshuihe having much higher concen-
trations and Daguhe, Yanghe and Baishahe having much lower concentrations. 

 Liu et al. ( 2008 ) also calculated the Si budget in Jiaozhou Bay, showing that 
among all input pathways for biologically available Si, the exchange fl ux between 
Jiaozhou Bay and the Yellow Sea is the major contribution, accounting for 72 %, 
followed by riverine input (21 %) and then wastewater discharge (6 %). 

 By measuring dissolved silica (DSi) concentrations at the Pawcatuck river-mouth 
in Westerly, Rhode Island, over 70 times, Fulweiler and Nixon ( 2005 ) found that 
DSi concentrations varied greatly during the annual cycle, with a minimum of about 
90 μM Si in late spring and early summer and a maximum of about 200 μM Si dur-
ing winter. Moreover, DSi concentrations are lower during spring than they are 
during fall at equivalent water temperatures. For example, the lowest monthly 
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 average DSi concentration and the highest occurred at approximately 12 °C (108 
μM Si in April and 201 μM Si in October). A distinct seasonal variation in Si con-
centration was also reported in the water of the Mill Stream (downstream site), 
Dorset, England, between June 1991 and June 1994 (House et al.  2001 ) with Si 
 concentration ranging from 25 tο 180 μM. The minimum Si concentrations occurred 
in the spring, and the variations in concentration of Si during the periods between 
the spring minima were relatively small and generally ranged from 100 to 150 μM 
(House et al.  2001 ). 

 According to Neal et al. ( 2005 ), the Si concentration in the eastern UK rivers 
considerably varied, from 1.2 to 7.5 mg Si L −1 ; the lowest averages occurred in the 
rural areas of Scotland and northern England, while higher concentrations were 
found in the industrial areas of the Humber region and in the agricultural regions of 
southeastern England. These trends of increased Si concentrations in rivers along 
the north–south gradient are consistent with the underlying north–south climatic 
gradient of increasing temperatures. Neal et al. ( 2005 ) also reported that dissolved 
Si concentrations for waters were signifi cantly affected by temperature, pH and the 
type of crystalline Si with which equilibrium was established. 

 Husnain et al. ( 2008 ) reported that in Citarum River, Indonesia, the average Si 
concentration ranged from 22 to 37 mg SiO 2  L −1  in the upper stream and from 13 to 
25 mg SiO 2  L −1  in the middle and lower streams, while in the Kaligarang River, the 
average Si concentration ranged from 34 to 54 mg SiO 2  L −1  in the upper stream and 
from 23 to 39 mg SiO 2  L −1  in the middle and lower streams, showing the difference 
was affected by the geological condition of the watersheds. Kawaguchi and Kyuma 
( 1977 ) summarized that the average soluble Si concentrations in rivers on Java 
Island are 42.3, 30.2, 18.2 and 28.6 mg SiO 2  L −1 , respectively, with the geological 
substrate being volcanic ash, marl, lime and acid tuff loam. Ma and Takahashi 
( 2002 ) also stated that the Si content was three- to fourfold higher in volcanic ash 
than in granite and sedimentary rocks. According to Kawaguchi and Kyuma ( 1977 ), 
Si concentrations in irrigation water ranged from 10.1 to 23.7 mg SiO 2  L −1  in 
Thailand, from 5.3 to 16.3 mg SiO 2  L −1  in West Malaysia and from 7.3 to 21.8 mg 
SiO 2  L −1  in Sri Lanka.  

3.3     Soluble and Available Silicon in Soils 

3.3.1     Soluble Silicon in Soils 

 It has been well documented that monosilicic acid (H 4 SiO 4 ) is the only form of Si 
present in soil solutions (Jones and Handreck  1967 ; Epstein  1994 ). 
Thermodynamically, the solubility of silicate minerals in terms of H 4 SiO 4  ranges 
from 10 −2.74  M (amorphous Si) to 10 −4  M (quartz) with the solubility of soil Si cor-
responding to 10 −3.10  M (Lindsay  1979 ). Nevertheless, the measured concentrations 
of monosilicic acid (H 4 SiO 4 ) in soil solutions were only 0.1–0.6 mM (Drees et al. 
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 1989 ; Epstein  1994 ), which is much less than that in saturated monosilicic acid 
solution and is mainly controlled by the pH-dependent adsorption–desorption pro-
cesses on sesquioxides (Jones and Handreck  1967 ; Mckeague and Cline  1963 ).  

3.3.2     Available Silicon in Soils 

 Available Si in soils refers to the amount of Si that can be taken up by plants during 
the growing season and is usually considered an index of Si-supplying power or 
capacity in soil. Generally, Si is absorbed and transported by plants in the form of 
monosilicic acid. However, in monosilicic acid-saturated soil solution, H 4 SiO 4  eas-
ily polymerizes into polymeric Si(OH) 4  which is in a dynamic equilibrium with 
noncrystalline (amorphous) and crystalline silicates, exchangeable silicates and ses-
quioxides. Thus, available Si in soils include monosilicic acid in soil solution and 
parts of silicate components that can be easily converted into monosilicic acids such 
as polymerized silicic acid, exchangeable silicates and part of colloidal silicates. At 
pH 2–9, especially at physiological pH values, Si in soil is mainly present as mono-
silicic acid and conversion of monosilicic acid into ionic silicates is possible only at 
pH >9. The main factors infl uencing soil Si availability or Si-supplying power 
include types of soil and parent material, historical land-use change, soil pH, soil 
texture, soil Eh, organic matter, temperature and accompanying ions (Kawaguchi 
and Kyuma  1977 ; He and Li  1995 ; Cai et al.  1997 ; Sumida  2002 ; Husnain et al. 
 2008 ; Struyf et al.  2010a ,  b ). 

3.3.2.1     Types of Soil and Parent Material 

 Soil availability and Si-supplying power vary with soil types, depending mainly on 
the type of parent materials, weathering and eluviation and illuviation. Soils derived 
from granite, quartz porphyry and peat are prone to Si defi ciency, while those devel-
oped from basalt and volcanic ash are Si suffi cient. The paddy soils which are sub-
jected to intensive weathering and eluviation are prone to Si defi ciency, whereas 
those which are subjected to slight weathering and eluviation are generally rich in 
plant-available Si. 

 He ( 1993 ) determined available Si content in 64 paddy soil samples collected 
from Hunan province, South China. The results showed that the available Si content 
in paddy soils ranged from 26 to 256 mg SiO 2  kg −1 . It is estimated that 51.5 % of the 
total area of soils is Si defi cient. The paddy soils developed from plate shale, red 
sandstone, alluvial deposits, granite and acidic purple sandstone and those derived 
from quaternary red earth with lower pH and lighter soil texture were defi cient in 
available Si, while those paddy soils derived from quaternary red earth with higher 
pH and heavier soil texture and those derived from lacustrine deposits contained 
high amount of available Si. By determining soil-available Si content of 410 paddy 
soil samples collected from Jiangsu province, China, Ma et al. ( 1993 ) found that 30 % 
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of the areas of paddy soils were Si defi cient with the available Si content of less 
than 100 mg SiO 2  kg −1  and 50 % of those contained available Si of less than 150 mg 
SiO 2  kg −1 . As reported by Li et al. ( 1999 ), there are three categories of soils in terms 
of Si availability. The fi rst is the soils derived from granite, quartzite and alluvial 
deposits. These soils, because of their sandy texture and strong leaching loss, had 
lowest averaged available Si contents, ranging from 33.3 to 43.3 mg SiO 2  kg −1  and 
94 to 100 % of the tested soil samples are Si defi cient or severely Si defi cient. The 
second is the soils developed from red sandstone, pelite, lacustrine deposits and 
quaternary red earth. These soils, mainly due to desilifi cation and fersialitization, 
had lower average available Si content, ranging from 52.9 to 66.7 mg SiO 2  kg −1  and 
80 to 85 % of these soils are defi cient or severely defi cient in Si. The third is the 
soils derived from purple rock, limestone and Xiashu loess. These soils had higher 
available Si content due to their clayey soil texture, ranging from 98 to 125.8 mg 
SiO 2  kg −1  and only 33 to 60 % of these soils are Si defi cient. 

 Cai et al. ( 1997 ) collected 179 upland and paddy rice soil samples in Fujian 
province, Southeast China to analyse their Si-supplying power. The results showed 
that the available Si content extracted by 1.0 M acetate buffer (pH 4.0) ranged from 
6 to 450 mg SiO 2  kg −1  with an average value of 80 mg SiO 2  kg −1 . More importantly, 
according to the critical value for Si defi ciency (105 mg SiO 2  kg −1 ), 80 % of 
the upland soil samples and 84 % of paddy rice soil samples tested were defi cient 
(50–100 mg SiO 2  kg −1 ) or severely defi cient in Si (< 50 mg SiO 2  kg −1 ). 

 In Anhui province, out of 251 soil samples extracted by 1.0 M acetate buffer (pH 
4.0), Si defi ciency was established in about 54 %, with 28 % of the samples having 
severe Si defi ciency (Zheng  1998 ). The available Si content was the highest in ver-
tisols, followed by alluvial soils, limestone soils, yellow-brown soils, paddy soils, 
red soils and purple soils. 

 He and Li ( 1995 ) also reported that in Hubei province, soil-available Si content 
was the highest in paddy soils derived from limestone, followed by those from red- 
purplish sandy shale, alluvial and lacustrine deposits, quaternary red earth, granitic 
gneiss and sandy shale, and approximately 50 % of the 50 samples tested were Si 
defi cient with available Si content below 100 mg SiO 2  kg −1 . 

 By analysing available Si content of 1818 surface soil samples collected from 
Shandong province in North China, Quan et al. ( 1999 ) reported that the available Si 
content ranged between 15.4 and 779.5 mg SiO 2  kg −1  with an average of 234 mg 
SiO 2  kg −1  and approximately 17.21 % of the soil samples tested were found to be Si 
defi cient (<100 mg SiO 2  kg −1 ) and 35.68 % of the soil samples were found to be 
potentially Si defi cient (100–200 mg SiO 2  kg −1 ). The available Si content varied 
with different types of soil with the highest observed in cinnamon soils (Typic 
Haplustalfs), followed by lime concretion black soils (Vertic Haplustalfs), saline 
soils (Typic Halaquepts), alluvial soils (Typic Fluvaquents), brown soils (Typic 
Paleustalfs) and litho soils (Lithic Ustochrepts). Investigating into 159 soil samples 
representing 17 major soil types distributed in Shaanxi province of Northwest China 
showed that available Si content extracted by 0.025 M citric acid ranged from 75 to 
980 mg SiO 2  kg −1  with an average value of 391 mg SiO 2  kg −1 , suggesting that the 
soil Si-supplying capacity is higher (Dai et al.  2004 ). The available Si content varied 
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with soil type in a descending order of paddy soils > brown soils > limestone 
soils > cinnamon soils. 

 Compared with lowland paddy soils, upland soils (i.e. ultisol and oxisol soil 
orders) which are often leached, acidic and highly weathered in the humid tropical 
areas of Southeast Asia including Indonesia, Laos, Myanmar, Thailand, Vietnam 
and neighbouring areas, and West Africa and South America such as Nigeria and 
Colombia are more prone to be Si defi cient because the Si concentration and content 
in irrigation water, soil and crop were found to be 80 and 90 % lower in the uplands 
than in the lowlands (Winslow et al.  1997  and references therein).  

3.3.2.2     Land-Use Pattern 

 Intense biogeochemical cycling of silica occurs in soils (Blecker et al.  2006 ; Gérard 
et al.  2008 ). It is reported that the annual ecosystem biogeochemical cycling of Si 
exceeds the annual export from continents to the ocean by two orders of magnitude 
(Conley  2002 ; Struyf et al.  2010a ). It has been recently reported that land use is the 
most important controlling factor on basefl ow Si mobilization in a temperate 
European river basin (Scheldt basin), with historical soil disturbance and sustained 
cultivation (> 250 years) of formerly forested areas leading to a twofold to threefold 
decrease in basefl ow delivery of Si from the land surface to the aquatic continuum 
(Struyf et al.  2010b , Fig.  3.5 ). It seems to suggest that such human cultivation as 
land use can signifi cantly alter the biogeochemical silica cycle, thus affecting ter-
restrial silica mobilization and the availability of Si for the growth of terrestrial 
plants and oceanic phytoplankton blooms (Struyf et al.  2010b ).

3.3.2.3        Soil pH 

 The concentration of monosilicic acid is strongly dependent upon soil pH. The low-
est concentration is observed at pH 8–9, below or above which the concentration of 
monosilicic acid increases signifi cantly. Si concentration in soil solution may rise 
sharply when pH value decreases from 7 to 2 (Beckwith and Reeve  1963 ). Numerous 
studies show that soil-available Si content is closely positively correlated with soil 
pH values (Beckwith and Reeve  1963 ; Kawaguchi and Kyuma  1977 ; Zang  1987 ; 
He  1993 ; Ma et al.  1993 ; Wan et al.  1993 ; Liang et al.  1994 ; Shen et al.  1994 ; He 
and Li  1995 ; Zhang et al.  1996 ,  2003 ; Cai et al.  1997 ; He and Wang  1998 ; Zheng 
 1998 ; Li et al.  1999 ; Qin et al.  2012 ). Soil-available Si content in acid soils increased 
with increasing pH, organic matter and clay content (Lian  1976 ; He et al.  1980 ; Qin 
et al.  2012 ). 

 In contrast to South China, available Si content as extracted by acetate buffer 
solution in paddy soils located in the north of Yangtze River is higher (Wu et al. 
 1987 ; Ma et al.  1993 ; Liang et al.  1994 ; Zhang et al.  2003 ). Liang et al. ( 1994 ) 
showed that soil-available Si content as extracted by sodium acetate buffer was also 
increased with increase of pH, silt and clay content. The soils derived from river 
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alluvial and marine deposits distributed widely through the north of Yangtze River 
to the North China Plain to Northeast China are calcareous and alkaline. The acetate 
buffer-extractable Si contents in these soils ranged from 150 to 350 mg SiO 2  kg −1 , 
but the availability to plants was still lower, and rice plants responded positively to 
Si fertilizers (Ma et al.  1993 ; Liang et al.  1994 ; Ma et al.  1994 ; Zhang et al.  2003 ). 
The main reasons are that part of carbonate-bound silicates extracted by the acetate 
buffer solution at pH 4.0 are not plant available and the acetate buffer method over-
estimates the Si-supplying power of these calcareous paddy soils (Liang et al.  1994 ; 
Ma et al.  1994 ; Zhang et al.  2003 ). For these soils, there is a need either to develop 
a suitable extraction method or to modify the critical value of available Si content 
above which no positive rice yield response can be expected under fi eld conditions 
(Liang et al.  1994 ). 

 Zhang et al. ( 2003 ) reported that the available Si content in Liaoning province 
ranged from 60 to 630 mg SiO 2  kg −1  with the highest levels observed in the paddy 
soils derived from both calcareous alluvial deposits in the North Liaoning, China, 
and saline marine deposits in the South Liaoning and the lowest available Si content 
observed in the paddy soils derived from acid alluvial deposits with light soil texture 
in the Central and East Liaoning. In Heilongjiang province, the available Si contents 
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  Fig. 3.5    New conceptual model for changes in Si cycling with long-term soil disturbance (From 
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in soils tested were between 128 and 180 mg SiO 2  kg −1  (Wu et al.  1987 ). The avail-
able Si content was lower in the paddy soils derived from albic soils and meadow 
soils with low pH and light soil texture, but was much higher in the paddy soils 
derived from black soils and meadow black soils. In East Jilin province, the avail-
able Si content in soils tested ranged from 118 to 262 mg SiO 2  kg −1  and the lowest 
was found in cold-water paddy soils, followed by the paddy soils derived from albic 
soils, alluvial soils, black soils and meadow soils (Zhang et al.  1994 ).  

3.3.2.4     Soil Eh 

 Soil Eh is one of the most important factors that infl uence the solubility of soil Si. 
Flooding results in soil reduction, lowering soil Eh and normally leading to an 
increase in soil-available Si concentration. Ponnamperuma ( 1965 ) reported that 
submergence of soil led to a marked decrease in soil Eh and concurrent increase in 
solubility of soil Si with submergence time. In one soil with pH of 4.8 and organic 
matter of 4.4 %, the concentration of Si increased from 24 to 41 mg kg in less than 
50 days after submergence. However, it was also reported that Si concentration in 
the soil solution slightly increased after fl ooding and then decreased gradually and, 
after several months of submergence, may be lower than at the beginning (Liang 
et al.  1992 ). Liang et al. ( 1992 ) reported that the concentration of Si in soil solution 
ranged from 5.2 to 10.5 mg SiO 2  L −1  in a waterlogging paddy soil (pH 6.5) derived 
from Xiashu loess and a de-gleyed paddy soil (pH 7.8) developed from bog soil in 
Jiangsu province in China during a 60-day-period incubation. The concentration of 
soil-available Si in the waterlogging paddy soil doubled after submergence for 5 
days and then reached a peak at 40 days and dropped slightly at 60 days. The soil- 
available Si content was found to have a logarithmic dependence on the days of 
submergence. However, for the de-gleyed paddy soil (pH 7.8) developed from bog 
soil, the soil-available Si concentration had a different dynamics: after 5 days of 
submergence, it increased only slightly, then had a peak on the 10th day, followed 
by a slow decrease on the 20th day, and continued to drop afterwards to a level 
before submergence. The distinct difference in fl ooding effect on soil-available Si 
concentration in these two paddy soils tested, especially during the early period of 
submergence (at 5 days), may be attributed to the differences in redox conditions; 
the de-gleyed paddy soil (pH 7.8) was initially more reduced than the waterlogged 
paddy soils (pH 6.5) (Liang et al.  1992 ). 

 The increase in Si concentration after fl ooding may be due to the release of silica 
following (a) reduction of hydrous ferric oxides which adsorb silica and (b) action 
of CO 2  on aluminosilicates (Imaizumi and Yoshidai  1958 ; Nayer et al.  1977 ; 
Ponnamperuma  1978 ; Liang et al.  1992 ). The subsequent decrease may be ascribed 
to recombination of Si with aluminosilicates following the decrease in the pressure 
of CO 2  (Ponnamperuma  1978 ). However, Wei et al. ( 1997 ) reported that Eh effect 
on Si availability depended upon soil types. For example, the available Si content 
increased progressively with soil reduction in a clay-textured purple soil but 
decreased in two sand-textured purple soils.  
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3.3.2.5     Soil Texture 

 Many studies have shown that soils with light or sandy texture are usually defi cient 
in available Si and thus have low Si-supplying power, while those with heavy or 
clayey texture are Si suffi cient (Kawaguchi and Kyuma  1977 ; He  1993 ; Ma et al. 
 1993 ; Wan et al.  1993 ; Liang et al.  1994 ; He and Li  1995 ; Zhang et al.  1996 ,  2003 ; 
Cai et al.  1997 ; Zheng  1998 ; Li et al.  1999 ). Soil-available Si content is positively 
correlated with clay content in soils (Wan et al.  1993 ; Zhang et al.  1996 ; Dai et al. 
 2004 ) as soil clay minerals with high specifi c surface have a high capacity to adsorb 
silicates. Some researchers reported that soil-available Si content was positively 
correlated with physical clay (< 0.01 mm) fraction but not with smaller clay (< 0.002 
mm) in soils (Shen et al.  1994 ; Yu et al.  1998 ). He and Wang ( 1998 ) reported that 
the effect of soil particle size on soil-available Si content was dependent on soil 
acidity. In acid soils (pH bellow 6.5), pH and clay content were signifi cantly posi-
tively related to the soil-available Si content, whereas in the soils with pH above 6.5, 
only pH and silt and sand fractions were negatively correlated with soil-available Si 
content.  

3.3.2.6     Organic Matter 

 So far, contrasting results on the effects of soil organic matter on Si availability have 
been reported. Most of the authors agree that soil-available Si content is positively 
correlated with soil organic matter content (Lian  1976 ; Shen et al.  1994 ; Yu et al. 
 1998 ; Qin et al.  2012 ), while others believe that little or even negative relationship 
existed between soil-available Si content and organic matter content (Zang  1987 ; 
Wan et al.  1993 ). These contrasting results may be ascribed to the differences of soil 
types investigated.  

3.3.2.7     Adsorption–Desorption Balance 

 The concentrations of plant-available Si fractions in soil were shown to be governed 
by processes of Si adsorption on reactive soil materials (primarily sesquioxides) and 
of Si desorption in the form of soluble Si in soil solution (Mckeague and Cline 
 1963 ; Jones and Handreck  1967 ). The properties of soil adsorption complex (its 
sorption and desorption characteristics) were consequently shown to largely affect 
the plant-available Si fraction (Elgawhary and Lindsay  1972 ; Wei et al.  1997 ; Yu 
and Li  1999 ; Yang et al.  2008 ,  2010 ,  2012 ). 

 The sorption–desorption characteristics of soils are dependent largely upon soil 
type and amendment with soluble or amorphous Si. The desorption of Si from a 
suspension of a calcareous silt loam soil was shown to be different in treatments 
with and without Si addition (Elgawhary and Lindsay  1972 ). In the soil suspension 
without Si addition, the concentration of Si was 18 mg Si L −1  at 1 day, 22 mg Si L −1  
at 10 days and 25 mg Si L −1  at 50 days of incubation, while the soil suspension 
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 initially treated with 100 mg L −1  of soluble Si contained 27 mg Si L −1  at 1 day and 
25 mg Si L −1  after 10 days and remained at 25 mg Si L −1  during the subsequent 
50-day reaction period (Elgawhary and Lindsay  1972 ). This suggests that such a 
calcareous soil maintains an equilibrium level of Si of approximately 25 mg Si L −1 . 
The addition of 10 % amorphous Si led to a steady soil suspension Si concentration 
at 50 mg Si L −1  during the 30th to 50th day of incubation, whereas inclusion of 
100 mg Si L −1  of soluble Si with the amorphous Si treatment showed little effect. 
These results seem to suggest that the solid phase of Si in this soil maintained Si 
levels below the solubility of amorphous Si (51 mg L −1 ) but above that of quartz 
(2.8 mg L −1 ) (Elgawhary and Lindsay  1972 ). By contrast, in an acidic sandy loam 
humid soil, the same authors found different Si adsorption–desorption behaviour. 
Without Si addition, the dynamics of Si in a soil suspension showed an increased 
trend during the 50-day experimental period and approached 19 mg Si L −1  after 50 
days, while the addition of 100 mg L −1  of soluble Si caused a drop from 32 mg L −1  
to a constant level of 19 mg L −1  between days 30 and 50. The amorphous Si treat-
ment approached equilibrium at about 46 mg L −1 . Based on the experimental results 
of Elgawhary and Lindsay ( 1972 ) who measured the solubility of Si in two soils in 
which equilibrium was approached from both undersaturation and supersaturation, 
the SiO 2  (soil) concentration was 10 −3.10  M and was intermediate between quartz and 
amorphous silica, corresponding to Reaction 4 of Table  3.1 . In highly weathered 
tropical acid soils such as oxisols, SiO 2  may be severely leached out of the soil pro-
fi les and become depleted due to desilifi cation and fersialitization during weather-
ing and soil-forming processes. Consequently, sesquioxides rather than silicate clay 
minerals are the dominant residual secondary minerals. In such soils, the solubility 
of H 4 SiO 4  is below that of quartz (10 −4  M). 

 Using fi ve paddy soils derived from lake and alluvial deposits and one latosol as 
testing materials, Yu and Li ( 1999 ) found that (1) the isothermal sorption of Si fi tted 
well into Langmuir, Freundlich and Temkin equation and the conventional Langmuir 
equation seemed to be the best one to describe the sorption characteristics with high 
signifi cant correlation coeffi cients; (2) the parameters calculated in the Langmuir 
equations, namely, the adsorption maximum (Xm) and maximum buffering capac-
ity (MBC), were good parameters to assess Si sorption characteristics; (3) Xm and 
MBC were closely related to contents of soil clay (<0. 01 mm) and sesquioxides; 
and (4) approximately only 26–53 % of the adsorbed Si could be desorbed by water. 
However, Yang et al. ( 2010 ) reported recently that neither Langmuir equation nor 
Freundlich equation could be used to describe Si adsorption on meadow soils used 
for vegetable production in Northeast China. Rather, both the linear equation 
( y  =  bx − a ) and Temkin equation could be used to accurately describe Si adsorption 
characteristics of these soils and the linear equation was more suitable for describ-
ing Si adsorption characteristics. Furthermore, signifi cant positive linear correla-
tions and quadratic equation existed between the regression parameters ( a  and  b ) 
and soil pH or organic matter. So the isothermal adsorption equation could be used 
to evaluate Si-supplying capability in the vegetable soils tested. It seems that soil 
sorption and desorption characteristics are largely dependent upon soil type, pH and 
clay type. 
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 It was reported that exponential equations could be used to express the Si sorp-
tion kinetics of soils incorporated with blast furnace slag, coal fl y ash and diamond 
slag; the accumulative releasing amount of Si at 127 days after incubation increased 
exponentially with time and was much higher in slag- or coal fl y ash-treated soils 
than in control soil, suggesting that the soil Si-supplying capacities were greatly 
improved by addition of slag materials (Yang et al.  2008 ). In 20 meadow soils used 
for vegetable production, Yang et al. ( 2012 ) recently investigated the Si release 
kinetics and found that the relationship between the cumulative amount of released 
Si ( Y ) and the incubation time ( X ) could be expressed in the following exponential 
equation:  Y  =  kX   m  , where  k  and  m  are constants,  k  represents the initial Si release 
amount and is linearly related to soil pH, organic matter and free iron oxide con-
tents, and  m  represents initial Si release rate and is also linearly correlated with soil 
pH, organic matter and free iron oxide contents.    

3.4     Silicon-Supplying Power and Silicon Defi ciency 

 It is critically important to understand Si-supplying power or capacity in soils in 
order to assess whether the amount of plant-available Si in soils is suffi cient for 
optimized crop production. In general, Si-supplying power can be estimated by test-
ing Si status in soils, plants and irrigation water. Generally, Si content in plant tis-
sues is the most relevant value to directly indicate whether Si defi ciency occurs or 
not, but soil testing can help predict Si nutritional status in plants and prevent Si 
defi ciency by applying Si fertilizers before planting. Si level in irrigation water is 
also one of the useful parameters for prognosis of crop Si defi ciency. In practice, it 
is essential to obtain information on Si status in soils, plants and irrigation water in 
combination with crop species and varieties to be planted for integrated crop Si 
nutrient management. 

3.4.1     Soil Testing 

 Analysis of soil-available Si is one of the most commonly used approaches to deter-
mine whether Si defi ciency will occur or not in a given soil. However, soil-available 
Si is determined by different methods involving different extracts (see Chap.   2     for 
more details). The most commonly used extractant is sodium acetate buffer method 
(pH 4.0) proposed by Imaizumi and Yoshidai ( 1958 ) as there exists a critical value 
or threshold value below which positive rice yield response to Si fertilization can be 
expected. The threshold value for soil-available Si content varies from one country 
to another, ranging from 105 mg SiO 2  kg −1  in Japan (Imaizumi and Yoshidai  1958 ; 
Lian  1976 ), 100 mg SiO 2  kg −1  in Korea (Lian  1976 ), 40 mg SiO 2  kg −1  in Chinese 
Taiwan (Lian  1976 ) and 95–100 mg SiO 2  kg −1  in China (He et al.  1980 ; Zhang et al. 
 2003 ). According to this criterion, soils low or defi cient in available Si content are 
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mainly scattered over the highly weathered acid soils in tropical and subtropical 
areas. In Japan, many studies were done on Si-supplying capacity and Si fertilizer 
application to rice crop in the 1950s (Imaizumi and Yoshidai  1958 ; Ma and 
Takahashi  2002 ). In Korea, investigations were carried out including testing and 
diagnosis of Si availability in Korean paddy soil samples taken randomly from 365 
sites, modifi cation of the acetate buffer method proposed by Imaizumi and Yoshidai 
( 1958 ) and large-scale fi eld trials on optimized application rates of various types of 
calcium silicates in rice crop during the 1960s (Park  2001 ). In South and Southeast 
China, Si defi ciency has been frequently reported since 1970 (Qin  1979 ; He et al. 
 1980 ; Ma et al.  1985 ; Fan et al.  1989 ) with most of the work done in the 1990s (Yi 
and Zhang  1991 ; He  1993 ; Wan et al.  1993 ; Ma et al.  1994 ; Shen et al.  1994 ; He and 
Li  1995 ; Ge and Li  1996 ; Cai et al.  1997 ; Yu et al.  1998 ; Zheng  1998 ; He and Wang 
 1998 ; Li et al.  1999 ). 

 However, the suitability of this criterion for assessing Si defi ciency, established 
half a century ago, is increasingly challenged by mounting evidence from fi eld trials 
that has clearly demonstrated rice yield responses to Si fertilizers in soils with levels 
of available Si much higher than the universally recognized critical value (100–
130 mg SiO 2  kg −1 ). Si defi ciency, diagnosed on the basis of the extraction with 
sodium acetate buffer, is reported more frequently than before in East China, Central 
China, Northeast China and even Northwest China (Wu et al.  1987 ; Ma et al.  1993 , 
 1994 ; Liang et al.  1994 ; Zhang et al.  1994 ; Mao and Wang  2002 ). 

 Liang et al. ( 1994 ) reported that the sodium acetate buffer-extractable Si content 
of calcareous paddy soils in Nantong of North Jiangsu province ranged from 152 to 
388 mg SiO 2  kg −1  and still rice and wheat yields responded positively to the applica-
tion of Si fertilizer to these soils. Therefore, it seems that the acetate buffer probably 
overestimates the Si-supplying power in calcareous soils under fi eld conditions as 
this buffer can extract some Si bound to carbonates which is not plant available 
(Liang et al.  1994 ; Ma et al.  1994 ). Similar fi ndings of positive rice yield responses 
to Si fertilizers were reported in calcareous and alkaline paddy soils in Liaoning and 
Heilongjiang provinces of Northeast China (Li et al.  2002 ; Zhang et al.  2003 ; Luo 
 2004 ; Liu et al.  2006 ). For example, Li et al. ( 2002 ) investigated the Si-supplying 
power of the paddy soils with pH ranging from 5.2 to 8.3 during an 8-week- 
incubation experiment. The results indicated that the alkaline soil (pH 8.3) had the 
lowest Si-supplying power and the lowest water-soluble Si levels, although its ace-
tate buffer- extractable Si content was the highest. The application of sodium meta-
silicate to this alkaline paddy soil increased rice yield by as much as 197 %. A pot 
experiment using an alkaline soil with pH of 9.24 and acetate buffer-extractable 
SiO 2  content of 438.5 mg SiO 2  kg −1  showed that application of sodium metasilicate 
and slag silicate fertilizer increased rice yield by 7.8 and 10.6 %, respectively (Liu 
et al.  2006 ). These results suggest that acetate buffer method is not suitable for 
assessing the Si-supplying power of alkaline soils, a result consistent with the 
reports on calcareous soils by Liang et al. ( 1994 ) and Ma et al. ( 1994 ). Liang et al. 
( 1994 ) proposed that either the threshold or critical value below which positive rice 
yield response can be expected should be revised (raised) or a more suitable new 
soil testing method (probably extractant) should be developed for the high-pH 
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 calcareous soils. According to Sumida ( 1992 ), the critical value of the acetate 
buffer- extractable soil-available Si content for rice is 300 mg SiO 2  kg −1 . Based on 
seven fi eld trials on slag silicate fertilizer in paddy soils derived from quaternary red 
earth, red sandstone and alluvial deposits in Dangyang City of Hubei province, Xu 
et al. ( 1993 ) proposed that the critical value of soil-available Si content for hybrid 
rice growth was 200 mg SiO 2  kg −1 . Kawaguchi and Kyuma ( 1977 ) reported that the 
soil- available Si content in tropical Asia ranged from 104 to 629 mg SiO 2  kg −1  and 
the available Si content was reported to be the highest in soils of Indonesia among 
Asian countries (Kawaguchi and Kyuma  1977 ). However, recent studies indicate 
that 12 sawah sites out of 16 in Citarum and 9 sawah out of 15 were low or defi cient 
in available Si contents for rice growth (Husnain et al.  2008 ). 

 To summarize, soil testing for available Si using sodium acetate buffer method 
provides an estimate of Si-supplying power in acid soils. First, the threshold value 
of soil-available Si content set for acid soils generally works for rice although it dif-
fers from one country to another. Second, more and more convincing evidence 
shows that rice responds positively to Si fertilization in soils where available Si 
content is higher than the threshold value, suggesting that the threshold value should 
be revised (raised). Third, the sodium acetate buffer method seems to overestimate 
the Si-supplying power in calcareous and/or saline (alkaline) soils; thus, a new 
threshold value is needed for assessing whether Si is suffi cient or defi cient in calcar-
eous and/or saline (alkaline) soils. Fourth, although there are many methods (mainly 
extractants) proposed to test soil-available Si content (see Chap.   2    ), no threshold 
values are available for the majorities of the extractants used except for the sodium 
acetate buffer method. Additional lab and fi eld studies are needed to work out a 
universally recognized threshold value for Si extractants. Additionally, threshold 
values should be established for other crops of agricultural importance such as sug-
arcane, wheat, barley, maize, sorghum and vegetable and fruit crops.  

3.4.2     Plant Testing 

 Soil-available Si status can affect plant growth, yield and quality and can be 
expressed in plant vegetative growth performance and yield and Si content in plant 
tissues. Although Si-defi cient rice usually has some defi ciency symptoms such as 
soft and droopy leaves, weeping willow-like appearance as described by Lewin and 
Reimann ( 1969 ), chemical analysis of Si content in rice straw is a reliable measure 
of Si status in plants. Therefore, plant Si testing is needed together with soil testing 
to help understand the Si nutritional status in plants. Several protocols are currently 
available for routine analysis of plant Si content (for details, see Chap.   2    ). On the 
basis of a large number of fi eld trials conducted in Asian countries to correlate Si 
content of rice straw with rice yield response to Si fertilization, the threshold or 
critical Si content in straw for zero yield response to slag application was proposed. 
The threshold value or critical value varies from one country to another. For exam-
ple, if SiO 2  content in the straw of mature rice is less than 13 % in Japan and Korea, 
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10 % in South China, and 11 % for both early and late rice in Chinese Taiwan, Si 
defi ciency might occur and Si fertilization should be recommended (Lian  1976 ; 
Zang et al.  1982 ; Savant et al.  1997 ). It was reported that  japonica  rice with straw 
SiO 2  content of less than 11 % responded positively to slag-based calcium silicates 
in some cooler ecoregions (Savant et al.  1997 ), whereas in tropical ecoregions such 
as Sri Lanka and India,  indica  rice with straw SiO 2  content of less than 8 % might 
respond to Si applications (Nair and Aiyer  1968 ; Takijima et al.  1970 ). Snyder et al. 
( 1986 ) reported that more than 6.4 % SiO 2  in rice straw was needed for good rice 
yield on organic soils (histosols) of the Everglades Agricultural Area in Florida. Xu 
et al. ( 1993 ) reported that rice with fl ag-leaf SiO 2  content of less than 14 % might 
respond positively to application of slag (averaged yield increase by 11 %). The rice 
yield ( Y ) was correlated linearly with fl ag-leaf SiO 2  content ( X ) in the following 
regression equation:  Y  = 243.4 + 13.19 X .  

3.4.3     Irrigation Water Testing 

 The average dissolved silica concentration (run-off weighted average) for the 
exorheic parts of Africa, Europe, North America, South America, Asia and Australia 
is 12.6, 5.6, 8.0, 9.0, 10.0 and 11.8 mg SiO 2  L −1 , respectively, with an average of 
9.5 mg SiO 2  L −1  (Dürr et al.  2011 ). Si concentration for eastern UK rivers and tribu-
taries ranges from 0 to 34.7 mg SiO 2  L −1  (Neal et al.  2005  and references therein), 
depending on many geological and soil factors. The Si concentration of surface 
waters across the UK ranges from 0 to 40.7 mg SiO 2  L −1  (Neal et al.  2005 ), which 
is well within that found for many rivers globally (Meybeck  1980 ; Berner and 
Berner  1996 ). As rice is known to be a typical Si-hyperaccumulating plant species, 
Si supply from irrigation water plays an important role in Si nutritional status in 
rice. After having analysed 400 irrigation water, soil and rice samples, Imaizumi 
and Yoshida ( 1958 ) pointed out that the amount of Si coming from irrigation water 
and from soils accounted approximately for 27 % and 73 % of the total amount of 
Si taken up by rice, respectively, showing that Si supply from irrigation water is of 
great signifi cance to rice growth and development. Total Si content in rice straw is 
signifi cantly correlated with the Si content in irrigation water. Generally, the SiO 2  
concentration in irrigation water less than 10 mg L −1  implies a high probability of Si 
defi ciency in rice (Liang et al.  1993 ). Mao ( 1986 ) found that the premature senility 
in rice grown in paddy soils derived from red sandstone could be attributed to both 
low plant- available Si content in soil and low Si concentration in irrigation water 
(11.8–21.3 mg SiO 2  L −1 ). It was reported by Wang et al. ( 1999 ) that the application 
of slag Si fertilizers to paddy soils with an average plant-available Si content of 
307 mg SiO 2  kg −1  still increased rice yield by 3–9 %, because the average Si con-
centration in irrigation water was only 4.8 mg SiO 2  L −1  (ranging from 1.2 to 11.8 mg 
SiO 2  L −1 ), suggesting the importance of Si in irrigation water for sustainable rice 
production.      
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    Chapter 4   
 Silicon Uptake and Transport in Plants: 
Physiological and Molecular Aspects 

          Abstract     Two different types of silicon (Si) transporter, infl ux and effl ux, are 
involved in the Si-transport process of higher plants. The transporters responsible 
for Si uptake by roots (Lsi1 and Lsi2) have been identifi ed in several higher plant 
species including rice ( Oryza sativa ), barley ( Hordeum vulgare ), maize ( Zea mays ), 
wheat ( Triticum aestivum ), pumpkin ( Cucurbita moschata ) and the primitive vascu-
lar plant,  Equisetum arvense  (horsetail). An infl ux transporter, Lsi6, involved in 
xylem unloading of Si has also been identifi ed in graminaceous species, including 
rice, barley and corn. In this chapter, an overview will be provided to highlight the 
most recent breakthroughs in Si uptake and transport by plants.  

  Keywords     Silicon accumulation   •   Effl ux   •   Infl ux   •   Silicon transporters   •   Xylem 
loading of silicon  

4.1               General 

 Although all terrestrial plants contain some silicon (Si) in their tissues, the concen-
tration of Si in shoots varies greatly among plant species (from 0.1 to 10 % Si on a 
dry weight basis), showing an extremely uneven distribution within the plant king-
dom (Fig.  4.1 ; Epstein  1999 ; Ma et al.  2001b ; Richmond and Sussman  2003 ). For 
instance, Si is heavily accumulated in Bryophyta, Lycopsida and Equisetopsida in 
Pteridophyta, but less so in Filicopsida in Pteridophyta, Gymnospermae and most 
Angiospermae (Ma et al.  2001b ; Ma and Takahashi  2002 ). In higher plants 
(Angiospermae), only few taxa show high (>4 % Si; Cyperaceae, Poaceae and 
Balsaminaceae) to moderate (2–4 % Si; Cucurbitales, Urticales and Commelinaceae) 
Si accumulation (Ma and Takahashi  2002 ; Hodson et al.  2005 ).

   There is also a genotypic variation in the shoot Si concentration, although the 
 variation within species is usually much lower than the variation among species. 
Grown under the same conditions, rice ( Oryza sativa ) contains 39 mg Si g −1  in the 
shoots, but chickpea ( Cicer arietinum ) contains only 3.0 mg Si g −1  (Broadley et al. 
 2011 ). On the other hand, the Si concentration in barley ( Hordeum vulgare ) grain 
showed a smaller variation, ranging from 1.2 to 3.8 mg Si g −1  (Ma et al.  2003 ). In 
sugarcane ( Saccharum offi cinarum ), the Si concentration in the shoots varied with the 
cultivars, ranging from 6.4 to 10.2 mg Si g −1  (Deren  2001 ). In rice ( Oryza sativa ), 
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 japonica  cultivars usually showed a higher Si concentration than  indica  cultivars (Ma 
and Yamaji  2008  and references therein). 

 In general, the difference in Si accumulation of different plant species has been 
attributed to the specifi c ability of roots to take up Si (for review see Ma and Yamaji 
 2006 ). Plants take up Si in the form of the monomeric, uncharged molecule of 
orthosilicic acid (H 4 SiO 4 ), as the only molecular species likely to cross the root 
plasma membrane at physiological pH (Raven  2001 ). Takahashi et al. ( 1990 ) pro-
posed three possible types of Si uptake for higher plants assessed in relation to water 
uptake: active (faster/higher Si uptake than water uptake), passive (similar to water 
uptake), and even rejective (slower/lower than water uptake). Plants with an active 
Si uptake mechanism thus cause a signifi cant depletion of Si concentration in the 
uptake solution, whereas for plants taking up Si passively Si concentration remains 
unchanged. Correspondingly, for plants with a tendency to exclude Si from their 
tissues, an increase in Si concentration in the uptake solution occurs over time. 

 Passive transport of uncharged monosilicic acid by diffusion across the lipid 
component of the plasma membrane and/or by facilitated diffusion via protein-
aceous channels is an energy-independent component of Si uptake, which is present 
in all plant species regardless of their ability to accumulate Si (Raven  2003 ). However,  
a metabolically active, energy-dependent component of Si transport has been identi-
fi ed in various Si-accumulating species (both high accumulators and intermediate 
plants) including rice, barley, maize ( Zea mays ), wheat ( Triticum aestivum ), banana 
( Musa  sp . ), and cucumber ( Cucumis sativus ) (e.g. Tamai and Ma  2003 ; Henriet et al. 
 2006 ; Liang et al.  2005 ; Liang et al.  2006 ; Nikolic et al.  2007 ). Both passive diffu-
sion of silicic acid and transporter-mediated uptake are involved in the radial root 
transport of Si with the transporter-mediated Si uptake being an  energy- dependent 
process, because metabolic inhibitors and low temperatures inhibit Si transport (e.g. 
Mitani and Ma  2005 ; Liang et al.  2006 ; Nikolic et al.  2007 ). 

  Fig. 4.1    Distribution of Si accumulators within the plant kingdom (Modifi ed from Epstein  1999 )       
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 In principle, two different types of Si transporter, infl ux and effl ux, are operating 
in the Si-transport process. The transporters responsible for Si uptake by roots (Lsi1 
and Lsi2) have been identifi ed in several plant species (e.g. rice, barley, corn, wheat 
and pumpkin; see Sects.  4.2.1 ,  4.2.2 , and  4.3.1  in this Chapter), and most recently 
in the primitive vascular plant  Equisetum arvense  (horsetail; Grégoire et al.  2012 ). 
Following Si uptake into the root symplast by the infl ux transporter, Lsi1, and the 
release of Si from the symplast into the apoplast (xylem loading) by effl ux trans-
porter, Lsi2, Si is translocated upwards to the shoots through the xylem vessels via 
the transpiration stream. Si in the xylem sap is presented in the form of monosilicic 
acid (Casey et al.  2003 ; Mitani et al.  2005 ). In the shoot, silicic acid is further con-
centrated through loss of water (transpiration) and polymerized to amorphous silica 
[(SiO 2 )  n   ×  n H 2 O; known as opal or phytolith] being fi nally deposited in specifi c 
cells. In certain species, xylem unloading of Si is also an active, transporter- mediated 
process (Ma et al.  2011 ). So far, an infl ux transporter, Lsi6, involved in xylem 
unloading of Si has been identifi ed in graminaceous species, including rice, barley 
and maize (see Sect.  4.2.1  and  4.2.2  in this Chapter).  

4.2     Monocots 

4.2.1       Rice 

 Rice is able to accumulate Si to up to 10 % of shoot dry weight, a concentration 
considerably higher than that of macronutrients such as nitrogen (N), phosphorus 
(P) and potassium (K) (Ma and Takahashi  2002 ). Hence, a large amount of Si is 
required for high and sustainable rice production (Savant et al.  1997 ). Physiological 
studies show that uptake of Si by rice roots is a metabolically active, transporter- 
mediated process that is much faster than that of water transport and is not affected 
by the transpiration (e.g. Tamai and Ma  2003 ; Mitani et al.  2005 ; Liang et al.  2006 ; 
Nikolic et al.  2007 ). The capacity of roots to take up Si is much higher in rice than 
in other graminaceous species such as barley, corn, wheat, rye and sorghum 
( Sorghum bicolor ) (Tamai and Ma  2003 ). The SIT gene family encoding Si trans-
porters has been, for the fi rst time, identifi ed in the marine diatom  Cylindrotheca 
fusiformis , an organism that requires Si as an essential element (Hildebrand et al. 
 1997 ). Rice  Lsi1  is the fi rst gene encoding a Si transporter identifi ed in higher plants 
(Ma et al.  2006 ). This gene was cloned using a rice mutant ( lsi1; low silicon 1 ) that 
is defective in active Si uptake (Ma et al.  2002 ). 

 Rice Lsi1 (OsLsi1) and its homologs, which belong to the noduline-26 major 
intrinsic protein 3 (NIP3) subfamily of aquaporins, show infl ux activity for silicic 
acid in  Xenopus laevis  oocytes (Ma and Yamaji  2008 ). They are responsible for Si 
transport from the soil solution into the root cells (Fig.  4.2 ). The predicted amino 
acid sequence has six transmembrane domains and two Asn-Pro-Ala (NPA) motifs 
that are well conserved in typical aquaporins (Ma and Yamaji  2006 ).  OsLsi1  is 
 constitutively expressed in the roots, but its expression appears downregulated by Si 
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(Ma et al.  2006 ). Within the root, the expression of  OsLsi1  is lower in the apical (up 
to 10 mm from the root tips) than in the basal root regions (above 10 mm from the 
root tips), suggesting that Si uptake occurs in the mature root zone rather than in the 
root tips (Yamaji and Ma  2007 ). In the basal zone, the Lsi1 protein is localized in 
the seminal, crown and lateral roots, but not in root hairs (Ma et al.  2006 ; Yamaji 
and Ma  2007 ). Previous physiological studies by Ma’s group have shown that lat-
eral roots contribute to Si uptake in rice whereas root hairs do not (Ma et al.  2001a , 
 2002 ). The Lsi1 transport protein is localized to the plasma membrane of both exo-
dermis and endodermis, where the Casparian strips prevent apoplastic transport into 
the root stele (Fig.  4.3 ), and it shows polar localization at the distal side of both 
exodermal and endodermal cells (Yamaji and Ma  2007 ).

    Rice  Lsi2  ( OsLsi2 ) is also the fi rst Si effl ux transporter gene identifi ed in higher 
plants, and was cloned using a novel rice mutant ( lsi2; low silicon 2 ) defective in Si 
uptake (Ma et al.  2007a ). The gene is predicted to encode a membrane protein with 

Si(OH)2
Si(OH)2

Exodermis Endodermis Stele

OsLsi1 OsLsi2

Casparian strip

OsLsi1 OsLsi2

Aerenchyma
apoplast

  Fig. 4.2    Schematic presentation of Si transport in rice roots (Modifi ed from Ma and Yamaji  2008 )       

  Fig. 4.3    Localization of Si 
transporters in lateral roots of 
rice (From Yamaji and Ma 
 2011 ). Lsi1 ( green ); Lsi2 
( red ); nuclei ( cyan ); 
exodermis ( ex ); endodermis 
( en )       
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11 transmembrane domains and is responsible for Si transport out of the root cells 
towards the stele (Fig.  4.2 ). The Lsi2 protein belongs to a putative anion-channel 
transporter without any similarity with the Si infl ux transporter Lsi1 (Yamaji and 
Ma  2011 ). In  Xenopus  oocytes Lsi2 exclusively showed effl ux activity for silicic 
acid without any infl ux transport activity. Unlike OsLsi1, the effl ux activity of 
OsLsi2 is inhibited by low temperature and protonophores (e.g. DNP, CCCP and 
FCCP), and the transport activity of OsLsi2 decreases at higher external pH values 
(Ma et al.  2007a ). Therefore, Lsi2 is an active effl ux transporter driven by the proton 
gradient, which can transport silicic acid against the concentration gradient. As 
such, a Si(OH) 4 /H +      antiport and involvement of H + -ATPase are most likely respon-
sible for energizing this secondary active transport (Ma et al.  2011 ; Fig.  4.4 ).

   The expression pattern and tissue and cellular localization of OsLsi2 are the 
same as those of OsLsi1 (Yamaji and Ma  2011 ). Furthermore, there is little accumu-
lation of OsLsi2 transcripts in the root tips and higher accumulation in the mature 
root zones (Ma et al.  2007a ). Like Lsi1, Lsi2 is also localized to the plasma mem-
branes of both exodermal and endodermal root cells but, in contrast to Lsi1, it is 
localized at their proximal side (Fig.  4.2 ; e.g. Yamaji and Ma  2011 ). The expression 
of both Lsi1 and Lsi2 was lower in a rice variety with low Si uptake capacity than 
in a variety with high Si uptake capacity, however with no difference in the cellular 
localization of these two transporters (Ma et al.  2007b ). Therefore, the genotypic 
difference in the Si accumulation may result from the difference in the expression 
of Si transporter genes in rice roots. 

 Both Lsi1 and Lsi2 are also involved in arsenite [As(III)] uptake (Ma et al.  2008 ; 
Zhao et al.  2010 ). For instance, mutation in Si infl ux transporter OsLsi1 signifi -
cantly decreased As uptake, while in the  lsi2- rice mutants defective in the Si effl ux 
transporter (OsLsi2), As(III) loading into the xylem and its accumulation in shoots 
and grain greatly decreased. In fi eld-grown rice, mutation in Lsi2 had a much 
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  Fig. 4.4    Schematic 
presentation of active effl ux 
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 stronger impact on As accumulation in shoots and grains than that in Lsi1 (Ma et al. 
 2008 ). Arsenite transport in rice roots therefore shares the same highly effi cient 
pathway as silicic acid, which explains why rice is effi cient in As accumulation. 
One possible explanation is that As(III) and Si(OH) 4  have a similar size and both are 
mostly undissociated at physiological pH (Ma  2010 ). At a more practical level, 
ensuring suffi cient Si availability in the soil is likely to suppress As accumulation in 
rice (Ma et al.  2008 ). 

 Once transported via Lsi1 and Lsi2 into the stele, Si is then translocated to the 
shoot through the xylem by the transpiration stream. More than 90 % of Si taken up 
by roots is translocated to the shoots (Ma and Takahashi  2002 ). In rice, the Si con-
centration in the xylem sap can be as high as 20 mM, severalfold exceeding the Si 
concentration in the external solution (Nikolic et al.  2007 ). Interestingly, such very 
high concentrations are probably only present transiently, because in vitro silicic 
acid polymerizes when its concentration exceeds 2 mM (Mitani et al.  2005 ). Also, 
relatively large amounts of Si are deposited in the cell walls of xylem vessels 
(Balasta et al.  1989 ) where it may prevent compression of the vessels when the 
transpiration rates are high (Raven  1983 ). 

 Finally, Si is deposited into the epidermis cell walls as a hydrated amorphous 
polymer (opal) forming silica–cuticle double layers and also deposited in specifi c 
shoot cells. There are two types of silicifi ed cells in rice leaf blades, viz. silica cells, 
and silica bodies (phytoliths) or silicifi ed motor cells (Ma and Takahashi  2002 ; 
Prychid et al.  2004 ). Therefore, Si must be transported out of the xylem before 
being deposited in shoots. A Si transporter, Lsi6, responsible for the transport of 
silicic acid from the xylem into xylem parenchyma cells (xylem unloading), has 
recently been identifi ed in rice (Yamaji et al.  2008 ). This suggests that Lsi6 infl u-
ences the subsequent Si distribution in rice shoots (Fig.  4.5 ). Lsi6 is an infl ux Si 
transporter and a homologue of Lsi1 (Yamaji et al.  2008 ). However, in contrast to 
Lsi1, Lsi6 is also expressed in the leaf sheaths and leaf blades in addition to the root 
tips (Yamaji et al.  2008 ). Lsi6 is localized in the adaxial side of xylem parenchyma 
cells in the leaf sheaths and leaf blades (Yamaji et al.  2008 ). Knockout of Lsi6 does 
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  Fig. 4.5    Schematic presentation of xylem unloading of Si by Lsi6 and deposition in shoot 
(Modifi ed from Ma et al.  2011 )       
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not affect the root uptake of Si, but causes an increased Si deposition in the silicifi ed 
epidermal cells of leaf blades and sheaths and also causes increased excretion of Si 
in the guttation fl uid (Ma et al.  2011 ).

   High Si accumulation especially in the husk is required for high productivity of 
rice. Preferential distribution of Si at the node, where the vascular systems are highly 
developed, is a key step for Si accumulation to the husk at the reproduction stage 
(Ma et al.  2011 ). At the fi rst node below the panicles, there are two different vascular 
bundles (enlarged and diffuse vascular bundles). Therefore, inter-vascular transfer of 
Si between two different vascular bundles is required to deliver Si taken up by the 
roots to the panicle, the fi nal sink of Si (Ma et al.  2011 ). Lsi6 is also highly expressed 
in the fi rst node below the panicles where it is mainly localized at the proximal side 
of xylem transfer cells located at the outer boundary region of the enlarged large 
vascular bundles (Yamaji and Ma  2009 ). Knockout of Lsi6 resulted in decreased Si 
accumulation in the panicles, but increased accumulation in the fl ag leaf (Yamaji and 
Ma  2009 ). Therefore, Lsi6 appears to be a transporter involved in transfer of silicic 
acid from the enlarged large vascular bundles coming from the roots to the xylem 
transfer cells and then moved symplastically across the parenchyma cell bridge 
before being reloaded to the diffuse vascular bundles connected to the panicles. 
Silicic acid is unloaded via Lsi6. Beside Lsi6 responsible for unloading Si from 
transpirational fl ow in the enlarged vascular bundles, two other effl ux Si transporters, 
Lsi2 and Lsi3, are also highly expressed in the fi rst node, which would indicate that 
they are responsible for reloading Si to diffuse vascular bundles (Yamaji et al.  2011 ).  

4.2.2       Other Monocots 

 In general, most graminaceous plants (e.g. ryegrass, wheat, triticale, sorghum, rye, 
corn and barley) are known as Si-accumulating species, although Si uptake by their 
roots is lower than that of rice (e.g. Jarvis  1987 ; Rafi  and Epstein  1999 ; Tamai and 
Ma  2003 ; Liang et al.  2006 ; Nikolic et al.  2007 ). In a short-term experiment, Nikolic 
et al. ( 2007 ) demonstrated that both the Si concentration in the xylem sap and the 
relative proportion of root-to-shoot translocated Si was lower in barley (6 mM and 
68 %) than in rice (21 mM and 97 %). Previous uptake studies indicated that the Si 
uptake by wheat and barley followed a typical Michaelis–Menten kinetics, and 
uptake was inhibited by DNP, suggesting that these species actively take up Si 
(Rains et al.  2006 ; Nikolic et al.  2007 ). For instance,  K   m   value for barley was similar 
to that found in rice (0.35 mM and 0.38 mM, respectively), but with a signifi cantly 
lower  V  max  as compared to rice (Nikolic et al.  2007 ). Furthermore, both root uptake 
and xylem loading of Si in corn were strongly suppressed by metabolic inhibitors or 
low temperature, regardless of the external Si concentrations, which indicate the 
importance of an active component in both transport processes (Liang et al.  2006 ). 
The coexistence of an active mechanism of Si uptake has also been suggested in 
other monocots such as banana (Henriet et al.  2006 ). 

4.2 Monocots
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 Recently, Lsi1 and Lsi2 transporters have also been identifi ed in barley and corn 
(Chiba et al.  2009 ; Mitani et al.  2009a ,  b ). More recently, TaLsi1 a wheat Si trans-
porter gene has been cloned (Montpetit et al.  2012 ). Barley HvLsi1, corn ZmLsi1 
and wheat TaLsi1 showed a high level of homology with rice OsLsi1 (Ma et al. 
 2011 ; Montpetit et al.  2012 ). Both HvLsi1 and ZmLsi1 show Si infl ux transport 
activity as OsLsi1, however, with different localization and expression patterns than 
observed in rice (Ma et al.  2011 ). Although TaLsi1 has yet to be characterized to the 
same extent as OsLsi1, it is likely that TaLsi1 also functions as an infl ux Si trans-
porter in wheat (Montpetit et al.  2012 ). HvLsi1 and ZmLsi1 are localized in the 
epidermal, hypodermal and cortical cells, and their expression levels are not affected 
by Si supply (Chiba et al.  2009 ; Mitani et al.  2009b ). Homologues of rice OsLsi2, 
barley HvLsi2 and corn ZmLsi2 also share more than 80 % similarity at the amino 
acid level with OsLsi2 (Mitani et al.  2009a ). Like OsLsi2, HvLsi2 and ZmLsi2 also 
function as effl ux transporters. The expression of both HvLsi2 and ZmLsi2 is much 
higher in the mature root zone (>10 mm) than in root tips (Mitani et al.  2009a ). Both 
HvLsi2 and ZmLsi2 are downregulated by Si supply and show a similar expression 
pattern as OsLsi2 (Mitani et al.  2009a ). In contrast to rice OsLsi2, both HvLsi2 and 
ZmLsi2 are localized only to the endodermis of either barley or corn roots and do 
not show polar localization (Ma et al.  2011 ). 

 In summary, both infl ux and effl ux transporters of Si in rice (OsLs1 and OsLs2, 
respectively) are localized polarly to the same cells of both the exodermis and endo-
dermis (Ma et al.  2006 ; Yamaji and Ma  2011 ). However, in barley and corn, infl ux 
(HvLsi1/ZmLsi1) and effl ux (HvLsi2/ZmLsi2) transporters are localized to differ-
ent cells: HvLsi1/ZmLsi1 is polarly localized to epidermal, hypodermal and cortical 
cells, while HvLsi2/ZmLsi2 is nonpolarly localized exclusively in the endodermis 
(Chiba et al.  2009 ; Mitani et al.  2009a ,  b ). These differences result in differential 
pathways of Si from the external solution to the xylem vessel in barley/corn and rice 
(Ma et al.  2011 ). In barley and corn, Si can be taken up from the external solution 
(soil solution) by HvLsi1/ZmLsi1 localized at the distal side of epidermal and corti-
cal cells and then transported symplastically to the endodermis, where it is released 
by an active Si effl ux transporter (HvLsi2/ZmLsi2) to the stele (Fig.  4.6 ). On the 
other hand, in rice, Si is taken up from the external solution by OsLsi at the distal 

S i(O H ) 2
S i(O H )2

Exodermis Endodermis Stele

HvLsi1
Zm Lsi1

Casparian strip

HvLsi2
Zm Lsi2

Cortex

  Fig. 4.6    Schematic presentation of Si transport in barley and maize roots (Modifi ed from Mitani 
et al.  2009b )       
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side and released into the apoplast of aerenchyma cells by OsLsi2 at the proximal 
side of exodermal cells (see Fig.  4.2 ); then, Si is transported into the stele by both 
OsLsi1 and OsLsi2 from endodermal cells (Ma et al.  2011 ).

   In barley, HvLsi2 was also found in parenchyma cells adjacent to the transfer 
cells with opposite polarity of HvLsi6, suggesting that the coupling of HvLsi6 and 
HvLsi2 is involved in the inter-vascular transfer of Si at the nodes (Yamaji et al. 
 2012 ). In addition to the xylem parenchyma cells, HvLsi6 was also detected in the 
outer parenchyma cells surrounding the phloem area. Si translocated via the enlarged 
vascular bundles is unloaded to the transfer cells by HvLsi6, followed by HvLsi2 to 
reload Si to the diffuse vascular bundles, which are connected to the panicles 
(Yamaji et al.  2012 ). 

 In corn, ZmLsi6, a homologous to rice infl ux Si transporter OsLsi6, is localized 
in the xylem parenchyma cells that are adjacent to the vessels in both leaf sheaths 
and leaf blades (Mitani et al.  2009b ). Like OsLsi6, ZmLsi6 exhibits polar localiza-
tion on the side facing towards the vessel and mainly functions as a Si transporter 
for xylem unloading (Mitani et al.  2009b ).   

4.3     Dicots 

4.3.1      Cucumber 

 Cucumber is known as a species that accumulates Si in the shoots to a much greater 
extent than other dicots (Wiese et al.  2007 ). The concentration of Si in cucumber 
leaves is in the range of 1.8–2.9 % (Miyake and Takahashi  1983a ,  b ; Wiese et al. 
 2007 ), and the concentration of Si in the xylem sap is severalfold higher than in the 
external solutions, regardless of the external Si supply (Liang et al.  2005 ). In a 
short-term experiment, Nikolic et al. ( 2007 ) demonstrated that more than half of the 
Si, taken up by roots, was translocated to the shoots in cucumber. Liang et al. ( 2005 ) 
were the fi rst to suggest that Si uptake in cucumber was a concentration- independent 
and metabolically active process, strongly inhibited by low temperature and meta-
bolic inhibitors. The kinetic uptake studies indicate that Si uptake by cucumber 
follows a typical Michaelis–Menten curve, but with a signifi cantly lower  V  max  value 
compared to rice (Mitani et al.  2005 ; Nikolic et al.  2007 ). 

 Pumpkin  Lsi1  ( CmLsi1 ) is the fi rst gene encoding an infl ux Si transporter identi-
fi ed in dicots (Mitani et al.  2011 ). Unlike rice OsLsi1 transporter, pumpkin CmLsi1 
is localized at all root cells, similar to that in barley and corn (Ma et al.  2006 ; Chiba 
et al.  2009 ; Mitani et al.  2009b ). This difference has been attributed to the anatomi-
cal difference of the roots in paddy and fi eld species (Chiba et al.  2009 ; Mitani et al. 
 2009b ). Indeed, paddy rice roots develop aerenchyma, wherein almost all cortical 
cells are destructed, a phenomenon not occurring under normal environmental 
 conditions with fi eld species, including barley, maize and pumpkin. Also, unlike 
Lsi1 from rice, barley and maize, CmLsi1 did not show polar localization (Mitani 
et al.  2011 ). 

4.3 Dicots
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 The surface of cucumber fruits is usually coated with white and fi ne powders 
(bloom) primarily composed of SiO 2 . However, bloomless cucumber, produced by 
grafting cucumber on some specifi c pumpkin cultivars, became more popular in 
Japan nowadays (Mitani-Ueno et al.  2011 ). It is reported that the difference in Si 
accumulation between bloom and bloomless rootstocks of pumpkin cultivars is 
attributed to different mechanisms of Si uptake by the roots (Mitani et al.  2011 ). 
Heterogeneous expression in both  Xenopus  oocytes and  lsi1 -rice mutant defective 
in Si uptake shows that the infl ux transporter from the bloom pumpkin rootstock 
(CmLsi1B + ) transports Si, whereas that from the bloomless rootstock (CmLsi1B − ) 
does not. Further analysis shows that the transporters from the two rootstocks differ 
in two amino acid residues (Mitani et al.  2011 ). A mutation (proline to leucine) at 
position 242 in bloomless rootstocks results in the loss of Si-transport activity. The 
Si transporter from the bloom pumpkin rootstock (CmLsi1B + ) is localized at the 
plasma membrane of all root cells, whereas the one from the bloomless rootstock 
(CmLsi1B − ) is localized at the endoplasmic reticulum (Mitani et al.  2011 ). 

 Two Si effl ux transporters (CmLsi2-1 and CmLsi2-2) have also been isolated 
from two pumpkin cultivars used for the rootstocks of either bloom or bloomless 
cucumber (Mitani-Ueno et al.  2011 ). Both CmLsi2-1 and CmLsi2-2 show an effl ux 
transport activity for Si and are expressed in both roots and shoots. Unlike the Si 
infl ux transporter CmLsi1, there is no difference in the sequence of both CmLsi2 
transporters between the two rootstock cultivars (Mitani-Ueno et al.  2011 ). Hence, 
a mutation in CmLsi1, but not in CmLsi2-1 and CmLsi2-2, is responsible for lower 
Si uptake in the bloomless phenotype.  

4.3.2     Other Dicots 

 In contrast to Cucurbitaceae, little information is available in the literature about 
Si-transport properties in other dicots. Recently, putative infl ux Si transporter genes 
 GmNIP2-1  and  GmNIP2-2  belonging to NIP2 subfamily of aquaporins have been 
identifi ed, characterized and cloned from soybean ( Glycine max ) (Deshmukh et al. 
 2013 ). Expression of both genes was detected in shoot and root tissues, and likewise 
both  GmNIP2-1  and  GmNIP2-2  were downregulated by increasing supply of Si 
(Deshmukh et al.  2013 ). Physiological studies by Liang et al. ( 2006 ) showed that 
the Si uptake was inhibited by low temperature and metabolic inhibitors in the sun-
fl ower and wax guard, particularly at the lower external Si concentrations. This 
might indicate that both active and passive components of Si uptake machinery 
coexist in the roots of sunfl ower and wax gourd, similar to that in cucumber (Liang 
et al.  2005 ), with their relative contribution much depending upon the external Si 
concentrations. However, measured Si uptake in faba bean ( Vicia faba ) was signifi -
cantly lower than the calculated uptake, suggesting a rejective type of Si uptake 
(Liang et al.  2005 ). In contrast to Si deposition in leaves, little is known about the 
compartmentation of Si in the roots, particularly in dicots (Lux et al.  2003 ). The 
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high proportion of symplastic Si fraction in Si accumulators probably facilitates the 
transfer of Si into the xylem, and thus translocation to the shoots, as suggested by 
Sangster and Hodson. However, in tomato ( Lycopersicon esculentum ) (Si excluder) 
roots, only a very small part (less than 10 %) of the total root Si was present in the 
symplast (Heine et al.  2005 ). 

 The Si concentration in xylem sap of both faba bean and tomato was lower than 
that of the external solutions, regardless of the external Si concentration (Liang 
et al.  2005 ; Heine et al.  2005 ; Mitani and Ma  2005 ; Nikolic et al.  2007 ). The relative 
proportion of root-to-shoot translocated Si in tomato was about 30 %, which is 
much lower than in cucumber and rice, especially (54 % and 97 %, respectively; 
Nikolic et al.  2007 ). Therefore, the uptake system in tomato and faba bean differs 
greatly from other plant species that accumulate more Si in their shoots. Furthermore, 
tomato exhibited no tendency towards saturation kinetics in the total Si uptake, sug-
gesting a lack of the active component of Si uptake in the cortex of tomato (Nikolic 
et al.  2007 ). In principle, plants lacking Si transporters will not be able to accumu-
late Si effi ciently. For instance,  Arabidopsis thaliana  is known as a low Si accumu-
lator and, accordingly, has no close homologues of Lsi1 or Lsi2 in its genome (Ma 
et al.  2006 ,  2007a ; Deshmukh et al.  2013 ). 

 The so-called non-accumulators actually exclude silicic acid from their roots, 
because they contain less Si in the shoots than would be expected if there was a 
nonselective passive infl ux of Si with water (Liang et al.  2005 ,  2006 ). In the uptake 
study with radioactive  68 Ge (a tracer for Si), application of DNP caused an increase 
of uptake and root-to-shoot translocation of Si in tomato, suggesting that the restric-
tion of Si from symplast to apoplast in the cortex and endodermis requires a meta-
bolically derived energy (Nikolic et al.  2007 ). The existence of an active, 
transporter-mediated Si exclusion from the root cells might explain the rejective 
type of Si uptake in Si excluders (postulated by Takahashi et al.  1990 ), which is also 
demonstrated by the increasing concentration of Si in the uptake solution (Mitani 
et al.  2005 ). However, the physiological meaning of the existence of such metaboli-
cally energized export of Si out of the roots to prevent Si shoot accumulation is not 
understood.      
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    Chapter 5   
 Silicon-Mediated Tolerance to Metal Toxicity 

          Abstract     Silicon (Si) has been well documented to mitigate phytotoxicity of 
 metals including manganese (Mn), iron (Fe), aluminium (Al), cadmium (Cd), arse-
nic (As), chromium (Cr), lead (Pb), copper (Cu) and zinc (Zn). However, the mech-
anisms explaining this phenomenon are still not clear. In general, there are two 
mechanisms, i.e. an external ( ex planta ) and an internal ( in planta ) one, proposed 
for explaining why and how Si can regulate plant resistance and/or tolerance to 
metal toxicity. Among the interactions of Si with metals, the possible roles of Si in 
enhancing tolerance to Mn and Al have been most extensively investigated, while 
over the last decade more work has been done on the Si-mediated alleviation of 
toxicity of the most important heavy metals, i.e. Cd, As, Cr and Pb. Nevertheless, 
direct evidence is still lacking that can clearly dissect the mechanisms involved in 
Si-mediated tolerance against metal toxicity, especially at the molecular level.  

  Keywords     Aluminium   •   External mechanisms   •   Heavy metals   •   Internal mecha-
nisms   •   Manganese   •   Silicon  

5.1               Silicon-Alleviated Metal Toxicity Symptoms 

5.1.1     Manganese and Iron 

 Manganese (Mn) is an important essential micronutrient for plant growth, but it eas-
ily becomes toxic above physiological levels. Mn toxicity occurs frequently in 
highly reduced paddy soils (waterlogged lowland soils) or in highly weathered 
acidic soils of tropical and subtropical areas. In general, the visual symptoms of Mn 
toxicity will vary with the plant species and plant sensitivity to excess Mn supply. 
Toxicity occurs at leaf Mn concentrations ranging from 200 to 5,300 mg kg −1  
(Edwards and Asher  1982 ; Clarkson  1988 ), depending largely on the species; geno-
type; environmental conditions such as temperature, humidity, pH, light and source 
of nitrogen; nutritional interactions with calcium (Ca), magnesium (Mg), iron (Fe), 
phosphorus (P), molybdenum (Mo) and Si; and the action of mycorrhizae (El-Jaoual 
and Cox  1998 ). Symptoms of Mn toxicity are quite diverse among plant species, but 
brown spots on older leaves near the main and secondary veins surrounded by 
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chlorotic zones are typical symptoms of Mn toxicity (Morris and Pierre  1949 ; Foy 
et al.  1978 ,  1995 ; El-Jaoual and Cox  1998 ; Li et al.  2012a ). 

 Mn toxicity symptoms are reported to be alleviated considerably by the addition 
of Si (Figs.  5.1  and  5.2 ). As early as 1957, Williams and Vlamis ( 1957a ,  b ) showed 
that Si decreased Mn toxicity in barley ( Hordeum vulgare ) by causing Mn to be 
more evenly distributed instead of being concentrated in discrete necrotic spots, 
although the total Mn in the leaves was unaffected by Si treatment. Subsequently, 
alleviation of Mn toxicity by Si was reported in many crops (Table  5.1 ).

     Okuda and Takahashi ( 1965 ) demonstrated signifi cant alleviative effect of Si on 
Mn toxicity in rice plants and attributed this effect to Si-mediated inhibition of Mn 
uptake. It has been reported by Júnior et al. ( 2010 ) that dry matter weight of roots, 
sheaths, leaves and aerial parts of Mn-stressed rice ( Oryza sativa ) plants was signifi -
cantly higher in plants treated with Si and the leaf erectness was signifi cantly 
increased with addition of Si. Tavakkoli et al. ( 2011 ) reported that interactions of Si 
slag with phosphorus increased dry matter yield of rice grown on a highly weath-
ered, acidic lateritic soil and probably mitigated Mn toxicity by decreasing Mn con-
centration. Li et al. ( 2012a ) investigated the alleviative effect of Si on excess Mn in 
rice. Mn toxicity symptoms generally appeared as dark brown spots, necrotic 
lesions, chlorosis of leaf edges and tips and crinkle leaf. Clearly, Si supply could 
signifi cantly alleviate Mn toxicity symptoms in both Mn-sensitive and Mn-tolerant 
cultivars (Fig.  5.2 ; Li et al.  2012a ). Horst and Marschner ( 1978a ) reported that with-
out Si supply, bean growth depression and toxicity symptoms occurred at concen-
trations as low as 0.5 μM Mn in the nutrient solution, while the Si-treated plants 
could tolerate 5.10 μM Mn. They argued that the increase in Mn tolerance was not 
caused by a depressing effect of Si on the uptake or translocation of Mn but rather 
by an increase in Mn tolerance in leaf tissues. Iwasaki and Matsumura ( 1999 ) inves-
tigated Si-induced alleviation of Mn toxicity in two contrasting pumpkin ( Cucurbita 

  Fig. 5.1    Si alleviates symptoms of Mn toxicity in cucumber (Photograph by Miroslav Nikolic)       

 

5 Silicon-Mediated Tolerance to Metal Toxicity



85

moschata ) cultivars (cultivar Shintosa, a bloom type, and cultivar Superunryu, a 
bloomless type). The results showed that high Mn signifi cantly depressed root and 
shoot biomass of both cultivars in the absence of Si, while in the presence of Si, high 
Mn only inhibited the growth of Superunryu cultivar, but not that of Shintosa which 
accumulated more Si than Superunryu. Interestingly, Mn uptake was similar in both 
cultivars. Iwasaki et al. ( 2002a ,  b ) and Führs et al. ( 2009 ) showed that in cowpea 
receiving 50 μM Mn, dark brown spots were the fi rst visible Mn toxicity symptoms, 
which completely disappeared in Si-fed plants throughout the experiment. However, 
distinct brown spots were noted in the Si-pretreated plants grown hydroponically 
with excess Mn, although the symptoms were less severe in the Si-pretreated plants 
than in the untreated ones (Iwasaki et al.  2002b ). Rogalla and Römheld ( 2002 ) 
reported that brown spots on leaves, a typical symptom of Mn toxicity, appeared at 
over 50 μM Mn in Si-deprived plants, but at 500 μM and above in Si-fed plants 
(Table  5.2 ). Both shoot and root fresh weights of plants grown with Mn levels rang-
ing from 50 to 1,000 μM were signifi cantly increased by the addition of Si (Rogalla 
and Römheld  2002 ; Wiese et al.  2007 ). The experiments with cucumber ( Cucumis 

+Si-Si+Si -Si 

High MnHigh MnHigh Mn Normal MnNormal MnNormal MnHigh Mn

cv.ZLY 99 (Mn resistant)cv.XXY 640 (Mn sensitive)

Normal Mn

  Fig. 5.2    Toxicity symptoms of two rice cultivars grown in a nutrient solution containing normal 
(6.7 μM) or high Mn (2.0 mM) with or without Si (1.5 mM) supply (From Li et al.  2012a )       
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sativus ) by Shi et al. ( 2005a ) confi rmed that plants grown hydroponically with 
excess Mn (600 μΜ Μn) showed typical visible symptoms of Mn toxicity on leaves 
where severe chlorosis developed on both older and younger leaves, while limited 
chlorosis occurred on leaves of plants treated with Si. All variables including shoot 
height, root length, shoot and root biomass and plant biomass were greatly sup-
pressed by excess Mn, but were signifi cantly reversed by Si supply (Shi et al. 
 2005a ). A series of experiments with cucumber by Dragisic Maksimovic et al. 
( 2007 ) and Dragisic Maksimovic et al. ( 2012 ) also showed that although the Mn 
concentration in the leaves of cucumber plants treated with 100 μM was 10–40 
times higher than the optimum, no Mn toxicity symptoms appeared in Si-fed plants, 
compared to Si-deprived plants. Both the root and shoot biomass of plants grown 
hydroponically in presence of high Mn was improved by the presence of Si (Dragisic 
Maksimovic et al.  2007 ; Dragisic Maksimovic et al.  2012 ).

   Fe is another important essential micronutrient for plant growth. Like Mn toxic-
ity, Fe toxicity is primarily a problem for plants growing in highly reduced condi-
tions (e.g. waterlogged lowland soils, poorly drained, compacted or poorly aerated 
soils) or in highly weathered acid soils of tropical and subtropical areas. One of the 

   Table 5.1    Plant species reported to be positively responsive to mitigation of Mn toxicity by Si   

 Plant species  References 

 Barley  Williams and Vlamis ( 1957a ,  b ), Vlamis and Williams ( 1967 ), and Horiguchi 
and Morita  1987  

 Maize  Doncheva et al. ( 2009 ) 
 Rice  Okuda and Takahashi ( 1962 ), Júnior et al. ( 2010 ), Tavakkoli et al. ( 2011 ), and 

Li et al. ( 2012a ) 
 Sugarcane  Clements ( 1965 ) and Fox et al. ( 1967 ) 
 Wheat  Vlamis and Williams ( 1967 ) 
 Oats  Vlamis and Williams ( 1967 ) 
 Rye  Vlamis and Williams ( 1967 ) 
 Sorghum  Galvez et al. ( 1987 ) 
 Sudan grass  Bowen ( 1972 ) 
 Bean  Horst and Marschner ( 1978a ) 
 Cowpea  Horst et al. ( 1999 ), Iwasaki et al. ( 2002a ,  b ), and Führs et al. ( 2009 ) 
 Cucumber  Rogalla and Römheld ( 2002 ), Shi et al. ( 2005a ), Wiese et al. ( 2007 ), Feng et al. 

( 2009 ), Dragisic Maksimovic et al. ( 2007 ,  2012 ) 
 Pumpkin  Iwasaki and Matsumura ( 1999 ) 

   Table 5.2    Mn toxicity symptoms of  Cucumis sativus  plants grown in a nutrient solution with 1.8 
mM (+Si) or without (–Si) Si   

 Manganese concentration ( μ M) 

 −Si concentration  0.5  5  50  500  1,000 
 −Si  –  –  +  ++  +++ 
 +Si  –  –  –  +  ++ 

  From Rogalla and Römheld ( 2002 ) 
 – none; +, marginal; ++, strong; +++, severe Mn toxicity symptoms  
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most commonly visible Fe toxicity symptoms is leaf necrotic spots; additional 
symptoms include dark green foliage, stunted top and root growth, as well as leaf 
bronzing, especially on rice, which causes dark brown to purple spots on the foliage. 
Silicon has been reported to signifi cantly mitigate Fe toxicity symptoms in rice 
(Okuda and Takahashi  1965 ; Fu et al.  2012 ; Dufey et al.  2014 ). Okuda and Takahashi 
( 1965 ) speculated that Si-mediated inhibition of Fe uptake explained the positive 
effect of Si against Al. It was also reported that application of slag at a rate of 
2 t ha −1  to soils containing high exchangeable Fe and Mn led to a decrease in both 
Fe and Mn contents in rice plants without producing defi ciency symptoms (IRRI 
 1965 ,  1966 ). More recent fi ndings showed that a whole range of toxicity symptoms 
such as reduction of root and shoot biomass, primary root length and root number, 
aberrant root morphology and destruction of cytoplasmic organelles and nuclei in 
root epidermal cells were successfully mitigated by the addition of Si in an 
Fe-sensitive rice cultivar grown hydroponically with 100 μM Fe 2+  (Fu et al.  2012 ). 
The inclusion of Si to rice plants grown in presence of a toxic level of Fe was found 
to signifi cantly reduce Fe toxicity symptoms (Dufey et al.  2014 ).  

5.1.2     Aluminium 

 Aluminium (Al) is not only a major constituent of most mineral soils but also a 
major constraint for plant growth at pH values ranging from 3.5 to 4.5. When in 
excess, Al severely inhibits root growth and nutrient uptake and limits crop produc-
tion on highly weathered acid soils of tropical and subtropical areas worldwide. A 
typical symptom of Al toxicity is growth inhibition of the root system (Rorison 
 1960 ). As early as the 1960s, Peaslee and Frink ( 1969 ) demonstrated that the uptake 
of Al and Mn by tomato ( Lycopersicon esculentum ) could be depressed by the addi-
tion of silicic acid to the soil although no explanation was given for this result. Over 
the last 20 years, the possible impacts of Si on Al toxicity in plants have been exten-
sively investigated. So far, positive effects of Si on Al-induced inhibition of root 
growth have been reported in many plants (crops) (Table  5.3 ). Clearly, less work has 
been done on Si and Al interactions since one decade ago.

   Despite the previous reports, not all the experiments have convincingly shown 
the benefi ts of Si against Al toxicity. Some indicated that the alleviative effect was 
genotype and time dependent (Li et al.  1989 ; Cocker et al.  1998a ,  b ; Kidd et al. 
 2001 ; Zsoldos et al.  2003 ). Time-dependent changes in Si-induced amelioration of 
Al toxicity in maize ( Zea mays ) were fi rst demonstrated for the fi rst time by Kidd 
et al. ( 2001 ). In a 48-h experiment, they showed that after an 8-h exposure to high 
Al, inhibition of root elongation in an Al-sensitive cultivar was signifi cantly allevi-
ated by Si pretreatment (root elongation rate was 55 % of the corresponding con-
trols, compared to only 12 % when not pretreated with Si), whereas in an Al-resistant 
cultivar such effects of Si were not observed. In a long-term experiment (after 4 
days), the effects of Si pretreatment on Al toxicity subsided (Zsoldos et al.  2003 ). 
Wang et al. ( 2004 ) found that clear alleviative effects of Si on Al-induced inhibition 
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of root elongation (after 12 h) were noted when Si was supplied both as a pretreat-
ment and during the exposure to excessive Al, but essentially no such effects were 
observed when Si was supplied only as a pretreatment. On the other hand, working 
with fi ve varieties of  Stylosanthes , Zhang et al. ( 2009 ) found that both Si pretreat-
ment and continuous Si supply signifi cantly overcame the inhibitory effect of Al on 
root elongation, and more importantly, the phenotypical difference in Al tolerance 
among the fi ve genotypes tested disappeared after Si treatment. 

 Furthermore, the benefi ts of Si on Al toxicity were found to be dependent on the 
Si source (Morikawa and Saigusa  2002 ). Also, Si effects on Al detoxifi cation in 
plants varied greatly with both Al and Si levels used (Li et al.  1989 ; Liang et al. 
 2001 ; Ma et al.  1997 ; Yang et al.  1999 ). Hammond et al. ( 1995 ) found that the alle-
viative effect of Si on Al-induced root elongation increased with Si concentrations. 

 Cocker et al. ( 1998b ) examined the effects of Si on Al toxicity in both Al-tolerant 
and Al-sensitive wheat cultivars. Interestingly, Si was found to alleviate Al toxicity 
at low Al concentrations, but Si supply failed to exhibit signifi cant alleviative effect 
in the Al-sensitive cultivar exposed to higher Al concentrations. It thus seems to 
suggest that the effect of Si on Al detoxifi cation depends largely upon the plant spe-
cies, Al and Si levels and the duration of plants exposed to Al.  

5.1.3     Cadmium 

 Cadmium (Cd) is a nonessential toxic heavy metal that is highly mobile in the envi-
ronment. Exposure to Cd can cause serious problems to microorganisms, plants and 
animals even at trace concentrations and can be highly toxic to human beings 
through its bioaccumulation in the food chain (Song et al.  2009 ). Once absorbed, 

   Table 5.3    Interactions between Al and Si in experiments   

 Plant species  Authors and/or references 

 Barley  Hammond et al. ( 1995 ), Liang et al. ( 2001 ), and Morikawa and 
Saigusa  2002  

 Sorghum  Galvez et al. ( 1987 ), Galvez and Clark ( 1991 ), Hodson and 
Sangster ( 1993 ), and Li et al. ( 1996 ) 

 Rice  Rahman et al. ( 1998 ), Hara et al. ( 1999 ), and Singh et al .  ( 2011 ) 
 Mung bean  Yang et al. ( 1999 ) 
 Maize  Ma et al. ( 1997 ), Corrales et al. ( 1997 ), Kidd et al. ( 2001 ), and 

Wang et al .  ( 2004 ) 
 Teosinte  Barceló et al. ( 1993 ) 
 Wheat  Cocker et al. ( 1998a ,  b ) and Zsoldos et al .  ( 2003 ) 
 Cotton  Li et al. ( 1989 ) 
 Soybean  Baylis et al. ( 1994 ) 
  Melastoma malabathricum   Watanabe et al. ( 1997 ) 
  Holcus lanatus   Kidd and Proctor ( 2001 ) 
 Norway spruce  Ryder et al .  ( 2003 ) 
  Stylosanthes   Zhang et al. ( 2009 ) 

5 Silicon-Mediated Tolerance to Metal Toxicity



89

transported and accumulated into plant tissues in excess amounts, Cd will disturb 
plant metabolisms in multiple ways. Many studies have indicated that excess Cd 
accumulated in plant tissues not only causes Fe, Mg and Ca defi ciency (Welch 
 1995 ) and reduces chlorophyll content (Feng et al.  2010 ) but also inhibits plant 
growth and respiration; destroys the ultrastructure of plant cells such as the nucleus, 
chloroplast and mitochondria; and alters the activity and quantity of the key enzymes 
involved in various metabolic pathways (Nwugo and Huerta  2008 ; Cunha and 
Nascimento  2009 ; Song et al.  2009 ). Over the last decade, growing evidence has 
been presented in the literature showing that Si can signifi cantly mitigate Cd toxic-
ity symptoms and improve the growth and development of higher plants (Table  5.4 ).

   It was reported that typical Cd toxicity symptoms such as chlorosis, leaf rolls and 
stunting appeared in the leaves of maize grown under Cd stress (Liang et al.  2005 ; 
see Fig.  5.3 ). The addition of Cd (20 and 40 mg Cd kg −1 ) considerably reduced shoot 

   Table 5.4    The benefi cial effects of Si on mitigation of Cd toxicity in plants   

 Plant species  References 

 Rice  Shi et al. ( 2005b ), Nwugo and Huerta ( 2008 a, b, 2011), Zhang et al. 
( 2008 ), Gu et al. ( 2011 ), Tripathi et al. ( 2012a ), Liu et al. ( 2013b ), and 
Kim et al. ( 2014b ) 

 Maize  Liang et al. ( 2005 ), Cunha et al. (2008), Cunha and Nascimento ( 2009 ), 
and Vaculík et al. ( 2012 ) 

 Wheat  Rizwan et al. ( 2012 ) 
 Pakchoi  Song et al. ( 2009 ) 
 Cucumber  Feng et al. ( 2010 ) 
 Strawberry  Treder and Cieslinski ( 2005 ) 
 Cotton  Farooq et al. ( 2013 ) 
 Peanut  Shi et al. ( 2010 ) 
  Solanum nigrum   Liu et al. ( 2013a ) 
 Mangrove  Zhang et al. ( 2013a ) 
 Mustard  Vatehova et al. ( 2012 ) 

  Fig. 5.3    Silicon-enhanced shoot growth and silicon-alleviated Cd toxicity symptoms of maize 
grown on an oxisol treated with 0 (CK), 20 and 40 mg Cd kg −1  with or without 400 mg Si kg   − 1  

(Photograph by Yongchao Liang)       
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dry weight of maize on an oxisol (by 54 % and 25 % respectively; Liang et al. 
 2005 ), a condition that was signifi cantly alleviated by the addition of Si (see Fig. 
 5.3 ). The shoot dry weight of plants exposed to Cd20 and Cd40 treatments was 
increased by addition of Si by 69 % and 119 %, respectively (Liang et al.  2005 ).

   Root growth under Cd stress was also found to be improved signifi cantly by 
addition of Si (see Fig.  5.3 ). The root tips of maize exposed to Cd were blackish 
(more apparently in the higher Cd treatment, Cd40), but they remained normally 
white coloured in the Cd plus Si treatment (see Fig.  5.4 ). Working on the genotypic 
differences between two contrasting pakchoi ( Brassica chinensis ) cultivars grown 
with 5 mg Cd L −1  plus 1.5 mM Si, Song et al. ( 2009 ) found that, in the Cd-sensitive 
cultivar, the inclusion of Si increased the shoot and root dry weight by 25 % and 
40 %, respectively. They also found that the alleviative effect of Si on plant growth 
was more signifi cant in the Cd-tolerant cultivar than in the Cd-sensitive cultivar, 
suggesting that Si and Cd interactions are genotype dependent.

   Nwugo and Huerta ( 2008 a, b) showed that treatment with 2.5 μM Cd signifi -
cantly reduced the growth of rice seedlings, while inclusion of Si signifi cantly 
increased all growth variables of Cd-stressed rice plants. They further showed that 
the inhibitory effects of Cd toxicity on photosynthesis, water use effi ciency and 
light use effi ciency were signifi cantly mitigated by the addition of Si (Nwugo and 
Huerta  2008 a, b). Feng et al. ( 2010 ) also reported that the commonly present Cd 
toxicity symptoms in cucumber, i.e. leaf yellowing and necrosis caused by excess 
Cd-induced nutrient imbalances, were markedly prevented by the application of Si 
(see Fig.  5.5 ); this was in accordance with the increased levels of chlorophyll a, 
chlorophyll b, total chlorophyll and carotenoid in Si-fed cucumber plants exposed 
to Cd stress. In addition, water use effi ciency (WUE) was greatly decreased by 
exposure to Cd treatment for 10 or 15 days, but was signifi cantly increased by the 
addition of Si in Cd-stressed plants (Feng et al.  2010 ).

5.1.4        Arsenic 

 Arsenic (As) is a nonessential highly toxic oxianionic metalloid that occurs natu-
rally in all soils (Cullen and Reimer  1989 ). Human exposure to excess As will pose 
a major health risk, leading to a variety of health problems including skin conditions 

  Fig. 5.4    Silicon-enhanced root growth and silicon-alleviated Cd toxicity symptoms of maize 
grown on an oxisol treated with 0 (CK), 20 and 40 mg Cd kg −1  with or without 400 mg Si kg  −1     
(Photograph by Yongchao Liang)       
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and respiratory, pulmonary, cardiovascular and neurological diseases (Mandal and 
Suzuki  2002 ). As toxicity to humans has been an ever-increasingly important public 
concern because As contamination events are frequently reported throughout the 
world, particularly in some developing Southeast Asian countries such as 
Bangladesh, India and China (Dhar et al.  1997 ; Nordstrom  2002 ). As contamination 
may occur in soil and water through repeated application of As-containing pesti-
cides and fertilizers, atmospheric deposition from the burning of fossil fuels, dis-
posal of industrial and animal wastes and mining activities (Meharg et al.  2009 ). 
Contamination of soil and irrigation water with As may consequently lead to As 
accumulation in rice grain or straw (Abedin et al.  2002 ; Meharg et al.  2009 ; Finnegan 
and Chen  2012 ). 

 Upon exposure of plant roots to As, the metalloid inhibits root extension and 
proliferation. Once taken up and transported into the cell, arsenate (As V ) can be 
readily converted to arsenite (As III ), which is more toxic to living organisms. It has 
been demonstrated that both forms of As (As V  and As III ) can disrupt plant metabo-
lism and severely inhibit both plant vegetative and reproductive growth and conse-
quently lead to fertility and yield losses (Garg and Singla  2011 ; Finnegan and Chen 
 2012 ). 

 So far, limited information is available on Si and As interactions as only a few 
papers have been published on this topic (Guo et al.  2005 ; Bogdan and Schenk 
 2008 ; Shi  2008 ; Tripathi et al.  2013 ). Guo et al. ( 2005 ) investigated the effect of sili-
cate on the growth and arsenate uptake by rice seedlings grown hydroponically and 
found that shoot dry weights increased with increasing external Si concentrations in 
the culture solution. The addition of Si to the culture solution at rates of 0.5, 1.0 and 
2.8 mM Si increased shoot dry weight by 24, 37 and 33 %, respectively, but had 
little effect on root dry weight. 

  Fig. 5.5    Effects of 
exogenous silicon on the 
phenotype of cucumber 
leaves and roots treated with 
Cd (From Feng et al.  2010 )       
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 In a pot experiment on rice grown with three Si levels (0, 200 and 400 mg Si 
kg −1 ) and three As levels (0, 25 and 50 mg As kg −1 ) Shi ( 2008 ) showed that on the 
average, compared with Si-untreated treatments, the application of Si at 200 and 
400 mg kg −1  increased shoot biomass of rice plants by 22 % and 32 %, respectively, 
and root biomass by 22 % and 34 %, respectively. However, the response of rice 
grain yield of As-stressed plants was shown to depend on the application rate of Si 
(Shi  2008 ). The application of Si increased the grain yield by 53 % at a lower rate 
(200 mg kg −1 ), but reduced the grain yield at a higher rate (400 mg Si kg −1 ) (Shi 
 2008 ). In the case of the rice  Lsi1  mutant defective in Si uptake, the application of 
Si (200 and 400 mg Si kg −1 ) increased shoot biomass by 55 % and 27 %, respec-
tively, and root biomass by 14 % and 7 %, respectively. However, the application of 
Si (200 and 400 mg Si kg −1 ) decreased grain yield by 35 % and 74 %, respectively. 
The reason why grain yield for the rice  Lsi1  mutant was reduced by the Si applica-
tion is still unclear. On the other hand, Bogdan and Schenk ( 2008 ) investigated the 
effect of Si on As accumulation in the grain of rice grown on six paddy soils in the 
greenhouse condition. They found a signifi cant inhibitory effect of indigenous 
silicic acid in the soil solution on As uptake and accumulation, implying that soils 
with high plant-available Si contents result in low plant As accumulation and that Si 
application to soils may further decrease the As content of rice.  

5.1.5     Chromium 

 Chromium (Cr) is another highly toxic oxianionic metalloid. Cr contamination is 
now receiving increased public attention because it has become a serious environ-
mental problem as a consequence of anthropogenic activities including mining or 
industrial activities and repeated use of metal-enriched chemical fertilizers, pesti-
cides, sewage sludge and wastewater irrigation in agriculture (Zayed and Terry 
 2003 ). The three species of Cr (Cr III , Cr IV  and Cr VI ) are all highly phytotoxic, while 
Cr VI  is toxic to all living organisms. For plants, exposure to excessive Cr leads to 
inhibition of seed germination and plant growth, nutrient and water imbalance, deg-
radation of photosynthetic pigments, inactivation of mitochondrial electron trans-
port and inhibition of antioxidant defence enzyme activities (Dixit et al.  2002 ; 
Shanker et al.  2005 ; Panda  2007 ). Recently, Si has been reported to be effective in 
mitigating Cr toxicity in rice (Zeng et al.  2011 ; Tripathi et al.  2012b ), barley (Ali 
et al.  2013 ) and pakchoi plants (Zhang et al.  2013b ). In a hydroponic experiment 
with two Cr levels (0 and 100 μM), three Si levels (0, 1.25, and 2.5 mM) and two 
rice genotypes differing in grain Cr accumulation, Zeng et al. ( 2011 ) showed that 
seedling height and dry biomass of the two rice varieties were signifi cantly reduced 
under Cr stress, but the reduction in seedling height was signifi cantly alleviated by 
the inclusion of Si to the solution, and this alleviative effect was particularly distinct 
in the highest Si treatment. Tripathi et al. ( 2012b ) also investigated the Cr IV  and Si 
interactions in rice and found that Cr treatment inhibited plant growth and decreased 
photosynthetic pigment and protein contents, which was accompanied by a 

5 Silicon-Mediated Tolerance to Metal Toxicity



93

signifi cant increase in Cr accumulation and lipid peroxidation (as malondialdehyde; 
MDA), whereas the addition of Si to the Cr treatment alleviated Cr toxicity and 
promoted growth of rice by decreasing Cr accumulation, root-to-shoot Cr transport 
and MDA level. 

 In a pot experiment with pakchoi plants grown at three levels of Cr (50, 100 and 
200 mg kg −1  Cr) and three levels of Si (0.5, 1.0 and 1.5 g kg −1  Si), Zhang et al. 
( 2013b ) demonstrated that Si supply increased plant growth but only at the lowest 
Cr level (50 mg Cr kg −1 ). Increasing Si supply decreased shoot dry weight at both 
100 and 200 mg Cr kg −1 . Ali et al. ( 2013 ) showed that application of Si mitigated 
Cr toxicity in barley plants as refl ected by a signifi cant increase in growth and 
photosynthetic parameters. They also demonstrated that the alleviative effect of Si 
on Cr toxicity was stronger at a higher Si level than at a lower Si level (2 mM Si 
vs. 1 mM Si).  

5.1.6     Lead 

 Lead (Pb) is also a nonessential but highly toxic heavy metal that tends to accumu-
late in the environment because of its strong sorption to the minerals in soils and 
sediments. Pb contamination in soil, water and sediment arising from agricultural 
and industrial activities is a worldwide environmental problem. Exposure to exces-
sive Pb can cause serious health risks and represents a genuine public concern. In 
plant tissues, excessive Pb affects membrane structures, inhibits photosynthesis and 
causes nutrient, water and phytohormone imbalance. Typical toxicity symptoms 
include stunted growth, chlorosis and root blackening. 

 In recent studies, Si has been reported to be effective in mitigating Pb toxicity in 
plants (Araujo et al.  2011 ; Li et al.  2012b ; Bharwana et al.  2013 ). Araujo et al. 
( 2011 ) showed that Si supply alleviated the inhibitory effect of Pb on the growth of 
maize. Bharwana et al. ( 2013 ) found that the addition of Pb (50 μM and 100 μM) to 
the culture solution caused a severe inhibition of cotton growth, which was fully 
alleviated by addition of 1 mM Si. Li et al. ( 2012b ) reported that soil treatment with 
800 mg Pb kg −1  decreased both shoot and root dry weight of banana seedlings, while 
the amendment of Si at 800 mg kg −1  (as sodium metasilicate) signifi cantly enhanced 
banana biomass.  

5.1.7     Zinc and Copper 

 Both zinc (Zn) and copper (Cu) are essential micronutrients for plant growth with 
numerous important metabolic functions (Marschner  1995 ). However, exposure to 
excessive Zn or Cu concentrations can cause severe phytotoxicity. Commonly visi-
ble symptoms of Zn toxicity include dark pigmented spots or blotches on older 
leaves, particularly on petioles and around the margins and veins of leaf blades 
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(O’Sullivan et al. 1997). Yellowing and wilting of sweet potato leaves are typical 
consequences of severe damage to the roots exposed to high Zn concentrations. 
Symptoms of severe Fe defi ciency induced by Zn toxicity include a pale yellow to 
white interveinal chlorosis and eventual necrosis of leaf blades and growing points 
(O’Sullivan et al. 1997). Cu toxicity symptoms observed typically in moderate 
cases include pale green to white chlorotic mottles occurring on some mature leaves 
with even minor veins remaining green. However, in more severe cases, slow growth 
and poor root system development were generally accompanied by prominent chlo-
rosis (O’Sullivan et al. 1997). So far, it has been demonstrated that the addition of 
Si can mitigate Zn toxicity in maize (Cunha et al.  2008 ; Cunha and Nascimento 
 2009 ; Kaya et al.  2009 ) and rice (Song et al.  2011 ; Gu et al.  2012 ). On the other 
hand, Masarovic et al. ( 2012 ) have shown that Si supply did not signifi cantly allevi-
ate Zn toxicity in young sorghum with an exception of Si-stimulated growth of 
primary seminal roots. Kaya et al. ( 2009 ) reported that signifi cantly lower chloro-
phyll content, leaf relative water content (RWC) and biomass were noted in maize 
plants growing under excess Zn (0.5 mM) stress than in the control plants, whereas 
the addition of 1.0 mM Si signifi cantly reduced those symptoms. As shown in Fig. 
 5.6 , Song et al. ( 2011 ) showed that symptoms of Zn toxicity in rice were typically 
defi ned by a yellow colour on the lower leaves starting from the tips and spreading 
towards the base of the leaves. However, all symptoms of Zn toxicity were signifi -
cantly alleviated by the addition of Si (Fig.  5.6 ). Gu et al. ( 2012 ) also showed that 
the addition of Si overcame growth inhibition of rice seedlings subjected to high Zn. 
Moreover, the alleviative effect of Si on Zn toxicity was dependent on the Si level 
used. Cunha et al. ( 2008 ) found that the root and shoot biomass of maize was 
increased by 80 % and 59 %, respectively, by applying 200 mg Si kg −1  to an acidic 
tropical soil contaminated with 100 mg Zn kg −1 .

High Zn

cv. TY 167 
(Zn resistant)

cv. FYY 326
(Zn sensitive)

-Si           +Si          -Si               +Si  -Si                 +Si           -Si            +Si  

Normal Zn                    High ZnNormal Zn

  Fig. 5.6    Toxicity symptoms on two rice cultivars grown hydroponically with either normal 
(0.15 μM) or high (2 mM) Zn with (1.5 mM) or without Si for 7 days (From Song et al.  2011 )       
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   Cu toxicity has been recently reported to be mitigated by the addition of Si in 
 Arabidopsis thaliana  (Li et al.  2008 ; Khandekar and Leisner  2011 ),  Zinnia elegans  
(Frantz et al.  2011 ),  Erica andevalensis  (Rossini et al. 2011) and rice (Kim et al. 
 2014a ). Collin et al. ( 2014 ) reported that bamboo grown hydroponically with 100 
mM Cu induced suffered a signifi cant growth inhibition with severe visual toxicity 
symptoms (i.e. chlorotic leaves and brown root coloration); the addition of 1.1 mM 
Si signifi cantly resorbed those symptoms. Frantz et al. ( 2011 ) investigated 
Si-mediated tolerance to Cu toxicity in both a Si-accumulating [zinnia ( Zinnia ele-
gans )] and a Si-non-accumulating [snapdragon ( Antirrhinum majus )] species based 
on visible stress indicators and dry weight analysis and showed that initially Si had 
a positive effect on zinnia but not on snapdragon. However, enzymatic assays and 
nutrient analysis of plant tissues showed that both species responded to supplemen-
tal Si, showing evidence of alleviated stress and balanced nutritional status more 
similar to healthy, control plants than plants exposed to high Cu stress. Rossini et al. 
(2011) examined the infl uence of Si added at 0.5 and 1.0 mM on responses to Cu 
excess in  Erica andevalensis  grown in nutrient solutions containing 1 or 500 μM 
Cu. Plants treated with 500 μM Cu showed differences in growth and shoot water 
content depending on Si supply, and the addition of 1 mM Si to high-Cu nutrient 
solutions signifi cantly improved plant growth and reduced water loss, thus 
 preventing plant death related to Cu excess. Li et al. ( 2008 ) investigated the role of 
Si in plant response to Cu stress in  Arabidopsis thaliana  and found that leaf chloro-
sis and shoot and root biomass reduction caused by excess Cu were signifi cantly 
alleviated by Si amendments.   

5.2     Mechanisms of Alleviation of Metal Toxicity by Silicon 

 The alleviative effect of Si on metal toxicity has been well documented, but the 
underpinning mechanisms are still unclear and controversial. Based on the available 
information in the literature, two major mechanisms, i.e. external ( ex planta ) and 
internal ( in planta ), have been proposed for explaining how Si can mitigate metal 
toxicity in plants. The  ex planta  mechanism was proposed prior to the  in planta  
mechanism. From a chemical point of view, the  ex planta  mechanism is much sim-
pler and easier to understand than the  in planta  mechanism. Nevertheless, the latter 
is more fascinating for plant physiologists. . 

5.2.1     External ( Ex Planta ) Mechanisms 

5.2.1.1     Effect of pH 

 External ( ex planta ) mechanisms include pH effects and reduced bioavailability of 
metals and are based partly on both solution chemistry of metals and interactions of 
metals with Si that are strongly affected by pH values in solution. Although Al and 
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Si are considered to form biologically unavailable complexes in solution, it is still 
unclear what concentrations of Al and Si and what pH ranges are required to form 
these complexes (Cocker et al.  1998a ). The formation of aluminosilicate (AS) and 
its species, like Al per se, depends upon pH and the AS species that are insoluble at 
near neutral pH values (Cocker et al.  1998a ). 

 The activity or bioavailability of metals in the root growth medium is strongly 
associated with the pH value, while inclusion of Si increases pH, especially when 
the basic or alkaline silicates such as sodium silicate, potassium silicate, calcium, 
magnesium silicate, etc., are used as Si sources. This  ex planta  mechanism was the 
fi rst proposed to explain how Si can mitigate Al toxicity in plants (Hodson and 
Evans  1995 ; Hammond et al.  1995 ; Cocker et al.  1998b ). 

 Li et al. ( 1996 ) proposed that the mechanism of alleviation of Al toxicity by Si 
could be attributed to pH effects but not the direct interactive effects of Si on Al in 
solutions. Their conclusions were drawn mainly from the following observations: 
(1) in solutions containing 296 μM Al with no Si added, the growth of sorghum 
seedlings was signifi cantly decreased compared to the controls; (2) the root growth 
of seedlings grown hydroponically with 296 μM Al and varying Si levels was 
improved signifi cantly with increasing levels of Si, but such effects were observed 
only when Al was added to the basal nutrient solution following the addition of Si 
without lowering the solution pH; (3) the addition of Si to the basal nutrient solution 
led to a pH increase up to or over 10.0, which facilitated precipitation of Al with Si 
and consequently decreased Al phytotoxicity. However, if the solution pH was low-
ered to 4.0 following the addition of Si, prior to the addition of Al, Al toxicity was 
maintained in presence of Si in solutions containing Al ranging from 534 to 1602 
μM (Li et al.  1996 ). However, it was reported that, prior to the addition of the Al 
salt, even when the solution pH was adjusted to be within the acidic pH range to 
avoid precipitation of Al with Si, Al toxicity in wheat was still signifi cantly allevi-
ated by Si (Cocker et al.  1998b ), suggesting that the formation of hydroxyalumino-
silicate (HAS) was limited in bulk solutions with free Al levels in solutions 
unaffected by Si, but rather the alleviation mechanisms of Al toxicity by Si might 
involve the formation of HAS in the root apoplast ( in planta  mechanism). 

 It is generally recognized that the  ex planta  mechanisms similar to Si-alleviated 
Al toxicity applies to Si-mediated detoxifi cation of Mn, Cd, Cr, Pb, Zn and Cu in 
soil/plant systems, i.e. reduction in metal availability via metal immobilization aris-
ing from an increase of pH (Galvez et al.  1987 ; Chen et al.  2000 ; Liang et al.  2005 ; 
Gu et al.  2011 ; Li et al.  2012b ; Zhang et al.  2013a ,  b ). This is easy to understand and 
also true when basic sodium metasilicate, slag or alkaline Si-containing materials 
such as biosolids and coal fl y ash are incorporated into metal-contaminated soils as 
Si sources (Chen et al.  2000 ; Liang et al.  2005 ; Gu et al.  2011 , Zhang et al.  2013b ). 
Chen et al. ( 2000 ) reported that furnace slag was more effective in suppressing Cd 
uptake by rice and wheat than CaCO 3  or steel sludge. They speculated that the pH 
rise effect caused by the furnace slag used together with the plant-available Si 
released from the furnace slag contributed to the reduction of Cd uptake by plants 
(Chen et al.  2000 ). In a pot experiment with maize, Liang et al. ( 2005 ) showed that 
the application of sodium metasilicate at a higher rate of Si (400 mg Si kg −1 ) to an 
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acidic soil increased soil pH by 1.2 units, which contributed partly to the alleviation 
of Cd toxicity by Si. However, such Si-induced pH rise effects could not suffi ciently 
explain the mitigation of Cd toxicity in maize. To further reveal the whole picture of 
Si effects on Cd detoxifi cation in maize, Liang et al. ( 2005 ) ran another pot experi-
ment in which less amount of silicate (50 mg Si kg −1 ) was incorporated into the 
same Cd-contaminated soil tested to keep the soil pH unchanged. They reported that 
no signifi cant differences were found either in soil pH or in plant-available Cd con-
centrations (e.g. CaCl 2 -extractable fraction and water-soluble fraction of Cd) 
between the Si-treated soil and the Si-untreated soil. Nevertheless, Cd concentration 
in xylem sap was signifi cantly lower in Si-treated plants than in Si-deprived plants, 
and Cd toxicity in maize was still signifi cantly mitigated. These fi ndings clearly 
suggest that the Si-induced pH rise effects are insuffi cient to explain the Si-mediated 
Cd detoxifi cation, and both  ex planta  and  in planta  mechanisms must be involved. 
Gu et al. ( 2011 ) reported that the pH value of an acidic soil tested was increased by 
1–2 units following the incorporation of coal fl y ash and steel slag, leading to an 
over 60 % decrease in plant-available concentrations of heavy metals (Cd, Zn, Cu 
and Pb) in the soil tested. They further demonstrated signifi cant negative correla-
tions between heavy metal concentrations and pH values. Li et al. ( 2012b ) reported 
that the addition of 800 mg Si kg −1  as sodium metasilicate to a Pb-contaminated soil 
signifi cantly increased soil pH and carbonate- and residual-bound fractions of Pb, 
but decreased exchangeable fraction of Pb, thus reducing the plant availability of 
Pb. By contrast, addition of 100 mg Si kg −1  did not infl uence soil pH but still exhib-
ited similar effects of Pb immobilization. All these fi ndings seem to suggest that, 
apart from Si-induced pH effects, metal immobilization or inactivation in the growth 
medium by complexation of metals with silicates incorporated is also attributed to 
Si-mediated metal detoxifi cation in plants (see Sect.  5.2.2  in this chapter).  

5.2.1.2     Reduced Metal Bioavailability 

 It has been demonstrated that the availability of Al to living organisms in natural 
waters could be limited due to the fact that, chemically, Al and Si can form meta-
stable species of AS in dilute acidic solutions (Birchall  1990 ; Exley and Birchall 
 1992 ,  1993 ; Chappell and Birchall  1988 ). Birchall et al. ( 1996 ) agreed that as the 
precursors of amorphous minerals such as proto-imogolite and allophanes, hydroxy-
aluminosilicate (HAS) species can form in dilute Al solutions containing high con-
centrations of silicic acid at pH ranging from 4.5 to 7.5. By using membrane 
fi ltration, ion exchange and dialysis, Exley and Birchall ( 1992 ) were able to identify 
HAS formation in solutions of low Al concentration (4 μΜ) and Si concentration 
(0–500 μΜ). Birchall (1992, 1993) and Exley and Birchall ( 1992 ) provided evi-
dence for the formation of HAS and concluded that the reduction of Al bioavail-
ability by Si could be attributed to the formation of HAS species in solutions at pH 
≥4.0, especially in the rhizosphere where a boundary layer of near neutral pH may 
exist and is likely to be enhanced in the case of plants grown in hydroponics with 
nitrate as a sole nitrogen source (Hodson and Evans  1995 ). Taylor et al. ( 1997 ) 
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reported that the affi nity of silica for Al was at least a million times stronger in an 
oligomeric form of silica (a soluble low-molecular-mass form) than in a monomeric 
form of silica, suggesting that this oligomeric form of silica may be responsible for 
the amelioration of Al toxicity observed, but these compounds have yet to be 
detected in the natural environment. 

 Barceló et al. ( 1993 ) showed that Si-mediated alleviative effects on Al detoxifi -
cation in teosinte were attributed to HAS formation, leading to a signifi cant reduc-
tion in concentration of monomeric Al species in the nutrient solution in the presence 
of Si. Ma et al. ( 1997 ) also concluded that the amelioration of Al toxicity in maize 
by Si was due to the formation of Al and Si complexes in solution rather than a 
physiological effect of Si on the plant, because they measured a decrease of the 
concentration of toxic Al 3+  in the presence of Si. 

 More recently, this mechanism of Al immobilization or inactivation by Si has 
also been considered with respect to other heavy metals such as Cd, Cr, Pb, Zn and 
Cu (Liang et al.  2005 ; Yang et al.  2005 ; Gu et al.  2011 ; Gu et al.  2011 ; Zhang et al. 
 2013b ). Liang et al. ( 2005 ) reported that both water- and CaCl 2 -extractable fractions 
of Cd were signifi cantly lowered by the application of Si at a rate of 400 mg kg −1 , 
but no effect was detected when only 50 mg Si kg −1  was applied. The same group 
(Yang et al.  2005 ) found that the ameliorative effect of Si on Cd toxicity in maize 
was a silicate-induced alteration of Cd forms in soil, resulting in a reduction of Cd 
bioavailability. They found that, at pH 5.9, Si application increased the carbonate- 
bound and the residual fractions of Cd, but decreased the exchangeable and Fe/Mn 
oxide-bound fractions of Cd. Although Si was applied as sodium metasilicate, these 
authors neutralized the induced pH change before application and showed that the 
pH effects of Si application on Cd immobilization in soil were negligible (Yang 
et al.  2005 ). Similar conclusions were drawn by Cunha et al. ( 2008 ) where the Cd 
detoxifi cation in maize by silicates was attributed to Cd immobilization, but not to 
the increase of soil pH driven by the application of calcium silicate. They showed 
that Si altered the Cd and Zn fractions in soil, decreasing the most labile pools and 
increasing the more stable fractions such as those bound to organic matter and crys-
talline Fe oxides. More recently, Gu et al. ( 2011 ) showed that Cd, Zn, Cu and Pb 
concentrations estimated by the diffusive gradients in thin fi lms technique were 
signifi cantly decreased (by at least 84 %) in the steel-slag treatments and metal 
fl uxes from the soil solid phase to solution were signifi cantly reduced by steel-slag 
amendments as well. X-ray diffraction (XRD) analysis of steel slag spiked with 
heavy metals showed that the heavy metal precipitates (depositions) were mainly 
composed of insoluble Cd, Zn, Cu and Pb silicates, phosphates and hydroxides, 
showing the immobilization of heavy metals by steel-slag amendments (Gu et al. 
 2011 ). Zhang et al. ( 2013b ) reported that shoot accumulation of Cr in pakchoi 
grown in a soil contaminated with Cr was signifi cantly decreased by application of 
Na 2 SiO 3 . The alleviative effect of Si was mainly ascribed to the reduction of 
exchangeable-bound Cr fractions in the soil and the formation of precipitate-bound 
and organic matter-bound Cr. 

 It has been suggested that a critical concentration of Si at which the formation of 
HAS occurs is 100 μΜ (Exley and Birchall  1992 ). However, Cocker et al. ( 1998b ) 
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demonstrated that Al toxicity in Al-sensitive wheat grown at 1.5 μΜ Al could be 
signifi cantly alleviated by the addition of 5 μΜ Si, which is well below the sug-
gested critical Si requirement. They also demonstrated that Al toxicity symptoms 
were reduced in wheat at the lower end of the pH range (pH ≤ 5.0) in which HAS 
formation is believed to occur, and Si addition did not reduce free Al concentration 
in solution. 

 Clearly, it is not conclusive yet whether co-deposition or precipitation of metals 
with Si in nutrient solutions or solid growth media always plays an important role in 
Si-mediated reduction of metal toxicity. However, information available from the 
literature so far shows that the results depend largely upon the experimental condi-
tions employed. Obviously, although the  ex planta  mechanisms can explain in part 
why silica, particularly the basic silicates or Si-containing materials applied to the 
growth medium, can effectively alter metal toxicity in some cases, it is undoubtedly 
not the sole mechanism involved in Si-mediated metal detoxifi cation in plants.   

5.2.2      Internal ( In Planta ) Mechanisms 

 As early as 1940, it was found that the concentrations of mineral nutrients were 
higher in aerial parts of Si-defi cient plants than in those of Si-suffi cient plants 
(Wagner  1940 ). Later, more researchers confi rmed this phenomenon (Yoshida et al. 
 1959 ; Okuda and Takahashi  1962 ; Tanaka and Park  1966 ). This role of Si in infl u-
encing accumulation of Mn and Fe seemed to be the most apparent in rice because 
rice plants normally have fi ve to ten times higher leaf Mn concentrations compared 
to other grasses (Vlamis and Williams  1967 ). Barley plants grown hydroponically 
developed necrotic spots on their leaves under excess Mn, while the Mn toxicity 
symptoms disappeared by the addition of Si, which was attributed to Si-mediated 
microdistribution of Mn in barley leaves (Williams and Vlamis  1957a ,  b ). In a later 
study, it was shown that barley, rye ( Secale cereale ), rice and ryegrass ( Lolium 
perenne ) all developed Mn toxicity symptoms (i.e. brown necrotic spots) in the 
absence of Si, but Si addition prevented the development of necrotic spots (Vlamis 
and Williams  1967 ). Okuda and Takahashi ( 1962 ) demonstrated that the Si-mediated 
reduction of Fe and Mn toxicity in rice plants could be attributed to a decrease in 
uptake of Fe and Mn by the plants in the presence of Si. They also indicated that the 
reduced forms of Fe and Mn (i.e. Fe 2+  and Mn 2+ ), the major forms of Fe and Mn, 
were much more readily oxidized by the roots in the Si-fed rice than in the 
Si-defi cient rice, thus forming more insoluble coatings as Fe or Mn plaque on the 
surface of the Si-fed rice roots. Thus, Si is believed to promote the oxidative power 
of rice roots with the consequent apoplastic deposition of Fe and Mn oxides. This 
effect depended upon Si within the rice plants but not upon Si in the external 
solution. 

 Over the past two to three decades, more progress has been made in demonstrat-
ing  in planta  mechanisms of Si-mediated detoxifi cation of metals in plants (e.g. 
Cocker et al.  1998a ,  b ; Horiguchi and Morita  1987 ; Iwasaki and Matsumura  1999 ; 
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Iwasaki et al.  2002a ,  b ; Rogalla and Römheld  2002 ; Wang et al.  2004 ; Liang et al. 
 2005 ; Nwugo and Huerta  2008 a,b; Song et al.  2009 ; Song et al.  2011 ; Li et al. 
 2012a ; Dragisic Maksimovic et al.  2012 ). For example, Cocker et al. ( 1998a ) dem-
onstrated that Si could reduce the inhibitory effects of Al on root elongation under 
conditions that were neither the result of Si-induced increase in solution pH nor the 
formation of HAS. In the experiments with the Al-sensitive maize ( Zea mays  L.) 
cultivar Lixis, Wang et al. ( 2004 ) showed that Si treatment but not Si pretreatment 
mitigated Al-induced root injury as indicated by less root growth inhibition and cal-
lose formation and Si treatment did not alter monomeric Al concentrations in the 
nutrient solution, suggesting an  in planta  mechanism. More recently, Gu et al. 
( 2012 ) showed that, compared with the high Zn treatment alone (200 μM Zn), the 
addition of 0.5 or 1.8 mM Si to the high Zn treatment had no signifi cant impacts on 
the activity of free Zn 2+  in the nutrient solutions, although the Si treatments miti-
gated Zn toxicity in rice seedling. 

5.2.2.1     Uptake and Translocation of Metals 

 The question whether Si can suppress the uptake of metals or not is still under 
debate. Okuda and Takahashi ( 1962 ) postulated that Si decreased Fe and Mn uptake 
in rice plants by increasing the oxidizing power of the roots grown under fl ooded 
conditions. However, Williams and Vlamis ( 1957a ,  b ) and Vlamis and Williams 
( 1967 ) clearly demonstrated that, at least in graminaceous species, the uptake of Mn 
was not reduced by Si application, but Si caused Mn to be more evenly distributed 
instead of being concentrated in discrete necrotic spots. This fi nding was supported 
by subsequent experiments in dicots (Horst and Marschner  1978a ; Iwasaki and 
Matsumura  1999 ; Rogalla and Römheld  2002 ; Führs et al.  2009 ). Iwasaki and 
Matsumura ( 1999 ) demonstrated that Si alleviated Mn toxicity through a co- 
localized accumulation of Mn with Si in a metabolically inactive form around the 
base of the trichomes on the leaf surface, while Si addition did not affect the plant 
Mn content. Horiguchi ( 1988 ) reported that Si treatment altered the distribution of 
Mn by increasing Mn concentration in roots and decreasing that in shoots, thus 
reducing the leaf symptoms of Mn toxicity in rice. In cucumber grown under Mn 
excess, the leaf concentration and total content of Mn were found to be independent 
or even higher in the Si-fed plants than in Si-deprived plants (Rogalla and Römheld 
 2002 ; Shi et al.  2005a ). On the contrary, Li et al. ( 2012a ) showed that the addition 
of Si decreased shoot Mn concentration, but greatly increased root Mn concentra-
tion in a Mn-sensitive rice cultivar (XXY) (Table  5.5 ). Similar to the fi ndings of 
Horiguchi ( 1988 ), this phenomenon indicates that Si-enhanced Mn tolerance is not 
due to restriction of Mn uptake from solutions, but to restriction of root-to-shoot Mn 
transport. However, Li et al. ( 2012a ) also showed that the addition of Si greatly 
decreased both shoot and root Mn concentration in a Mn-tolerant rice cultivar 
(ZLY), suggesting that Si-enhanced Mn tolerance is due to restriction of Mn uptake 
from the nutrient solutions (Table  5.5 ). This would suggest that Si-mediated Mn 
tolerance is genotype dependent.
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   Apart from Mn, Si-mediated uptake and transport of Al and Cd are two typical 
case studies that have been extensively examined. Using X-ray microanalysis, 
Hodson and Sangster ( 1993 ) provided the fi rst direct evidence showing that Al tox-
icity may be decreased through co-precipitation or co-deposition of Al with Si in the 
root epidermal walls of sorghum. Subsequent work in the same laboratory indicated 
that Al and Si were co-localized in the epidermal and hypodermal cells of the roots 
of wheat treated with Al and Si (Cocker et al.  1997 ). As is well-known, the root cell 
wall, which is mainly composed of cellulose and matrix polysaccharides including 
pectins and hemicelluloses, plays a crucially important role in Al tolerance and Al 
resistance (Horst  1995 ; Yang et al.  2008 ). It is in the cell wall that Al and Si interact 
actively, forming co-precipitation and/or co-deposition of Al with Si and leading to 
less Al transport into the symplast and less toxic effects of Al on cell morphology 
(Cocker et al.  1998a ). 

 Chen et al. ( 2000 ) reported that the higher pH and increasing available Si from 
the furnace slag contributed to the reduced Cd uptake by rice and wheat, leading to 
a more effective mitigation of Cd toxicity by furnace slag than by calcium carbonate 
or steel sludge. The role of Si in minimizing uptake and root-to-shoot transport of 
metal ions has been confi rmed in both monocotyledonous and dicotyledonous 
plants exposed to toxic Cd concentrations (Shi et al.  2005b ; Liang et al.  2005 ; Zhang 
et al.  2008 ; Song et al.  2009 ; Shi et al.  2010 ; Farooq et al.  2013 ; Zhang et al.  2013a ). 
In pot experiments with maize, Liang et al. ( 2005 ) showed that although soil pH and 
availability of Cd were unaffected by incorporation of Si at a rate of 50 mg Si kg −1 , 

    Table 5.5    Mn concentrations in shoots and roots of rice plants grown in nutrient solution 
containing normal (6.7 μM) or high (2.0 mM) Mn with or without Si supply   

 Variety  Mn treatment  Si supply  Shoot (μg g −1  DW)  Root (μg g −1  DW) 
 XXY  Normal  –  415.80 ± 44.70  135.93 ± 5.26 

 +  490.51 ± 54.25  187.35 ± 12.86 
 High  –  4515.82 ± 175.58  2069.20 ± 39.76 

 +  4340.81 ± 62.06  3804.40 ± 137.82 
 ZLY  Normal  –  335.11 ± 4.70  193.64 ± 12.96 

 +  445.79 ± 60.17  291.83 ± 61.98 
 High  –  5754.97 ± 82.31  3532.94 ± 345.31 

 +  2088.34 ± 185.40  1481.43 ± 81.31 
 Shoot  Root 
  df     P    LSD 0.05    df     P    LSD 0.05  

 Cultivar  1  <0.001  149.918  1  200.263 
 Source of 
variation 

 Mn  1  <0.001  149.918  1  <0.001  200.263 
 Si  1  <0.001  149.918  1  200.263 
 Cultivar × Mn  1  <0.05  212.017  1  283.215 
 Cultivar × Si  1  <0.001  212.017  1  <0.001  283.215 
 Mn × Si  1  <0.001  212.017  1  283.215 
 Cultivar × Mn × Si  1  <0.001  299.837  1  <0.001  400.526 

  From Li et al. ( 2012a ). Data are means ± SD of 3 replicates  
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Cd concentration in shoots of Si-treated plants was signifi cantly decreased, but the 
total Cd uptake in shoots and roots was signifi cantly increased due to its signifi -
cantly higher shoot and root biomass compared with the Si-untreated plants. Shi 
et al. ( 2005b ) reported that Si also signifi cantly reduced the root-to-shoot transport 
of the apoplastic fl uorescence tracer PTS (tri-sodium-8-hydroxy-1, 3, 
6- pyrenesulphonate), suggesting that the heavy deposition of silica in the endoder-
mis might partially physically block the apoplast bypass fl ow across the roots, thus 
restraining the apoplastic transport of Cd. After analysing Cd content in roots and 
comparing the total Cd content in plants, Zhang et al. ( 2008 ) found both Cd content 
in roots and the ratio increased signifi cantly by Si treatment, indicating that the 
exogenous Si supply signifi cantly enhanced Cd retention in the roots and inhibited 
the root-to-shoot Cd translocation. 

 Si-mediated Cd uptake and translocation were observed not only in 
Si-accumulating plant species such as rice and maize but also in non-Si accumula-
tors such as pakchoi (Song et al.  2009 ) and strawberry ( Fragaria vesca ) (Treder and 
Cieslinski  2005 ). As can be seen in Fig.  5.7 , the addition of 1.5 mM Si signifi cantly 
decreased Cd concentration in shoots but increased Cd concentration in roots of 
pakchoi grown hydroponically with 0.5 or 5.0 mg Cd L −1  (Song et al.  2009 ).

   It was also reported that Si used as soil amendment prior to planting was effec-
tive in preventing excessive Cd uptake by strawberry plants grown on sandy soil, 
and this effect was observed in stems, leaves and fruits but not in roots (Treder 
and Cieslinski  2005 ). However, foliar application of potassium silicate did not 
reduce the concentration of Cd in the individual parts of strawberry plants (Treder 
and Cieslinski  2005 ). More importantly, such inhibitory effects of Si on root-to-
shoot Cd translocation were species dependent. For example, working with a 
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  Fig. 5.7    Cd concentrations in shoots ( a ) and roots ( b ) of pakchoi plants grown hydroponically 
with various levels of Cd with (1.5 mM) or without Si for 7 days (From Song et al.  2009 ). Data are 
means ± SD ( n  = 3);  P -value indicates signifi cance level based on three-way ANOVA; * P  < 0.05, ** 
 P  < 0.01.  CTRL  treatment with neither Cd nor Si,  Cd1  treatment with 0.5 mg L −1  Cd,  Cd2  treatment 
with 5.0 mg Cd L −1 ,  Si  treatment with 1.5 mM Si,  Cd1Si  treatment with 0.5 mg L −1  Cd plus 1.5 mM 
Si,  Cd2Si  treatment with 5.0 mg Cd L −1  plus 1.5 mM Si       
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heavy metal hyperaccumulator,  Solanum nigrum , grown hydroponically with Cd, 
Liu et al. ( 2013a ) have recently reported that the Cd concentration in both roots 
and shoots was signifi cantly reduced by the addition of Si, especially in expand-
ing and old leaves, while the relative proportion of ethanol-extractable Cd, water-
extractable Cd and NaCl-extractable Cd in roots were increased, and the 
root-to-shoot Cd translocation was not decreased by the addition of Si. The dif-
ferences in Cd translocation affected by Si between this study and those per-
formed previously (e.g. Shi et al.  2005b ; Liang et al.  2005 ; Zhang et al.  2008 ; 
Rizwan et al.  2012 ) could be attributed partly to the different plant species used. 
 Solanum nigrum  is a Cd hyperaccumulator, but none of rice, cucumber or durum 
wheat is not. 

 Inhibition of As uptake and root-to-shoot transport by Si has also been proposed 
as Si-mediated mitigation of As toxicity in rice (Guo et al.  2005 ; Tripathi et al. 
 2013 ). Guo et al. ( 2005 ) demonstrated that As concentrations in shoots and roots 
and total As uptake by rice seedlings grown with toxic level of As were signifi cantly 
decreased by the inclusion of Si into the nutrient solution. The inhibitory effect of 
indigenous silicic acid in the soil solution on As uptake by rice was clearly shown, 
implying that soils with high plant-available Si contents resulted in low plant As 
contents and that Si application to soils may decrease the As content of rice (Bogdan 
and Schenk  2008 ). 

 Uptake and transport of Zn in maize and rice (Kaya et al.  2009 ; Song et al.  2011 ), 
Pb in banana (Li et al.  2012b ), Cr in rice (Tripathi et al.  2012b ) and Cu in  Erica 
andevalensis  (Oliva et al.  2011 ) have recently been reported to be signifi cantly 
decreased by the incorporation of Si. Tripathi et al. ( 2012b ) showed that Si addition 
alleviated Cr toxicity and promoted growth of rice by decreasing Cr accumulation 
and root-to-shoot Cr transport. Zn toxicity in rice (Song et al.  2011 ) and maize 
(Kaya et al.  2009 ) mitigated by Si added was also attributed partly to silicon- 
suppressed uptake and transport of Zn in plants. For example,  Song et al. (2011)  
reported that the addition of Si signifi cantly decreased Zn concentrations in shoots 
but increased Zn concentrations in roots of both Zn-sensitive (cv. FYY 326) and 
Zn-resistant (cv. TY 167) rice cultivars grown hydroponically with high Zn supply 
(2 mM Zn) (Fig.  5.8 ). On the contrary, addition of Si considerably increased root Zn 
concentrations in both cultivars to different degrees, especially in the resistant cul-
tivar (Song et al.  2011 ). Oliva et al. ( 2011 ) showed that the addition of Si to high-Cu 
nutrient solutions signifi cantly decreased leaf Cu concentration and increased Cu 
concentration in roots of  E. andevalensis . EDX analysis of phytoliths isolated from 
leaves further showed that the phytoliths consisting of silica deposits were associ-
ated with Cu and other elements (K, Ca and P). The leaf phytoliths formed in 
Si-treated plants might have partly contributed to tolerance by Cu immobilization 
and inactivation. However, contrasting results have recently been reported by Collin 
et al. ( 2014 ) that Cu concentrations in leaves, stems or roots of bamboo grown with 
100 μM Cu in a hydroponics system were not affected by Si, but the proportion of 
Cu adsorbed on roots was 61.5 % in the Cu plus Si treatment compared to 42 % in 
the Cu treatment only, suggesting that biologically active Cu was reduced by Si 
supplementation.
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5.2.2.2        Binding Properties of Cell Walls 

 As is well known, cell walls consisting of cellulose and matrix polysaccharides 
(hemicellulose and pectins) play an important role in metal retention and immobili-
zation in plants and thus in metal tolerance and/or resistance, as the cell wall is the 
fi rst barrier or compartment for any ions including heavy metals to enter the cells 
(Horst  1995 ; Yang et al.  2008 ; Lux et al.  2011 ). Horst et al. ( 1999 ) observed that Si 
lowered the apoplastic Mn concentration in cowpea, suggesting that Si may modify 
the cation-binding capacity of the cell wall. Working on cowpea plants grown 
hydroponically with high Mn (50 μM), Iwasaki et al. ( 2002a , b ) found that the Mn 
concentration in the leaf apoplastic washing fl uids (AWFs) was signifi cantly higher 
in plants receiving a continuous supply of Si and not showing typical Mn toxicity 
symptoms than in plants not receiving Si supply and showing distinct Mn toxicity 
symptoms. These results suggest that Si alleviates Mn toxicity not only by decreas-
ing the concentration of soluble apoplastic Mn through enhanced binding of Mn to 
the cell walls, but soluble Si plays a role in the detoxifi cation of apoplastic Mn. By 
working on Si and Mn tolerance in cucumber, Rogalla and Römheld ( 2002 ) reported 
that Mn concentrations in the AWF were signifi cantly higher in Si-untreated plants 
than in the Si-treated plants, especially in the BaCl 2 - and DTPA-extractable fraction 
of the leaf apoplast although the total Mn content in the leaves was unaffected by Si 
treatment. The Mn concentration of the AWF was correlated positively with the 
severity of Mn toxicity symptoms but negatively with the Si supply. Furthermore, 
less Mn was located in the symplast (<10 %) and more Mn was bound to the cell 
walls (>90 %) in the leaves of Si-supplied plants, while a uniform distribution of Mn 
(about 50 % in each compartment) was found in the Si-untreated plants. These 
authors concluded that the Si-mediated tolerance to excess Mn is a consequence of 
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  Fig. 5.8    Zn concentration in shoots ( a ) and roots ( b ) of two rice cultivars grown hydroponically 
in either normal (0.15 μM) or high (2 mM) Zn supplied nutrient solutions with (1.5 mM) or with-
out Si for 7 days (From Song et al.  2011 ). Data are means ± SD of three replicates;  P -values indi-
cate signifi cance level based on three-way ANOVA. * P  < 0.05, **  P  < 0.01; data followed by 
different letters within the same cultivar are signifi cantly different ( P  < 0.05)       
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stronger binding of Mn to the cell walls which lowers Mn concentration within the 
symplast. However, the Si-mediated strong binding of Mn to the cell wall was 
detectable only when the plants received a simultaneous supply of Si and high Mn 
concentrations in the nutrient solution, and no alteration in Mn binding capacity was 
observed in Si-treated plants when isolated cell walls were loaded with Mn during 
a short period of time (Rogalla and Römheld  2002 ). Moreover, supply of Si to roots 
did not change the CEC of the cell wall materials isolated from cucumber leaves in 
the high Mn-treated plants (Dragisic Maksimovic et al.  2012 ). On the other hand, 
studies in cowpea suggest that the alleviation of Mn toxicity cannot be explained 
only by a decrease in free leaf apoplastic Mn through its enhanced binding by the 
cell wall macromolecules in Si-treated plants (Iwasaki et al.  2002b ; Führs et al. 
 2009 ). It is not possible, thus, to generalize that Si-enhanced cell wall binding of Mn 
demonstrated in cucumber (Rogalla and Römheld  2002 ; Wiese et al.  2007 ; Dragisic 
Maksimovic et al.  2012 ) constitutes the universal mechanism of Si alleviation of 
Mn toxicity in all plant species. Sequestration of Mn into the vacuoles might play 
an important role in Si-mediated Mn tolerance in some plant species such as bean 
(Horst and Marschner  1978b ), but again this mechanism has yet to be confi rmed in 
others such as cowpea (Horst et al.  1999 ). 

 There is convincing evidence showing Al and Si co-deposition in plant cell walls 
(Hodson and Evans  1995 ; Wang et al.  2004 ). Al and Si are co-localized in the epi-
dermis of the needles of white spruce (Hodson and Sangster  1998 ). By using elec-
tron energy loss spectroscopy, Turnau et al. ( 1993 ) demonstrated that Al and Si 
co-deposition in polyphosphate granules in the fungal symbiont  Paxillus involutus  
associated with the roots of  Pinus sylvestris  is the possible mechanism of mycor-
rhizal amelioration of Al toxicity. Wang et al. ( 2004 ) also drew a conclusion from 
their data that Si treatment led to the formation of hydroxyaluminosilicates (HASs) 
in the apoplast of the root apex, thus detoxifying Al. Neumann and zur Nieden 
( 2001 )) also reported that Zn was co-precipitated with Si as zinc silicate in the leaf 
epidermal cell walls of a Zn-tolerant plant,  Minuartia verna , naturally grown in a 
mining area. In a solution culture experiment with maize grown with Cd supply, 
more Cd was bound to the root cell walls in Si-treated plants than in non-Si-treated 
plants (Liang et al. unpublished), suggesting an important role of the root apoplast 
in Si-mediated detoxifi cation of excess Cd. More recently, Zhang et al. ( 2013a ) have 
reported the effect of Si on Cd subcellular distribution in the leaves and root tips of 
mangrove seedlings. They found that the mechanisms of Si amelioration of Cd 
stress were tissue dependent. In the leaves and root tips, Si reduced Cd concentra-
tion in subcellular fractions, Cd mobility and the concentration of biologically 
active Cd in the cell wall. Si did not change the distribution of Cd between compart-
ments in the leaves, but it increased the proportion of Cd in the cell walls and 
reduced the proportion of Cd in the symplast of the root tips. This result is consis-
tent with the earlier report by Wang et al. ( 2004 ) and Prabagar et al. ( 2011 ), who 
suggested that Si treatment reduced the concentration of biologically active Al 
within the cell walls of maize and Norway spruce, which decreased Al penetration 
and cell damage. In a vermiculite pot experiment, Ye et al. ( 2012 ) also found that Cd 
concentrations in different fractions extracted from the cell walls of root tips of 
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 Kandelia obovata  were greatly affected by Si supply. Silicon treatment restricted 
the apoplastic transport of Cd with more Cd adsorbed on the root cell walls of  K. 
obovata , thus leading to a reduction of the ratio of Cd in the symplast and alleviation 
of Cd toxicity to the cytoplasm. This result suggests that Si enhances the Cd-binding 
capacity of the cell walls and restricts the apoplastic transport of Cd, resulting in 
Si-mediated amelioration of Cd toxicity in plants. More recently, using suspended 
rice cells and protoplasts as materials, Liu et al. ( 2013a ) have demonstrated that 
most Si accumulated in the cell walls was present as a wall-bound organosilicon 
compound. At moderate concentrations of Cd in the culture medium, the protoplast 
Cd concentrations in Si-accumulating cells were signifi cantly decreased compared 
to those from Si-limited cells (Liu et al.  2013a ). In situ analysis of cellular fl uxes of 
the Cd 2+  in suspension cells and root cells of rice exposed to Cd 2+  and/or Si treat-
ments showed that + Si cells signifi cantly inhibited the net Cd 2+  infl ux, compared 
to –Si cells. All these fi ndings suggest that co-deposition of Si and Cd in the cell 
walls via a [Si-hemicellulose] Cd co-complexation may explain why Cd ion uptake 
in rice can be suppressed by Si (Liu et al.  2013a ; Ma et al.  2015 ). Working on alle-
viative effect of Si on Zn toxicity in rice grown hydroponically and its underpinning 
mechanism, Gu et al. ( 2012 ) showed that, compared with Zn treatment only, the 
addition of Si to the high-Zn treatment resulted in a lower Zn loading in the free 
symplastic and free apoplastic space and cytoplasm/vacuole and higher share of Zn 
in the cell-wall- bound fraction of the whole rice plant. This is further supported by 
the Zinpyr-1 fl uorescence test and energy-dispersive X-ray spectroscopy analysis 
showing that the concentrations of biologically active Zn 2+  were decreased, with Zn 
and Si co- localized in the cell wall of metabolically less active tissues, especially in 
the root sclerenchyma (Gu et al.  2012 ). 

 However, contrasting results have been reported (Shi et al.  2005b ; Collin et al. 
 2014 ). For instance, Collin et al. ( 2014 ) have recently observed that Si supplementa-
tion decreased the visible damage in bamboo grown hydroponically with high Cu 
exposure (100 μΜ Cu) for 4 months, but Si was not directly involved in Cu speciation 
in roots, which is contrary to the fi ndings of Wang et al. ( 2004 ) who associated 
Si-ameliorated Al toxicity in rice to the formation of HAS in the roots (Wang et al. 
 2004 ). Collin et al. ( 2014 ) also showed that Si increased the proportion of Cu(I)
S-ligands (organic and inorganic) in leaves of bamboo exposed to high Cu stress and 
may have enhanced the capacity of the plant to produce S ligand available to bind Cu, 
thereby increasing the Cu sequestration in a less toxic form. In an earlier report, Shi 
et al. ( 2005b ) showed that most of the total root Cd (87 %) was localized in the sym-
plast of rice grown hydroponically with Cd, whereas the apoplast Cd fraction 
accounted for only 13 % of the total Cd irrespective of Si treatment. Furthermore, it 
was shown that the distribution ratios of Cd in both symplast and apoplast of the leaves 
of Cd-stressed rice were not changed signifi cantly by Si treatment. X-ray microanaly-
sis (EDX) showed that Cd was deposited mainly in the vicinity of the endodermis and 
epidermis, and Si deposition was heavier in the endodermis than in the epidermis (Shi 
et al.  2005b ). The results from EDX, however, cannot explain the mechanisms under-
lying the Si-enhanced Cd tolerance in rice seedlings because such low Cd concentra-
tions in the roots were far below the detection limit of EDX (Shi et al.  2005b ). 
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 Recently, Khandekar and Leisner ( 2011 ) have investigated the expression of 
three MT (metallothionein) genes,  MT1a ,  MT2a  and  MT2b  encoding for cysteine- 
rich metal-binding proteins, in  Arabidopsis  treated with toxic level of Cu and Si and 
found that while all three MT genes were induced by Cu, the levels of expression 
either remained elevated or were boosted to even higher levels in plants subjected to 
treatment with Si and phytotoxic doses of Cu. The elevated production of MT in the 
Si-treated plants under excessive Cu stress may suggest that Si may be promoting 
gene expression of MTs to keep the levels of soluble Cu low within the cell to allevi-
ate Cu toxicity.  

5.2.2.3     Si-Mediated Synthesis and Release of Organic Acids for Chelation 
of Metals 

 Al-induced release of organic acids (e.g. malic acid and oxalic acid) has been con-
sidered a potential mechanism of Al-tolerant plants as the acids have the potential 
to chelate Al ions (Ma et al.  1997 ; Cocker et al.  1998b ; Larsen et al.  1998 ; Klug and 
Horst  2010 ). Barceló et al. ( 1993 ) report that the concentration of malic acid was 
substantially higher in roots of teosinte (a wild maize) grown hydroponically with 
60 μM Al and 4 μM Si than in roots of plants with supply of 60 μM Al only. These 
roots containing high malic acid neither showed Al-induced growth reduction nor 
exhibited Al-toxicity symptoms, suggesting that chelation of Al by malic acid 
within plant roots contributed partly to Al tolerance of teosinte grown in Si-containing 
nutrient solutions. Cocker et al. ( 1998b ) suggested that exudation of malate (or 
other organic compounds) into the cell walls may promote the formation of HA and/
or HAS. However, Kidd et al. ( 2001 ) reported that Si-enhanced exudation of pheno-
lic compounds (catechol and fl avonoid-type phenolics: catechin and quercetin), 
leading to complexation and detoxifi cation of Al, was responsible for the Si-mediated 
enhancement of Al resistance in an Al-resistant maize cultivar. By contrast, Wang 
et al. ( 2004 ) concluded that the Al-induced exudation of organic acid anions and 
phenols from the root apices was unaffected by Si treatment, whereas Si accumula-
tion in the cell wall fraction was greatly enhanced by Al treatment, thereby reducing 
the mobility of apoplastic Al. Cocker et al. ( 1998b ) established a schematic model 
showing fi ve processes involved in the proposed mechanism of reduction of Al 
toxicity by Si in root tips. One of these processes inferred that malate and other 
organic compounds (such as phenolic acids) were secreted into the bulk media and 
the cell walls of roots under Al stress and some of these organic compounds pro-
moted the formation of AS and/or HAS. This way, far less Al was available for 
uptake into the symplast thereby alleviating Al toxicity. 

 Apart from the extensive research on Si-mediated synthesis and release of 
organic acids for chelation of Al, little information is available regarding the Si 
effects on other heavy metals. It is unknown whether Si can mediate the metabolism 
of organic acids, amino acids, polyamine, phenolic acids and phytochelatins (PCs) 
and metallothioneins (MTs) to chelate heavy metal ions via  ex  or  in planta  mecha-
nisms. More recently, Khandekar and Leisner ( 2011 ) reported that the relative 
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 transcript levels of  MT2a ,  MT2b  (the type 2 metallothioneins genes) and  PCS1  (the 
major phytochelatin synthase gene) in the leaves of  Arabidopsis thaliana  Sf-1 plants 
under Cu stress were higher in the presence of Si than in the absence of Si, but a 
reverse result was obtained for relative transcript levels of  MT1a  (the type 1 metallo-
thioneins gene).  

5.2.2.4     Si-Mediated Antioxidative Defence Responses 

 It was reported that Si could increase antioxidant defence activity and decrease 
oxidative damage in cucumber under Mn stress (Shi et al.  2005a ). Several subse-
quent studies confi rmed this fi nding in Mn-stressed rice (Li et al.  2012a ) and cucum-
ber (Dragisic Maksimovic et al.  2012 ). For instance, Li et al. ( 2012a ) showed that in 
Mn-sensitive rice cultivar, high Mn signifi cantly increased superoxide dismutase 
(SOD), catalase (CAT) and ascorbate peroxidase (APX) activities but decreased 
nonprotein thiols (NPT) and glutathione (GSH) concentrations, leading to accumu-
lation of hydrogen peroxide (H 2 O 2 ) and MDA. The addition of Si signifi cantly 
counteracted high Mn-elevated MDA and H 2 O 2  concentrations and enhanced plant 
growth in the Mn-sensitive cultivar. In contrast, in Mn-tolerant rice cultivar, high 
Mn considerably raised SOD activities and GSH concentrations, thus leading to 
relatively low oxidative damage, while the addition of Si mainly affected nonenzy-
matic antioxidants. Thus, it seems that the role of Si in mediating antioxidative 
defence activities in high-Mn-stressed plants is genotype dependent. Dragisic 
Maksimovic et al. ( 2012 ) investigated the role of Si in reducing Mn toxicity caused 
by elevated production of hydroxyl radicals (OH) in the leaf apoplast of cucumber 
grown under excessive Mn concentrations. The apoplastic concentration of free 
Mn 2+  and H 2 O 2  in high-Mn-treated plants was signifi cantly decreased by Si supply, 
whereas the addition of Si suppressed the Mn-induced increased abundance of POD 
isoforms in the leaf apoplastic fl uid and rapidly suppressed guaiacol-POD activity 
under excess Mn (Fig.  5.9 ). Although supplying Si markedly decreased the accumu-
lation of · OH in the leaf apoplast with excess Mn, adding silicic acid to the 
Mn 2+ /H 2 O 2  reaction mixture did not directly affect the Fenton reaction 
(Mn 2+  + H 2 O 2  → Mn 3+  + OH –  + ·OH) in vitro. These results indicate that Si contrib-
utes indirectly to a decrease in ·OH in the leaf apoplast by decreasing the free apo-
plastic Mn 2+ , thus regulating the Fenton reaction. A direct inhibitory effect of Si on 
guaiacol-POD activity (also demonstrated in vitro) may also contribute to decreas-
ing the POD- mediated generation of ·OH.

   Dragisic Maksimovic et al. ( 2007 ) also showed that the concentrations of pheno-
lic compounds, such as coniferyl alcohol and coumaric and ferulic acids, in the leaf 
extracts tended to be lower in the Si-treated plants at high Mn supply. On the other 
hand, application of Si induced a signifi cant increase in the concentrations of chlo-
rogenic and caffeic acids in the leaf extracts of high Mn-treated plants. The POD 
and PPO activities were enhanced by the high Mn supply in both root and leaf 
extracts, while the root application of Si decreased POD and PPO activities in both 
roots and leaves. These results suggested that Si nutrition modulated the  metabolism 
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and utilization of phenols mainly at the leaf level by stimulating the formation of Si 
polyphenol complexes. Concomitantly, lower concentrations of phenolic com-
pounds available to act as substrates for PPO and POD in Si-treated Mn-stressed 
plants may thus be responsible for depressing the generation of potential toxic inter-
mediates that induce leaf browning (Dragisic Maksimovic et al.  2007 ). It was 
reported by Führs et al. ( 2009 ) that in Si-treated cowpea, a high Mn supply (not 
showing Mn toxicity symptoms) led to increased concentrations of benzoic acid in 
the apoplastic washing fl uid (AWF) fraction and to decreased abundance of ferulic 
acid and ρ-hydroxybenzoic acid compared with non-Si-treated plants, which 
showed symptoms of Mn toxicity. 

 Numerous experiments have recently been performed to examine whether 
Si-mediated antioxidant defence capacity observed in Mn-stressed plants is a uni-
versal mechanism for the alleviation of metal toxicity in plants (Nwugo and Huerta 
 2008 a; Song et al.  2009 ; Feng et al.  2010 ; Shi et al.  2010 ; Song et al.  2011 ; Zeng 
et al.  2011 ; Khandekar and Leisner  2011 ; Tripathi et al.  2012a ,  b ,  2013 ; Liu et al. 
 2013a ,  b ). Song et al. ( 2009 ) investigated the roles of Si in enhancing Cd tolerance 
in two contrasting non-Si-accumulating pakchoi cultivars grown hydroponically 
with 0.5 and 5 mg L −1  Cd without or with Si supply. Their results indicated that 
SOD, CAT and APX activities decreased, but MDA and H 2 O 2  concentrations 
increased at the higher Cd level, which were counteracted by the addition of Si. 
Furthermore, ascorbic acid (AsA), GSH and NPT concentrations increased at the 
higher Cd level and even more so with the addition of Si. The effects of Si and Cd 
on the antioxidant enzyme activity were further verifi ed by SOD and CAT  isoenzyme 

  Fig. 5.9    Separation of the 
POD isoforms from the LAF 
by IEF (From Dragisic 
Maksimovic et al.  2012 ). 
PODs were detected by 
staining with 9.2 mM 
guaiacol and 5 mM H 2 O 2 . 
The cucumber plants were 
grown in nutrient solutions 
with normal (0.5 μM) and 
high (100 μM) supply of Mn, 
with (1.5 mM) or without 
Si(OH) 4        

 

5.2 Mechanisms of Alleviation of Metal Toxicity by Silicon



110

analysis (Fig.  5.10 ). The Si effect was more effective in enhancing Cd tolerance in 
the Cd-tolerant cultivar than in the Cd-sensitive cultivar. All these results suggest 
that Si can mediate antioxidant defence capacity to reduce membrane lipid peroxi-
dative damage in pakchoi plants exposed to Cd stress. Similar results regarding 
Si-enhanced antioxidant defence capacity were also obtained in Cd-stressed peanut, 
rice and  S. nigrum  (Shi et al.  2010 ; Tripathi et al.  2012a ; Liu et al.  2013b ), in 
Cr-stressed rice and pakchoi (Zeng et al.  2011 ; Tripathi et al.  2012b ; Zhang et al. 
 2013b ) and in Zn-stressed rice (Song et al.  2011 ).  Song et al. (2011)  reported that 
SOD, CAT and APX activities were signifi cantly increased, whereas MDA and 
H 2 O 2  concentrations were decreased in Si-supplied plants of both Zn-sensitive and 
Zn-resistant rice cultivars exposed to excess Zn. These alleviative effects of Si, fur-
ther confi rmed by histochemical staining methods (Fig.  5.11 ), were more prominent 
in the Zn-resistant cultivar than in the Zn-sensitive one. From Fig.  5.11 , it can be 
clearly seen that for the Zn-resistant cultivar (TY-167), the roots treated with 2 mM 
Zn alone were strained extensively, while the roots became lighter straining in the 
Zn plus Si treatment compared with the Zn treatment alone, suggesting that Si had 
prophylactic effects on cell membranes against Zn-induced oxidative damage. 
Similar changes were also observed in the roots of the Zn-sensitive FYY-326 (Fig. 
 5.11 ) although the Si benefi cial effects on the protection of cell membrane against 
Zn-induced oxidative damage were more signifi cant in the Zn-resistant plant roots 
than in the Zn-sensitive plant roots.

    Taken together, Si appears to enhance enzymatic and nonenzymatic antioxidant 
defence activities in plants to protect the cell organs such as chloroplasts, mitochon-
dria and nuclei from oxidative damage, thereby leading to Si-mediated detoxifi ca-
tion of heavy metals (see Nwugo and Huerta  2008 ; Song et al.  2009 ; Shi et al.  2010 ).  

5.2.2.5     Molecular Aspects of Si-Mediated Metal Resistance 

 So far, interactive effects of Si on metal toxicity in plants have been extensively 
investigated at the physiological and/or biochemical level and rapid progress has 
been made in this fi eld. However, very limited information is available on molecular 
aspects of Si and metal interaction. 

 Li et al. ( 2008 ) investigated two genes related to Cu transport in  Arabidopsis , 
Cu transporter 1 ( COPT1 ) and heavy metal ATPase subunit 5 ( HMA5 ), which were 
induced by high levels of Cu, and found that the RNA levels of  COPT1  and  HMA5  
were signifi cantly decreased by elevated Si supply (Li et al.  2008 ). Khandekar and 
Leisner ( 2011 ) found that Cu/Zn-SOD activity was induced by Cu toxicity but 
SOD activity was increased even more if plants were provided with extra Si and 
toxic levels of Cu. This is in line with the fi ndings showing that expression of both 
 CSD1  and  CSD2  is induced by high levels of Cu, while expression of both  CSD1  
and  CSD2  was brought to even higher levels if plants were provided with elevated 
doses of Cu and Si. This is interesting, since the  CSD1  gene product is cytoplas-
mic, whereas that of  CSD2  is localized in the chloroplast. The increases in SOD 
RNA levels matched well with increases in enzyme activity, suggesting that at high 
doses of Cu, some of the heavy metal must be entering  Arabidopsis  leaf cells, and 
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  Fig. 5.10    Effect of Si on SOD ( a ), CAT ( b ) and APX ( c ) isoform activities of the leaves of two 
pakchoi cultivars grown under Cd stress (From Song et al.  2009 ). Proteins from leaves were 
extracted and loaded into the native PAGE. Following the electrophoresis, the gels were strained 
and photographed. Lanes 1–6 represent the Cd-sensitive cultivar (SHQ), while lanes 7–12 represent 
the Cd-tolerant cultivar (HYD).  Control : treatment with neither Cd nor Si.  Cd1 : treatment with Cd 
at 0.5 mg L −1 .  Cd2 : treatment with Cd at 5.0 mg L −1 . Si: treatment with 1.5 mM Si.  Cd1Si : treatment 
with 0.5 mg Cd L −1  plus 1.5 mM Si.  Cd2Si : treatment with 5.0 mg Cd L −1  plus 1.5 mM Si       
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Si is permitting plants to more effectively deal with Cu by enhancing expression of 
detoxifying genes. Plants treated with elevated Cu showed increased phenylalanine 
ammonia-lyase (PAL) activity that was reduced when the plants were also pro-
vided with extra Si. The three genes,  PAL1 ,  PAL2  and  PAL3 , all showed similar 
patterns of gene expression that matched previous enzymatic data, while  PAL4  was 
elevated by the presence of high Cu irrespective of whether Si was present or not 
(Khandekar and Leisner  2011 ). Kim et al. ( 2014a ) investigated the expressions of 
 HMA  genes ( OsHMA2  and  OsHMA3 ) in rice plants grown hydroponically for 1, 5 
and 10 days with six treatments (i.e. control, 1.0 mM Si, 100 μΜ Cu, 100 mM Cd, 

  Fig. 5.11    Lipid peroxidation ( a ) and loss of plasma membrane integrity ( b ) in the root tips of 
Zn-sensitive rice cultivar (FFY-326) and Zn-tolerant rice cultivar (TY-167) grown hydroponically 
with either normal (0.15 μM) and high (2 mM) Zn, with (1.5 mM) or without Si for 7 days (Song 
et al.  2011 ). The roots were rinsed with 0.5 M HCl solution and were stained with Schiff’s reagent 
( a ) or Evans blue ( b ) and immediately photographed under a light microscope. The scale bar in the 
graph indicates 1.0 cm       
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100 μΜ Cu plus 1.0 mM Si and 100 μΜ Cd plus 1.0 mM Si). Their results showed 
that  compared with control and Si treatment only, the mRNA expression of 
 OsHMA2  and  OsHMA3  encoding heavy metal transporters ( OsHMA2  and 
 OsHMA3 ) was signifi cantly upregulated by treatment with Cu or Cd, but was sig-
nifi cantly and greatly downregulated by the combined treatment with Cu/Cd with 
Si. These expression patterns of  OsHMA2  and  OsHMA3  are in line with the signifi -
cantly lower concentration of Cu and Cd in the combined treatment with Cu/Cd 
with Si as compared with the Cu/Cd treatment alone. To elucidate the mechanisms 
of Si involved in Cd detoxifi cation at the molecular level, Nwugo and Huerta 
( 2011 ) investigated the effect of Si on the leaf proteome of rice plants exposed to 
Cd stress. In total 60 protein spots were identifi ed that were differentially regulated 
by Cd and/or Si treatments. Among these, 18 matching to 11 proteins were related 
to CO 2  assimilation/photosynthesis processes, representing the largest functional 
category group of proteins that were differentially expressed due to Cd and/or Si 
treatments. More recently, based on the results regarding Si-improved photosyn-
thesis parameters and chloroplast ultrastructure under high-Zn (2 mM) stress, Song 
et al. ( 2014 ) have analysed the results of high-throughput sequencing and selected 
the main photosynthesis- related genes that were differentially expressed (see Fig. 
 5.12 ). According to the results of high-throughput sequencing (Fig.  5.12 ), Song 
et al. ( 2014 ) investigated the expression levels of the photosynthesis-related genes 
by using fl uorescent real- time qPCR and showed that the expression levels of pho-
tosynthesis-related genes including  Os08g02630  ( PsbY ),  Os05g48630  ( PsaH ), 
 Os07g37030  ( PetC ),  Os03g57120  ( PetH ),  Os09g26810  and  Os04g38410  decreased 
in Si-deprived rice plants under high-Zn (0.2 mM Zn) stress, while the addition of 
1.5 mM Si increased the expression levels of these genes in plants under high-Zn 
stress at 72 h, and the expression levels were higher in Si-treated plants than in 
Si-deprived plants. Similar work was also done by Li et al. ( 2011 ). They showed 
that a group of genes responsible for photosynthesis showed differential expres-
sion in rice grown under excess Mn (2 mM). The relative expression levels of  PsbP  
and  ATPase  protein genes were signifi cantly increased in plants treated with excess 
Mn, but were maintained at even higher levels in plants treated with both excess 
Mn and 1.5 mM Si. By contrast, expression levels of  HemD ,  Lhcb ,  pyrophospha-
tase  and  phosphoribulokinase  were signifi cantly decreased under excess Mn, while 
the addition of Si signifi cantly increased the expression level of these genes. 
Expression levels of  PsaH  were signifi cantly increased by excess Mn, but were 
signifi cantly reduced by Si.

   It seems that more direct and convincing evidence needs to be accumulated to 
uncover the mechanisms of Si effects on plant resistance to heavy metals at a tran-
scriptional or proteomic level. It may be interesting to investigate whether Si is 
involved in stimulating the effl ux and inhibiting the infl ux of heavy metals in plasma 
membranes under heavy metal stress (Wu et al.  2013 ).    

5.2 Mechanisms of Alleviation of Metal Toxicity by Silicon
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5.3     Conclusion and Perspectives 

 In a review paper, Ma ( 2001 ) summarized the possible benefi cial effects of Si on 
crop growth in relation to biotic and abiotic stresses. The benefi cial roles of Si were 
attributed mainly to silica gel deposited in the leaves and stems of plants and par-
tially to the interactions between silicic acid and other elements such as Al, but no 
evidence was then available showing the involvement of Si in plant metabolism (Ma 
 2001 ; Ma et al.  2001 ). As discussed above, however, rapid progress has recently 
been made in demonstrating that Si not only plays some mechanical roles in provid-
ing resistance to stressful environments but, more importantly, is actively involved 
in physiological and biochemical processes. Growing evidence suggests that Si is 

  Fig. 5.12    The pathway analysis of photosynthesis ( a  and  c ) and photosynthesis-antenna proteins 
( b  and  d ) of Zn-sensitive rice cultivar grown hydroponically with either normal (0.15 μM) or high 
(2 mM) Zn with (1.5 mM) or without Si for 72 h through high-throughput sequencing (From Song 
et al.  2014 )       
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involved in regulating the expression of genes responsible for many plant metabolic 
processes, especially under heavy metal stress conditions. Based on the current 
information in the literature (Epstein  1994 ,  1999 ; Ma  2001 ; Liang et al.  2007 ; Wu 
et al.  2013 ), a schematic diagram of action model of Si-mediated alleviation of 
metal stress in plants is summarized in Fig.  5.13 . The key question is to ascertain 
whether Si can regulate the expression of genes related to the metabolic processes 
in plants exposed to excess metals as shown in Fig.  5.6 . The interactions of Si with 
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  Fig. 5.13    Schematic diagram of proposed mode of action of Si-mediated alleviation of metal 
stress in plants       
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Al have been most clearly elucidated at the chemical and physiological or 
 biochemical levels, but over the last 10 years, little research has been done at the 
molecular or gene level. While sound research has been done on the alleviative 
effect of Si on heavy metal toxicity, most studies have been descriptive. Future work 
should focus on mechanistic investigations of Si and metal interactions at the 
molecular level with an emphasis on transcriptomic or proteomic studies.
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    Chapter 6   
 Silicon-Mediated Tolerance to Salt Stress 

          Abstract     Silicon (Si) has widely been reported to increase plant tolerance and/or 
resistance to salt (salinity) stress, but the underlying mechanisms remain poorly 
understood. This chapter reviews the updated knowledge concerning Si and salt 
(salinity) interactions in higher plants. Based on the current literature, it seems that 
(1) silica deposited in the apoplast as SiO 2  opal or phytolith can enhance water 
retention by inhibiting transpirational water loss, thus reducing salt-induced osmotic 
stress, and (2) soluble Si in the symplast may be actively involved in physiological 
and biochemical metabolisms by regulating the expression of genes related to the 
biosynthesis of hormones (ABA and JA etc.), antioxidant defence enzymes, H + -
pumps and osmolytes to rebalance ion stoichiometry, reduce membrane permeabil-
ity, and improve membrane structure and stability, hence improving salt tolerance in 
plants. However, further work is needed to better understand Si-mediated tolerance 
and/or resistance to salt stress at the molecular level.  

  Keywords     Osmotic stress   •   Oxidative damage   •   Photosynthesis   •   Salt stress   • 
  Silicon   •   Salt ion toxicity  

6.1               Photosynthetic Parameters and Plant Growth 

 Soil salinization is one of the major edaphic factors that severely restrict crop growth 
and compromise the development of sustainable agriculture in the coastal and 
inland areas worldwide (Liang et al.  1996 ; Zhu and Gong  2014 ). It is estimated that 
approximately 7 % of the land on the Earth and 20 % of the total arable land are 
adversely affected by salinity (Liang et al.  1996 ; Rasool et al.  2013 ). The major 
approach to improving saline soils is to leach salts down the soil profi le by over- 
irrigating. However, this is frequently restricted both in arid and semiarid areas and 
in coastal areas because of limited freshwater supply or increased salinity in streams 
(Liang et al.  1996 ). 

 Accumulation of excessive salt or salinity in saline conditions may signifi cantly 
reduce plant growth and development and crop yield; it inhibits net assimilation 
by restricting the CO 2  supply due to partial closure of stomata, by impairing the 
biochemical mechanisms of CO 2  fi xation or by both. Salt (salinity) stress may also 
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affect electron transport, photophosphorylation and enzymatic activities (Fadzilla 
et al.  1997 ; Liang  1999 ; Steduto et al.  2000 ). Inclusion of Si has widely been 
reported to signifi cantly increase the growth of many plant species through increas-
ing photosynthetic activity, leaf area and chlorophyll content and improving chloro-
plast structure in salt-stressed plants (Liang et al.  1996 ; Liang  1998 ; Yeo et al.  1999 ; 
Al-Aghabary et al.  2004 ; Zhu et al.  2004 ; Romero-Aranda et al.  2006 ; Murillo- 
Amador et al.  2007 ; Tuna et al.  2008 ; Savvas et al.  2009 ; Hashemi et al.  2010 ; Lee 
et al.  2010 ; Tahir et al.  2012 ; Kafi  and Rahimi  2011 ; Bae et al.  2012 ; Yin et al.  2013 ; 
Soundararajan et al.  2013 ; Haghighi and Pessarakli  2013 ). Indeed, Liang et al. 
( 1996 ) showed that the addition of Si could signifi cantly enhance dry matter yields 
of both salt-sensitive (cv. Kepin No. 7) and salt-tolerant (cv. Jian No. 4) barley 
( Hordeum vulgare ) cultivars grown under salt-stressed conditions. They demon-
strated that Si improved the specifi c leaf area and CO 2  assimilation rate, which were 
decreased due to salt stress (also see Fig.  6.1 ). In a later study, Liang ( 1998 ) showed 
that though leaf chlorophyll content was consistently higher in the salt-tolerant bar-
ley cultivar than in the salt-sensitive one, the net leaf CO 2  assimilation rate increased 
signifi cantly in both cultivars tested under salt stress when Si was provided. The 
addition of Si to the salt treatment was found to improve the cell ultrastructure of 
leaves. Under salt stress conditions, the double membranes of chloroplasts were 
degraded, but the membrane integrity was markedly improved with supplementa-
tion of Si. Yeo et al. ( 1999 ) also reported that when rice ( Oryza sativa ) plants were 
grown in the nutrient solution containing 50 mM NaCl, the addition of Si signifi -
cantly counteracted the growth reduction caused by salt stress through increasing 
both the CO 2  assimilation rate and the stomatal conductance. Tuna et al. ( 2008 ) 
showed that chlorophyll contents were considerably decreased in both the salt- 
tolerant and salt-sensitive wheat ( Triticum aestivum ) cultivars grown under high salt 
stress (100 mM NaCl), and the addition of Si completely restored chlorophyll con-
tent to the level of non-stressed plants. It was also reported that addition of Si sig-
nifi cantly enhanced leaf concentrations of chlorophyll a and b in wheat plants grown 
hydroponically with supply of 100 mM NaCl (Tahir et al.  2012 ). While Si applica-
tion per se (in the absence of salt stress) did not infl uence the net photosynthetic 
rate, stomatal conductance and transpiration rate in hydroponically grown sorghum 
( Sorghum bicolor ) seedlings, Si supplementation caused a signifi cant increase in 
these parameters when plants were subjected to salt stress at 100 mM NaCl (Yin 
et al.  2013 ). Ashraf et al. ( 2010 ) showed that the yield and yield attributes of sugar-
cane ( Saccharum offi cinarum ) under salt stress were signifi cantly higher in the pres-
ence of Si than in the absence of Si. Juice quality characteristics were signifi cantly 
improved by the application of Si in salt-sensitive and salt-tolerant sugarcane geno-
types tested. Bae et al. ( 2012 ) reported that the addition of Si signifi cantly increased 
the chlorophyll and carotenoid contents of the salt-stressed Kentucky bluegrass 
( Poa pratensis ). Silicon (Si) can improve not only the photosynthetic parameters 
and the growth of monocotyledonous plant species subjected to salt or salinity stress 
but also those of some dicotyledonous plants. For instance, Lee et al. ( 2010 ) dem-
onstrated that both leaf chlorophyll content and total fresh/dry biomass of soybean 
( Glycine max ) plants grown under salt stress (80 mM NaCl) signifi cantly increased 
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with the addition of Si. Zuccarini ( 2008 ) also reported that the presence of 1.5 mM 
Si in the nutrient solutions containing 30 or 60 mM NaCl signifi cantly increased 
stomatal conductance, net photosynthetic rate, shoot dry weight and leaf area in 
bean ( Phaseolus vulgaris ) plants grown hydroponically for 30 days. Hashemi et al. 
( 2010 ) showed that under high salt stress (150 mM NaCl), canola ( Brassica napus ) 
plants grown hydroponically without Si had approximately 50 % lower total dry 
weight compared with plants supplied with 2 mM Si. The decline in shoot dry weight 
was stronger than the decline in root dry weight under salt stress, and consequently 
the ratio of shoot to root decreased by more than 60 %, which was partly recovered 

  Fig. 6.1    Effect of 1.0 mM Si addition on the growth of salt-sensitive (cv. Kepin No. 7,  upper ) and 
salt-tolerant (cv. Jian No. 4,  lower ) barley cultivars grown hydroponically with 120 mM NaCl 
(Photography by Yongchao Liang)       
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by Si supply. Although tomato ( Lycopersicon esculentum ) and faba bean ( Vicia 
faba ) are considered Si-excluding species (Liang et al.  2005a ; Nikolic et al.  2007 ), 
benefi ts of Si supplementation on salt toxicity have been reported. For  example, 
Romero-Aranda et al. ( 2006 ) demonstrated that the addition of 80 mM NaCl signifi -
cantly reduced the stomatal conductance to water, the net CO 2  assimilation rate and 
the transpiration rate in tomato plants, while supplemental Si recovered the values 
of gas exchange parameters in salt-stressed plants to the levels in non-stressed 
plants.  

 Si not only alleviates growth reduction and improves photosynthetic parameters 
in non-halophytic plants exposed to salt stress but also plays a signifi cant role in 
raising tolerance of halophytes to high salinity. The treatment with salt (680 mM 
NaCl) substantially reduced total dry matter weight and mean relative growth rate 
of a halophytic grass ( Spartina densifl ora ) grown hydroponically, but these param-
eters were not affected when 0.5 mM Si was supplied to the salt-stressed plants 
(Mateos-Naranjo et al.  2013 ). The addition of Si signifi cantly improved net photo-
synthetic rate, stomatal conductance, intercellular CO 2  concentration, and the con-
tents of photosynthetic pigments (chlorophyll a and b and carotenoid) in the 
salt-stressed  Spartina  plants. The same authors showed that the values of the maxi-
mum quantum effi ciency of PSII photochemistry (Fv/Fm), maximum fl uorescence 
(Fm), and quantum effi ciency of PSII (FPSII) were all signifi cantly higher, but the 
value of non-photochemical quenching (NPQ) was signifi cantly lower in the salt 
plus Si treatment than in the salt treatment without Si supply.  

6.2     Silicon-Mediated Osmotic Stress 
and Water Use Effi ciency 

 High salt or salinity stress can negatively affect plant growth, development and even 
survival. The mechanisms involved include water or osmotic stress, ion toxicity and 
nutritional disorders. Osmotic stress is the fi rst phase of salt stress, which starts 
immediately after the salt concentration around the roots increases beyond a thresh-
old level, and is followed by a signifi cant reduction of shoot growth rate. Therefore, 
overcoming osmotic stress or physiological water defi cit is one of the most impor-
tant strategies of plant adaptation to salt and/or salinity stressful environments. Si 
has been shown to effectively prevent plants from water loss by inhibiting the tran-
spiration rate (Savant et al.  1999 ) or by reducing water loss through the cuticles due 
to silica deposition beneath the epidermal cells of leaves and stems (Matoh et al. 
 1986 ; Bélanger et al.  1995 ; Liang et al.  1999 ; Raven  2003 ; Trenholm et al.  2004 ). It 
is important to consider the role Si plays in adjusting plant water status because the 
initial reduction of the growth of plants subjected to salt stress is due to the osmotic 
effect of salts (Zhu  2002 ). Liang et al. ( 1999 ) reported that addition of Si markedly 
decreased leaf cell-sap concentration in the leaves of water-cultured or potted barley 
plants under salt stress, which strongly suggests that Si may play a positive role in 
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enhancing the water-retention capacity in salt-stressed plants, thereby alleviating 
water stress induced by salinity. They agree that the Si-enhanced water-retention 
capacity under salt stress may be associated with not only the reduction of transpi-
rational water loss due to silica deposition beneath the epidermal cells of leaves and 
stems but also the role of potassium in regulation of stomatal closure since more 
potassium was taken up by salt-stressed plants in the presence of Si than in the 
absence of Si (Liang et al.  1999 ). Romero-Aranda et al. ( 2006 ) reported that the 
plant water content in tomato, calculated as the difference between fresh and dry 
weight, was reduced with salinity by 54 %; when plants subjected to 80 mM NaCl 
were treated with 2.5 mM Si, their plant water content increased by 40 % compared 
to Si-deprived stressed plants. Moreover, leaf water potential was reduced by NaCl 
treatment and was even lower in NaCl-stressed plants with added Si. Supply of Si 
lowered osmotic potential (more negative) and increased turgor of the leaves in 
NaCl-stressed tomato plants (Romero-Aranda et al.  2006 ). Yin et al. ( 2013 ) also 
demonstrated that, under salt stress conditions, the osmotic potential of sorghum 
plants was signifi cantly lower and the turgor pressure was signifi cantly higher in the 
presence of Si than in the absence of Si. Meanwhile, the sucrose and fructose levels, 
but not the proline levels, were signifi cantly higher in the Si-fed plants than in the 
Si-deprived plants. Tuna et al. ( 2008 ) and Tahir et al. ( 2012 ) reported that the rela-
tive water content (RWC) was signifi cantly lower in both salt-tolerant and salt- 
sensitive wheat plants grown under high salt stress (100 mM NaCl), while addition 
of Si completely restored RWC to the levels recorded in the non-stressed plants. A 
similar effect of Si on leaf RWC was also demonstrated in hydroponically grown 
bean plants supplied with high NaCl (Zuccarini  2008 ). Water use effi ciency (WUE) 
is raised by Si also in halophytic species (adapted to saline environments) under salt 
stress. For instance, WUE was signifi cantly increased by the addition of Si in 
 Spartina densifl ora  (a halophytic grass) grown under 680 mM NaCl (Mateos- 
Naranjo et al.  2013 ).  

6.3     Silicon-Mediated Transport and Distribution of Salt Ions 

 Ion toxicity is the second phase of plant response to salinity, which starts when salt 
accumulates to toxic concentrations in the older leaves (Munns and Tester  2008 ). 
For most plant species, Na +  appears to be more toxic than Cl − , so that most studies 
have focused on Na +  exclusion and the control of Na +  transport within the plant tis-
sues. Reducing Na +  uptake or increasing Na +  exclusion remains a primary determi-
nant of variability in salinity tolerance within a species (Liang  1999 ; Liang et al. 
 1999 ; Munns and Tester  2008 ). On the other hand, increasing K +  uptake to maintain 
a high K + /Na +  ratio is also an important factor in determining salt tolerance of plants 
(Liang et al.  1996 ,  1999 ; Liang  1999 ). The addition of Si to the nutrient solution 
cultures was reported to signifi cantly diminish the Na +  content in shoots of rice, 
wheat and barley (Matoh et al.  1986 ; Ahmad et al.  1992 ; Liang et al.  1996 ,  1999 ; 
Liang  1999 ). This was attributed to Si-induced reduction in the transpiration rate 
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(Matoh et al.  1986 ) and to the partial blockage of the transpirational bypass fl ow in 
rice in saline conditions (Yeo et al.  1999 ; Gong et al.  2006 ). Liang ( 1999 ) fi rst dem-
onstrated that added Si signifi cantly decreased Na +  concentration and increased K +  
uptake in shoots and roots of both salt-sensitive and salt-tolerant barley plants grown 
hydroponically with 120 mM NaCl, resulting in a higher K + /Na +  ratio in Si-fed 
plants subjected to salt/salinity stress. The mechanism of increased uptake and 
transport of K +  and decreased uptake and transport of Na +  from roots to shoots in 
barley was thought to be attributed to Si-induced stimulation of the root plasma 
membrane H + -ATPase under salt stress (Liang  1999 ; Liang et al.  2006 ). This was 
based on evidence that selective uptake and transport of salt ions is largely depen-
dent on the activity of plasma membrane H + -ATPase (proton pump), which is the 
driving force for ions to be translocated across the membranes (Marschner  1995 ), 
and the inhibition of Na +  infl ux and active Na +  effl ux have been proposed as mecha-
nisms of salt tolerance in plants (Greenway and Munns  1980 ; Marschner  1995 ; Yue 
et al.  2012 ). Liang ( 1999 ) further investigated into the effect of exogenous Si on 
H + -ATPase activity in roots of barley exposed to NaCl stress and found that addition 
of 1.0 mM Si to the salt treatment increased plasma membrane H + -ATPase activity 
in both salt- tolerant and salt-sensitive cultivars as compared with the plants treated 
with 120 mM NaCl only, which contributed partially to the reduced Na +  concentra-
tion in the shoots. On the other hand, it has been also well documented that trans-
portation of Na +  from the cytoplasm into the vacuole via the tonoplast Na + /H +  
antiporter is an important mechanism of salt tolerance in plants (Chen et al.  1999 ; 
Blumwald  2000 ). The H + -ATPase on the tonoplast, coupled with H + -pyrophosphatase 
(H + -PPase), is the major source of H + -electrochemical potential gradient, which 
generates the driving force for removing Na +  from the cytosols or compartmental-
izing Na +  into the vacuoles (Staal et al.  1991 ; Marschner  1995 ; Blumwald  2000 ; Yue 
et al.  2012 ). Working again on Si-mediated salt tolerance in barley, Liang et al. 
( 2005b ) made an in-depth study into the effects of Si on H + -ATPase and H + -PPase 
activity of tonoplast vesicles isolated from roots of salt-stressed barley and found 
that 1.0 mM Si to salt treatments signifi cantly reversed both H + -ATPase and H + -
PPase activities of two contrasting barley plants differing in salt tolerance. However, 
such effects of Si on plasma membrane or tonoplast H + -ATPase and H + -PPase activ-
ities under salt stress may be indirect or secondary, as confi rmed by an in vitro 
experiment (Liang et al.  2006 ) showing that Si added or not to the reaction medium 
containing plasma membrane vesicles isolated from leaves of plants exposed to 
NaCl or not did not affect the activity of in vitro H + -ATPase. On the other hand, it 
remains unknown whether such stimulating effects of Si on plasma membrane or 
tonoplast H + -ATPase and H + -PPase activities under salt stress can facilitate com-
partmentalization of salt ions such as Na +  and/or Cl −  into vacuoles, thus needing 
clarifying in the future research. Another important issue to address in the future 
research is whether the genes encoding for H + -ATPase and H + -PPase located on 
plasma membranes and/or tonoplasts are differentially expressed during such 
responses of H + -ATPase and H + -PPase to Si and salt interactions. 

 Such fi ndings of Si-mediated increased uptake and transport of K +  and decreased 
uptake and transport of Na +  (Liang et al.  1996 ,  1999 ; Liang  1999 ) and/or Cl −  (Shi 
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et al.  2013 ) from roots to shoots under salt stress can be further explained and sup-
ported by the results obtained from an energy dispersive X-ray analysis (Liang and 
Ding  2002 ; also see Figs.  6.2 ,  6.3 ,  6.4  and  6.5 ). It can be clearly seen that higher 
Cl −  and Na +  X-ray peaks were recorded in the root epidermal, cortical and stelar 
cells of roots for the NaCl treatment with the majorities of Na +  and Cl −  ions accu-
mulated in epidermal and cortical cells, while relatively low K +  peaks were observed. 
By contrast, considerably higher K +  peaks were detected in the epidermal, cortical 
and stelar cells of the roots for the NaCl plus Si treatment, but lower Cl −  and Na +  
peaks were also observed for this treatment with both Cl −  and Na +  ions evenly 
distributed in the epidermal, cortical and stelar cells. These fi ndings provided evidence 

  Fig. 6.2    EDX microanalysis of root tips of barley (cv. Jian No. 4) grown hydroponically with 
120 mM NaCl (From Liang and Ding  2002 ). ( a ) epidermis; ( b ) cortex; ( c ) stele       
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that Si depressed the uptake of Na +  but enhanced the uptake of K +  by salt-stressed 
barley (Liang et al.  1996 ,  1999 ; Liang  1999 ).     

 It seems to suggest that the benefi cial effect of Si on increasing K +  uptake and 
decreasing Na +  uptake in plants under salt stress is regulated through in vivo effect 
of Si on the proton pumps located on the plasma membranes. 

 So far, such Si effect on increasing K +  uptake and/or K + /Na +  ratio and decreasing 
Na +  uptake has also been reported for many other monocots and dicots under salt/
salinity stress, such as alfalfa ( Medicago sativa ) (Wang and Han  2007 ), bean 
(Zuccarini  2008 ), cucumber ( Cucumis sativus ) (Khoshgoftarmanesh et al.  2014 ), 
wheat (Saqib et al.  2008 ; Tuna et al.  2008 ; Tahir et al.  2012 ), canola (Hashemi et al. 
 2010 ; Farshidi et al.  2012 ), sugarcane (Ashraf et al.  2010 ), clover ( Trifolium repens ) 
(Guo et al.  2013 ), faba bean (Shahzad et al.  2013 ) and sorghum (Yin et al.  2013 ). 
Ashraf et al. ( 2010 ) reported that addition of Si signifi cantly reduced the uptake and 
translocation of Na +  but increased K +  concentrations particularly in shoots of both 
contrasting sugarcane genotypes tested. Tahir et al. ( 2012 ) showed that application 
of Si decreased shoot Na +  concentration and shoot Na + /K +  ratio in wheat grown 
hydroponically with 100 mM NaCl, resulting in a signifi cant increase in shoot and 
root dry weight. Khoshgoftarmanesh et al. ( 2014 ) have recently reported that shoot 
K +  concentration and total K +  accumulation (K +  uptake) of two salt-tolerant cucum-
ber cultivars grown under saline conditions were signifi cantly increased by addition 
of a tiny amount of Si (1.0 μM) Si as sodium silicate), while shoot Na +  concentra-
tion and total Na +  accumulation (Na +  uptake) were signifi cantly and greatly 
decreased, resulting in a signifi cantly greater shoot K + /Na +  ratio in the presence of 

  Fig. 6.3    X-ray micrography of root tip of salt tolerant barley grown hydroponically with 120 mM 
NaCl, with element distribution shown with  white dots  (From Liang and Ding  2002 ). IM: SEM 
image of the root section       
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Si than in the absence of Si. On the one hand, it is interesting to note that supply of 
such trace amount of Si (1.0 μM) was shown to be effective in mitigating the salt 
stress in cucumber grown at 50 mM NaCl (Khoshgoftarmanesh et al.  2014 ). On the 
other hand, such results should be explained with caution since the rate of Si added 
that was normally reported to be effective in the majorities of experiments is at least 
100-fold greater reported than used in this experiment (Liang et al.  1996 ; Liang 
 1999 ; Liang et al.  1999 ; Zhu et al.  2004 ; Ashraf et al.  2010 ; Farshidi et al.  2012 ; 
Tahir et al.  2012 ); whether Si is the sole contributing factor of mitigation against salt 
stress in cucumber still needs confi rming because no data were provided on Si 
uptake and accumulation in plants (Khoshgoftarmanesh et al.  2014 ). Therefore, 
from the discussion above, it can be concluded that the suppression of Na +  uptake 
and stimulation of K +  uptake in salt-stressed plants contribute signifi cantly to the Si 
enhancement of salt tolerance. 

  Fig. 6.4    X-ray microanalysis of root tips of barley (cv. Jian No.4) grown hydroponically with 
120 mM NaCl with 1.0 mM Si (From Liang and Ding  2002 ); ( a ) epidermis; ( b ) cortex; ( c ) stele       
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 Apart from numerous studies of the Si effect on Na +  and K +  uptake, so far few 
studies have dealt with Si effect on Cl −  uptake. Gunes et al. ( 2007 ) reported that Si 
decreased the root-to-shoot translocations of Na + , Cl − , and boron (B) in tomato 
plants grown on a sodic-B toxic soil. Si has recently been reported to decrease Cl −  
transport in rice in saline conditions (Shi et al.  2013 ). They showed that under saline 
conditions, the shoot Cl −  concentrations were signifi cantly reduced by the addition 
of Si and the K + /Cl −  ratio was signifi cantly increased, while the concentration of 
Cl −  in the roots was unchanged (Shi et al.  2013 ). They further found that the decrease 
in shoot Cl −  concentration was correlated with the decrease in transpirational bypass 
fl ow in rice, as shown by the transport of the apoplastic tracer trisodium- 8-hydroxy-
1,3,6-pyrenetrisulfonic acid (PTS), suggesting that the addition of Si decreased 
transpirational bypass fl ow in the roots, and therefore decreased the root-to-shoot 
Cl −  transport. This Si-mediated decreased translocation of Cl −  from roots to shoots 
is in line with the fi nding on Si-mediated root-to-shoot Na +  translocation in rice 
(Yeo et al.  1999 ; Gong et al.  2006 ). 

 However, it should be noted that further research is needed to verify whether 
Si-mediated uptake of Na +  and K +  (and/or Cl − ) through Si-mediated promotion of 
the activities of proton pumps as observed in barley under salt stress can be applied 
to explain Si effect on Na +  and K +  uptake by other crops.  

6.4     Silicon-Mediated Uptake of Nutrients 

 Apart from Si-mediated increased uptake and transport of K +  and decreased uptake 
and transport of Na +  (Liang et al.  1996 ,  1999 ; Liang  1999 ; Wang and Han  2007 ; 
Zuccarini  2008 ; Saqib et al.  2008 ; Tuna et al.  2008 ; Ashraf et al.  2010 ; Hashemi 

  Fig. 6.5    X-ray micrography of root tip of salt tolerant barley grown hydroponically with 120 mM 
NaCl with 1.0 mM Si, with element distribution shown with white dots (From Liang and Ding 
 2002 ). IM: SEM image of the root section       

 

6 Silicon-Mediated Tolerance to Salt Stress



133

et al.  2010 ; Farshidi et al.  2012 ; Tahir et al.  2012 ; Guo et al.  2013 ; Shahzad et al. 
 2013 ; Yin et al.  2013 ; Khoshgoftarmanesh et al.  2014 ), and/or Cl −  (Shi et al.  2013 ) 
from roots to shoots under salt stress as discussed above, Si seems to affect acquisi-
tion of other essential nutrients such as phosphorus (P), nitrogen (N) and calcium 
(Ca) and other micronutrients as well (Liang et al.  1999 ; Wang and Han  2007 ; 
Farshidi et al.  2012 ), thereby improving the growth of plants and the overall toler-
ance against salt stress. Liang et al. ( 1999 ) reported that P concentration and total P 
content in solution-cultured and potted barley plants were increased by addition of 
Si under saline conditions. The possible causes for this may be associated with both 
Si-stimulated root activity indicated by root dehydrogenase activity (Liang et al. 
 1999 ) and Si-improved P bioavailability in soils due to the chemical competition 
between H 2 PO 4  −  and silicate (H 3 SiO 4  − ) anions for the sorption sites (Obihara and 
Russell  1972 ; Smyth and Sanchez  1980 ; Liang et al.  1999 ). An increased nitrogen 
uptake in salt-stressed barley plants was also recorded possibly due to the 
Si-stimulated root activity and plant vigor (Liang et al.  1999 ). The concentrations of 
Fe 3+ , Mg 2+  and Zn 2+  in the roots, shoots and leaves of salt-sensitive alfalfa (cv. 
Defor) and in the roots and shoots of (salt-tolerant) alfalfa (cv. Zhongmu No. 1) 
were not signifi cantly affected by application of Si under NaCl stress, but the Ca 2+  
concentration in the roots of Zhongmu No.1 and the Mn 2+  concentration in the 
shoots and leaves of both cultivars were increased, while the Ca 2+  and Cu 2+  concen-
trations of the shoots and leaves of both cultivars were decreased by Si under salt 
stress (Wang and Han  2007 ). It was also reported that the iron concentration in roots 
and shoots of Si-fed salt-grown canola plants was about 64 % and 74 %, respec-
tively, greater than that in non-Si-fed salt-grown plants (Farshidi et al.  2012 ). Si 
nutrition signifi cantly decreased the concentration of B in shoots under normal con-
ditions as compared to the Si-deprived control plants, but salinity decreased the 
concentration of B irrespective of Si application (Farshidi et al.  2012 ). 
Khoshgoftarmanesh et al. ( 2014 ) showed that in the two salt-tolerant cucumber cul-
tivars, salt treatment at 50 mM NaCl reduced both shoot Ca concentration and total 
Ca uptake, while addition of small amount of Si (1.0 μΜ) signifi cantly increased Ca 
concentration and total Ca uptake in shoots of cucumber plants exposed to 50 mM 
NaCl. 

 Thus it seems to suggest that Si can mitigate salt stress toxicity through affecting 
nutrient acquisition by plants, thereby rebalancing the mineral ions and improving 
plant growth and salt tolerance.  

6.5     Silicon-Mediated Antioxidative Responses 

 Oxidative damage through membrane lipid peroxidation is thought to be one of the 
most important mechanisms of salt toxicity in higher plants (Hernandez et al.  1993 ; 
Fadzilla et al.  1997 ). Increasing evidence shows that salt stress-induced plasma 
membrane injury is associated closely with an increased production of highly toxic 
oxygen free radicals such as superoxide anion, hydroxyl radical, hydrogen peroxide 
and singlet oxygen (Singha and Choudhuri  1990 ; Hernandez et al.  1993 ; Liang et al. 
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 2003 ). The activities of some key antioxidant defence enzymes, which can scavenge 
toxic oxygen free radicals, such as superoxide dismutase (SOD), catalase (CAT), 
and peroxidase (POD), are decreased in plants exposed to salt stress (Hernandez 
et al.  1993 ; Singha and Choudhuri  1990 ), and as a result, the end product of mem-
brane lipid peroxidation, malondialdehyde (MDA), accumulates rapidly (Fadzilla 
et al.  1997 ; Hernandez et al.  1993 ; Lutts et al.  1996 ), which indicates an increase in 
membrane permeability and instability of plasma membranes. Liang ( 1999 ) fi rst 
reported that Si could increase SOD activity and decrease MDA concentration in 
salt-stressed barley, leading to less oxidative damage caused by membrane lipid 
peroxidation. In a later study, Liang et al. ( 2003 ) demonstrated the benefi cial effects 
of Si on both the major antioxidant enzyme activities and nonenzymatic antioxi-
dants and lipid peroxidation in roots of salt-stressed barley using two contrasting 
cultivars differing in salt tolerance. They showed that the activities of the antioxi-
dant defence enzymes in roots of salt-stressed barley were signifi cantly higher but 
the levels of MDA and electrolytic leakage percentage were signifi cantly lower in 
the presence of Si than in the absence of Si. The reduced glutathione (GSH) concen-
tration in plants treated with 120 mM NaCl was signifi cantly depressed but was 
signifi cantly increased by added Si (Liang et al.  2003 ). These results suggest that 
Si-enhanced salt tolerance in plants can be attributed partly to Si-mediated enhance-
ment of antioxidant defence capacity and suppression of membrane lipid peroxida-
tion, which is closely related to cell membrane permeability, integrity, stability and 
function in plants (see 6.5). Similar results were obtained in barley exposed to a 
sodic-B toxic soil (Gunes et al.  2007 ), and in salt-stressed maize (Moussa  2006 ), 
and were confi rmed in some other dicotyledonous plants under salt stress including 
cucumber (Zhu et al.  2004 ; Khoshgoftarmanesh et al.  2014 ), tomato (Al-Aghabary 
et al.  2004 ), grapevine rootstocks (Soylemezoglu et al.  2009 ) and canola (Hashemi 
et al.  2010 ; Farshidi et al.  2012 ). These results clearly demonstrate that Si is involved 
in mediating enzymatic and nonenzymatic antioxidant defence systems not only in 
monocotyledonous plant species but also in dicotyledonous plant species under salt 
stress. However, how Si mediates this secondary metabolism in plants under salt 
stress remains to be further investigated at a molecular level.  

6.6     Silicon-Mediated Plasma and Tonoplast Membrane 
Integrity, Stability and Functions 

 It is generally recognized that an integrated and stable membrane is crucially impor-
tant for the cellular membrane to function normally, especially under stressful envi-
ronments (Marschner  1995 ). The membrane fl uidity, stability and functions can be 
affected by fatty acid composition of membrane lipids, which, as the structural con-
stituents of membranes, play an important role in the tolerance to physiological 
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stress such as water-defi cit stress and salt stress (Parida and Das  2005 ; Liang et al. 
 2005b ). Under salt stress, membrane permeability and membrane lipid peroxidation 
were increased, as indicated by higher electrolytic leakage percentage and higher 
MDA concentration, but were signifi cantly counteracted by the addition of Si (Liang 
et al.  1996 ,  2003 ; Liang  1999 ; Zhu et al.  2004 ; Al-Aghabary et al.  2004 ; 
Khoshgoftarmanesh et al.  2014 ). Khoshgoftarmanesh et al. ( 2014 ) showed that the 
concentration of MDA was positively correlated with total Na uptake by cucumber 
but was negatively correlated with total Ca and K uptake and that Si increased K and 
Ca uptake but decreased Na uptake into shoots under salt stress. These results sug-
gest that Si plays an important role in protecting cell membranes from salt-induced 
lipid peroxidation and oxidative damage although how Si affects this secondary 
metabolism is still ambiguous and needs further investigation. 

 Unsaturated fatty acids of lipids are susceptible to oxidative attack by lipid per-
oxidation under salt stress, thus leading to enhanced membrane permeability and 
instability (Parida and Das  2005 ). It was reported that the ratio of unsaturated to 
saturated fatty acids (U/S) of the tonoplast vesicles isolated from the roots of barley 
plants increased under salt stress (120 mM NaCl) for both salt-sensitive (cv. Kepin 
No. 7) and salt-tolerant (cv. Jian No. 4) cultivars used; however, addition of 1.0 mM 
Si to salt treatment increased the ratio of U/S in the salt-tolerant cultivar but did not 
in the salt-sensitive cultivar (Liang et al.  2005b ). The salt treatment decreased tono-
plast fl uidity of roots of barley signifi cantly compared with the control treatment. 
However, root tonoplast fl uidity was signifi cantly lowered by the presence of Si in 
the salt treatment. The research by Liang et al. ( 2006 ) also showed that the ratio of 
phospholipids to protein in plasma membranes was signifi cantly increased in leaves 
of the two barley cultivars under salt stress, a phenomenon that was reversed by Si. 
Furthermore, the membrane fl uidity of plasma membrane vesicles isolated from the 
leaves of plants was signifi cantly lower in the salt treatment than in the control, but 
was brought back to normal by Si. Thus, a close relationship between plasma mem-
brane H + -ATPase activity and membrane fl uidity was found; plasma membrane fl u-
idity together with H + -ATPase activity decreased when plants were treated with 
NaCl but was reversed by addition of Si (Liang et al.  2006 ). 

 These results clearly suggest that Si may help maintain the membrane integrity, 
stability and functions of salt-stressed barley and decrease membrane permeability 
via a decrease in membrane lipid oxidative damage, thus mitigating salt toxicity in 
barley plants. However, more in-depth work is needed to verify whether this fi nding 
can be applied to Si effects on other plants exposed to salt stress. 

 Si added diminished the NaCl-induced increase in ratio of phospholipids to pro-
tein and maintained this ratio at a normal level similar to control, thus maintaining 
the optimal membrane fl uidity which was reduced by salt treatment. The evidence 
therefore suggests that Si maintain the integrity, stability and functioning of plasma 
membranes in salt-stressed barley.  
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6.7     Silicon Regulates Biosynthesis of Proline, Lignin 
and Plant Hormones 

 In response to stressful environments, plants usually synthesize and accumulate 
many low-molecular-weight organic osmolytes or compatible solutes such as pro-
line (Gzik  1997 ; Balibrea et al.  1997 ; Mansour  1998 ; Ashraf and Foolad  2007 ), 
glycine betaine (Rhodes and Hanson  1993 ; Mansour  1998 ; Ashraf and Foolad 
 2007 ), carbohydrates (Balibrea et al.  1997 ) and polyols (Kumar and Bandhu  2005 ). 
The roles these low-molecular-weight organic compounds may play under stressful 
conditions are reportedly contradictory. These solutes do not interfere with normal 
biochemical or metabolic processes in plant tissues, but rather, they are indicators of 
plant adaptation to stressful conditions or they may alleviate the inhibitory effects 
of high ion concentrations on enzyme activity by stabilizing proteins, protein com-
plexes or membranes under environmental stresses (Bohnert and Shen  1999 ; Ashraf 
and Foolad  2007 ). They may also function as oxygen radical scavengers to reduce 
oxidative damage in plants under salt stress (Seckin et al.  2009 ) and exogenous 
application of these compounds can increase plant tolerance to different stresses 
(Ashraf and Foolad  2007 ). Si has widely been reported to decrease proline concen-
trations under saline stress in barley, wheat, grapevine, soybean and sorghum 
(Gunes et al.  2007 ; Tuna et al.  2008 ; Soylemezoglu et al.  2009 ; Lee et al.  2010 ; Yin 
et al.  2013 ; see also the review by Zhu and Gong,  2014 ). For instance, Soylemezoglu 
et al. ( 2009 ) showed that proline concentration for rootstock 41B and 1103P was, 
respectively, 63 % and 45 % lower ( P  < 0.05) in the saline plus Si treatment than in 
the saline treatment only, which is in line with a lower concentration of MDA and 
H 2 O 2  but higher shoot weight in the saline plus Si treatment. According to Lee et al. 
( 2010 ), the leaf free proline content of soybean was 10-fold higher in plants grown 
with 80 mM NaCl without Si supply than in control plants, while the free proline 
concentration in salt-stressed soybean was approximately 30 % lower in the pres-
ence of Si than in the absence of Si and the plant dry weight of Si-fed plants was 
about 40 % higher than that of Si-deprived plants. These results refl ect that a lower 
concentration of free proline accumulated in Si-fed plants is an indication of less 
severe salt toxicity due to presence of Si. Yin et al. ( 2013 ) also found that short-term 
application of 0.83 mM Si could signifi cantly increase the levels of sucrose and 
fructose in sorghum under salt stress, suggesting that Si can alleviate salt-induced 
osmotic stress. However, how Si affects the metabolism of these compatible solutes 
in relation to water-defi cit-stress adaptation and/or tolerance remains to be explored 
as Si has been found to mitigate salt, drought and freezing stress in plants. 

 As early as 1978, Si was reported to be bound with the cell wall as an ester-like 
derivative of silicic acid (R 1 -O-Si-O-R 2 ) acting as a bridge in the structural organi-
zation of polyuronides (Jones  1978 ). Si seems to infl uence phenolic compounds 
(Parry and Kelso  1975 ; Maksimovic et al.  2007 ). Si interacts with the primary cell 
wall constituents (Inanaga et al.  1995 ; He et al.  2013 ,  2015 ) such as pectins, hemi-
cellulose and polyphenols, and these cross-links obviously increase cell wall elas-
ticity during extension growth (Emadian and Newton  1989 ). Si would increase the 
extensibility of cell walls in the apical elongation (AE) and apical maturation (AM) 
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zone, but signifi cantly decrease the cell wall extensibility of stele tissues in the basal 
maturation (BM) zone. Si treatment signifi cantly decreased viscoelastic parameters 
of the AE and AM zone, but increased those of BM zone. These Si-induced changes 
in cell wall extensibility and viscoelastic parameters provide resistance to biotic and 
abiotic stress (Hattori et al.  2003 ). Recently, Fleck et al. ( 2011 ) have reported that 
silicic acid supply enhanced the lignifi cation of sclerenchyma in rice. Si may there-
fore affect the stability of higher plants not only as an inert deposition in lignifi ed 
cell walls but also by modulating lignin biosynthesis (Marschner  1995 ). More 
recently, He et al. ( 2013 ,  2015 ) have reported that Si was present in a hemicellulose- 
bound form in the cell walls of suspension-cultured rice cells, providing the poten-
tial to improve the mechanical properties of the cell walls against stresses (see 
Chaps.   1     and   5    ). Several researchers have reported the effects of Si on the composi-
tion of cell walls (e.g. lignin) in plants under salt stress (Hashemi et al.  2010 ). 
Hashemi et al. ( 2010 ) found that lignin concentration in roots of canola exposed to 
150 mM NaCl was signifi cantly increased compared to the control treatment but 
was signifi cantly decreased by the addition of Si. They believe that cell wall loosen-
ing and plant growth would be impaired as a result of lignifi cation as shown in salt- 
stressed canola. The decreased lignifi cation in the canola plants, particularly in the 
shoots would result from the partial substitution of lignin by Si or the formation of 
Si–polyphenol complexes (Maksimovic et al.  2007 ) in the cell walls, which may 
facilitate cell wall loosening and cell extension and promote the growth of plants 
under salt stress conditions (see Zhu and Gong  2014 ). However, the lower concen-
tration of lignin observed in the roots of Si-treated canola under salt stress was due 
to the “dilution effect” as it can be calculated that no signifi cant difference in total 
lignin accumulated in roots existed between the Si-treated and Si-untreated canola 
(Hashemi et al.  2010 ). Thus, it remains to be further clarifi ed whether and how Si 
can affect the modifi cations of cell walls (e.g. lignifi cation) under salt stress. 

 Silicon has also been reported to affect plant growth hormones under salt stress 
(Lee et al.  2010 ; Kim et al.  2014 ). Lee et al. ( 2010 ) report that abscisic acid content 
increased in soybean plants grown hydroponically with salt stress but decreased by 
the addition of Si. By contrast, the reverse is true for another plant hormone, gib-
berellin (Lee et al.  2010 ). The gibberellin level decreased in salt-stressed soybean 
but increased signifi cantly in the presence of Si. Kim et al. ( 2014 ) showed that 
stress- and defence-related phytohormones such as jasmonic acid (JA) were signifi -
cantly down-regulated by application of Si under salinity stress. Conversely, ABA 
level was signifi cantly higher after 6 and 12 h in Si-treated plants under salinity 
stress. After 6 and 12 h, the ABA biosynthesis-related genes ( OsZEP  encoding for 
zeaxanthin epoxidase, and  OsNCED1  and  4  encoding for 9-cis-epoxycarotenoid 
dioxygenase 1 and 4) were up-regulated by Si treatment under salinity stress, 
whereas at 24 h after Si treatment the expression of these genes was signifi cantly 
downregulated. The expression of  OsNCED3  signifi cantly increased at 6 and 24 h 
after Si treatment. These results indicate that increasing the Si concentrations for 
longer periods of time can regulate the salinity-induced stress by modulating phyto-
hormonal responses. This infers that Si mediates salt tolerance in plants through 
regulating the expression of genes related to the biosynthesis of plant hormones in 
plants under salt stress.  
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6.8     Conclusions 

 A schematic diagram of the proposed mode of action of Si-mediated alleviation of 
salt stress in plants, based on the currently available literature, is summarized in 
Fig.  6.6 . From this, it is clear that more direct and convincing evidence at the tran-
scriptomic and proteomic level is needed to demonstrate whether soluble Si present 
in symplast, which accounts only for a small proportion of Si taken up by plants, can 
be involved in so many metabolic functions. Another important issue to address in 
the near future is whether the Si-stimulated H + -ATPase and H + -PPase activities 
really affect the compartmentalization of toxic salt ions into vacuoles to enhance 
plant tolerance to salt stress. From the discussion in this chapter, it can be concluded 
that Si can effectively mitigate salt (salinity) stress in plants, but the mechanisms 
behind this phenomenon are still ambiguous and need further investigation.      
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  Fig. 6.6    Schematic diagram of the proposed mode of action of Si-mediated alleviation of salt 
stress in plants       
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    Chapter 7   
 Silicon-Mediated Tolerance to Drought 
and Low-Temperature Stress 

          Abstract     Drought and low temperature are two of the major adverse climatic 
 factors that restrain plant growth and sustainable agricultural development. Silicon 
(Si) application can alleviate various abiotic stresses including drought and low 
temperature, suggesting its potential application in agricultural practices in these 
adverse soil and climate conditions. The mechanisms for Si-mediated increases of 
tolerance to drought and low-temperature stresses include physiological, biochemi-
cal and physical aspects. These include promoting photosynthetic enzymatic activi-
ties, photochemical effi ciency and photosynthetic rate; maintaining nutrient balance; 
improving water retention by decreasing water loss from leaves and increasing 
water uptake by roots; and scavenging reactive oxygen species by improving the 
capabilities of antioxidant defence. Although some progress has been made in the 
understanding of mechanisms for Si-mediated drought and low-temperature stresses 
at the physiological, biochemical and physical levels, information on the molecular 
aspect is still lacking. The use of modern technologies, such as transcriptomics and 
proteomics approaches, may help clarify the transcriptional and post-transcriptional 
regulatory mechanisms of Si-mediated tolerance in plants, which will provide a 
theoretical basis for Si application in agricultural production.  

  Keywords     Antioxidant defence activity   •   Drought stress   •   Low temperature   • 
  Photosynthesis   •   Silicon   •   Water retention  

7.1               General 

 Drought is one of the major abiotic factors that limit plant growth and productivity 
worldwide, especially in arid and semiarid areas (Eneji et al.  2008 ). Approximately 
30 % of the world land surface is arid or semiarid (Huang et al.  2013 ). According to 
the prediction of the current climate change models, the frequency and severity of 
drought will increase in several regions around the world (Shen et al.  2010 ). Low 
temperature is another major adverse climatic factor that restrains plant growth, 
distribution and sustainable agricultural development, causing considerable eco-
nomic losses worldwide. With the progressing growth of the world population, it is 
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urgent to increase the drought and cold tolerance of crops to maintain food 
supplies. 

 Drought and freezing stress can cause deleterious effects on plant growth and 
physiological processes, such as photosynthetic assimilation, water relations and 
antioxidant defence capacity (Cattivelli et al.  2008 ; Yadav  2010 ; Ashraf and Harris 
 2013 ; Hasanuzzaman et al.  2013 ). Many reports have claimed that silicon (Si) appli-
cations can increase the tolerance to drought and freezing stress in plants, and the 
mechanisms for this protection include physiological, biochemical and physical 
aspects, as summarized in Fig.  7.1 . Although great progress has been made in the 
understanding of mechanisms for Si-mediated drought and freezing stress at the 
physiological and biochemical levels, yet information on the molecular aspect is 
still unclear. Transcriptome and proteome platforms are important technologies to 
reveal tolerance mechanisms in plants (Ahsan et al.  2009 ; Wang et al.  2009 ). The 
use of these technologies may help shed light on the transcriptional and post- 
transcriptional regulatory mechanisms of Si-mediated tolerance in plants, which 
will provide a theoretical basis for dissecting the whole picture of Si-mediated 
drought and freezing tolerance.

   In this chapter, the recent advances on the benefi cial effects of Si in plant toler-
ance to drought and freezing stress and the underlying mechanisms are reviewed.  
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silicon-mediated 

drought and 
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  Fig. 7.1    Possible mechanisms for Si-mediated drought and freezing tolerance in plants       
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7.2     Photosynthesis and Plant Growth 

 Under environmental stress, photosynthesis is inhibited (Ashraf and Harris  2013 ), 
and exogenous Si has been found to revert this inhibition and therefore restore nor-
mal plant growth under drought and low-temperature conditions. Gong et al. ( 2005 ) 
observed that, under drought conditions, Si-supplied wheat seedlings had higher net 
CO 2  assimilation rate as compared to untreated plants. A similar phenomenon was 
observed in other drought-stressed plants such as sorghum ( Sorghum bicolor ) 
(Hattori et al.  2005 ; Liu et al.  2014 ) and rice ( Oryza sativa ) (Chen et al.  2011 ). For 
instance, Hattori et al. ( 2005 ) showed that the decrease in net assimilation rate 
(NAR) in drought-stressed sorghum was ameliorated by application of Si, while Si 
addition had no effect on NAR in wet conditions. The photosynthetic rate of sor-
ghum in drought conditions was maintained at a signifi cantly higher level in the 
presence of Si than in the absence of Si. As could be seen clearly, supplemental Si 
led to higher dry matter production under drought conditions (Hattori et al.  2005 ; 
see Fig.  7.2 ). Under freezing conditions (<−5 °C), Zhu et al. ( 2006 ) found that 

  Fig. 7.2    Effect of Si application on the growth of sorghum under dry conditions (From Hattori 
et al.  2005 ). Sorghum plants (cv. Gadambalia) were grown in Si-applied soil ( left ) and non-applied 
soil ( right ). Plants were 47-day old (22 days after the initiation of dry treatment)       
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application of Si could increase the net photosynthetic rate of wheat ( Triticum aes-
tivum ), with the improvement being more obvious in the low-temperature-sensitive 
cultivar.

7.2.1       Stomatal and Non-stomatal Limitations 
of Photosynthesis 

 The inhibition of photosynthesis under drought stress has been attributed to both 
stomatal and non-stomatal limitations (Yordanov et al.  2000 ). Stomatal closure is 
the fi rst response of plants subjected to serious water defi cit, and it is generally con-
sidered to be the main limiting factor for photosynthesis (Reddy et al.  2004 ; Farooq 
et al.  2009 ). The stomatal closure appears to be the fi rst line of defence against 
desiccation since it is much faster than, e.g. changes in root growth, leaf area, chlo-
roplast ultrastructure and pigment proteins (Yordanov et al.  2000 ). Although stoma-
tal closure usually occurs under adverse environmental conditions, in some stress 
conditions, non-stomatal limitation, i.e. decreased capacity of C fi xation by chloro-
plast, may inhibit photosynthesis. Gong et al. ( 2005 ) observed that drought stress 
depressed the wheat photosynthetic rate but that Si application reinstated a normal 
rate. They found no difference in the intercellular CO 2  concentration of leaves 
between the well-watered wheat and drought-stressed plants, regardless of Si appli-
cation, suggesting that the stomatal factor was not the main factor for inhibition of 
photosynthesis and that the non-stomatal factor contributed to Si-mediated improve-
ment of photosynthesis under drought conditions. Similar results were also obtained 
in drought-stressed sorghum (Hattori et al.  2005 ). Zhu et al. ( 2006 ) investigated the 
photosynthetic gas exchange of wheat leaves under freezing conditions and observed 
that the introduction of Si in the culture solution signifi cantly increased the net pho-
tosynthesis of the stressed wheat seedlings. They found that although the leaf sto-
matal conductance was decreased under freezing stress and was increased by Si 
introduction, the intercellular CO 2  concentration was not changed (in the tolerant 
cultivar), or it was even increased (in the sensitive cultivar) under freezing stress 
without applied Si, while Si addition slightly decreased the concentration of inter-
cellular CO 2  of the stressed plants. These results suggest that the photosynthesis 
inhibition and Si-mediated improvement under freezing stress could both chiefl y be 
attributed to non-stomatal factor. In rice, Chen et al. ( 2011 ) suggested that both 
stomatal and non-stomatal factors were involved in Si-mediated improvement of 
photosynthesis of drought-stressed plants. Gong and Chen ( 2012 ) investigated the 
diurnal changes of photosynthetic gas exchange in wheat under fi eld drought condi-
tions. They found that the leaf net photosynthetic rate and stomatal conductance 
were obviously decreased under drought stress, and Si application increased the 
photosynthetic rate during most of the daytime period. Si addition also increased the 
stomatal conductance of the leaves of plants exposed to drought stress in the 
 afternoon. Calculation of leaf stomatal limitation showed that it was not altered in 
the morning while it was increased from midday to the afternoon under drought, 
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with Si-treated plants being intermediate. These results suggest that both stomatal 
and non-stomatal factors were involved in the improvement of photosynthesis by Si 
in wheat under drought stress: in the early morning, the non-stomatal factor was the 
main contributor, 9:30 a.m. being a turning point, after which the stomatal factor 
was the main contributor. 

 Chlorophyll plays an important role in the photosynthesis and is responsible for 
light harvesting. Lobato et al. ( 2009 ) found that the addition of Si could maintain 
the level of chlorophyll in capsicum ( Capsicum annuum ) under water-defi cit stress, 
suggesting that Si could alleviate water stress-induced damage in the photosynthetic 
systems and therefore the improvement of photosynthesis. Similar results were also 
observed in drought-stressed rice (Chen et al.  2011 ). In sorghum plants, Yin et al. 
( 2014 ) observed Si-mediated enhancement in polyamine synthesis and increase in 
concentrations of chlorophyll, suggesting the involvement of polyamines in main-
taining higher levels of chlorophyll and therefore retarding senescence. In freezing 
conditions, Zhu et al. ( 2006 ) observed that Si addition not only increased the chlo-
rophyll content but also increased the ratio of chlorophyll a/b which indicates the 
extent of thylakoid stacking (Aro et al.  1993 ). It has been shown that there is an 
inverse linear relationship between the ratio of chlorophyll a/b and extent of photo-
inhibition (Aro et al.  1993 ). Therefore, Si-mediated increase in chlorophyll content 
and chlorophyll a/b ratio indicates a higher stacking extent of thylakoid and less 
photoinhibition under stress conditions. Moreover, since chlorophyll a is more sen-
sitive to reactive oxygen species (ROS) than chlorophyll b (Powles  1984 ), the 
increase in chlorophyll content and ratio of chlorophyll a/b by Si may refl ect a 
decreased oxidative damage under freezing stress. The decrease in oxidative dam-
age may be attributed to Si-mediated increase in activities of antioxidant enzymes 
such as superoxide dismutase (SOD) and catalase (CAT) (Gong et al.  2005 ; Liang 
et al. 2008), which will be discussed later. 

 Chlorophyll fl uorescence parameters can provide useful information about photo-
system II activity of plants, and both basal quantum yield [variable fl uorescence 
( F   v  ) / minimal fl uorescence ( F   0  )] and maximum quantum effi ciency of PSII photo-
chemistry [ F   v   / maximal fl uorescence ( F   m  )] are related to photosynthetic effi ciency 
(Shangguan et al.  2000 ). Chen et al. ( 2011 ) found that added Si not only increased the 
content of photosynthetic pigments but also increased  F   v   /F   0   and  F   v   /F   m   of rice plants 
subjected to drought stress, suggesting that Si application could increase the photo-
synthetic effi ciency and alleviate photosynthetic apparutus damage under stress. 

 Si has been reported to be able to regulate not only the light reaction of photo-
synthesis but also C assimilation, although relevant information is very limited. 
Ribulose bisphosphate carboxylase oxygenase (RuBisCO) is a key enzyme in C 
assimilation, and it catalyses the formation of glycerate-3-phosphate from ribulose- 
1,5-bisphosphate (RuBP) and CO 2  (Tao et al.  2012 ). In control plants, Adatia and 
Besford ( 1986 ) reported that the addition of Si increased the RuBisCO activity in 
cucumber grown hydroponically. However, under drought stress, Gong and Chen 
( 2012 ) did not fi nd any such change in wheat leaves, and the activity was even 
slightly decreased in Si-supplied plants. They also observed that the addition of Si 
increased the phosphoenolpyruvate carboxylase (PEPC) activity, which was 
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decreased under drought stress. Moreover, the ratio of PEPC/RuBisCO was higher 
in Si-supplied plants than in plants under drought. This indicates that under drought 
conditions, the improvement in photosynthetic activity by the addition of Si in 
wheat was due to the increase in C4 photosynthetic enzyme activities. 

 The content of inorganic phosphorus affects ATP synthesis in chloroplasts (dos 
Santos et al.  2006 ). Gong and Chen ( 2012 ) observed that the concentration of inor-
ganic phosphorus in wheat leaves was decreased under drought stress, while it was 
increased by supply of Si. The increase in inorganic phosphorus level may facilitate 
the synthesis of ATP, which is required in the cycle of CO 2  assimilation (Doubnerová 
and Ryšlavá  2011 ). However, as Tao et al. ( 2012 ) suggested, the distribution of 
inorganic phosphorus between stroma of chloroplast and cytoplasm infl uences the 
synthesis of ATP: high levels of inorganic phosphorus in chloroplast stroma can 
enhance ATP synthesis, and low levels of inorganic phosphorus can enhance the 
synthesis of sucrose in the cytoplasm. It remains unclear whether Si regulates the 
distribution of inorganic phosphorus in the cell in stress conditions. The increase in 
inorganic phosphorus level in the leaves might be attributed to Si-mediated increase 
in phosphorus uptake (Sistani et al.  1997 ). A study on the possible regulative role of 
Si on C assimilation under freezing stress is still lacking. 

 Altogether, the previous studies suggest that Si is involved in both stomatal 
movement and photochemical reactions and therefore regulates photosynthesis. 
Further work is required to reveal the details of direct or indirect regulative roles of 
Si in photosynthetic reactions.  

7.2.2     Nutrient Uptake and Plant Growth 

 The improvement of plant growth by the application of Si under environmental 
stress is not only related to increased photosynthesis but may be related to nutrient 
uptake and use. Water-defi cit and other environmental stresses restrict the uptake of 
nutrients by roots and their transport to shoots and thereby reduce the availability of 
nutrients (Chen et al.  1983 ; Farooq et al.  2009 ). Si may play an important role in 
maintaining the balance of the uptake, transport and distribution of mineral nutri-
ents in stressed plants and therefore improve plant growth in adverse environmental 
conditions. 

 The addition of Si was reported to increase the levels of Ca and K in the leaves 
of water-stressed maize ( Zea mays ) (Kaya et al.  2006 ). In water-stressed wheat, Pei 
et al. ( 2010 ) found that although Si decreased the Ca, K and Mg concentrations in 
the shoots caused by a dilution effect resulting from a better growth, their total con-
tents were actually increased. Chen et al. ( 2011 ) also observed similar results in rice 
under drought conditions. The Ca level has been suggested to be closely related to 
the expression of osmotic stress responsive genes (Zhu  2002 ; Mahajan and Tuteja 
 2005 ), and K plays an important role in osmotic adjustments in plants under stress 
conditions (Ashraf et al.  2001 ). Therefore, increased uptake of Ca and K under envi-
ronmental stress could contribute to stress tolerance. This increase may be  attributed 
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to the decrease in plasma membrane permeability and increase in plasma membrane 
H + -ATP activity by added Si (Liang 1999; Kaya et al.  2006 ). There are contradic-
tory reports about the relationship between Si application and both P and N uptake 
(See Chap.   8     for more details). For instance, Gao et al. ( 2004 ) observed a signifi cant 
decrease of P concentration in the xylem sap of maize with Si addition compared 
with plants grown without added Si. However, Eneji et al. ( 2008 ) found a strong 
positive correlation between Si and P uptake in both wet and dry conditions in 
grasses. Gong and Chen ( 2012 ) also observed that the concentration of inorganic P 
in wheat leaves was decreased under drought, while it was increased by Si supply. 
In rice, Deren ( 1997 ) observed decreases in N concentrations in all plant parts with 
Si application. However, Detmann et al. ( 2012 ) reported that Si could increase both 
rice grain yield and N use effi ciency. Therefore, more work is needed to investigate 
how Si regulates P and N uptake and what factors affect Si effi cacy. 

 Nutrient uptake is related to root traits, such as root surface area and root length 
(Barber  1984 ). The benefi cial effects of Si on the growth of roots under stress condi-
tions have been observed in some studies. In drought stress conditions, Hattori et al. 
( 2005 ) observed a lower shoot/root ratio and higher root dry mass accumulation in 
Si-applied sorghum, which suggests that Si facilitated root growth under drought 
stress. Ahmed et al. ( 2011 ) found that the addition of Si was mainly benefi cial to the 
growth of sorghum roots, with more biomass being allocated to the root system. The 
improvement of root growth may provide larger areas that are available for uptake 
of diffusible ions (Barber  1984  and references therein) and therefore increase 
drought tolerance of plants. The growth stimulation of roots by Si may be related to 
root elongation, thereby enhancing the extensibility of cell walls in the growing 
zone, as observed in sorghum by Hattori et al. ( 2003 ). In some plants such as wheat 
and sunfl ower ( Helianthus annuus ) (Gong et al.  2003 ; Gunes et al.  2008 ; Pei et al. 
 2010 ), however, the benefi cial effects of Si on root growth under drought stress were 
not observed. The differences between these studies may be explained by the differ-
ences in culture conditions and the plant species/cultivars used. Further investiga-
tion is needed to clarify how Si may affect root structure and both water and nutrient 
uptake.   

7.3     Silicon-Mediated Water Retention 

7.3.1     Transpiration 

 In adverse conditions such as drought and freezing stress, the water potential and 
water content of plants are substantially decreased (Siddique et al.  2001 ; Verslues 
et al.  2006 ; Farooq et al.  2009 ; Liang et al.  2008 ). The addition of Si can improve 
the water status of plants under drought or freezing conditions. Gong et al. ( 2008 ) 
found that the application of Si could increase the leaf water potential in wheat 
under fi eld drought stress. Similar results were also obtained in wheat and sorghum 
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seedlings under water-defi cit stress induced by polyethylene glycol (Pei et al.  2010 ; 
Liu et al.  2014 ). In freezing conditions, Liang et al. ( 2008 ) found that the effect of 
Si on the water content of wheat plants was dependent on the Si dose and cultivar 
used. For the freezing-susceptible cultivar, addition of Si signifi cantly increased the 
water content of stressed plants, with 1.0 mM Si being more effective than 0.1 mM 
Si; in the tolerant cultivar, no obvious effect on the water content was observed at 
both levels of Si application. 

 Transpiration rate can infl uence plant water relations (Farooq et al.  2009 ). Plants 
transpire mainly through leaves, via the cuticle and stomata. The positive role of Si 
in plant growth and water retention has long been associated with Si-mediated alle-
viation of environmental stresses. In the early days, it was suggested that the forma-
tion of a silica–cuticle double layer on leaf epidermal tissue might contribute to the 
reduction in leaf transpiration (Yoshida  1965 ; Wong et al.  1972 ; Matoh et al.  1991 ). 
Under drought stress, Gong et al. ( 2003 ) observed that the growth of wheat seed-
lings was improved, and that leaves were thicker as a result of Si addition. They 
speculated that Si might improve drought tolerance through reduction of water loss 
by transpiration, but the transpiration rate was not measured in that study. In maize, 
Gao et al. ( 2006 ) observed that the transpirational rate and conductance from the 
leaf cuticle were not changed by Si, while the transpirational rate and conductance 
from the stomata were signifi cantly decreased. The results suggest that Si was 
involved in the regulation of stomatal movement. Hence, the Si-triggered decrease 
in transpiration is one of the mechanisms for Si-mediated increase of tolerance. 
Whether the decrease of transpiration is from the cuticle or stomata may be related 
to plant species or culture conditions; more work is thus needed to confi rm this 
speculation. 

 However, supply of Si does not always decrease plant transpiration. For example, 
Hattori et al. ( 2005 ) observed an increase in stomatal conductance and transpiration 
rate of leaves in potted sorghum by supply of Si under drought stress. Similar results 
were also observed in drought-stressed wheat (Gong et al.  2005 ,  2008 ) and rice 
(Chen et al.  2011 ). Hattori et al. ( 2008b ) observed that Si treatment changed neither 
the transpiration rate nor the stomatal conductance in cucumber ( Cucumis sativus ), 
whether under osmotic stress or not. These confl icting results in the effects of Si on 
transpiration rate may be due to differences among plant species in the contribution 
of cuticular transpiration to the total transpiration. For example, the proportion of 
cuticular transpiration in the total transpiration was approximately 20–40 % in bar-
ley (Millar et al.  1968 ), 25–39 % in rice (Matoh et al.  1991 ) and up to 50 % in  Acer 
syriacum  and  Rhododendron poticum  (Whiteman  1965 ). In addition, different 
plants have different capabilities of Si accumulation. Therefore, the observed 
decrease of cuticular transpiration as a result of formation of silica–cuticle double 
layer on plant surface relies on both Si-accumulating ability and proportion of cutic-
ular transpiration in the total transpiration. As mentioned above, Si could also regu-
late the stomatal transpiration, as observed by Gao et al. ( 2006 ) in maize; they found 
that both transpirational rate and conductance from the stomata were decreased by 
the added Si. Further work is needed to clarify how and if Si regulates the stomatal 
movement and what possible factors are involved. Another possible explanation for 
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the differences in transpiration rate may be associated with growth conditions, i.e. 
soil culture or solution culture, as suggested by Hattori et al. ( 2008b ). Under drought 
soil conditions, plants generally increase root length and/or root area to achieve a 
better access to water. In solution culture, since the roots are always in contact with 
water, plants need to adapt to water stress by increasing their internal hydraulic 
conductivity (Hattori et al.  2008b ). Therefore, the adaptive responses of plants 
under these two stress conditions (soil vs .  solution) are different, which may affect 
Si-regulated root growth and transpiration.  

7.3.2     Root Water Uptake 

 The complex relationship between transpiration and Si suggests that there might be 
some mechanism besides transpiration that contributes to Si-mediated tolerance to 
environmental stresses. Root water uptake is an important process that maintains the 
water balance in plants. Si may affect root growth and therefore regulate water rela-
tions. Chen et al. ( 2011 ) found that application of Si enhanced the root growth of 
rice under drought conditions. They observed that the total root length, root surface 
area, root volume and root activity were all increased in Si-applied stressed plants. 
Si-mediated enhancement in root growth has also been observed in sorghum under 
drought (Yin et al.  2014 ). Yin et al. ( 2014 ) suggested that the growth enhancement 
of roots was related to the modulation of root plasticity, which were regulated by 
Si-mediated increase in polyamine levels and decrease in ethylene levels. The 
improved root growth can enhance water absorption, which helps to increase plant 
tolerance to drought stress. However, Si-mediated improvement in root growth 
under stress conditions is not observed in every case. For example, Gong et al. 
( 2003 ) observed a positive effect of Si on the shoot growth but not on root growth 
in wheat. Similar results were also observed in cucumber (Hattori et al.  2008b ). 

 There is evidence that Si can affect the hydraulic conductivity of roots. Gao et al. 
( 2004 ) found that the water fl ow rate in xylem vessels of roots in maize was obvi-
ously decreased by Si. In sorghum, Hattori et al. ( 2007 ,  2008a ) found that water 
stress increased the root hydraulic resistance to water fl ow, which was signifi cantly 
decreased by the addition of Si. The underlying mechanism for Si-induced change 
in root hydraulic conductivity is not very clear. 

 Osmotic adjustment plays an important role in root water uptake under water- 
defi cit conditions (Ogawa and Yamauchi  2006 ). Sonobe et al. ( 2011 ) investigated 
the effect of Si on the root water uptake in sorghum under water stress induced by 
polyethylene glycol. They found that the addition of Si decreased the osmotic 
potential of the roots and increased their water content, suggesting the involvement 
of osmotic adjustment in root water uptake in Si-treated plants. Their analysis also 
showed that the active accumulation of soluble sugars and amino acids (alanine and 
glutamic acid) was responsible for the osmotic adjustment. Si-induced improve-
ment in water status and accumulation of soluble sugars in roots were also observed 
in rice (Ming et al.  2012a ,  b ). Proline is one of the important compatible solutes 
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(i.e. organic osmoprotectants compatible with cell metabolism) that are usually 
 accumulated under stress conditions and plays an important role in osmotic adjust-
ment (Nayyar and Walia  2003 ). However, de-Lacerda et al. ( 2003 ) considered the 
increase of proline level as an injury symptom rather than an indication of stress 
tolerance. Pei et al. ( 2010 ) found that the level of proline was increased in wheat 
leaves under water stress, while the addition of Si decreased its accumulation, sug-
gesting that proline accumulation was a symptom of stress injury in their experi-
mental conditions. In sorghum plants, Yin et al. ( 2014 ) observed that proline levels 
were signifi cantly decreased while the sugar levels were increased by Si in the roots, 
and the root osmotic potential was not decreased as a result of Si addition under 
drought, indicating that the osmotic gradient was not involved in Si-mediated 
enhancement of water uptake. It can be concluded that the osmotic adjustment may 
be involved in Si-mediated improvement in water uptake under certain conditions. 
The accumulation of osmoprotectants may be regulated by transcriptional factors, 
as Khattab et al. ( 2014 ) observed Si-mediated enhancement of  DREB2A  and  NAC  
expressions in rice under drought. 

 In root water uptake, aquaporins are major facilitators of water transport in 
plants (Maurel et al.  2008 ). Aquaporins can be subdivided into fi ve subfamilies, i.e. 
the plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), 
small basic intrinsic proteins (SIPs), nodulin26-like intrinsic proteins (NIPs) and 
the uncharacterized X intrinsic proteins (XIPs) (Bienert et al.  2011 ). Among these 
aquaporins, PIPs and TIPs represent the core pathway of water transport between 
and within cells (Maurel et al.  2008 ). Recently, Liu et al. ( 2014 ) found that applica-
tion of Si could increase the root hydraulic conductance and induce the up- 
regulation of PIP gene expressions in the roots of sorghum seedlings under 
water-defi cit stress, suggesting the involvement of Si in the regulation of water 
uptake under water stress. 

 In summary, the regulative role of Si on water retention and the underlying mech-
anisms on its effect on water retention are quite complex. Further studies are needed 
to elucidate the detailed roles of Si in water uptake, transport to water loss in whole 
plants. For example, how Si triggers the up-regulation of gene expression of aqua-
porins remains unclear and warrants investigation. Si can also affect the formation 
of casparian bands in roots (Fleck et al.  2011 ; Vaculík et al.  2012 ). The possible 
impact of root anatomical change on water uptake is also worthy of investigation.  

7.3.3     Silicon-Mediated Membrane Integrity, Stability 
and Functions 

 Cell membrane systems, including plasma membrane and endomembrane system, 
are primary targets of environmental stresses (Agarie et al.  1998 ). In adverse condi-
tions, the maintenance of integrity of cell membranes is crucial for the survival of 
plants. Leakage of electrolytes from the cell has long been used as an indicator of 
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membrane damage. The application of Si has been shown to decrease the leakage of 
electrolytes in drought-/water-stressed plants, such as rice, soybean and wheat 
(Agarie et al.  1998 ; Pei et al.  2010 ; Shen et al.  2010 ), indicating the protective role 
of Si against membrane damage. Ding ( 2006 ) investigated the effect of Si on the 
change of cell structure in drought-stressed wheat leaves. She observed that in the 
absence of Si, a clear plasmolysis phenomenon occurred. In the chloroplast, the 
thylakoids became swollen, and the matrix lamella appeared degraded; when Si was 
fed to the plants, this resulted in a reduction of plasmolysis and improved the chlo-
roplast structure. The improvement of leaf cell ultrastructure was also observed in 
Si-treated rice plants grown under drought conditions (Ming  2012 ). 

 Fluidity is a basic and essential characteristic for the function of cell membranes. 
Huang and Yang ( 1996 ) suggested that proper fl uidity in mitochondrial membrane 
was important to maintain its optimal structure. As discussed in Chap.   6    , Si could 
help to maintain the fl uidity of cell membranes at an optimal state under salt stress. 
However, up to now, there is little information available on the effect of Si on the 
membrane fl uidity in plants under drought or freezing conditions. 

 Membrane fl uidity is infl uenced by several factors such as interactions of pro-
teins and lipids (Huang and Yang  1996 ) and lipid composition (Zhang et al.  2002 ). 
Liang et al. ( 2006 ) observed that salt stress signifi cantly increased the ratio of phos-
pholipids to proteins in the plasma membranes of barley leaves and added Si recov-
ered the ratio to the level of control. This suggests that Si could regulate the ratio of 
phospholipids to protein and therefore fl uidity of plasma membranes. However, it 
is unclear whether the Si-mediated decrease in the ratio of phospholipids to pro-
teins was due to the decease of phospholipid level or increase of protein levels. In 
strawberry, foliar application of Si was reported to increase the amount of mem-
brane lipids under normal conditions (Wang and Galletta  1998 ). Therefore, there is 
a possibility that the added Si increased the levels of both phospholipids and pro-
teins, with the increase of the latter being greater. It is generally known that a 
decrease in fatty acid unsaturation results in a decrease in membrane fl uidity 
(Shinitzky  1984 ). Wang and Galletta ( 1998 ) observed that the application of Si 
increased the ratios of fatty acid unsaturation in glycolipids and phospholipids in 
strawberry. Gong et al. ( 2005 ) reported that the application of Si increased the 
unsaturation of fatty acids, which was decreased under drought stress. Liang et al. 
(Liang et al.  2005 ) observed that the decrease in the ratio of unsaturated to saturated 
fatty acids by the addition of Si corresponded with the decrease of the tonoplast 
fl uidity in the salt-sensitive barley cultivar. However, in the salt-tolerant cultivar, Si 
mediated an increase in the ratio of unsaturated to saturated fatty acids and a 
decrease in tonoplast fl uidity. Therefore, the regulation of Si on the unsaturation 
fatty acids may be cultivar dependent. 

 Membrane composition affects its fl uidity and consequently the activities of 
membrane proteins. In salt-stressed barley, exogenous Si is reported to increase the 
activities of H + -ATPase in plasma membranes and H + -ATPase and H + -PPase in 
tonoplast, which contributed to the exclusion of Na from cytoplasm to apoplast and 
sequestration of Na into the vacuole, respectively (Liang et al.  2005 ,  2006 ). The 
increase of plasma membrane H + -ATPase activity by Si may also contribute to 
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increase nutrient uptake under stress conditions as discussed earlier (Kaya et al. 
 2006 ; Pei et al.  2010 ; Chen et al.  2011 ). In vitro experiments showed that Si had no 
effect on the plasma membrane H + -ATPase, suggesting that the effect of Si on the 
membrane fl uidity and enzyme activity may be secondary (Liang et al.  2006 ). 

 The level of cell wall polysaccharides in the leaves was signifi cantly increased by 
Si in rice (Agarie et al.  1998 ). Si also infl uences other cell wall components, such as 
pectic acid, protein (Schwarz  1973 ), polyphenols and lignin (Raven  1983 ; Fleck 
et al.  2011 ). These fi ndings suggest that Si is involved in the biosynthesis of cell 
wall components, therefore affecting the mechanical properties of cell walls and 
consequently its permeability to water. The effects of Si on the cell wall properties 
may in turn affect the membrane properties (Agarie et al.  1998 ); however, this needs 
to be confi rmed by mechanistic experiments. Si-mediated improvement in mem-
brane integrity and stability in stress conditions is also associated with the increased 
antioxidant defence (see 7.4 in this chapter).   

7.4     Silicon-Mediated Antioxidative Responses 

 ROS-induced oxidation of functional molecules (lipids, protein, etc.) is one of the 
most damaging processes in living organisms (Yordanov et al.  2000 ; Gill and Tuteja 
 2010 ). Numerous studies have shown that Si-mediated plant tolerance against abi-
otic stress such as salt stress and heavy metal stress is associated with decreased 
oxidative damage of functional molecules in the cell (see Chaps.   5     and   6    ). In drought 
conditions, Gong et al. ( 2005 ) also observed that application of Si increased the 
chlorophyll and protein contents in wheat. The double bond index of fatty acids, 
which refl ects its unsaturation, was decreased under drought, while it was signifi -
cantly increased by feeding Si to the plants (Gong et al.  2005 ). Moreover, they 
found that drought stress increased the level of oxidized proteins, which was 
depressed in Si-fed plants. These results suggest that supply of Si can decrease oxi-
dative damage of lipids and proteins under drought stress. Si-mediated decrease of 
lipid peroxidation damage under water stress has also been observed in other plants, 
such as chickpea, sunfl ower, soybean and rice (Gunes et al.  2007 ,  2008 ; Shen et al. 
 2010 ; Ming et al.  2012a ). Under freezing conditions, the increased production of 
malondialdehyde, the end product of membrane lipid peroxidation, could be 
depressed by exogenous added Si, as observed in barley (Liang et al.  2008 ). 

 Si-mediated decrease in oxidative damage is attributed to its regulation on the 
antioxidant defence and decreased level of ROS in plants. Liang et al. ( 2008 ) found 
that, under freezing conditions, addition of Si increased the activities of SOD and 
CAT as well as contents of glutathione (GSH) and ascorbic acid in wheat. They also 
observed a Si-mediated decrease in H 2 O 2  level in the freezing-stressed plants. In 
drought-stressed wheat, Gong et al. ( 2005 ) found that the application of Si increased 
the activities of SOD, CAT and glutathione reductase (GR), but did not change the 
activities of peroxidase (POD) and ascorbic peroxidase (APX), while it decreased 
the H 2 O 2  level in the leaves. The increase of GR activity might contribute to the 
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increased GSH level, as observed in a later study (Pei et al.  2010 ). Gong et al. ( 2005 ) 
also observed a decrease in the acid phospholipase activity in Si-treated plants under 
drought stress, suggesting a decrease of phospholipids deesterifi cation damage in 
stressed plants. Pei et al. ( 2010 ) found that addition of Si increased the ascorbic acid 
concentration in the leaves of water-stressed wheat. In soybean ( Glycine max ) seed-
lings, it was observed that the CAT and POD activities were stimulated and the SOD 
activity was inhibited under drought stress, whereas their activities and H 2 O 2  
 contents were all decreased by Si (Shen et al.  2010 ). Gunes et al. ( 2007 ) reported 
that the effects of Si on the activities of SOD and CAT were cultivar dependent. 
Gong et al. ( 2008 ) investigated the effects of Si on the antioxidant defence responses 
under the conditions of the gradually increasing drought. They found that the effects 
were different at different degrees of drought stress. At booting stage, the SOD 
activity was inhibited and POD activity was stimulated under drought stress, and 
they were not changed by the application of Si, whereas at fi lling stage when the 
drought intensity was stronger, the SOD activity was increased, while the POD 
activity and H 2 O 2  level were decreased in Si-supplied plants (Gong et al.  2008 ). 

 Overall, these fi ndings imply a rather complex mechanism of Si-mediated regu-
lation of antioxidative enzymes’ activities under drought and freezing stresses. The 
differences in regulative roles may be related to plant species, cultivar and stress 
conditions. Despite the complex regulative roles of Si in the antioxidant enzymes 
activities, decreased ROS level was usually observed in Si-supplied plants in stress 
conditions (Gong et al.  2005 ; Gunes et al.  2007 ,  2008 ; Liang et al.  2008 ; Shen et al. 
 2010 ; Ming et al.  2012a ). The observed decreases in the activities of antioxidant 
enzymes by the addition of Si in stressed plants may be associated with the decrease 
of ROS level, when there was no need for plants to increase the antioxidant defence 
capacity (Gong et al.  2008 ).     
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    Chapter 8   
 Silicon-Mediated Tolerance to Other Abiotic 
Stresses 

          Abstract     Silicon (Si) has been reported to mitigate some other abiotic stresses 
such as boron (B) toxicity, potassium (K) and phosphorus (P) defi ciency, iron (Fe) 
defi ciency, excess of nitrogen and phosphorus, UV radiation and fl ooding. In this 
chapter, current knowledge concerning the roles Si may play under such abiotic 
stresses is overviewed. More recently, rapid progress has been made at both the 
physiological and molecular levels in dissecting the mechanisms involved in 
Si-induced root mobilization of Fe from the rhizosphere and acquisition of root 
apoplastic Fe, thereby mitigating Fe-defi ciency chlorosis in strategy 1 plants.  

  Keywords     Boron toxicity   •   Excess of nitrogen and phosphorus   •   Flooding   •   Iron- 
defi ciency chlorosis   •   Potassium and phosphorus defi ciency   •   UV radiation  

8.1               Boron Toxicity 

 Although boron (B) is an essential micronutrient for higher plants, there is only a 
narrow level between critical defi cient and toxic concentrations of B in plant tissues, 
particularly in cereal species (Nable et al.  1990 ; Schnurbusch et al.  2010 ). Boron 
toxicity is a signifi cant agronomic problem in a number of cereal-growing regions 
across the world, mostly in arid and semiarid climate conditions such as West Asia, 
Northern Africa and Southern Australia (Schnurbusch et al.  2010 ). Soil B excess is 
often accompanied by excessive salinity, the conditions conducive to multiple 
stresses such as osmotic stress and chlorine (Cl), sodium (Na) and B toxicity 
(Alpaslan and Gunes  2001 ). Boron is removed more slowly than salt ions during 
leaching (Yermiyahu et al.  2008 ), thereby remaining at excessive concentrations 
even after reclamation of saline soils (Ben-Gal and Shani  2002 ). Besides natural 
occurrence in the soil, B-contaminated irrigation water and mining pollution can 
also be a source of high soil B (Nable et al.  1997 ). 

 The mechanisms of B tolerance and B toxicity are not well understood. Within 
species, large genotypic differences exist in the capacity to tolerate high external B 
concentrations (Paull et al.  1992 ; Nable et al.  1997 ). These differences are based 
primarily on restrictions in B uptake by the roots, thereby restricting translocation 
of B to the shoot, rather than tolerance to high B in tissues (Nable et al.  1997 ). 
In wheat and barley, for instance, root B concentration is reduced in tolerant 
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 genotypes due to exudation of B from roots to soil (Reid  2007 ) via an effl ux B trans-
porter belonging to the BOR family (Miwa et al.  2007 ; Sutton et al.  2007 ). Recently, 
Schnurbusch et al. ( 2010 ) have proposed that tolerance to high soil B is mediated by 
reduced expression of  HvNIP2;1  to limit B uptake. This gene encoding HvNIP2;1, 
an aquaporin from the NIP subfamily, was previously described as a silicon (Si) 
infl ux transporter in barley (see Chap.   4    ). Moreover, differential expression of B 
toxicity tolerance among the genotypes, despite similarly high total concentration 
of B in leaves, seems to be related to a better redistribution of B by effl ux transport-
ers from sensitive symplastic compartments into the leaf apoplast (Reid and 
Fitzpatrick  2009 ). In general, species with high B demand may have also a higher 
capacity to sequester B in the cell walls (Broadley et al.  2011 ). 

 Silicon and B are elements with many similar chemical properties; in aqueous 
solutions both exist as weak, undissociated acids and can complex readily with 
polyhydroxy compounds (Brown et al.  1999 ; Kinrade et al.  1999 ). Plants take up Si 
as uncharged monosilicic acid ( pK   a   of 9.8) and B as boric acid ( pK   a   of 9.2), either 
passively or actively, which closely depends on the external concentration. Due to 
these similarities, interactions between Si and B are possible, but there is little infor-
mation available regarding this aspect. 

 Dicots and graminaceous species differ not only in their capacity for Si shoot 
accumulation but also in their B demand, which is inversely related (Table  8.1 ). In 
barley, genotypical differences in restriction of uptake by roots and transport of B 
into the leaves are closely correlated with similar restrictions in uptake and transport 
of Si (Nable et al.  1990 ). Liang and Shen ( 1994 ) reported that under conditions of 
adequate or excess B concentrations, Si supply led to a decrease in B uptake, 
whereas under conditions of B defi ciency, Si supply enhanced B uptake in oilseed 
rape. In  Lilium longifl orum , Si supply increased the range between critical defi -
ciency and toxicity for B (Polster and Schwenk  1992 ). However, in cucumber, Si 
supply had no effect on total B concentration of leaves, but infl uenced distribution 
of B between symplastic and apoplastic compartments, especially at high B supply 
(Wiese et al.  2007 ). In fact, more B was bound to the cell wall, and less B was in the 
cell sap of leaves of Si-treated plants, which was further correlated with a lower B 
concentration of the apoplastic fl uid. Amendment of Si to high B soil effectively 

   Table 8.1    Shoot concentrations of Si and B in different graminaceous and dicotyledonous species   

 Plant species  Si concentration (mg g −1  dw)  B concentration (μg g −1  dw) 

 Rice  41  7 
 Barley  30  8 
 Wheat  26  7 
 Maize  23  10 
 Soybean  12  29 
 Sunfl ower  7  38 
 Grapevine  5  42 
 Tomato  3  60 
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mitigated B toxicity in spinach, wheat and barley by decreasing root-to-shoot 
 translocation of B and in addition by preventing reactive oxygen species (ROS) 
membrane damages due to modulation of the activities of antioxidative enzymes 
(Karabal et al.  2003 ; Gunes et al.  2007a ,  b ,  c ; Inal et al.  2009 ). Also, Si alleviates 
the concomitant adverse effects of salinity/sodicity (Na ions) and B toxicity on bar-
ley and grapevine ( Vitis vinifera ) rootstocks (Gunes et al.  2007a ; Soylemezoglu 
et al.  2009 ).

8.2        Potassium and Phosphorus Defi ciency 

 Potassium (K) defi ciency reduces mechanical stability, nutritional quality, drought 
tolerance and crop resistance to pathogens (Liebersbach et al.  2004 ; Pettigrew 
 2008 ). Potassium defi ciency also leads to oxidative stress, as evidenced by accumu-
lation of ROS and membrane lipid peroxidation (Cakmak  1994 ,  2005 ). On the other 
hand, the ameliorative effect of Si on plants suffering from abiotic stresses often 
occurs through counteracting oxidative stress by modulating antioxidant enzymes 
(Liang et al.  2007 ). It has been reported that application of Si fertilizers improved 
growth, yield and quality as well as the overall nutritional status of different crops 
(see Chap.   10    ). Yet, a direct role of Si in mediating K defi ciency has not been uncov-
ered. The preliminary study of Miao et al. ( 2010 ) demonstrates that the application 
of Si- to K-defi cient soybean ( Glycine max ) plants improved both internal K status 
and plant growth. In addition, Si also alleviated K-defi ciency-induced membrane 
lipid peroxidation and oxidative stress by modulating antioxidant enzymes. 

 Soil-available phosphorus (P) is often low, especially in acid soils, because of its 
poor solubility, sorption and slow diffusion (Marschner  1995 ). Over 50 % of the 
cultivated land across the world is P defi cient (Vance  2001 ). Most of the phosphate 
used in mineral fertilizers is derived from rock phosphate as a non-renewable 
resource; globally these resources are predicted for the next 50–100 years, assuming 
an increased use of P fertilizers to meet food requirements of a fast-growing world 
population (Cordell et al.  2009 ; Gilbert  2009 ). 

 The root exudation of carboxylates (mainly citrate and malate) and phenolic com-
pounds (e.g. fl avonoids) has been considered as the major root response to mobilize 
sparingly soluble P in the rhizosphere (for review see: Neumann and Römheld  2007 ; 
Cesco et al.  2010 ). However, the underlying mechanism involved in biosynthesis 
and subsequent exudation of organic acids in response to P defi ciency and/or Al 
excess in acid soils remains unclear (e.g. Ryan et al.  1997 ; Li et al.  2000 ; Kochian 
et al.  2004 ; Neumann and Römheld  2007 ). The enhanced activity of phosphoenol-
pyruvate carboxylase (PEPC) appears to be a key Pi-independent metabolic bypass 
reaction of organic acid biosynthesis in P-defi cient plants, to achieve a more eco-
nomic internal P utilization under conditions of P limitation (Theodoru and Plaxton 
 1993 ; Plaxton  1998 ). However, this mechanism has not been proven in many plant 
species. For instance, unlike in white lupine, P defi ciency did not enhance exudation 
of carboxylates by wheat roots despite an increased PEPC  activity (Neumann and 
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Römheld  1999 ). Root P uptake is mediated by high-affi nity plasma membrane (PM)-
associated Pi transporters. In general, the expression of Pi transporter genes ( PHTs , 
formerly known as  PTs ) is upregulated under P deprivation (e.g. Karthikeyan et al. 
 2002 ; Tittarelli et al.  2007 ), although some environmental factors may alter their 
expression (Catarecha et al.  2007 ; Glassop et al.  2005 ; Kostic et al.  2015 ). 

 Benefi cial effects of Si under P-defi ciency stress have been recorded on various 
graminaceous species such as wheat ( Triticum aestivum ), rice ( Oryza sativa ), maize 
( Zea mays ), barley ( Hordeum vulgare ) and pasture grasses grown in both soil and 
hydroponic conditions (Rothbuhr and Scott  1957 ; Ma and Takahashi  1989 ,  1990a , 
 b ,  1991 ; Owino-Gerroh and Gascho  2004 ; Ma  2004 ; de Melo et al.  2007 ; Eneji et al. 
 2008 ; Yang et al.  2008 ; Abro et al.  2009 ). In a long-term fi eld experiment conducted 
at the Rothamsted Experimental Station, when P fertilizers were not applied, yield 
of barley from a fi eld fertilized with Si was higher than in a fi eld without Si amend-
ment (Fisher  1929 ). Such benefi cial effects of Si have been attributed through the 
varied and even contradictory explanations, including competitive sportive interac-
tion and exchange of these two elements (Smyth and Sanchez  1980 ), an enhance-
ment of soil P availability by increasing soil pH (Roy et al.  1971 ; Owino-Gerroh and 
Gascho  2004 ) and decrease of metal uptake (e.g. Mn, Fe, Al, Cd), thus indirectly 
improving P utilization by plants (Ma and Takahashi  1990a ; Liang et al.  2005 ). 
Different experimental materials and conditions could be an important reason for 
such varied explanations in the literature. 

 Phosphorus sorption is the major cause of P defi ciency in acid soils. Phosphate 
(H 2 PO 4  − ) anions are specifi cally adsorbed onto hydrated Fe and Al oxides by replac-
ing OH groups from the coordination sphere of the metals (Hingston et al.  1967 ; 
Obihara and Russell  1972 ). The chemical competition between H 2 PO 4  −  and silicate 
(H 3 SiO 4  − ) anions for the sorption sites has been demonstrated in soils resulting in 
displacement of Si by P, and  vice versa  (Obihara and Russell  1972 ; Smyth and 
Sanchez  1980 ). Freshwater eutrophication, as a possible way of internal P loading 
under aerobic conditions, has been attributed to Si-induced mobilization of P from 
anion exchange sites in sediments (Tuominen et al.  1998 ; Tallberg et al.  2009 ). 
Although theoretically possible, the ability of Si to compete P for the sorption sites 
is highly pH dependent, since  pK   a   value of orthosilicic acid is much higher than that 
of orthophosphoric acid (9.8 and 2.1, respectively). Therefore, it is unlikely that 
such interaction between H 3 SiO 4  −  and H 2 PO 4  −  may occur in agriculture soils. Indeed, 
the experiments of Ma and Takahashi ( 1990b ,  1991 ) did not confi rm that increasing 
amount of applied Si could affect either fi xation capacity or availability of soil 
P. Moreover, the uptake of P was also not affected by the Si supply at a low P level 
in both soil and solution culture (Ma and Takahashi  1990a ,  b ,  1991 ). Therefore, Ma 
( 2004 ) proposed that the larger benefi cial effect of Si on plant growth under 
P-defi ciency stress was attributed to the enhanced availability of internal P through 
the decrease of excess Fe and Mn uptake. 

 On the contrary, the recent experiments on acid soils showed that supply of dif-
ferent Si sources increased readily available P fraction followed by decreasing of 
Al- and Fe-bound fractions in wheat rhizosphere (Kostic et al.  2015 ). Moreover, 
application of Si in acid soil resulted in enhancement of the expressions of 
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P-defi ciency-related genes encoding phosphoenolpyruvate carboxylase (PEPC), the 
organic anion effl ux transport proteins, i.e. multidrug and toxic compound extrusion 
1 (MATE1) and Al-activated malate transporter 1 (ALMT1), and high-affi nity Pi 
transporters (PHT1.1 and PHT1.2) in wheat roots (L. Kostic and M. Nikolic, unpub-
lished). Consequently, the leaf P concentration in Si-treated wheat plants without P 
application achieved the range of that in P-fertilized plants (Fig.  8.1 ).

8.3        Iron Defi ciency 

 Despite being the fourth most abundant element in the Earth’s crust, iron (Fe) defi -
ciency is one of the major limiting factors for crop production in calcareous soils all 
over the world (Vose  1982 ). The overall processes of Fe acquisition by roots have 
been described in terms of two basic strategies to cope with Fe defi ciency (Fig.  8.2 ; 
for review see Römheld and Nikolic  2007 ). Strategy 1 plant species (dicots and 
nongraminaceous species) respond to Fe defi cit by undergoing both morphological 
and physiological changes. Morphological changes include an increase of the root 
surface characterized by the formation of lateral roots, root hairs in the apical zone, 
and the development of transfer cells (Schmidt  1999 ). All the components of strat-
egy 1 root uptake machinery are upregulated proteins, i.e. PM-bound Fe III  chelate 
reductases [ferric reductase oxidase (FRO) family; Jeong and Connolly  2009 ], Fe II  
PM transporter [iron-regulated transporter (IRT); Vert et al.  2002 ] and PM proton 
pump of the HA family P-type H + -ATPase, which mediates acidifi cation of the rhi-
zosphere (Santi and Schmidt  2009 ). This acidifi cation serves not only to make rhi-
zosphere iron more available but also to facilitate the required FRO activity (Wu 
et al.  2005 ). Many strategy 1 species also enhance root exudation of low-molecular- 
weight compounds (e.g. carboxylates, phenolics and fl avins), which can increase Fe 
availability due to chelation and potential reduction of Fe III . Instead of the reduction- 
based Fe acquisition, graminaceous species (strategy 2 plants) developed the 
chelation- based mechanism of Fe uptake to cope with Fe-defi cient conditions. This 

  Fig. 8.1    Effect of Si supply 
on shoot P concentration of 
wheat plants grown in the 
acid soil (Based on Kostic- 
Kravljanac  2015 )       
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includes the root biosynthesis and release of natural Fe(III) chelators such as the 
mugineic acid (MA) family of phytosiderophores (PSs) that chelate sparingly solu-
ble Fe from the rhizosphere. The PS–Fe(III) complex is subsequently taken up by 
specifi c transporters belonging to yellow stripe-like (YSL) family of proteins, which 
also contribute to shoot transport and seed deposition of Fe (Curie et al.  2009 ). 
Nicotianamine (NA) is not only a precursor of PS biosynthesis (strategy 2 plants), 
but being a strong chelator of Fe(II), it plays a major role in symplastic homeostasis 
and phloem transport of Fe in plants (Haydon and Cobbett  2007 ).

   Rapid progress has been made predominantly in elucidating the mechanisms of 
how Si mediates metal excess (see Chap.   5    ), whereas limited information is avail-
able on the relevance of Si nutrition under lack of Fe and other micronutrients. This 
is partly due to the fact that root responses to Fe defi ciency have so far been studied 
and characterized mainly in nutrient solution experiments in which Si was omitted. 
Recently it has been reported that the addition of Si to the nutrient solution is able 
to mitigate Fe-defi ciency chlorosis in strategy 1 plants such as cucumber, pumpkin 

  Fig. 8.2    Strategies for acquisition of Fe in response to Fe defi ciency in strategy 1 (dicots and 
nongraminaceous species) and strategy 2 (graminaceous species) plants       
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and soybean (Bityutskii et al.  2010 ; Pavlovic et al.  2011 ,  2013 ; Gonzalo et al.  2013 ). 
Interestingly, Si also prevented Fe chlorosis in tomato ( Lycopersicon esculentum ), 
which is known as a Si-excluder species (Fig.  8.3 ). However, Si supply had no effect 
on the nutritional status of zinc (Zn) and Mn, although it diminished leaf necrosis 
symptoms (Bityutskii et al.  2014 ), which is most probably due to an indirect effect 
of Si on enhancing antioxidant defence capacity in plant tissues.

   Pavlovic et al. ( 2013 ) are the fi rst to demonstrate Si-induced increase of the root 
apoplastic Fe pool, together with the enhanced expression levels of the proteins 
(FRO2, IRT1 and AHA1) involved in reduction-based Fe uptake (Fig.  8.4 ). 
Moreover, in Fe-defi cient cucumber roots, Si infl uenced the genes involved in the 
carboxylate, shikimate and phenylpropanoid metabolism, thus resulting in enhanced 
accumulation of Fe-chelating compounds (organic acids and phenolics) for 
improved Fe mobilization from the rhizosphere and reutilization of root apoplastic 
Fe (Pavlovic et al.  2013 ). Application of Si also facilitated mobility and xylem 
translocation of Fe towards shoot, along with tissue accumulation of Fe-mobilizing 
compounds such as citrate (xylem sap, root and shoot tissues) or catechins (in roots) 
(Pavlovic et al.  2013 ; Bityutskii et al.  2014 ). Very recently, Nikolic’s group has 
demonstrated that Si enhanced remobilization of labelled  57 Fe from old to younger 
leaves of cucumber, accompanied by Si-induced expression of genes encoding both 
NA biosynthesis and YSL transporters responsible for symplastic Fe unloading in 
leaves and phloem transport of the Fe–NA complex (Pavlovic et al.  2014 ). Based on 
these new fi ndings, the alleviating effect of Si appears to be more indirect, by affect-
ing activation of Fe-defi ciency-associated genes responsible for enhanced root 
acquisition and tissue mobilization of Fe.

   The alleviating effect of Si in strategy 2 plants is still under debate. Bityutskii 
et al. ( 2010 ) reported that addition of Si to the nutrient solution did not effectively 
mitigate Fe-defi ciency chlorosis in maize and barley (strategy 2). In contrast, 
Nikolic’s group has obtained opposite experimental evidence for maize plants 
(Fig.  8.5 ), even though this information is preliminary.

  Fig. 8.3    Root application of Si mitigates symptoms of Fe-defi ciency chlorosis in tomato, 
Si-excluding, Fe-strategy 1 species (Photograph by Miroslav Nikolic)       
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   Although still in progress, these fi ndings provide not only new evidence for the 
manifold benefi cial role of Si in plant nutrition but, in perspective, can also be of 
practical importance in the development of new sustainable strategies for control-
ling Fe chlorosis in calcareous soils, which in general are low in available Si (Liang 
et al.  1994 ).  

8.4     Excess of Nitrogen and Phosphorus 

 Overall, supply of Si is, in particular, of importance for the cultivation systems with 
dense planting and high nitrogen (N) application. To attain high yields, modern crop 
cultivars require large amounts of N fertilizers. However, excess N causes lodging, 
mutual shading and susceptibility to biotic stresses. Lodging is a major constraint to 

  Fig. 8.4    Effect of Si supply on Fe-defi ciency responses of cucumber roots during 7 days of Fe 
deprivation (From Pavlovic et al.  2013 ). FRO activity ( a );  FRO2  relative expression ( b );  IRT1  rela-
tive expression ( c );  AHA1  relative expression ( d ). –Si ( black bars ); +Si ( grey bars ). Plants were 
pre-cultured in complete nutrient solution (10 μM Fe) –Si or + Si (1.5 mM) for 7 days and then 
transferred to Fe-free nutrient solution –Si or + Si (1.5 mM)       
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rice production, especially in high-yielding cultivars, because it causes loss in grain 
yield and quality and has some indirect effects such as hindering harvesting opera-
tion (Fallah  2012 ). Deposition of silica in rice increases the thickness of the culm 
wall and the size of the vascular bundle, preventing lodging during typhoons in 
Japan (Ma et al.  2001 ). A lodging-resistant wheat cultivar has been shown to have a 
higher Si content in the culm epidermis than a lodging-sensitive one (Gartner and 
Paris-Pireyre  1984 ). Supply of Si counteracts the negative effects of an increasing 
nitrogen supply on stalk stability and lodging susceptibility of rice (Sadanandan and 
Varghes  1968 ; Idris et al .  1975 ; Balasta et al .  1989 , also see Fig.  8.6 ). Also in dicoty-
ledonous species, such as cucumber, Si increases the rigidity of mature leaves, 
which are held more horizontally, increases their chlorophyll content and delays 
their senescence (Adatia and Besford  1986 ). Leaf erectness is an important factor 
affecting light interception in dense plant stands. In rice, leaf erectness decreases 
with increasing N supply, while Si increases leaf erectness (Fig.  8.7 ) and thus to a 
large extent counteracts the negative effects of high N supply on light interception 
(Marschner  1995 ). The occurrence of blast disease is signifi cantly inhibited by Si 
application in over-fertilized rice fi eld (Ohyama  1985 ). These aspects are discussed 
in more detail in Chap.   9    . Excessive application of N fertilizers also results in 
increase of protein content in rice, and thus adequate supply of Si is important in 
producing low-protein rice (Morimiya  1996 ).

    Excess P stress can hardly occur in natural soils but was observed in some green-
house soils where P fertilizer had been heavily applied or in hydroponic culture 
where a high P concentration was supplied (Ma  2004 ). It is well known that excess 

  Fig. 8.5    Root application of Si mitigates symptoms of Fe-defi ciency chlorosis in maize, 
Si-accumulating, Fe-strategy 2 species (Photograph by Dragana Nikolic)       
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P might lead to P-induced Zn defi ciency showing typical symptoms like leaf chlo-
rosis and necrosis (Cakmak and Marschner  1987 ). In cucumber, application of Si 
alleviated the symptoms caused by P excess, resulting in an increase in the propor-
tion of water-soluble to total Zn and an avoidance of toxic P accumulation 
(Marschner et al.  1990 ). Also, Marschner et al. ( 1990 ) demonstrated that a reduc-
tion of P supply as well as an increase in Zn supply prevented this disorder. They 

  Fig. 8.6    Benefi cial effect of Si fertilization on resistance against rice lodging in a calcareous 
paddy soil amended with heavy nitrogen (Photography by Yongchao Liang)       

  Fig. 8.7    Effect of Si supply 
of 3 mM on the leaf erectness 
(expressed as leaf openness; 
angle between the culm and 
the lamina) in rice plants at 
fl owering grown at different 
 N  levels. Means of three rice 
cultivars recalculated from 
data of Yoshida ( 1969 )       
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postulated that Si supply might increase Zn availability within the leaves and in 
particular in the leaf apoplast. However, an increase in the ratio of water-soluble to 
total Zn content by Si application has not been confi rmed in the experiments of 
Rogalla ( 2001 ). Therefore, Si-mediated increase in internal Zn availability seems to 
be achieved only under very specifi c conditions (Wiese et al.  2007 ). Another expla-
nation is that Si deposited in the endodermal cells of roots (e.g. Lux et al.  2003 ) may 
form apoplastic barriers against the radial movement of P across the root, thus 
decreasing the excessive uptake of P when the P concentration in the medium is 
high (Ma  2004 ). The Si-induced decrease of P uptake has been observed not only in 
rice (Ma and Takahashi  1990a ) but also in some Si non-accumulating plants such as 
tomato, soybean, strawberry ( Fragaria vesca ) and cucumber ( Cucumis sativus ) (Ma 
et al.  2001  and references therein).  

8.5     UV Radiation 

 The depletion of the stratospheric ozone layer is leading to more solar ultraviolet B 
(UV-B) radiation reaching the Earth (Madronich et al.  1998 ). In general, UV-B neg-
atively affects plant cells, causing generation of ROS such as superoxide anion radi-
cals (O 2  − ), hydrogen peroxide (H 2 O 2 ), hydroxyl radicals (·OH) and singlet oxygen 
(O 2 ). However, some plant species were unaffected, while in several species UV-B 
showed even stimulating effects on plant growth (Kakani et al.  2003 ). Plant sensitiv-
ity to UV radiation stress was infl uenced by water regime and nutrient status 
(Balakumar et al.  1993 ). Drought stress has been considered an important environ-
mental factor to induce plant sensitivity to UV radiation (Alexieva et al.  2001 ). 
Under the exposure to high UV radiation, plants increase biosynthesis of phenolic 
compounds to absorb UV by the presence of carbonyl and hydroxyl groups, hence 
directly protecting their internal tissues from injury (Rozema et al.  1997 ; Winkel- 
Shirley  2002 ; Treutter  2005 ). 

 It is well documented that enhanced Si supply lowers stress induced by UV-B 
radiation in different plant species, including rice, soybean and wheat (Goto et al. 
 2003 ; Li et al.  2004 ; Fang et al.  2011 ; Shen et al.  2010 ; Yao et al.  2011 ). In leaves, 
Si is deposited in the space immediately beneath the cuticle layer, forming a cuti-
cle–Si double layer in leaf blades (Hodson and Sangster  1988 ; Ma and Yamaji  2006 ; 
Currie and Perry  2007 ; Schaller et al.  2012 ). Such Si double layer may act like a 
glass layer and decrease the further transmission of UV radiation from the epider-
mis (Gatto et al.  1998 ). It still remains unclear whether the protective role of Si is 
associated with the plant’s ability to increase formation of Si double layer in 
response to the UV-B or only a side effect of species-specifi c variations of Si accu-
mulated in plants. Also, the role of Si in the metabolic response to UV radiation 
stress such as biosynthesis of low-molecular-weight UV-absorbing compounds (e.g. 
phenolic acids and fl avonoids) is still not clear. For instance, Goto et al. ( 2003 ) 
reported that Si application increased Si deposits in rice leaves, but decreased cin-
namyl alcohol hydrogenase activity and accumulation of ferulic and p-coumaric 
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acids in leaf blades. Thus, Si-treated rice plants had lower UV absorbance around 
320 nm via carbonyl groups or conjugated carbonyls of phenolic acids in the most 
cell types of leaf blades. It is possible that Si acts indirectly by enhancement of 
antioxidative enzyme activities and thereby contributes to higher ROS consump-
tion. Furthermore, the experiment of Shen et al. ( 2010 ) showed that application of 
Si decreased lipid peroxidation, activities of the antioxidative enzymes and genera-
tion of H 2 O 2  in soybean seedlings subjected to UV-B radiation stress (Table  8.2 ). 
Therefore, UV absorption due to the optical properties of accumulated Si might be 
an advantage with respect to the energy demand for producing UV-absorbing sub-
stances, as the alternative protection measure against UV radiation (Schaller et al. 
 2013 ).

8.6        Flooding 

 Despite the fact that rice normally grows under anaerobic soil conditions, the exact 
role of Si in alleviating fl ooding stress is still unclear. Wetland plants possess diverse 
anatomical, morphological and physiological features that maintain aerobic metab-
olism and growth and thereby survival in waterlogged soils under anaerobic and 
reductive conditions. Rice, like other wetland species, is adapted to a low-oxygen 
environment by the internal aeration of root via the aerenchyma, which provides a 
low-resistance pathway for the diffusion of oxygen within the root (Colmer  2003 , 
 2006 ). To counteract the diffusion of oxygen from the root to the anaerobic rhizo-
sphere, rice roots contain higher amounts of suberin and lignin in the outer root 
parts, forming a stronger barrier to radial oxygen loss (Kotula et al.  2009 ). Lignin 
and suberin metabolism in plants shares the phenylpropanoid pathway. Parts of this 
metabolic pathway were enhanced by Si supply in plants subjected to various 
stresses (e.g. Kidd et al.  2001 ; Cai et al.  2008 ; Führs et al.  2009 ; Pavlovic et al. 
 2013 ). The effects of Si on rice root anatomy (e.g. development of casparian bands 
in the exodermis and endodermis), and on the transcription of genes related to 
suberin and lignin biosynthesis, have recently been demonstrated (Fleck et al.  2011 ). 

   Table 8.2    Effect of Si supply on chlorophyll content, net photosynthetic rate ( Ps ), lipid 
peroxidation, catalase (CAT) activity and H 2 O 2  concentration in leaves of soybean exposed to high 
UV-B radiation   

 Treatment 
 Chlorophyll 
(mg g −1  fw) 

  Ps  (μmol 
CO 2  
m −2  s −1 ) 

 Lipid 
peroxidation 
(MDA nmol 
g −1  fw) 

 H 2 O 2  
(μmol g −1  fw) 

 CAT (u g −1  
fw min −1 ) 

 Control  −Si  1.6  8.7  0.4  220  24 
 +Si  1.8  9.2  0.5  240  26 

 UV  −Si  0.2  2.6  0.9  490  98 
 +Si  1.4  3.0  0.6  360  36 

  Based on Shen et al. (2010)  
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 In addition, under reductive conditions of fl ooded soils, the concentrations of 
readily available Fe(II) and Mn(II) are high, and plants can suffer from Fe and/or 
Mn toxicity (Marschner  1995 ). Silicon nutrition of rice plants also increased the 
oxidation power of submerged roots (Fig.  8.8 ), leading to an oxidation of Fe 2+  and 
Mn 2+  ions and their subsequent precipitation on the root surface, thereby decreasing 
Fe and Mn uptake (Okuda and Takahashi  1961 ). In plant tissues, excess Fe and Mn 
can induce production of ROS through nonenzymatic Fenton-like reaction (for 
details see Chap.   5    ). Indeed, under conditions of soil fl ooding, the application of Si 
decreases the intensity of ROS destruction in barley roots, however without signifi -
cant changes in the activities of antioxidant enzymes (Balakhnina et al.  2012 ).
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    Chapter 9   
 Silicon and Plant–Pathogen Interactions 

          Abstract     The benefi cial effects of silicon (Si) at preventing plant diseases have 
been known for many decades, and the list of plant–pathogen interactions infl u-
enced by Si keeps expanding. However, it is quite evident that the prophylactic 
properties of Si will vary greatly depending on the plant and the pathogen. The 
recent discovery of Si-specifi c transporters in rice roots has been instrumental in 
identifying plants that possessed such transporters and were thus genetically dis-
posed to accumulate Si in their tissues and benefi t more from Si amendments. For 
the same reason, soil applications of Si lead to signifi cantly more Si accumulation 
in plant tissues than foliar applications and are likely to yield better results. An issue 
that has received less attention is the specifi city of Si with respect to plant patho-
gens. Based on the literature, there is an overwhelming abundance of reports 
describing the positive effects of Si against fungal pathogens compared to bacteria, 
virus or nematodes. Among fungal pathogens, those described as biotrophic or 
hemibiotrophic, such as powdery mildews and  Magnaporthe grisea,  appear to be 
better controlled by Si. The reasons behind this apparent specifi city are still unknown 
but recent data suggest that Si would interfere with effector proteins released by 
those pathogens, thus allowing the plant to mount better defence reactions. Our 
recent progress at understanding Si properties will contribute to optimizing its use 
in the context of sustainable agriculture.  

  Keywords     Absorption   •   Biotrophic pathogens   •   Effector proteins   •   Mode of action   
•   Silicon properties  

9.1               Introduction 

 Experimental evidence dating back to 1860 has convincingly shown that most 
plants, with the notable exception of horsetail, can complete their life cycle without 
silicon (Si) (Epstein  1999 ). The nutritional role of Si in plant metabolism appears to 
be limited, and certainly, its essentiality in plant growth has not been clearly estab-
lished (Epstein  1994 ,  1999 ,  2001 ). Nevertheless, there has been accumulating evi-
dence that Si absorption plays an important function in alleviating biotic and abiotic 
stresses. Many reports have implicated Si with improved plant growth in situations 
of nutrient defi ciency or excess (Bloemhard and Van Moolenbroek  1994 ; Datnoff 
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et al.  2001 ), and more commonly, Si fertilization has been linked to increased 
 resistance of plants to diseases, namely, in the case of powdery mildew pathogens 
on wheat ( Triticum aestivum ) (Leusch and Buchenauer  1989 ; Bélanger et al.  2003 ), 
barley ( Hordeum vulgare ) (Jiang et al.  1989 ), rose ( Rosa rugosa ) (Shetty et al. 
 2012 ), cucumber ( Cucumis sativus ) (Wagner  1940 ; Miyake and Takahashi  1983a ; 
Adatia and Besford  1986 ; Menzies et al.  1991 ; Samuels et al.  1991a ,  b ), muskmelon 
( Cucumis melo ), zucchini squash ( Cucurbita pepo ) (Menzies et al.  1992 ), grape 
( Vitis vinifera ) (Bowen et al.  1992 ) and dandelion ( Taraxacum mongolicum ) 
(Bélanger et al.  1995 ) and for other diseases such as blast ( Pyricularia grisea ) and 
brown spot ( Bipolaris oryzae ) on rice ( Oryza sativa ) (Datnoff et al.  1997 ; Rodrigues 
et al.  2003a ,  b   ; Rodrigues et al.  2004 ; Sun et al.  2010 ; Ning et al.  2014 ), Fusarium 
wilt (Miyake and Takahashi  1983b ) and root rots (Chérif et al.  1992a ,  1994 ). 

 Despite the accumulating scientifi c evidence of the benefi ts of Si in agriculture, 
use of Si products or amendments is still misunderstood because of the many intri-
cacies surrounding Si properties, absorption and effi cacy. In this chapter, we will 
review the latest scientifi c developments in terms of Si research and plant protec-
tion, in an effort to clarify the prophylactic role of Si.  

9.2     Soil Versus Foliar Applications 

 One of the most controversial issues surrounding Si use and properties relates to its 
application. Given the diffi culties in applying Si in the form of silicic acid to the root 
system, it has been suggested that foliar applications could overcome these limita-
tions and confer the same benefi ts. Some companies have developed some Si-based 
products specifi cally for foliar applications. 

 The current debate regarding the effi cacy of Si as foliar applications lies in two 
main areas: absorption and mode of action. As explained above, root transporters 
that carry Si to the plant’s upper parts mediate Si absorption. It is well known that 
plants that absorb the most Si are the ones that respond the best to Si feeding, so it 
would be fair to conclude that Si absorption is essential for a plant to derive benefi ts 
from it. Herein lies the problem because there is no strong evidence that plants can 
absorb Si through the leaves, which would render foliar applications much less use-
ful. As a matter of fact, recent studies have shown that foliar applications will not 
lead to signifi cant amounts of Si being absorbed in plants compared to root applica-
tions. This was particularly true in the case of wheat where plants sprayed with a Si 
solution did not accumulate more Si than controls (Guével et al.  2007 ). Expectedly, 
the prophylactic effects of Si were signifi cantly more benefi cial on plants where Si 
was fed through the roots and that had absorbed high amounts of Si. Similar results 
were recently reported with soybean in trials against soybean rust (Rodrigues et al. 
 2009 ). 

 Despite the overwhelming evidence that root applications of Si will lead to 
higher absorption and better prophylactic results, there is still a movement, both 
commercial and scientifi c, to promote the benefi ts of foliar applications of Si. This 
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situation has created a climate of confusion about Si and its properties because, 
under the premise of a similar active ingredient, we have two completely distinct 
phenomena at play. It is therefore important to categorize each one of them in order 
to better understand how foliar and root applications of Si interact with the plant. 

 In the case of foliar applications, the literature does indeed contain reports of 
disease control with Si-based solutions. In most cases, the best results have been 
obtained against foliar pathogens such as powdery mildews. However, very few 
studies have looked into the mechanisms behind the process, or even if treated 
plants absorbed Si. Those that did showed conclusively that plants did not absorb Si 
under foliar treatments (Liang et al.  2005 ; Guével et al.  2007 ; Rodrigues et al. 
 2009 ). In an interesting experiment where Hoagland’s solution was used as a con-
trol, the authors showed that powdery mildew repression was similar with the latter 
solution as with the solution made from potassium silicate. Incidentally, salt sprays, 
including potassium salts such as potassium carbonates and potassium phosphates, 
have been reported many times to reduce disease incidence with particular emphasis 
on powdery mildews (Reuveni and Reuveni  1995 ; Bélanger and Labbé  2002 ; Ehret 
et al.  2002 ), an observation in line with the results obtained with Hoagland’s solu-
tion. Liang et al. ( 2005 ) suggested that disease reduction caused by foliar sprays of 
potassium silicate was the result of an osmotic effect on spores germinating at the 
leaf surface. Based on this evidence, it thus appears that any foliar sprays of salts, 
and more specifi cally potassium salts, including potassium silicate, can afford a 
certain control of disease incidence as a result of a direct effect on the pathogen 
rather than one mitigated by the plant. As such, while it is acknowledged that Si 
foliar sprays can yield positive effects against some pathogens, these effects do not 
appear to be related to the unique and intrinsic properties of Si  in planta  and should 
therefore be discussed in a separate context.  

9.3     Silicon Specifi city with Plants 

 As discussed in Chap.   4    , the protective role of Si against plant pathogens will be 
greatly infl uenced by the ability of the plant species under treatment to absorb the 
element. For this reason, some plant species will not respond to a Si treatment and 
results will often be interpreted as a failure by Si to confer protection, rather than a 
biological limitation. It is therefore always important to make sure that a plant is Si 
competent before exposing it to the element. As a general rule, all monocots are Si 
accumulators, and all studies done to date confi rm that they do carry the infl ux 
genes for Si transport. For dicots, the picture is not as clear as most dicots are unable 
to accumulate Si due to the absence of the specifi c NIPs required for Si infl ux. For 
instance, the model plant Arabidopsis will only accumulate limited amounts of Si if 
fed with the element because it lacks NIPIIIs (Montpetit et al.  2012 ). Notable excep-
tions among dicots are the Cucurbitaceae that are well known to benefi t from Si 
feeding. Not surprisingly, the fi rst Si transporters in dicots were found in that family 
(Mitani and Ma  2005 ). More recently, Si transporters have been described in 
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soybean, a result congruent with reports of Si accumulation and protective effect in 
the species (Deshmukh et al.  2013 ). As more genomic data become available, it will 
become easier to precisely classify a plant as Si accumulator or not, simply on the 
presence of aquaporins permeable to silicic acid.  

9.4     Silicon Specifi city with Pathogens 

 Another confusing issue about Si relates to its specifi city in terms of plant patho-
gens that are controlled by a treatment. Assuming a starting premise with a plant 
that is Si competent, the prophylactic properties of Si appear to be more effi cient 
against biotrophic or hemibiotrophic fungal pathogens. Interestingly, very few stud-
ies have ever compared the relative effi ciency of Si against different plant pathogens 
simultaneously but the literature contains a lot more reproducible and convincing 
data against plant pathogens that are classifi ed as having a biotrophic phase. For 
instance, powdery mildews, strict biotrophs, are particularly well controlled by Si, 
and the list of plants benefi ting from this effect is only limited by the host range of 
powdery mildews and the ability of a given plant to absorb Si. Among hemibio-
trophs, rice blast, caused by the fungus  Magnaporthe grisea , and brown spot caused 
by  Bipolaris oryzae  (Ning et al.  2014 ) are arguably the most commonly reported 
diseases to be controlled by Si. However, even though less numerous, there are 
reports of effi cacy against necrotrophs. More specifi cally, pathogens such as 
 Rhizoctonia solani  on rice (Rodrigues et al.  2003b ) and  Pythium ultimum  on cucum-
ber (Chérif and Bélanger  1992 ) have been delayed in their development when inoc-
ulated on plants treated with Si. In the latter case, the prophylactic effects were 
rather modest and short lasting, but measurable. These limited examples associating 
Si with protection against necrotrophs have been suffi cient to label Si as conferring 
broad-spectrum disease resistance in plants (Van Bockhaven et al.  2013 ), but the 
reality remains that there is an overwhelming bias toward biotrophs and 
hemibiotrophs. 

 Interestingly, the literature contains limited examples of plant pathogens other 
than fungi that are controlled by Si. For instance, very few cases of control of bacte-
rial diseases have been associated with Si, with the notable exception of  Ralstonia 
solanacearum  on tomato (Dannon and Wydra  2004 ) and bacterial blight on rice 
(Xue et al.  2010a ,  b ). While tomato is considered a Si non-accumulator species, it is 
nonetheless noteworthy that  R. solanacearum  has a hemibiotrophic lifestyle with a 
complex repertoire of Type III effector proteins (see Section 9.7). Recent evidence 
does suggest that priming would play a role in this interaction (Ghareeb et al.  2011 ), 
as observed with fungi. 

 It is uncertain if this bias for pathogens with a biotrophic phase is simply the 
result of the plant–pathogen interactions that have been studied or the fact that Si 
amendments tend to be more effi cient against this particular type of pathogens. As 
a matter of fact, very little attention has been given to the specifi city, or lack thereof, 
of Si with regard to the pathogens it controls. In the context of optimizing the use of 
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Si in agriculture, it would certainly be appropriate to defi ne with greater precision 
the spectrum of pathogens that are indeed more susceptible to a Si treatment. Part of 
this answer may come from a better understanding of the exact mode of action of Si 
 in planta .  

9.5     The Mode of Action of Si 

 Among all the intricacies related to Si properties, its mode of action remains argu-
ably the most controversial and debated. Several review papers have proposed a 
commensurate number of hypotheses, and although a consensus has started to 
emerge, many unanswered questions persist. The initial theory concerning the mode 
of action of Si in plant’s prophylaxis involved a mechanical barrier impeding fungal 
progress. Indeed, over the years, it had been generally accepted that polymerized Si 
in the plant cell wall and apoplast prevented pathogen penetration (Wagner  1940 ; 
Heath and Stumpf  1986 ; Carver et al.  1987 ,  1994 ; Ishiguro  2001 ). However, as early 
as 1965, this theory was put into doubt by Okuda and Takahashi ( 1965 ) citing 
Yoshi’s results (Yoshi  1941 ) of noncorrelation between Si treatment and leaf tough-
ness as measured by a needle-puncture method: ‘From this result, it seemed that Si 
protected the rice plant against blast disease, but the increase in mechanical tough-
ness of the plant tissue resulting from absorbed Si is not suffi cient to explain the 
mechanism of protection’. Nevertheless, this theory has survived over the years and 
is still cited. Carver et al. ( 1987 ) upon the observation of Si accumulation in papillae 
consistent with fi ndings from Kunoh and Ishizaki ( 1975 ) stated that polymerized Si 
at attempted sites of penetration might provide an additional mean of resistance 
against penetration. In other works, Kim et al. ( 2002 ) proposed the reinforcement of 
cell walls in rice as a mechanism for enhanced resistance provided by Si treatment. 
However, no evidence has ever directly linked cell wall reinforcement with penetra-
tion failure by the fungus. It should be noted that the logical association proposed 
between Si deposition and pathogen resistance stems from the fact that Si has been 
reported in several pathosystems to accumulate at infection sites (Samuels et al. 
 1991a ,  b ) (Fig.  9.1 ). This probably derives from a higher transpiration rate at sites, 
where the cuticle is damaged, rather than a defensive process, as Si accumulation 
after pathogen penetration would be too late to prevent penetration. As a matter of 
fact, Chérif et al. ( 1992a ) observed the accumulation of Si in needle-punctured leaf 
holes and showed the absence of such deposits when plants were grown under satu-
rated humidity. Even though Si is effectively deposited at preferential sites of pen-
etration, and is also continuously deposited at higher rates after penetration has 
occurred, the hypothesis of cell wall reinforcement by Si to explain enhanced resis-
tance of plants against pathogenic fungi has been strongly contested in recent years.

   Assuming that Si does not act exclusively as a physical barrier, the possibility 
that Si played an active role in the resistance process remained speculative. However, 
the opportunity for exploring this new hypothesis fi rst came with the pathosystem 
cucumber– Pythium  spp. Si applied at a concentration of 1.7 mM in the nutrient 
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solution was found to provide resistance to  Pythium ultimum  in cucumber (Chérif 
and Bélanger  1992 ). As in the case of the foliar interaction described by Samuels 
et al. ( 1991a ,  b ), the plants reacted more promptly to the infection by  P. ultimum  and 
the number of infected cells accumulating an electron-dense, phenolic-like material 
was far greater (Chérif et al.  1992b ). This material hindered the propagation of the 
parasite into the vascular system (Chérif et al.  1992b ). Interestingly, none of these 
deposits, nor the cell walls at sites of penetration of the fungus, contained any trace 
of Si (Chérif et al.  1992b ) as determined by SEM and scanning X-ray analysis. This 
excluded the possibility of Si functioning as a mechanical strengthener of cell walls 
to limit  P. ultimum  progress. 

 Corroborating evidence that Si played more than a mechanical role  in planta  was 
provided when the interaction between cucumber and powdery mildew was further 
analyzed at the chemical level (Fawe et al.  1998 ). The detection and analysis of 
antifungal compounds in infected cucumber leaves led to the determination of their 
nature and to the estimation of the effect of Si amendment on their appearance and 
accumulation (Fawe et al.  1998 ). Some of these metabolites, identifi ed as fl avonoids 
and phenolic acids, were specifi cally and strongly induced in a pattern typical of 
phytoalexins. Thus, Si was hypothesized to play an active role in disease resistance 
by stimulating the defence mechanisms, namely, phytoalexins, of cucumber in reply 
to fungal attack Fig.  9.2 ). This hypothesis was originally received with scepticism 
by the scientifi c community who argued that (1) monocots, for which the most 
important effects of Si feeding were reported, behaved differently and (2) direct 
genetic evidence to support the hypothesis was still lacking. Accordingly, subse-
quent efforts focused on the demonstration that monocots responded to Si feeding 
in the same manner as dicots did. Through electron microscopy studies and subse-
quent chemical analyses of rice plants, it was shown that rice plants treated with Si 
fended off rice blast infection through production of electron dense material that 
was fungitoxic to  Pyricularia oryzae  inside leaf cells (Rodrigues et al.  2003a ). This 
fi nding was in direct contradiction with a previous publication that argued that 
amorphous Si deposition had prevented fungal penetration (Kim et al.  2002 ). 

  Fig. 9.1    Scanning electron ( left ) and X-ray ( right ) microanalysis showing that the accumulation 
of Si is coincident with  E. cichoracearum  presence on Si-treated  A. thaliana  leaves. The concen-
tration of Si is indicated by color (see inset), where  red  represents the highest concentration of Si 
and  black  indicates no Si       
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Rodrigues et al. ( 2004 ) subsequently showed that the fungitoxic material was 
 composed of momilactones, known as rice phytoalexins. At the same time, evidence 
was provided that Si amendments signifi cantly reduced powdery mildew infection 
on wheat and that this phenomenon was once again attributable to a cellular reaction 
to fungal presence (Bélanger et al.  2003 ).

   Since the deposited part of Si forming a physical barrier does not account for all 
the protection afforded by the element, it has been suggested that the soluble part of 
Si, silicic acid, could be involved in the prophylactic role of the element (Samuels 
et al.  1991a ,  b ). Soluble Si has been reported inside the cell, in the cytosol, in chlo-
roplastic membranes as well as in association with RNA and DNA (Aleshin et al. 
 1987 ). Also, high amounts of soluble Si have been detected in epidermal cells of 
barley at the beginning of their defence reaction against  Erysiphe graminis , where 
it could play an important biochemical or physiological role during the penetration 
of the parasite (Zeyen et al.  1993 ). These data on the presence of Si inside the cells 
are scarce and debated, notably because of the poor measurement techniques avail-
able at the time. However, they suggest that Si can have a series of intracellular sites 
of action to explain its stimulating properties in plant disease resistance. Among 
others, it could alter directly or indirectly gene expression, by association with 
genes and modifi cation of their confi guration or by acting on the signal transduction 
pathway(s) activated by infection (Fawe et al.  2001 ). This second hypothesis is par-
ticularly interesting, as Si could represent, among other things, a natural activator of 
plant disease resistance. On the basis of their observations with cucumber, Fawe 
et al. ( 2001 ) suggested a model to explain how Si would play a role in induced resis-
tance. According to their model, Si bioactivity was compared to that of known 
 activators/secondary messengers of systemic acquired resistance (SAR) whereby it 

  Fig. 9.2    Transmission electron micrographs of ultra-thin sections of  A. thaliana  leaves infected 
by  E. cichoracearum  (From Ghanmi et al.  2004 ) .  Si treatment ( right ) led to more effi cient defence 
compared to control plants ( left ).  EHM  extrahaustorial membrane,  HB  haustorial body,  Ep  epider-
mis,  GM  granular material,  WA  wall apposition,  EM  electron-dense material,  L  lobes       
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would act as a modulator infl uencing the timing and extent of plant defence 
responses. Like secondary messengers, the effects of Si on secondary metabolism 
are signifi cant only after elicitation; both Si and known activators are characterized 
by a saturable effect. A difference between known SAR activators and Si is the loss 
of activity when Si feeding is interrupted (Samuels et al.  1991a ,  b ), because polym-
erization of Si leads to its inactivation as an inducer of resistance. These points of 
comparison prompted the authors to propose that Si acted as a signal in inducing 
defence responses. 

 Induced resistance (IR) is a mechanism allowing plants to synthesize new 
defence compounds in response to the presence of a pathogen (Glazebrook  2005 ; 
Walters et al.  2013 ). During a pathogen attack, plants initiate active defences by the 
perception of an elicitor signal, followed by transduction of the signal to the nucleus 
by a network of mitogen-activated kinase (MAPK) cascades and the production of 
defence proteins (Jones and Dangl  2006 ; Benhamou  2009 ). In the case of biotrophic 
pathogens, most plants establish a type of IR called ‘systemic acquired resistance’ 
(SAR) that requires the activation of the salicylic acid (SA) signalling pathway 
(Delaney et al.  1994 ; Zhou et al.  1998 ; Glazebrook  2005 ) and the presence of the 
defence regulatory protein nonexpressor of pathogenesis-related protein1 (NPR1; 
Durrant and Dong  2004 ). Also, the IR mechanism is often associated with the aug-
mented capacity to mobilize cellular defence responses only after a contact with 
pathogens (Conrath et al.  2002 ). This phenomenon, often called ‘priming’, allows 
the plant to respond more quickly and effectively to an attack, with minimal meta-
bolic cost (Katz  1998 ; van Hulten et al.  2006 ). In this context, several studies have 
now shown that a pretreatment with Si will prime plants to better respond to patho-
gen infections (Fauteux et al.  2005 ; Chain et al.  2009 ; Van Bockhaven et al.  2013 ). 
However, the molecular mechanisms underlying such priming associated with Si 
remain poorly understood.  

9.6     Transcriptomic Analyses 

 In an effort to better understand how Si affected the plant’s metabolism, a microar-
ray study was performed in 2006 (Fauteux et al.  2006 ) on both control and powdery 
mildew-stressed Arabidopsis plants, with or without Si application (Fig.  9.3 ). The 
expression of all but two genes was unaffected by Si in control plants, a result con-
tradicting reports of possible direct effect of Si on plant physiology as a fertilizer. In 
contrast, inoculation of plants, treated or not with Si, altered the expression of a set 
of nearly 4,000 genes. Following functional categorization, many of the upregulated 
genes were defence-related, whereas a large proportion of downregulated genes 
were involved in primary metabolism. Regulated defence genes included R genes, 
stress-related transcription factors, genes involved in signal transduction, the bio-
synthesis of stress hormones (SA, JA, ethylene) and the metabolism of reactive 
oxygen species. In inoculated plants treated with Si, the magnitude of downregula-
tion was attenuated by over 25 %, an indication of stress alleviation. Those results 
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suggested that Si treatment had no effect on the metabolism of unstressed plants but 
that it had benefi cial properties attributable to modulation of a more effi cient 
response to pathogen stress.

   However, following the discovery of Si transporters (Ma et al.  2006 ) that con-
fi rmed the inability of  Arabidopsis  to absorb large quantities of Si because of a lack 
of Lsi1 transporters, the previous results had to be interpreted with caution until 
similar studies with high Si-accumulating plants could be carried out. Incidentally, 
a large transcriptomic analysis (55,000 unigenes) with wheat, a high Si-accumulating 
plant (Chain et al.  2009 ), was reported a few years later with plants under both con-
trol and pathogen stress ( Blumeria graminis  f.sp.  tritici  (Bgt) (Fig.  9.4 ). The 
response to the supply of Si on control (uninfected) plants was limited to 47 genes 
of diverse functions, mainly related to stress, providing little evidence of regulation 
of a specifi c metabolic process. Plants reacted to inoculation with Bgt by an upregu-
lation of many genes linked to stress and metabolic processes and a downregulation 
of genes linked to photosynthesis. Supplying Si to inoculated plants largely pre-
vented disease development, a phenotypic response that translated into a nearly 
perfect reversal of genes regulated by the effect of Bgt alone. These results con-
fi rmed that Si played a limited role in a plant’s transcriptome in the absence of 
stress, even in the case of a high Si-accumulating monocot such as wheat. On the 
other hand, the benefi ts of Si, in the form of biotic stress alleviation, were remark-
ably aligned with a counterresponse to transcriptomic changes induced by the 
pathogen Bgt.

  Fig. 9.3    Differential gene expression in Arabidopsis leaves following Si treatment and/or patho-
gen inoculation (From Fauteux et al.  2006 ). The columns represent the contrasts between the treat-
ments: control (C), silicon (Si),  Erysiphe cichoracearum  (P) or a combination of both (Si-P). Each 
of the 3,970 differentially expressed genes ( p  < 0.01, ≥1.5-fold change) in at least one contrast is 
represented by a  colored  line indicating the mean ( n  = 6) relative transcript level: green corresponds 
to a Log 2  ratio of −2 ( down regulation) and red corresponds to a Log 2  ratio of 2 ( up regulation)       
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9.7        The Search for a Better Model 

 While the transcriptomic analyses provided unique insights into how Si alleviated 
plant stress, it did not offer direct evidence of a biochemical role for Si. In the mean-
time, many additional reports came to support that Si did not directly induce immu-
nity but rather primed plants for a better defence response against pathogens (Van 
Bockhaven et al.  2013 ). This property even extended to insects with studies showing 
that Si offered protection through a better arsenal and deployment of defence 
responses (Reynolds et al.  2009 ; Ye et al.  2013 ). Interestingly, this also represented 
a deviation from the initial hypothesis that Si acted as a mechanical barrier in plant–
herbivore interactions. In spite of this mounting evidence of a positive role in prim-
ing plants, the mode of action of Si  in planta  remained unresolved. 

 For the most part, all studies that have shown better defence responses in pres-
ence of Si are strictly based on correlative observations. Hypotheses that Si can act 
as a secondary messenger, a modulator of defence responses or a priming agent 
have never been fully tested in the absence of a proper genetic model. In this con-
text, Arabidopsis offers a wide range of accessions and mutants that could be help-
ful in assessing the role of Si. However, as convenient and versatile as Arabidopsis 
can be as a model plant, its usefulness for Si studies is compromised by its limited 
absorption of the element owing to the absence of infl ux transporters. As mentioned 
earlier, since the discovery of infl ux transporters in rice in 2006, it is now clear that 

  Fig. 9.4    Visual representation of differential gene expression in wheat leaves for plants having 
received or not Si amendment and/or  Blumeria graminis  f. sp.  tritici  inoculation (Chain et al. 
 2009 ). The columns represent contrasts between the treatments: control (Si−B–), Si alone (Si + B–), 
inoculation alone (Si–B+) or a combination of both (Si + B+). In total, 880 genes have been identi-
fi ed as differentially expressed ( p  < 0.01, ≥1.5-fold change) in at least one contrast. Each gene 
corresponds to a colored line indicating the mean ( n  = 3) relative transcript level: green corresponds 
to a log 2  ratio of −2 (down-regulation), and red corresponds to a log 2  ratio of 2 (upregulation)       

 

9 Silicon and Plant–Pathogen Interactions



191

Arabidopsis lacks the aquaporins carrying the necessary features for Si permeability 
and is therefore considered a Si non-accumulator (Deshmukh et al.  2013 ). To cir-
cumvent this problem, Montpetit et al. ( 2012 ) proposed to increase Si absorption in 
Arabidopsis by the insertion of heterologous infl ux transporters, such as one from 
wheat in this specifi c situation. 

 The concept that it is possible to transform a non-accumulator plant species into 
an accumulating one opens up a wide array of possibilities to exploit the benefi cial 
properties of Si. However, this presupposes that such transformed plants will dis-
play the expected phenotype in presence of Si. Vivancos et al. ( 2015 ) presented the 
fi rst demonstration of this outcome whereby transformed plants were a lot more 
resistant to powdery mildew when fed with Si compared to control plants or trans-
formed plants deprived of Si. This suggests that benefi cial effects of Si are universal 
among plant species as long as a plant can absorb the element through the presence 
of infl ux transporters. 

 Considering the impressive body of information available on the Arabidopsis–
powdery mildew interaction, Vivancos et al. ( 2015 ) took advantage of these resis-
tant phenotypes to investigate the probable mechanisms behind the protective role 
of Si. As stated earlier, Si was initially described as providing a mechanical barrier 
impeding fungal penetration (Fauteux et al.  2005 ), and for a long period, this mode 
of action stood uncontested. However, this hypothesis was challenged by Samuels 
et al .  ( 1991a ,  b ) and Chérif et al .  ( 1992a ,  b , 1994) who associated the protective role 
of Si with the elicitation of defence mechanisms. For these reasons, it was relevant 
to analyze the specifi c and well-described markers of resistance in the Arabidopsis–
powdery mildew interaction and determine if Si was involved in their expression. 
Results clearly showed an increase in expression of genes encoding enzymes 
involved in the SA pathway directly associated with Si feeding and resistant pheno-
types. At the same time, SA concentrations were also augmented, thus strengthen-
ing the hypothesis that priming occurred through that pathway. Interestingly, the 
production of camalexin remained unchanged, a result consistent with reports that 
camalexin production is useful against necrotrophs and not involved with biotrophs 
(Rogers et al.  1996 ). These results thus suggest that the response is aligned with the 
specifi c pathogen under study and that Si somehow facilitates this response but does 
not elicit directly the priming machinery. 

 Other factors militate in support of this indirect role of Si associated with the 
manifestation of priming. Silicic acid is an uncharged molecule for which no 
 evidence of biochemical activity has ever been obtained. It has been argued that 
soluble Si could somehow be directly involved in the elicitation of defence 
responses, namely, as a secondary messenger, much in the same manner as salicylic 
acid (Fawe et al.  2001 ; Fauteux et al.  2005 ; Van Bockhaven et al.  2013 ). However, 
the presence of silicic acid in the symplastic environment and subsequent interac-
tions with key defence molecules has simply not been corroborated by scientifi c 
data and remain speculative. Furthermore, the fact that the expression of  NPRI  and 
other defence- related genes was unchanged in  pad4  and  sid2  Arabidopsis mutants 
under Si treatment (Vivancos et al.  2015 ) would indicate that silicic acid does not 
act as a surrogate for salicylic acid as previously suggested (Fawe et al.  2001 ; Van 
Bockhaven et al.  2013 ). 
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 The large array of available Arabidopsis mutants offered the unique opportunity 
to validate the hypothesis that priming of defence reactions explained how Si pro-
tected plants against diseases. Indeed, by using mutants able to absorb larger quanti-
ties of Si but defi cient in the activation of the SA pathway, Vivancos et al. ( 2015 ) 
were able to test directly if the protective effect of Si became null or signifi cantly 
altered, given the presumed inability of the plant to mount defence reactions against 
powdery mildews. It was therefore quite surprising to observe that plants trans-
formed for high Si absorption and fed with Si displayed resistant phenotypes in 
spite of having lost the ability to produce defence reactions through the SA pathway. 
These observations strongly suggest that other factors than defence reactions are at 
play. 

 Based on these observations, it might be tempting to conclude that resistance 
conferred by Si on SA-defi cient mutants supports the concept of a physical barrier. 
However, a mechanical barrier physically stopping a germinating spore would not 
lead to elicitation of defence mechanisms as observed here and in countless recent 
papers (Qin and Tian  2005 ; Bi et al.  2006 ; Kanto et al.  2007 ). On the other hand, 
these results bring a unique perspective as they show that if the priming state associ-
ated with Si feeding is altered, one can still obtain resistant phenotypes. 

 If these results appear contradictory at fi rst, they provide an opportunity to con-
sider an alternative hypothesis that would unify the modes of action behind the 
observed phenomena. It is well known that the prophylactic role of Si has been 
more documented and is more effi cient against pathogens with a biotrophic phase 
(e.g. powdery mildews, oomycetes, rice blast). In the last few years, with the advent 
of high-throughput sequencing, the annotation of plant pathogen genomes has high-
lighted the presence and importance of effector proteins, most notably in the case of 
biotrophs and hemibiotrophs. Effectors will modify host cell structure, metabolism 
and function and interfere with signal pathways required for host invasion or for 
triggering host resistance (Giraldo and Valent  2013 ). Recent developments have 
located effectors in the apoplast, the extrahaustorial matrix or the cytoplasm after 
translocation across the plant membrane. Interestingly, amorphous Si deposition in 
plants is located in the apoplast and more precisely at the interface of the plasma 
membrane and the cell wall (Bauer et al.  2011 ; Zhang et al.  2013 ). This area is the 
site of intense interactions of many effectors with plant targets and sites of attempted 
penetration by biotrophic fungi (Bozkurt et al.  2012 ). As a matter of fact, the appres-
sorium and the haustorium of powdery mildew fungi are structures of active release 
of effectors (Giraldo and Valent  2013 ); the appressorium will release effectors in the 
apoplastic compartment to prevent the action of plant proteases and the haustorium 
will release them into the cytoplasm through the extrahaustorial matrix (EHMx) to 
alter plant defences. Given that the apoplast and the EHMx are within the confi nes 
of Si deposition (Ghanmi et al.  2004 ), and based on our observations, it thus seems 
not only plausible but also logical that Si would interfere with effectors reaching 
their targets. This would thus prevent the invading fungus from inhibiting the plant 
defence, which results in the expression of the complete array of defence  mechanisms 
as observed in this work and elsewhere. In addition, the intercellular space is a hos-
tile environment for a fungal pathogen, and the latter will rely on apoplastic  effectors 
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to inhibit the release of a wide array of proteases and other plant molecules that 
would adversely affect its development (Win et al.  2012 ; Giraldo and Valent  2013 ). 
From our results, it does appear that this initial barrier is indeed quite effi cient and 
has signifi cantly delayed fungal infection. In consideration of the superior prophy-
lactic role of Si against biotrophs, the heavy reliance of biotrophs on effectors to 
maintain their virulence and the site of Si deposition coinciding with effectors 
release, our results support a link between Si and effectors and certainly future 
efforts in testing this hypothesis. 

 In conclusion, the latest studies of the role of Si in plant–pathogen interactions 
have confi rmed the association between Si and priming but have also uncovered a 
new phenomenon suggesting that mechanisms other than priming are involved in 
the way Si protects plants. These unforeseen results may be helpful in defi ning a 
unifying theory explaining the elusive and debated mode of action of Si in alleviat-
ing biotic stresses.     
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    Chapter 10   
 Silicon and Insect Pest Resistance 

          Abstract     In general, silicon (Si) is involved in plant resistance against insect pest 
damage via two major defence mechanisms: physical defence and induced biochem-
ical (chemical) defence. Si deposited as opaline phytoliths within plants may act as 
an antiherbivore defence through increasing hardness and abrasiveness of tissues 
and wearing of herbivore mouthparts. In turn, this would create a feeding deterrent, 
which may reduce the palatability and digestibility of leaves, thereby potentially 
impacting on herbivore performance (physical defence). On the other hand, increas-
ing evidence shows that biochemical changes and induced resistance, because of Si 
uptake by the plant, are also responsible for the alleviation of insect pest damage. 
More recently, it has been confi rmed that Si plays a positive role in priming plants 
for a better defence response against pest infestation (e.g. rice leaf roller). The 
primed state seems to be mediated via jasmonic acid signalling pathways.  

  Keywords     Induced biochemical defence   •   Insect pest   •   Physical defence   •   Silicon  

10.1               General 

 The earliest report on Si-mediated resistance to maize Hessian fl y,  Mayetiola 
destructor , can be dated back to the 1920s (McColloch and Salmon  1923 ). Later, 
Ponnaiya ( 1951 ) found that there was a close relationship between sorghum 
( Sorghum bicolor ) resistance to central shoot fl y,  Atherigona indica infuscate , and 
silicon (Si) concentration in shoots. The fi rst report on Si-increased plant resistance 
to an insect pest was associated with the rice stem borer,  Chilo simplex  (Sasamoto 
 1953 ; also see Reynolds et al.  2009 ). According to the report by Sasamoto ( 1953 ), 
the application of a slag-based silicate fertilizer to rice reduced  C. simplex  damage 
and increased growth impetus of the plant, which was likely attributable to increased 
strength of the rice stem following Si accumulation (Sasamoto  1955 ). Si has since 
been well documented to enhance the resistance against various insect herbivores in 
many crops of agricultural importance (see Table  10.1 ) and many other plant spe-
cies. It has been well documented that Si has a clear prophylactic effect against a 
wide range of insect-feeding guilds, including lepidopteran borers, folivores, 
phloem-feeding insects, xylem-feeding insects and other plant feeders (Table  10.1 ; 
also see Reynolds et al.  2009 ).
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     Table 10.1    Selected reports in the literature on the prophylactic effects of Si on insect herbivores 
in crops   

 Insect species  Crop  Reference 

 African striped rice stem borer ( Chilo 
zacconius ) 

 Rice  Ukwungwu and Odebiyi ( 1985 ) 

 Asiatic rice borer ( Chilo suppressalis )  Rice  Sasamoto (1958), Nakano et al. ( 1961 ), 
Djamin and Pathak ( 1967 ), Dravé and 
Laugé ( 1978 ), and Hou and Han ( 2010 ) 

 Yellow rice borer ( Scirpophaga 
incertulas ) 

 Rice  Panda et al. ( 1975 ) 

 Brown planthopper ( Nilaparvata 
lugens ) 

 Rice  Yoshihara et al. ( 1979 ) 

 Small brown planthopper 
( Laodelphax striatellus ) 

 Rice  Liu et al. ( 2007 ) 

 Green leafhopper ( Nephotettix 
bipunctatus cincticeps ) 

 Rice  Savant et al. ( 1997 ) 

 White-backed planthopper ( Sogatella 
furcifera ) 

 Rice  Salim and Saxena ( 1992 ) and Savant 
et al. ( 1997 ) 

 Leaf spider ( Tetranychus  spp.)  Rice  Savant et al. ( 1997 ) 
 Leaf roller ( Cnaphalocrocis 
medinalis ) 

 Rice  Hanifa et al. ( 1974 ), Sudhakar et al. 
( 1991 ), Ramachandran and Khan ( 1991 ), 
Nakata et al. ( 2008 ), and Ye et al. ( 2013 ) 

 Green rice caterpillar ( Naranga 
aenescens ) 

 Rice  Nakata et al. ( 2008 ) 

 Hessian fl y ( Phytophaga destructor )  Wheat  Miller et al. ( 1960 ) 
 Hessian fl y ( Mayetiola destructor )  Wheat  McColloch and Salmon (1923) 
 Greenbug ( Schizaphis graminum )  Wheat  Basagli et al. ( 2003 ), Gomes et al. 

( 2005 ), Goussain et al. ( 2005 ), and 
Costa and Moraes ( 2006 ) 

 Aphid ( Sitobion avenae )  Wheat  Dias et al. ( 2014 ) 
 Hessian fl y ( Mayetiola destructor )  Maize  McColloch and Salmon (1923) 
 Stem borer ( Sesamia calamistis )  Maize  Setamou et al. ( 1993 ) 
 Asian corn borer ( Ostrinia 
furnacalis ) 

 Maize  Horng and Chu ( 1990 ) 

 Fall armyworm ( Spodoptera 
frugiperda ) 

 Maize  Goussain et al. ( 2002 ) 

 Central shoot fl y ( Atherigona indica 
infuscate ) 

 Sorghum  Ponnaiya ( 1951 ) 

 Stalk borer ( Eldana saccharina )  Sugarcane  Rao ( 1967 ), Meyer and Keeping ( 2005 ), 
Keeping and Meyer ( 2002 ), Keeping and 
Meyer ( 2006 ), Keeping and Kvedaras 
( 2008 ), and Kvedaras et al. ( 2007 ,  2009 ) 

 Stem borer ( Diatraea saccharina )  Sugarcane  Pan et al.  1979 , Elawad et al. ( 1985 ), 
and Anderson and Sosa ( 2001 ) 

 Spittlebug ( Mahanarva fi mbriolata )  Sugarcane  Korndörfer et al. ( 2011 ) 
 Whitefl y ( Bemisia tabaci )  Cucumber  Correa et al. ( 2005 ) 
 Weevil ( Cylas formicarius )  Sweet 

potato 
 Singh et al. ( 1993 ) 
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   Interestingly, almost all case studies have shown a positive relationship between 
pest damage control and accumulation of Si in plant organs (Table  10.1 ), with the 
notable exception of greenbugs on wheat ( Triticum aestivum ) and barley ( Hordeum 
vulgare ) (Lanning  1966a ,  b ). However, the mechanisms underpinning the role of Si 
against insects still remain poorly understood. Nakata et al. ( 2008 ) demonstrated that 
pest damage, as indicated by chewing damage by rice leaf roller,  Cnaphalocrocis 
medinalis , and rice green caterpillar,  Naranga aenescens , developed more clearly in 
the leaves of the  lsi1  mutant, defective in active Si uptake. Since this mutant accu-
mulates less Si compared to the wild type, the authors concluded that Si accumula-
tion in plants was closely associated with insect pest damage. So far, only two review 
papers have dealt with Si effects on insect pest control (see Laing et al.  2006 ; 
Reynolds et al.  2009 ). Reynolds et al. ( 2009 ) provided a comprehensive overview of 
the then current knowledge of Si-augmented resistance to insect pest damage and 
pointed out a need for further research on the possible involvement of Si in upregula-
tion of defence-related genes such as those related to biosynthesis of jasmonic acid 
(JA) or salicylic acid (SA) following insect attack. As expected, over the past years, 
rapid progress has been made in interactions between Si and JA in defence against 
insect herbivores involving priming of JA-mediated defence responses by Si and the 
promotion of Si accumulation by JA (Ye et al.  2013 ; see below). This updated knowl-
edge of Si interactions with insect pests is overviewed in this chapter.  

10.2     Nutritional and Physical Defences 

10.2.1     Nutritional Defences 

 Elevated levels of Si in plant tissues may increase the bulk density of the insect diet 
so that insects are unable to ingest suffi cient quantities of nutrients (carbohydrates 
and nitrogen) and water (Smith et al.  1971 ; Panda and Kush  1995 ; Massey et al. 
 2006 ). For example, Massey et al. ( 2006 ) showed that  S. exempta  feeding on high-Si 
plants suffered reduced digestion effi ciency in three (out of fi ve) grass species and 
increased its rate of consumption in two (out of the fi ve) grass species. Subsequently, 
Massey and Hartley ( 2009 ) found that the conversion effi ciency of ingested food into 
the body mass of  S. exempta  was signifi cantly reduced by high amount of Si con-
tained in plants and so was the amount of N absorbed from the diet. Increased con-
sumption of plant tissues was recorded for  S. eridania  (Peterson et al.  1988 ) and  S. 
gregaria  (Massey et al.  2006 ) as a consequence of poor dietary quality. However, Si 
may also alter the palatability of plant tissues and deter herbivore feeding, as reported 
by Massey et al. ( 2006 ) for  S. gregaria  and  S. exempta  feeding on grass species. 
Salim and Saxena ( 1992 ) also reported decreased consumption of high-Si rice mate-
rials by white-backed planthopper,  S. furcifera.  Decreased stalk damage and larval 
weight gain as a result of decreased consumption were recorded for stem borer  E. 
saccharina  when fed with Si-amended sugarcane ( Saccharum offi cinarum ) com-
pared with the control sugarcane (Keeping and Meyer  2006 ; Kvedaras et al.  2007 ). 
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 When Asian corn borer  O. furnacalis  was exposed to the artifi cial corn diet con-
taining Si ranging from 0.1, 3, 5 or 10 %, mortality of larvae and pupae increased, 
pre-oviposition period was prolonged and the oviposition period was shortened 
with increasing Si concentration (Horng and Chu  1990 ). A correlation analysis 
showed that pupal weight, fecundity, net reproductive rate and intrinsic rate of 
increase were all negatively correlated with Si content in the corn diet, while the 
duration of larval and pupal stages, longevity of adults and mean generation times 
were not signifi cantly affected (Horng and Chu  1990 ). Later, several studies also 
showed that Si fertilization altered survival, reproduction and host plant preferences 
of chewing (Goussain et al.  2002 ; Massey et al.  2006 ; Kvedaras et al.  2009 ) and 
sucking insects (Basagli et al.  2003 ; Correa et al.  2005 ; Korndörfer et al.  2011 ). 
Costa and Moraes ( 2006 ) showed that the application of Si signifi cantly reduced the 
number of nymphs, the population growth rate, the post-reproductive period and the 
longevity of the greenbug. A signifi cant reduction of the number of aphids was 
observed during aphids’ colonization as a result of Si application. More recently, Si 
fertilization was reported to induce resistance of wheat plants to apterous morphs 
via antibiosis as shown by reduced fecundity, reproductive period, longevity, intrin-
sic rate of increase and net reproductive rate; however, alates were unaffected (Dias 
et al.  2014 ). Plants treated with Si had fewer alate aphids in both the vegetative and 
reproductive phases compared with Si-untreated plants. 

 Interestingly, insect performance can be promoted by high levels of N in the diet 
but may be counteracted by Si. According to Chu and Horng ( 1991 ), the Asian corn 
borer ( O. furnacalis ) preference was decreased under free-choice conditions for 
potted corn plants treated with Si, but was increased for the plants receiving high-N 
treatment. Later work by Meyer and Keeping ( 2005 ) showed that Si fertilization 
could mitigate the promotional effects of applied N on populations of the stalk 
borer,  E. saccharina , in sugarcane. It suggests that Si fertilization would enable 
growers to resume applying the recommended rates of N and avoid N limitation of 
crop yield by counteracting the increased  E. saccharina  infestations at high rates of 
N (Meyer and Keeping  2005 ). This may be one of the reasons why Si fertilization 
can increase crop performance and yield.  

10.2.2     Physical Defences 

 It has long been recognized that Si deposited as opaline phytoliths in the cell walls 
of plant leaf and stem epidermis may act, directly or indirectly, as an antiherbivore 
defence. As a mechanism of physical defence, Si increases hardness and abrasive-
ness of the plant tissues, which concomitantly accelerates the wear on herbivore 
mouthparts; hence, Si acts as a feeding deterrent, reducing the palatability and 
digestibility of leaves, thereby potentially impacting on herbivore performance 
(Kaufman et al.  1985 ; Salim and Saxena  1992 ; Ma et al.  2001 ; Kvedaras et al.  2007 ; 
Massey and Hartley  2009 ; Reynolds et al.  2009  and references therein; Dias et al. 
 2014 ). However, this hypothesis that Si increases plant abrasiveness and wearing of 
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herbivore mouthparts has been correlated only with fossil record and remained cor-
relative, although the evolution of high-crowned teeth (Ungulata), continuously 
growing teeth (Rodentia and Lagomorpha) and enlarged mandibles (Lepidoptera 
and Orthoptera) has all been linked to a grass-based diet (Isely  1944 ; Stebbins  1981 ; 
Jernvall and Fortelius  2002 ). Indeed, there is some evidence showing that increases 
in Si concentration can deter feeding by some mammals (Gali-Muhtasib et al.  1992 ) 
and stem-boring insects (Djamin and Pathak  1967 ; Moore  1984 ). However, direct 
evidence was not provided until Massey et al. ( 2006 ) fi rst demonstrated a direct 
effect of Si on the abrasiveness of grasses and the adverse impact of Si on herbivore 
preference and performance. They showed that the addition of Si resulted in 
increases in leaf abrasiveness in four of the fi ve grass species studied and Si supply 
also deterred feeding by two folivores and reduced their growth rates and digestion 
effi ciency. Furthermore, Si signifi cantly reduced the growth rates, digestion effi -
ciency and pupal mass of insect folivores, but did not affect the growth performance 
nor did it act as a feeding deterrent on the phloem feeder tested. 

 It has been widely reported that the hardness of plant parts affected mandibular 
wear in leaf beetle ( P. versicolora ) (Raupp  1985 ; King et al.  1998 ), bee ( M. rotun-
data ) (Kokko et al.  1993 ; Schaber et al.  1993 ), noctuid lepidopteran larvae 
( S. exigua ) (Korth et al.  2006 ), weevil ( P. callosus ) (Barnes and Giliomee  1992 ), 
stalk borer (Kvedaras et al.  2009 ) and even in the stylet of a true bug ( D. hesperus ) 
(Roitberg et al.  2005 ). Mandibular wear is often attributed to Si deposited within 
plant tissues (Kvedaras et al.  2009 ). Insects feeding on high-Si plants suffered 
higher mandibular wear, as has been reported for stem borer  C. suppressalis  
(Sasamoto  1958 ; Djamin and Pathak  1967 ) and rice leaf roller larvae  C. medinalis  
(Hanifa et al.  1974 ; Ramachandran and Khan  1991 ) feeding on rice and for fall 
armyworm ( S. frugiperda ) feeding on corn plants (Goussain et al.  2002 ). However, 
these earlier studies and reports of Si effect on mandibular wear of arthropods 
should be explained with caution due to the fl aws in their experimental design. 
According to Kvedaras et al. ( 2009 ), some earlier studies dealing with the relation-
ship between mandibular wear of lepidopteran larvae and the high- and low-Si diet 
plants failed to describe the research method (Djamin and Pathak  1967 ) or relied 
only on visual comparisons (Sasamoto  1958 ; Hanifa et al.  1974 ; Goussain et al. 
 2002 ) at selected extremes of mandibular wear, with no statistical analysis. 
Furthermore, some of the comparisons between larvae feeding on rice cultivars with 
high and low Si (Djamin and Pathak  1967 ; Hanifa et al.  1974 ; Ramachandran and 
Khan  1991 ) demonstrated only mere correlation and not causality. Dravé and Laugé 
( 1978 ) used a quantitative, statistical approach to compare larval mandibular wear, 
but they only tested the effect of exogenous Si, rather than  in planta , thereby ignor-
ing the natural context in which the insect would be affected by Si when feeding on 
the plant (Kvedaras et al.  2009 ). Furthermore, although Zouhourian-Saghiri et al. 
( 1983 ) quantifi ed mandibular wear by using plant material with contrasting Si lev-
els, they did not exclude the role of other abrasive materials including cellulose and 
lignin in promoting wear in  L. migratoria . More recently, by using the novel method 
of Smith et al. ( 2007 ), Kvedaras et al. ( 2009 ) fi rst accurately and quantitatively 
measured the mandibular wear of a sugarcane stalk borer  E. saccharina  feeding on 
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live plants with experimentally elevated Si content. Their results showed that 
although there was a trend for increased wear in larvae on sugarcane treated with Si, 
the effects of Si, cultivar or feeding site (leaf bud, root band and internode) on man-
dibular wear of  E. saccharina  were not statistically different. Redmond and Potter 
( 2007 ) also showed that no excessive wearing was found on the mandibular teeth in 
black cutworm,  Agrotis ipsilon , and root-feeding masked chafer grubs,  Cyclocephala  
spp., feeding on cultivated creeping bentgrass amended with calcium silicate fertil-
izer compared with the Si-untreated controls. However, Massey and Hartley ( 2009 ) 
observed a signifi cantly and rapidly increased mandibular wear in  S. exempta  that 
developed on two out of three grass species fertilized with Si, compared with the 
Si-untreated controls. Therefore, it seems that more quantitative experimentally 
sound work should be done to confi rm the adverse effect of Si in plant tissues on the 
mandibular wear of insects. 

 By measuring both the percentage of total chlorophyll liberated from high- and 
low-Si grass leaves by mechanical grinding and the chlorophyll content in the fae-
ces of locust ( S. gregaria ), Hunt et al. ( 2008 ) demonstrated that high-Si grasses 
released less chlorophyll after grinding and retained more after passing through the 
gut of the locust, illustrating that Si levels are correlated with increased mechanical 
protection. These results suggest that Si may defend grasses at least in part through 
reducing mechanical breakdown of the leaf and that mechanical protection of 
resources in chlorenchyma cells is a newly reported and potentially important 
mechanism by which Si protects grasses.   

10.3     Induced Biochemical Defences 

 As early as 1958, by conducting a laboratory choice study, Sasamoto showed that 
larvae of the rice stem borer,  C. suppressalis , preferred Si-untreated rice stalks as 
diet over Si-treated ones and the larvae feeding on the Si-treated rice stalks showed 
increased mandibular wear, suggesting that host choice by an insect depended not 
only on the physical properties of the food but also on its chemical properties. 
Notably, larvae preferred water extracted from the stem of the rice plant grown on 
N-rich manure to that extracted from the stem of rice plants fertilized with Si 
(Sasamoto  1958 ). Goussain et al. ( 2005 ) showed a clear adverse effect on the devel-
opment of greenbug ( S. graminum ) feeding on Si-treated wheat plants. Although the 
penetration of aphid stylet was not impeded by Si in wheat plants, the stylet was 
withdrawn more often resulting in a reduction of probing time, suggesting that 
chemical changes and induced resistance, because of Si uptake by the plant, were 
likely responsible for the reduction of aphid performance, as opposed to a physical 
impediment (as the stylet eventually did reach the phloem). Gomes et al. ( 2005 ) 
investigated the effect of Si and previous infestations with aphids on the induction 
of resistance of wheat to the greenbug and showed that Si alone or together with 
pre-infestation negatively affected the greenbug’s preference and population 
increase rate and concomitantly induced a signifi cant increase in the activities of 
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peroxidase (POX), polyphenol oxidase (PPO) and phenylalanine ammonia-lyase 
(PAL) in wheat. The interactions of Si with whitefl y ( B. tabaci ) in cucumber 
( Cucumis sativus ) (Correa et al.  2005 ) and greenbug in wheat (Gomes et al.  2005 ) 
also suggest that soluble Si is important in induced resistance to insect herbivores, 
as has been shown for Si-mediated resistance induction to fungal pathogens in vari-
ous crops (for review, see Fauteux et al.  2005 ; see also Chap.   9    ). More recent studies 
have also provided evidence that soluble Si is involved in induced chemical or bio-
chemical defences to insect herbivore attack through the enhanced production of 
defensive enzymes or possibly the enhanced release of plant volatiles (for review, 
see Reynolds et al.  2009 ; Kvedaras et al.  2009 ). More recently, Ye et al. ( 2013 ) have 
explored the role jasmonic acid (JA) may play in Si-enhanced resistance by silenc-
ing the expression of allene oxide synthase ( OsAOS ; active in JA biosynthesis) and 
 CORONATINE INSENSITIVE1  ( OsCOI1 ; active in JA perception) genes in trans-
genic rice plants via RNAi and examining resulting changes in Si accumulation and 
defence responses against the infestation by caterpillars of  Cnaphalocrocis medina-
lis  (rice leaf roller). Rice resistance to  C. medinalis  larvae increased by Si pretreat-
ment in wild-type plants but not in  OsAOS  and  OsCOI1  RNAi lines. Compared with 
untreated controls, defence responses in wild-type Si-treated plants were enhanced 
upon  C. medinalis  attack, including higher levels of JA accumulation, increased 
levels of transcripts encoding defence marker genes and elevated activities of POD, 
PPO and trypsin protease inhibitor. Additionally, compared to wild-type plants, Si 
deposition and Si cell expansion were reduced in leaves of  OsAOS  and  OsCOI1  
RNAi plants, and steady-state transcript levels of the Si transporters  OsLsi1 ,  OsLsi2  
and  OsLsi6  were reduced as well in Si-pretreated plants upon  C. medinalis  attack. 
These results clearly demonstrate a strong link between Si and JA in defence against 
insect herbivores involving priming of JA-mediated defence responses by Si and the 
promotion of Si accumulation by JA.  

10.4     Conclusions and Perspectives 

 Taken together, in addition to physical defence, Si plays a positive role in priming 
plants for a better defence response against pest infestation (e.g. rice leaf roller; see 
Ye et al.  2013 ). The primed state might be mediated via SA, JA, ethylene and/or 
ROS signalling pathways. However, convincing evidence to support such an induced 
biochemical resistance against pest infestation (and fungal and bacterial diseases; 
see Chap.   9    ) is still not suffi cient. The further research needs should focus on 
addressing the following key questions: (a) Which defence is the main mechanism 
for Si-augmented resistance to insect herbivores, physical barrier (defence) or 
induced biochemical defence or both? (b) Is JA or SA signalling pathway a univer-
sal mechanism for Si-augmented resistance to infestation of all categories of pests? 
In order to answer these questions, more work is needed to provide direct and con-
vincing evidence for unravelling the mechanisms involved, particularly at the post- 
transcriptional and proteomic level.     

10.4 Conclusions and Perspectives
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    Chapter 11   
 Effect of Silicon on Crop Growth, Yield 
and Quality 

          Abstract     Silicon (Si) has widely been reported to increase the growth and  biomass, 
yield and quality of a broad range of crops including monocotyledonous crops such 
as rice, wheat, maize, barley, millet, sorghum and sugarcane that actively take up 
and accumulate high amounts of Si in their organs and some dicotyledonous crops 
such as cotton and some vegetable and fruit crops. The yield increment, however, 
may be attributable not only to the benefi cial effects of Si including growth promo-
tion, lodging resistance and biotic and abiotic stress resistance but also to some 
indirect effects such as pH adjustment and acquisition of macro- and micronutrients 
contained in the silicate fertilizers, especially when slags or Si-containing mineral 
ores are used as sources of silicate fertilizer.  

  Keywords     Growth   •   Photosynthesis   •   Nutrient uptake   •   Quality   •   Silicon   •   Yield  

11.1               General 

 It has been well documented that silicon (Si) is effective in enhancing the growth 
and yield of many crops of agricultural and horticultural importance (for review, see 
Lian  1976 ; Elawad and Green  1979 ; Savant et al.  1997 ,  1999 ; Wang et al.  2001 ; 
Singh et al.  2005 ; Guntzer et al.  2012 ). The major crops that are widely reported to 
positively respond to Si fertilization include some monocotyledonous crops such as 
rice ( Oryza sativa ), wheat ( Triticum aestivum ), maize ( Zea mays ), barley ( Hordeum 
vulgare ), millet ( Setaria italica ), sorghum ( Sorghum bicolor ) and sugarcane 
( Saccharum offi cinarum ) that actively absorb and accumulate high amount of Si in 
their organs and some dicotyledonous crops such as cotton ( Gossypium ), soybean 
( Glycine max ) and some vegetable and fruit crops that are also able to accumulate 
Si through specifi c transporters (see Chap.   4    ). Table  11.1  shows the effect of large- 
scale fi eld application of blast furnace slag-based silicate fertilizer on crop yield and 
economic benefi t indicated by ratio of added revenue to Si fertilizer cost in north-
eastern China during 2005–2006 (Y. Liang et al., unpublished). The data from Table 
 11.1  clearly show that although the average yield increase percent for all the crops 
tested except maize due to Si fertilizer application was above 10 %, the ratio of 
benefi t to cost differed greatly with crop species mainly due to the per unit area crop 
yield and the price of the products. Although the average yield increase percent for 
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soybean (11 %) was statistically signifi cant compared with Si-untreated control 
application of Si fertilizer was still less acceptable by local farmers because of its 
lower economic benefi t (lower ratio of benefi t to Si fertilizer cost). The application 
of Si fertilizer to greenhouse-grown cucumber ( Cucumis sativus ) and tomato 
( Lycopersicon esculentum ) led to extremely high economic benefi ts and thus was 
welcomed commercially (Table  11.1 ).

11.1.1       Si-Improved Growth and Yield 
of Monocotyledonous Crops  

11.1.1.1     Rice 

 Field application of slag-based silicate fertilizers in rice paddy fi eld started in Japan 
in the early 1950s and in South Korea in the 1960s–1970s. This practice contributed 
greatly to rice production sustainability and food security in these countries (Savant 
et al.  1997 ; Park  2001 ; Ma and Takahashi  2002 ; also see Chap.   1    ). The use of  silicate 
fertilizers is also a rather common agricultural practice to increase the growth and 
yield of rice in Southeast Asia including China mainland, Chinese Taiwan, Thailand, 
the Philippines, Ceylon, Vietnam, Sri Lanka, Pakistan, India and Indonesia and in 
Central, South and North America, including Florida, Colombia and Brazil, and in 
West Africa, including Nigeria (Lian  1976 ; Snyder et al.  1986 ; Yamauchi and 
Winslow  1989 ; Datnoff et al.  1992 ; Winslow  1992 ; Liang et al.  1994 ; Savant et al. 
 1997 ; Winslow et al.  1997 ; Alvarez and Datnoff  2001a ; Correa-Victoria et al.  2001 ; 
Korndörfer and Lepsch  2001 ; Prabhu et al.  2001 ). Lian ( 1976 ) and Elawad and 
Green ( 1979 ) reviewed the rice yield responses to Si fertilization, mostly in temper-
ate regions such as Japan, Korea and Chinese Taiwan, while Savant et al. ( 1997 ) 
summarized the positive effects of Si fertilization on the growth and yield of rice 
grown on highly weathered soils such as inceptisols, alfi sols, ultisols and oxisols in 
the subtropical to tropical zones. In these areas more benefi cial effects of Si on rice 
could be expected due to low Si bioavailability. In addition to lowland rice, 

            Table 11.1    The effect of fi eld application of blast furnace slag-based silicate fertilizer on crop 
yield and benefi t/cost ratio during 2005–2006 in northeastern China (Y. Liang et al., unpublished)   

 Crops tested 
 Yield increase 
percent range 

 Average yield 
increase (%) 

 Benefi t/
cost ratio 

 No. of 
trials 

 Rice  3.5–28.5  10.3**  4.4  50 
 Maize  5.6–10.4  7.7*  3.1  44 
 Cucumber  9.35–25.6  13.7**  42.9  40 
 Tomato  8.7–15.9  12.0**  35.7  35 
 Soybean  7.5–13.6  11.0**  1.7  32 

  * and ** indicate signifi cantly different at  P  < 0.05 and  P  < 0.01, respectively, compared with 
Si-untreated controls  
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benefi cial effects of Si fertilization on the yields of upland rice have also been 
reported in the Philippines, China, Colombia, Brazil and West Africa (IRRI  1965 , 
   1966; Yamauchi and Winslow  1989 ; Datnoff et al.  1992 ; Winslow  1992 ; Liang et al. 
 1994 ; Savant et al.  1997 ; Correa-Victoria et al.  2001 ; Prabhu et al.  2001 ). 

 Si fertilization is reported to increase the growth of rice plants during the entire 
growth stage, benefi ting rice plants not only in the nursery (at seedling stage) but 
also in the fi eld after transplanting (IRRI  1965 , 1966; Liang et al.  1994 ; Savant et al. 
 1997 ). It was reported that the application of various slags to nursery plants led to 
an increase in the number of leaves and dry matter yield of rice (Savant et al.  1997  
and references therein). The application of black to grey ash of rice hulls improved 
the growth of rice seedlings and biomass (Sawant et al.  1994 ; Savant et al.  1997 ). 
After transplanting, Si fertilization increased the number of tillers and panicles 
(IRRI  1965 , 1966; Liang et al.  1994 ). Ma et al. ( 1989 ) reported that the dry weight 
of straw and grain in rice plants not receiving Si during the reproductive stage 
decreased by 20 % and 50 %, respectively, compared with those of plants receiving 
Si throughout the growth period. When Si was supplied at the reproductive stage, 
the dry weight of rice straw and rice grain was increased by 243 % and 30 %, 
respectively. Regardless of whether Si was supplied or not, its effect was limited to 
the vegetative and ripening stages. The percentage of fi lled spikelets was also 
affected by the addition of Si during the reproductive stage, while the 1,000-grain 
weight was not infl uenced. These results suggest that the supply of Si during the 
reproductive stage is crucially important for the growth of rice plants. 

 More recently, Wang et al. ( 2014 ) reported the benefi cial effects of steel slag 
applied at various rates on rice growth, yield and soil properties in a subtropical 
paddy fi eld of China (Table  11.2 ). They showed that while steel-slag amendment 
had no positive effects on rice growth characteristics other than the shoot/root ratio 
( P  < 0.05), it signifi cantly increased the grain yield and percentage of ripened grain 
(Table  11.2 ). Further research showed that the yield of the fi rst early rice crop was 
signifi cantly higher when slag was applied at a rate of 8 Mg ha −1  than when lower 
rates were applied ( P  < 0.05, Table  11.3 , Wang et al.  2015 ), and the yield of the late 
rice crop with slag added at a rate of 4 and 8 Mg ha −1  was also signifi cantly higher 
than in the control ( P  < 0.05); however, no signifi cant rice yield response was 
observed when steel slag was applied at a rate of 2 Mg ha −1  only ( P  > 0.05). 
Furthermore, no signifi cant residual effects of slag application were observed on the 
yields of both the second early paddy and the vegetable crops, suggesting that 
 application of slag is needed for the third crop season. On the other hand, slag 
effects on rice yield may be caused partly by its indirect effect, as could be seen 
from Table  11.2  that soil organic carbon (C), total nitrogen (N), total phosphorus 
(P), total iron (Fe), total manganese (Mn), available P 2 O 5 , available SiO 2  and ferric 
Fe contents increased signifi cantly with the application levels of steel slag. Agarie 
et al. ( 1992 ) investigated the effects of Si and light intensity on the growth and dry 
mass of three rice cultivars and found that Si applications promoted seedling growth 
and dry mass accumulation. The effect of Si on growth improvement was dependent 
on light exposition (canopy) and the culvivars tested; the shade-resistant cultivar, cv. 
Koshihikari, responded the best to Si amendment in shade conditions. The  benefi cial 

11.1 General



212

effects of Si may be attributed to an increase in water use effi ciency (WUE) and 
maintenance of photosynthetic activity. At the cell level, the growth promotion by 
the addition of Si in rice has been linked to enhanced cell elongation, but not cell 
division in the epidermal cells (Hossain et al.  2002 ). Isa et al. ( 2010 ) found that 
Si-enhanced rice growth was independent of silica deposition and suggested an 
important physiological role of Si in the cell wall, although they did not report 
any evidence.

     Table 11.2    Rice growth and yield characteristics and soil properties of plots amended with 
different rates of steel slag   

 Application level (mg ha –1 ) 
 0  2  4  8 

 Growth characteristics 
 Total dry matter (Mg ha –1 )  17.20 ± 0.45  17.32 ± 0.27  17.46 ± 0.29  17.56 ± 0.25 
 Shoot biomass (Mg ha –1 )  14.94 ± 0.30  14.95 ± 0.22  15.06 ± 0.49  15.06 ± 0.52 
 Root biomass (Mg ha –1 )  2.31 ± 0.19  2.36 ± 0.16  2.37 ± 0.09  2.50 ± 0.16 
 Shoot/root ratio  6.42 ± 0.04 a   6.30 ± 0.16 a,b   6.17 ± 0.07 b   6.08 ± 0.07 c  
 Yield characteristics 
 Grain yield (Mg ha –1 )  8.09 ± 0.15 b   8.22 ± 0.13 b   8.33 ± 0.12 b   8.43 ± 0.09 2  
 1,000-grain weight (g)  24.37 ± 0.55  24.19 ± 0.19  24.29 ± 0.75  24.37 ± 0.49 
 Ripened grains (%)  0.85 ± 0.00 b   0.85 ± 0.01 b   0.87 ± 0.01 a   0.87 ± 0.01 a  
 Soil properties 
 pH  6.48 ± 0.13  6.81 ± 0.12 b   6.93 ± 0.37  7.16 ± 0.66 
 Bull density (g cm –3 )  1.05 ± 0.10  1.04 ± 0.07  0.95 ± 0.03  0.97 ± 0.04 
 Organic C (g kg –1 )  18.10 ± 0.28 b   18.07 ± 0.16 b   18.53 ± 0.09 2,b   18.89 ± 0.35 a  
 Total N (g kg –1 )  1.17 ± 0.08 b   1.43 ± 0.12 a   1.40 ± 0.12 a   1.40 ± 0.04 a  
 Total P (g kg –1 )  1.06 ± 0.04 b   1.39 ± 0.09 a   1.17 ± 0.13 a,b   1.19 ± 0.04 a,b  
 Total Fe (g kg –1 )  23.35 ± 0.58 b   26.57 ± 159 a,b   27.84 ± 1.76 a   27.79 ± 1.10 a  
 Total Mn (mg  –1 )  216.60 ± 1.81 b   244.81 ± 6.82 b   293.39 ± 18.17 a   314.23 ± 25.26 a  
 Available P 2 O 5  (mg kg –1 )  53.12 ± 1.24 d   65.05 ± 2.76 c   79.85 ± 7.62 b   96.37 ± 3.03 a  
 Available SiO 2  (mg kg –1 )  254.09 ± 5.12 c   485.34 ± 750 b,c   764.00 ± 15.35 b   1232.37 ± 226.04 a  
 Ferric Fe (g kg –1 )  3.18 ± 0.18 c   4.66 ± 0.49 b,c   5.75 ± 0.77 b   8.76 ± 1.53 a  

  From Wang et al. ( 2014 ) 
 Different letters in a single row indicate statistical differences ( P  < 0.05)  

   Table 11.3    Yields of crops amended with various rates of steel slag   

 Application level (Mg ha –1 ) 
 Crop yield (Mg ha –1 )  0  2  4  8 

 First early rice crop  8.09 ± 0.15 a   822 ± 0.13 ab   8.33 ± 0.12 ab   8.43 ± 0.09 b  
 Late rice crop  7.46 ± 0.16 a   7.49 ± 0.12 a   8.08 ± 0.34 b   8.14 ± 0.28 b  
 Vegetable crop  26.9 ± 2.8 a   26.9 ± 1.9 a   27.0 ± 32 a   27.0 ± 42 a  
 Second early rice crop  7.87 ± 0.09 a   7.78 ± 0.11 a   7.93 ± 0.12 a   7.84 ± 0.09 a  

  From Wang et al. (2015) 
 Different letters within a row indicate statistical differences ( P  < 0.05)  
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    The yield responses to Si fertilization depend largely upon plant-available Si 
content in soil, plant-available Si content of the fertilizers used, soil pH, N  application 
levels and other environmental factors such as climate conditions (Liang et al.  1994 ; 
Savant et al.  1997 ; Park  2001 ; Wang et al.  2001 ,  2014 ,  2015 ). According to the 
review by Savant et al. ( 1997 ), rice yield responses to Si fertilization differed greatly 
from one experiment to another, ranging from 4.6 to 48 %. In 16 provinces of China, 
yield increment caused by Si fertilization ranged from 0 to 400 % with an average 
of 10 %, depending on the severity of Si defi ciency in the soils tested (Wang et al. 
 2001 ). Large-scale fi eld experiments (about 76 million ha) at 50 trial sites across 
northeast China show that amendment of furnace slag-based calcium silicate fertil-
izers to paddy soils derived from bleaching-meadow soil, meadow soil, bleaching 
soil, chernozem and black soil showed a signifi cantly positive yield increase rang-
ing from 3.5 to 28.5 % with an average of 10.3 % (Y. Liang et al. unpublished; see 
Table  11.1 ). Interestingly, a yield increase of as high as 76 % due to the application 
of Si at 3 t/ha in a form of furnace phosphorus slag was reported for upland rice 
grown on an inceptisol with pH 4.7 and Al saturation of 18 % at the Santa Rosa site 
of Colombia (Correa-Victoria et al.  2001 ). However, it should be stressed that the 
yield increment was attributable not only to the benefi cial effects of Si including 
growth promotion, lodging resistance, disease and pest resistance and abiotic stress 
resistance but also to some indirect effects such as pH adjustment and acquisition of 
macro- and micronutrients contained in the Si fertilizers (e.g. slag-based Si fertilizer 
and potash feldspar or potash-rich minerals manufactured by calcination or hydro-
thermal chemical reaction method). Another important issue that needs to be empha-
sized is associated with residual effects or after-effect of slag-based Si fertilizers 
and feldspar- or potash-rich mineral-based Si fertilizers because these categories of 
fertilizers are characterized by their slow- releasing properties. Thus, yearly applica-
tions may not be needed and the subsequent application rates can be considerably 
reduced (Datnoff et al.  1997 ; Correa-Victoria et al.  2001 ). For example, Si applica-
tions in a rice–sugarcane ( Saccharum offi cinarum ) rotation in southern Florida 
resulted in increased yields of both rice and sugarcane that was grown immediately 
after rice (Alvarez and Datnoff  2001b ). Correa-Victoria et al. ( 2001 ) also reported 
that the application of slag in Colombia increased upland rice yield by 100 % due to 
its residual effect.  

11.1.1.2     Wheat 

 Wheat is another staple food crop that is widely reported to positively respond to 
silicate fertilizers (Wang et al.  2001 ) and that also has an active uptake and accumu-
lation of Si in plant organs (Rafi  and Epstein  1999 ; Montpetit et al.  2012 ). Zhu and 
Chen ( 1963 ) reported an obvious yield increase in wheat ranging from 6 to 12 % 
following the application of steel-slag-based calcium silicates in northern China. 
Subsequent fi eld trials conducted across China also showed signifi cantly positive 
yield responses to application of silicate fertilizers (ranging from 5 to 12 %) (Wang 
et al.  2001 ). In other instances, consecutive four-year fi eld trials indicated that the 
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application of a mixture of powdered sodium metasilicate and sodium disilicate 
increased wheat yield by 4.1–9.3 % on a calcareous paddy soil (Liang et al.  1994 ). 
Liu et al. ( 2011 ) also conducted long-term fi eld trials with slow-released potassium 
silicate and showed that wheat yield was increased by 13.8 % on the average. 

 Xia et al. ( 1999 ) and Cui et al. ( 1999 ) observed a ca. 10 % yield increase when 
Si was applied by foliar spray and as a soil amendment. Yu and Gao ( 2012 ) investi-
gated the effects of Si on the yield of two wheat cultivars and found that appropriate 
Si levels could increase the grain yield of wheat, and the increase resulted from the 
increase in spike number and grain number per spike. By contrast, Segalin et al. 
( 2013 ) tested the effect of foliar applications of Si on wheat yield and quality and 
did not observe any improvement in fi ve cultivars. This may be related to the fact 
that foliar applications did not lead to Si accumulation in wheat as reported by 
Guével et al. ( 2007 ).  

11.1.1.3    Sugarcane 

 Sugarcane is a Si-accumulating plant species and the second most Si-responsive 
crop after rice. Samuels ( 1969 ) reported that the aboveground parts of 12-month-old 
sugarcane plants contained 379 kg ha −1  of Si, compared to 362 kg ha −1  of K and 
140 kg ha −1  of N. As a result, Si defi ciency in soils could be a yield-declining factor 
in sugarcane, resulting in symptoms such as twisted leaves and leaf freckling (Wang 
et al.  2001 ). It has been well documented that Si nutrition has a defi nite agronomic 
role in sugarcane crop cultivation, especially on highly weathered tropical soils 
such as oxisols, ultisols, entisols and histosols (organic soils) (for review, see Savant 
et al.  1999 ; Meyer and Keeping  2001 ). Earlier fi eld trials conducted in Hawaii, 
Mauritius, Puerto Rico, Florida, South Africa, Brazil and Australia demonstrated 
that the use of silicate slag as a source of Si for sugarcane increased yield by 
10–50 % on Si-low soils (Ayres  1966 ; Clements  1965 ; Fox et al.  1967 ; Samuels 
 1969 ; Cheong and Halais  1970 ; Haysom and Chapman  1975 ; Gascho  1976 ; Elawad 
et al.  1982 ; Anderson et al.  1991 ; Alvarez and Datnoff  2001b ; Meyer and Keeping 
 2001 ; Berthelsen et al.  2001 ). Similar results were obtained in Asia including China, 
Chinese Taiwan, Indonesia, Malaysia and Pakistan (Savant et al.  1999  and the refer-
ences therein; Wang et al.  2001 ; Ashraf et al.  2009 ). The review of the literature by 
Savant et al. ( 1999 ) unveiled several levels of Si-caused yield increases in cane 
ranging from 10 to 50 % and from 5 to 35 %. Some recent trials in China also gave 
positive cane yield responses to application of Si fertilizer. For example, Jiang et al. 
( 2011 ) found that the application of Si (720 kg SiO 2  ha −1 ) increased the sugarcane 
and sugar yields by 9.0 % and 9.7 %, respectively. Huang et al. ( 2011 ) also found 
that sugarcane yield was signifi cantly increased by application of Si. 

 The observed positive sugarcane responses to Si fertilization have been attribut-
able to a number of factors including prevention of aluminium and manganese tox-
icities in highly weathered acid soils, improved water use effi ciency, protection 
from fungal and insect pest damage, improved phosphorus nutrition, improved 
mechanical strength and improved photosynthesis through better use of sunlight 
(Anderson et al.  1991 ; see also Chaps.   5    ,   7    ,   9     and   10    ). For instance, Zeng et al. 
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( 2007 ) found that Si application could increase the chlorophyll content and activity 
of nitrate reductase of lower (old) leaves of sugarcane, prolong the leaf functional 
period and increase the population leaf area index. Si also increased the export of 
photosynthetic products from middle and lower leaves at night. 

 Application of Si can infl uence the availability of nutrients in the soil and nutri-
ent concentrations in sugarcane plants. Huang et al. ( 2011 ) observed that the appli-
cation of Si increased the levels of soil-available Si and exchangeable calcium (Ca) 
and magnesium (Mg), but decreased the soil organic matter and available P content. 
Huang et al. ( 1992 ) found that Si promoted the translocation of 11 nutrients includ-
ing N, P, potassium (K), Mg, Ca, Mn, zinc (Zn), copper (Cu), Fe, molybdenum (Mo) 
and boron (B) to the growing parts of the plant, which could enhance the growth of 
sugarcane, as well as sugar synthesis and accumulation. Huang et al. ( 1997 ) also 
observed increased concentrations of N and K in leaves following Si application, 
but the effects on P concentrations were different in different trial sites. The authors 
suggested that Si could improve the P status in the leaves, depending on the soil P 
level. These studies suggest that some of the benefi cial effects of Si on sugarcane 
growth are indirect and related to Si-mediated improvement in availability of nutri-
ents in the soil and nutrient uptake by plants. 

 Si may play a role in the synthesis, storage and retention of sucrose in sugarcane 
plants. Ji et al. ( 1992 ) observed that Si application decreased the activities of acid 
invertase in mature leaves, but increased the activities of neutral invertase at elonga-
tion and maturity stages. Si-mediated changes facilitated sucrose accumulation in 
the cane. Pawar et al. ( 2003 ) observed that foliar applications of Si increased the 
sucrose synthase and sucrose phosphate synthase activities in the leaves, although 
the mean commercial sugar content was not changed. 

 The improvement of sugarcane yields by Si may also be attributed to its induced 
resistance to various biotic and abiotic stresses, as has been discussed in previous 
chapters. The cane yield responses to Si fertilization are more signifi cant under 
environmental stress than under normal conditions. Also, the cane yield response is 
genotype dependent. For instance, cane yield was increased with Si addition by 
59 % and 28 % in the salt-sensitive and salt-tolerant genotype, respectively, com-
pared with the controls (Ashraf et al.  2009 ).  

11.1.1.4    Maize 

 Maize is also one of the cereal crops that actively take up and accumulate Si into its 
organs (Liang et al.  2006 ; Mitani et al.  2009 ; see Chap.   4    ). Maize growth and yield 
are also highly responsive to Si fertilization (Yuan et al.  1996 ; Li et al.  1999 ; Wang 
et al.  2001  and references therein; Liu et al.  2011 ; also see Table  11.1 ). As early as 
the 1960s, Zhu and Chen ( 1963 ) conducted fi eld trials on maize with steel slag in 
Liaoning province of northern China and reported a yield increment ranging from 
8.5 to 10.2 %. By conducting 8 fi eld trials on maize in northern China, Li et al. 
( 1999 ) showed that the yield of summer maize receiving Si fertilization was 
increased by 473–900 kg ha −1  over the control ( P  < 0.01). The application of Si 
 fertilizer signifi cantly increased concentrations of N, P, Zn and Mn in maize plants. 
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Thus, the yield response to Si may be related to improved uptake of these nutrients 
(Li et al.  1999 ). Yuan et al. ( 1996 ) agreed that the positive maize yield responses to 
Si fertilization could be attributable to the increased ear numbers and grain size. 
Consecutive fi eld trials indicated that, on the average, the application of Si fertilizer 
resulted in maize yield increase by 7.3 % (Liu et al.  2011 ) and by 7.7 % (Y. Liang 
et al., unpublished, Table  11.1 ). 

 Maize yield responses to Si fertilization may be impacted by climate and plant- 
available Si in soils as well. According to Li et al. ( 1999 ), the application of Si 
resulted in a maize yield increase by 10 % in 1997 due to a severe drought stress 
during maize-growing season, while yield increment of 5 % was observed in 1998 
when no drought stress occurred. It seems to suggest that the benefi cial effects of Si 
on plant growth and yield are particularly distinct under drought stress conditions.   

11.1.2     Dicotyledonous Crops 

11.1.2.1    Cucumber 

 Cucumber is a typical intermediate type of plant species that also actively takes up 
and accumulates Si into its organs (Liang et al.  2006 ; Nikolic et al.  2007 ). Benefi cial 
effects of Si on cucumber, especially under biotic and abiotic stress, have been most 
widely reported (Miyake and Takahashi  1983a ,  b ; Adatia and Besford  1986 ; 
Marschner et al.  1990 ; Chérif and Bélanger  1992 ; Wang et al.  2007 ; Pavlovic et al. 
 2013 ; Liu et al.  2014 ; also see Chaps.   5    ,   8     and   9    ). Four-year fi eld trials show that, 
on the average, the application of slag-based silicate fertilizers to greenhouse 
cucumber increased the yield by 13.7 % (Y. Liang et al., unpublished, Table  11.1 ). 
The benefi cial effect of Si on the seed germination of cucumber has also been 
reported. For example, Li and Ma ( 2002 ) reported that when the available Si in soil 
was in the range of 55 to 203 mg kg −1 , the activities of both protease and lipase and 
respiration rate were obviously increased during seed germination. The seed vigour 
was also increased. These results clearly show that suitable Si level could enhance 
the seed germination of cucumber. 

 During seedling growth, Li and Ma ( 2002 ) observed Si-mediated increases of the 
photosynthetic rate, root activities and nitrate reductase activity. In a pot trial, Wang 
et al. ( 2007 ) observed that applications of Si up to 125 mg kg −1  improved leaf chlo-
rophyll levels, photosynthetic rate and water use effi ciency. Similar results have 
recently been observed in a hydroponic experiment (Liu et al.  2014 ).  

11.1.2.2    Tomato 

 Although tomato ( Solanum lycopersicum ) is a typical Si-excluder plant species as 
compared to rice, a typical Si accumulator (Nikolic et al.  2007 ), Si fertilization has 
been reported to increase the growth and yield (Liang et al.  1993 ; Liu  1997 ; Liu 
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et al.  2011 , Table  11.1 ). Liang et al. ( 1993 ) showed that adding 50 μg Si L −1  to a 
nutrient solution increased tomato yield by 62 %. Furthermore, fi eld  trials indicated 
that Si fertilization increased tomato yield by up to 15–30 % due to increased fruit 
numbers and sizes (Liang et al.  1993 ; see Table  11.1 ). Tomato fruits became ripened 
four days earlier with higher commercially produced tomato yield due to Si fertil-
ization compared with the control treatment (Liang et al.  1993 ). Liu ( 1997 ) con-
ducted several fi eld trials to compare the effects of Si and Ca fertilizer on tomato 
growth, yield and quality. The results showed that the application of Si fertilizer 
signifi cantly increased tomato resistance to diseases, fruit size and consequently 
yield. In addition, the combined application of Si–Ca fertilizer improved the taste of 
tomato fruit due to increased sugar content, which was not observed if only Ca fer-
tilizer was added without Si fertilization. Cao et al. ( 2013 ) investigated the effects 
of different levels of Si on growth and H 2 O and CO 2  exchange of tomato grown 
hydroponically and found that 0.6 mM (T1) and 1.2 mM Si (T2) signifi cantly 
increased the plant height and dry mass of roots, stem and leaves. The contents of 
photosynthetic pigments (such as chlorophyll a and b and carotenoid) are also 
increased by applied Si at both T1 and T2 levels. However, a higher concentration 
of Si at 1.8 mM Si (T3) did not improve the plant growth or contents of photosyn-
thetic pigments. The leaf net photosynthetic rates were also increased at both T1 
and T2 Si levels as compared to the control, but it was slightly decreased by applied 
Si at T3 level. The leaf transpiration rate is decreased at all the three levels of Si 
tested. Si application also increased the instantaneous water use effi ciency. 

 The form of Si infl uences its effect on tomato growth. Xue et al. ( 2012 ) observed 
that foliar application of both inorganic and organic Si could enhance the growth of 
tomato seedlings and increase single tomato fruit weight, with the promotion being 
more obvious by application of inorganic Si.  

11.1.2.3    Others 

 Recently, Si fertilizers have been applied to many other crops of agricultural and 
horticultural importance (for review, see Wang et al.  2001 ; Korndörfer and Lepsch 
 2001 ). For example, fi eld trials with slag-based silicate fertilizers showed that soy-
bean responded positively with its averaged yield increase of 11 % (Y. Liang et al. 
unpublished; see Table  11.1 ). Long-term fi eld trials in 26 provinces of China dem-
onstrated that on the average, the application of a slow-released potassium silicate 
formulation increased the yield of potato ( Solanum tuberosum ) by 12.3 %, peanut 
( Arachis hypogaea ) by 6.7 %, radish ( Raphanus sativus ) by 11.2 %, soybean by 
5.1 %, green bean ( Phaseolus vulgaris ) by 6.0 %, sugar beet ( Beta vulgaris ) 
by 4.7 %, cabbage ( Brassica oleracea ) by 15.2 %, chilli pepper ( Capsicum annuum ) 
by 8.4 %, pumpkin ( Cucurbita maxima ) by 11.7 %, peach ( Prunus persica ) by 
18.1 %, grapevine ( Vitis vinifera ) by 6.5 %, banana ( Musa  sp.  ) by 4.8 %, citrus spe-
cies by 12.3 %, longan ( Dimocarpus longan  Lour) by 10.7 %, tea ( Camelia sinen-
sis ) by 11.0 %, ginseng ( Panax ginseng ) by 3.2 % and papaya ( Carica papaya ) by 
9.7 % (Liu et al.  2011 ). Balakhnina et al. ( 2012 ) observed that the application of Si 
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stimulated the growth and biomass production of both shoot and roots in barley. In 
citrus, the application of Si fertilizers enhanced the growth by 30–80 %, promoted 
fruit maturation by 2–4 weeks and improved fruit quantity (Meena et al.  2014 , and 
reference therein). Li and Ma ( 2003 ) found that, within a suitable range of Si appli-
cation rates, the growth of cotton seedlings was promoted. Meanwhile, the uptake 
of P, Zn and B in seedlings was enhanced, while the uptake of N, K, Mn, Ca and Mg 
was decreased. These results suggest that Si could improve the nutritional metabo-
lism of cotton plants and therefore the growth. Si application also affected the fl ori-
cultural quality of gerbera. Kamenidou et al. ( 2010 ) found that Si-applied gerbera 
plants had thicker fl ower peduncles and increased fl ower diameters and height. 
Furthermore, the gerbera plants treated with Si fl owered earlier than the controls. 

 Crop yield responses to Si fertilizers are more evident under various forms of 
abiotic and biotic stresses than under normal conditions.    

11.2     Crop Quality 

 Si fertilization is proven not only to enhance crop growth and yield but also to 
improve crop quality. Si fertilizers are mainly reported to improve the quality of rice 
grain, sugarcane, vegetables and fruits. For instance, brown rice rate, milled rice 
rate and head rice rate coupled with fatty acid content were signifi cantly higher in 
Si-treated rice than in the Si-untreated rice, while chalky grain rate and chalkiness 
were lower (Zhang et al.  2007 ; Shang et al.  2009 ). Yu and Gao ( 2012 ) investigated 
the effects of Si on grain quality in two wheat cultivars and found that Si application 
did not affect the 1,000-grain weight and protein content of grain in the two culti-
vars tested; on the other hand, in cv. Longmai 26, Si application enhanced the con-
tent of wet gluten, fl our water absorption and paste fracture time, and the extension 
quality of paste was also improved. Sugarcane juice quality characteristics like Brix 
(% soluble solids in juice), Pol (% sucrose in juice), commercial cane sugar (CCS) 
and sugar recovery in both salt-sensitive and salt-tolerant sugarcane genotypes were 
also signifi cantly improved by Si (Ashraf et al.  2009 ). The addition of Si to the 
hydroponic solution enhanced fruit fi rmness, total soluble solids and vitamin C con-
tent in tomato fruits (Liang et al.  1993 ; Stamatakis et al.  2003 ; Xue et al.  2012 ), 
while fertilization of strawberry with Si resulted in an increased tissue consistency 
and durability of fruits during post harvest (Babini et al.  2012 ). In apple, the appli-
cation of Si increased the content of soluble solid and vitamin C and reduced the 
level of titratable acid in the fruit, but did not affect the fruit hardness (Su et al. 
 2011 ). Shi et al. ( 2010 ) found that Si applications increased the contents of total 
soluble solids, sugar and acids, but decreased the level of nitrate in grape. Wang 
et al. ( 2007 ) observed a yield increase in cucumber in the range of 5.1 to 10.2 %, 
depending on the application rate of Si. Liu et al. ( 2014 ) observed not only an 
increase in single cucumber fruit weight but also an improvement in cucumber qual-
ity. They found that the levels of sugar and vitamin C were signifi cantly increased, 
while the level of NO 3  −   -N was decreased. The role of Si in increasing sugar 
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concentration in the cucumber fruit is still unclear, but may be related to Si-promoted 
photosynthesis, as previously suggested (Li and Ma  2002 ). The decrease of NO 3  -  −   -N 
level in cucumber may be due to Si-mediated increase in N use effi ciency, as 
observed in rice (Detmann et al.  2012 ). Further study is needed to clarify the mecha-
nisms for these Si-mediated changes in fruit quality. 

 In addition, supplementation of Si is reported to improve the fl ower quality traits 
of gerbera (Savvas et al.  2002 ; Kamenidou et al.  2010 ), zinnia (Kamenidou et al. 
 2010 ) and rose (Voogt and Sonneveld  2001 ) under greenhouse conditions.     
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Chapter 12
Silicon Sources for Agriculture

Abstract This chapter overviews the major silicate fertilizers commercially 
 available and describes briefly their manufacturing processes. Silicon (Si) sources 
for agricultural use range from chemical products to natural minerals to by-products 
of steel and iron industries. All these products are shown to be effective in improving 
crop growth and yield. Slag-based silicate fertilizers are cost-effective, but more 
attention should be paid to their potential environmental risks which may arise from 
the heavy metals contained in the fertilizers. Soluble potassium or sodium silicates 
are completely water soluble and can be used as foliar fertilizers, but are usually too 
expensive for soil application. Slow-releasing potassium-containing or potassium- 
rich silicates that are manufactured using feldspar as raw materials are not only 
cost-effective and agriculturally effective but also environmentally friendly.

Keywords -

12.1  Slag-Based Silicate Fertilizer

Slag-based silicate fertilizers refer to calcium silicate fertilizers that are processed 
using slags, by-products or industrial waste materials from the processing of iron 
and steel-making industries. Although slags from the processing of iron and steel- 
making industries have been extensively used first by monasteries in Europe since 
the Middle Ages (fifth to fifteenth centuries) (see Chap. 1), they are usually treated 
as liming or phosphorus-containing amendments because silicon (Si) has not been 
recognized as an essential element for plant growth. The first patents for using Si 
slag as a fertilizer were obtained by Zippicotte in the USA in 1881 (Zippicotte 
1881). Based on the distinct beneficial agronomic effects of slags on paddy rice 
(Oryza sativa) and degraded paddy soils in field trials conducted across Japan after 
World War II, slags were first approved officially as silicate fertilizers by the 
Ministry of Agriculture, Forestry and Fisheries of Japan in 1955 and has since been 
commercially available on the market. Slags that contain a sufficient amount of Si 
available to the plant, but free of toxic components, were recognized as ‘silicate 
fertilizer’, and an official standard of silicate fertilizer was established (Ma and 
Takahashi 2002).

http://dx.doi.org/10.1007/978-94-017-9978-2_1
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Slags that are used to process silicate fertilizers include blast furnace slags, sili-
comanganese slags, ferronickel slags, stainless-steel slags, carbon-steel slags, 
 manganese slags and converter slags (Gascho 2001); another common source is the 
electric furnace production of elemental phosphorus such as phosphorus slag.

Slag is a by-product of the production of metals or alloy steels by smelting the 
mineral ore with limestone and cokes in a blast furnace or electric arc furnace at 
high temperature (e.g. 1,300 °C), followed by cooling (by either air or water) the 
material floated on the surface. During the smelting process, silicate components in 
the ore react with limestone, and Si contained in the ore is often released from its 
tightly bound state, thus leading to the separation of calcium silicate and, conse-
quently, the increased solubility of Si compounds. Meanwhile, Fe and other metals 
in the ore are reduced and separated, and slag remains as a by-product (Ma and 
Takahashi 2002). The main components of slag are calcium silicate, magnesium 
(Mg), aluminium (Al) and iron (Fe), with trace amount of manganese (Mn), nickel 
(Ni) and chromium (Cr) included. According to the official standard of silicate fer-
tilizer set up in Japan in 1955 (Ma and Takahashi 2002), the plant-available Si con-
tent (0.5 N HCl-soluble SiO2) and alkali component (mainly CaO) content in slag 
should be more than 20 % and 35 %, respectively, and maximum allowable limits 
for toxic components Ni, Cr and titanium (Ti) are 0.4 %, 4 % and 1.5 %, respec-
tively. This standard was revised in 1987; slags containing more than 10 % soluble 
SiO2 (0.5 N HCl-soluble SiO2) were also recognized as silicate fertilizers. Listed in 
Table 12.1 is the composition of 10 slags used as calcium silicate fertilizers in Japan 
(Ma and Takahashi 2002). It can be seen clearly that, owing to the differences in 
manufacturing processes of iron and alloy industries, the Si solubility, plant- 
available Si content and value of the by-product differ considerably with the sources 
of slag used (Gascho 2001; Ma and Takahashi 2002). The main slag used in Japan 
has been blast furnace slag followed by silicomanganese slag (Gascho 2001).

Table 12.1 Composition of slags used as calcium silicate fertilizer (%)

CaO SiO2 MgO MnO Al2O3 Fe2O3

Pig iron slags 35–45 30–41 3–7 0.3–1.7 12–20 0.3–1.7
Steel mill slags 37–65 9–22 0.6–1.5 0.5–10.0 0.1–7.5 1.5–3.5
Stainless-steel slags 43–48 23–28 10–15 0.5–1.0 1–4 0.5–1.2
Ferromanganese 33–37 25–30 4–7 5–14 4–7 0.5–1.0
Slags
Silicomanganese 30–45 30–40 1–4 6–10 3–12 3–10
Slags
Ferronickel slags 8–12 40–50 20–26 – 4–6 4–5
Nickel slags 17–20 40–45 20–25 – 2.5–4 14–20
Ferrochrome slags 47–53 27–32 9–12 – 9–12 0.2–0.5
Magnesium slags 50–55 29–33 8–12 0.1–0.3 1–3 2–4
Dephosphorylated 48–50 40–45 0.2–0.4 – 1–4 0.1–0.3
Slags

From Ma and Takahashi (2002)
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One of the most important issues to address is the potential toxicity and environ-
mental risk problems that may be caused by the toxic heavy metals contained in 
these slags (Gascho 2001). Table 12.2 shows the content of major heavy metals in 
some of the Australian slags. Steel slag and processing mud contain elevated con-
centrations of Cr and arsenic (As), and processing mud also contains high lead (Pb) 
concentrations. However, these materials were still considered to be safe because 
research (Zhou and Haynes 2011) showed that TCLP-extractable Cr (USEPA 1992) 
in steel slag (0.002 mg L−1) and red mud (1.093 mg L−1) was well below the regula-
tory limit of 5.0 mg L−1 and TCLP-Pb in red mud (0.016 mg L−1) was also low 
(Haynes et al. 2013). Compared to the maximum allowable limits (MALs) for Cr (4 
%) set up in Japan (Ma and Takahashi 2002), the total Cr content of all these slags 
(Table 12.2) is far below the MAL. However, in consideration of the potential envi-
ronmental risks to be caused by the recycled use of waste materials in farmland, 
more strict maximum allowable limits (MALs) have been set up for soil amend-
ments or soil conditioners. For example, the MALs for Cr, mercury (Hg), As, Cd 
and Pb in China are 50, 5, 10, 10 and 50 mg kg−1, respectively.

The major problem in early development of calcium silicate fertilizers in the 
USA using a by-product of the production of elemental P during the 1970s is related 
to the radon activity of some calcium silicate slags, depending on the location of the 
phosphate rock mines (Gascho 2001). Further research by Snyder et al. (1986) using 
a source of calcium silicate slag with lower radon activities demonstrated the value 
of the slag for rice and sugarcane (Saccharum officinarum) production in the high 
organic mucks of the Everglades and in some associated sands in South Florida.

12.2  Fused Magnesium Phosphate

Fused magnesium phosphate fertilizer containing phosphorus (P), Mg, Ca and Si 
was manufactured in Japan in the 1950s (Ma and Takahashi 2002). This Si-containing 
fertilizer is manufactured by melting rock phosphate together with serpentinite, 

Table 12.2 Heavy metal content of the waste materials

Material
Heavy metal content/mgkg–1

Cu Zn Cr As Cd Pb Hg

Ca silicate 2.8 6.3 7.8 35.5 0.24 1.16 0.145
BF slag 1 8.2 6.6 34.7 96.0 1.52 0.72 0.117
BF slag 2 13.6 124.8 42.5 57.8 1.00 1.01 0.120
BF slag 3 12.3 5.8 36.8 64.4 0.70 0.69 0.122
Steel slag 18.2 58.9 1,472.2 213.6 0.99 0.38 1.363
Processing mud 25.5 65.7 1,211.2 366.5 1.37 49.9 0.290
Fly ash 64.7 135.7 91.3 0.008 0.56 25.2 0.026

From Haynes et al. (2013)
BF, air-cooled blast furnace; processing mud, bauxite-processing mud
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followed by quick cooling and pulverization. Fused magnesium phosphate appears 
as a furnace phosphate fertilizer but contains 16–26 % soluble SiO2. Fertilizers con-
taining more than 20 % acid-soluble SiO2 are recognized as silicate fertilizer.

12.3  Slow-Releasing Potassium Silicate Fertilizer

Potassium silicate appeared as a slow-releasing K fertilizer in 1978 in Japan and in 
the 1990s in China. In Japan, coal fly ash from coal power plant is calcined together 
with potassium carbonate or potassium hydroxide and magnesium hydroxide at 
about 900 °C in a furnace. The main minerals are K2O (Al, Fe)O3 SiO2 and K2O MgO 
SiO2 (Ma and Takahashi 2002 and references therein). According to the official 
standard of commercial fertilizer in Japan, the content of citrate-soluble potassium 
(K2O), 0.5 M HCl-soluble silicate (SiO2) and citrate-soluble magnesium (MgO) in 
the fertilizer must be greater than 20 %, 25 % and 3.0 %, respectively, and the con-
tent of nonreactive water-soluble potassium (K2O) must be less than 3 %. Potassium 
in the potassium silicate fertilizer is slow released. Around 2000, the annual demand 
of this fertilizer reached 50,000 tons, over 90 % of which was used for rice produc-
tion in Japan.

In China, slow-released potassium silicate fertilizer is also available commer-
cially. However, slow-released potassium silicate fertilizer is a patented product 
manufactured with potash feldspar or potash-rich minerals by calcination or hydro-
thermal chemical reaction method at 130–250 °C (Han 2005; Liu et al. 2011). The 
hydrothermal chemical reaction technique involves using additives consisting of 
boron/magnesium mine powder or slight-burnt boron/magnesium mine powder. 
The chemical reaction is given in Eq. (12.1):

6 19 33 8 2 2 3 2 4 2 4 10 12 31KAlSi O Ca OH H O Ca Al SiO OH Ca Si O OH+ + → +( ) ( ) ( ) ( ))6 28 6H O KOH+  (12.1)

This slow-released potassium silicate contains 22–25 % of citrate-soluble SiO2, 
5.0–7.0 % of citrate-soluble K2O, 35–40 % of citrate-soluble CaO and 1.5 % of 
citrate-soluble MgO compared to 0.8 % water-soluble SiO2 and 5.3 % water-soluble 
K2O. Long-term field trials demonstrate that on the average, application of this 
slow-released potassium silicate increased the yield of many crop species by an 
average of 10 % (Liu et al. 2011; see Chap. 10 for a complete list of species).

To increase potassium content in the fertilizer, Su et al. (2011) invented an 
improved hydrothermal chemical reaction method to produce potassium-rich sili-
cate fertilizer (kalsilite) (a patented product) using feldspar powder. The hydrother-
mal chemical reaction is completed within 2–8 h at 220–280 °C. The content of 
citrate-extractable SiO2 and K2O is approximately 20 % and 24 %, respectively.

According to the field trials across China (Z. Yu and Y. Zhang 2014. personal 
communications), these potassium-containing calcium silicates can significantly 
increase the yield of a wide range of crops.
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In 1986, a liquid potassium silicate, which is guaranteed of containing at least 
12 % of water-soluble SiO2 and 6.0 % of water-soluble potassium, appeared as a 
readily available silicate fertilizer in Japan. It was produced by diluting potassium 
silicate and potassium carbonate in water (Ma and Takahashi 2002).

12.4  Fused Potassium Magnesium Silicate

Fused potassium magnesium silicate appeared as a slow-releasing potassium mag-
nesium silicate fertilizer around 2000 in China. It is produced by melting potash- 
rich minerals like feldspar together with magnesium sulphate in a furnace at around 
900–1,300 °C, followed by cooling and grinding and/or pelletization. The content of 
citrate-extractable SiO2, CaO, K2O and MgO is approximately 25–30 %, 27–32 %, 
4 % and 5 %, respectively. This potassium magnesium silicate is registered as soil 
amendment or soil conditioner. The results from field trials across China demon-
strate that this soil amendment is effective in increasing the yield and quality of 
crops including rice, wheat (Triticum aestivum), maize (Zea mays), sugarcane, pea-
nut (Arachis hypogaea), soybean (Glycine max) and vegetables and fruits and pro-
viding resistance to biotic (plant diseases and pest damage) and abiotic stresses.

12.5  Porous Hydrate Calcium Silicate

Porous hydrate calcium silicate (tobermorite) or calcium silicate hydrate used for 
light wall material in construction is manufactured by a chemical reaction with 
lime, quartz and cement at 180 °C at 10 atm pressure (Ma and Takahashi 2002). 
Because of the strict standards for wall material, a high percentage of nonstandard-
ized products resulted as a waste by-product of the building industry. This waste 
material, which has Si solubility greater than slags from the iron and alloy mills, 
was used as a fertilizer in Japan (Gascho 2001; Ma and Takahashi 2002). In 1993, a 
‘light porous cement powder fertilizer’ was recognized as a new silicate fertilizer 
with a new standard established. The content of 0.5 N HCl-soluble SiO2 must be 
greater than 15 % and that of base component must be greater than 15 % (Ma and 
Takahashi 2002).

12.6  Soluble Silicate Fertilizer

Only sodium silicate and potassium silicate can be water soluble. In 1840, sodium 
silicate was first suggested by Liebig (1840) as a Si fertilizer and as the first source 
of Si for greenhouse experiments on sugar beets. A long-term field experiment, 
which has been conducted at the Rothamsted Experimental Station (England) since 

12.6 Soluble Silicate Fertilizer
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1856, demonstrates that sodium silicate is effective in increasing grass productivity. 
Potassium silicate is even more effective in stimulating plant growth and productiv-
ity as it contains potash. However, both potassium silicate and sodium silicate are 
too expensive for field incorporation. These soluble silicates are available commer-
cially, but in most cases, for economical and efficient considerations, they are used 
as a foliar fertilizer at a relatively low concentration. Water glass (sodium silicate) 
is reported to be effective in increasing crop yield and resistance to diseases and pest 
damage for both soil applications (Elawad et al. 1982; Ma et al. 1987b; Qian et al. 
1988) and as foliar sprays (McAvoy and Bible 1996). However, it is not cost- 
effective for the rates recommended for soil application (Gascho 2001). Potassium 
silicates are applied to effectively control Pythium diseases in tomato and cucumber 
(Cucumis sativus) plants grown hydroponically (Adatia and Besford 1986) and 
powdery mildew in cucumber, muskmelon (Cucumis melo) and zucchini squash 
plants (zucchini squash) (Menzies et al. 1992) and in grape (Vitis vinifera) plants 
(Bowen et al. 1992). Potassium silicates are also too expensive for the rates recom-
mended for soil applications (Gascho 2001). In the late 1980s, water glass was suc-
cessfully used to manufacture a mixture of powdered sodium metasilicate and 
sodium disilicate in China (Ma et al. 1987a, b; 1992; Ma 1991). This fertilizer is a 
patented product and produced by centrifuging the water glass at a high speed, fol-
lowed by spraying at a given rate and drying at a given temperature (Ma 1991). This 
fertilizer contains 50–55 % of water-soluble SiO2 and 3–5 % water-soluble potas-
sium; but it is not cost-effective for the rates recommended for soil applications. It 
is completely water soluble and can thus be used as a liquid fertilizer or drip irriga-
tion fertilizer, but still not at a cost-effective concentration. Application of this sol-
uble Si fertilizer at a low rate (e.g. 90–105 kg ha−1) is reported to be effective in 
significantly increasing the yield of rice, sugarcane and wheat and providing resis-
tance to lodging and diseases (Ma 1991; Ma et al. 1992; Shui et al. 1995; Ye and Xu 
1995; Liang et al. 1994).

12.7  Silica Gel

Silica gel, which is usually used as a desiccating agent in the industry, is manufac-
tured by neutralizing water glass, followed by gelling and dehydrating (Ma and 
Takahashi 2002). Si is required by rice at the seedling stage, but the silicate fertil-
izers commercially available (mainly slag-based Si fertilizer) in Japan are not suit-
able for use in nursery bed because they are too basic or alkaline (pH 10–12) and 
will raise the pH (Ma and Takahashi 2002). Silica gel was found to be a suitable Si 
source for use in rice nursery beds in Japan in 1999. As silica gel is not dissolved in 
hydrochloric acid, the content of 0.5 M sodium hydroxide-extractable SiO2 in silica 
gel, according to the Japanese official standard, should not be lower than 80 %.

12 Silicon Sources for Agriculture
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12.8  Other Sources

Apart from the sources of Si discussed above, some naturally occurring Si-containing 
minerals such as wollastonite and olivine (MgSiO3) are used as sources of Si fertil-
izer used in agriculture after being pulverized and/or pelletized (Park 2001; Gascho 
2001). In addition, diatomaceous earth is commercially used as a source of Si fertil-
izer by some companies. However, research is needed to clarify whether Si con-
tained in diatomaceous earth is plant available during crop-growing seasons after it 
is mechanically pulverized and the agronomic effects reported are attributable to Si, 
but not to other nutrients contained in the diatomaceous earth.
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    Chapter 13   
 Summary and Perspectives 

13.1                        Summary 

 Chapters in this book summarize the current knowledge inherent to the importance 
of Si nutrition for plant growth and development, resistance to biotic and abiotic 
stress and yield production and quality. The readers should refer to the individual 
chapters for information on past, current and future research linking Si with soils, 
plants and fertilizers. In general, the chapters are closely connected thereby offering 
a comprehensive discussion about  the specifi c topics while avoiding repetition. 

 The fi rst chapter addresses the most important historical points and general intro-
duction to Si research worldwide. Chapter   2     critically reviews the current analytical 
methods used for determination of Si in a wide variety of materials including soils, 
plants and fertilizers. Chapter   3     is more soil oriented and includes environmental 
chemistry of Si and its bioavailability for crops. Chapter   4     provides an overview of 
Si uptake and transport by higher plants highlighting the most recent achievements 
in cloning and characterization of different types of Si transporter in different plant 
species and plant tissues. Chapters   5    ,   6    ,   7    , and   8     cover the broad issue of the com-
plex role of Si in enhancing plant resistance and/or tolerance to abiotic stresses (e.g. 
mineral excess and nutrient defi ciency, salinity, drought, low temperature, UV radi-
ation and fl ooding) and suggest the possible mechanisms of Si-mediated antioxida-
tive defence in plants. Chapters   9     and   10     review the role of Si against biotic stress 
in plants, focusing on physical, biochemical and molecular components of 
Si-mediated plant defence and priming. Chapter   11     deals with the effect of Si on 
growth, development, biomass production and yield quality of a wide range of 
crops. Chapter   12     examines the sources of Si in agriculture focusing on the manu-
facturing and application of the commercially most important environmentally 
friendly silicate fertilizers.  

http://dx.doi.org/10.1007/978-94-017-9978-2_2
http://dx.doi.org/10.1007/978-94-017-9978-2_3
http://dx.doi.org/10.1007/978-94-017-9978-2_4
http://dx.doi.org/10.1007/978-94-017-9978-2_5
http://dx.doi.org/10.1007/978-94-017-9978-2_6
http://dx.doi.org/10.1007/978-94-017-9978-2_7
http://dx.doi.org/10.1007/978-94-017-9978-2_8
http://dx.doi.org/10.1007/978-94-017-9978-2_9
http://dx.doi.org/10.1007/978-94-017-9978-2_10
http://dx.doi.org/10.1007/978-94-017-9978-2_11
http://dx.doi.org/10.1007/978-94-017-9978-2_12


234

13.2     Perspectives 

 Recent advancements concerning uptake, transport and accumulation of Si in higher 
plants have broadened our understanding of the benefi cial effects of this element. 
Accordingly, it is now well established that Si accumulation in plants is attributed to 
an effective uptake system mediated not only by passive diffusion but also by spe-
cifi c transporters. Although the regulation of the expression level of Lsi transporters 
has been clearly elucidated in high (e.g. rice, barley and maize) and moderate (e.g. 
pumpkin and soybean) Si-accumulating species, the whole picture of how these 
genes are regulated in many other agronomically important crop species and culti-
vars, and in Si-excluding species in particular, remains to be further elucidated. The 
work on cloning of genes involved in Si uptake and transport from other crop spe-
cies should be continued with special focus on the identifi cation and characteriza-
tion of novel Si transporters. 

 Silicon supply and its subsequent accumulation in plants could be exploited as a 
strategy to improve crop health and productivity in stressful environments. However, 
little information is available on the response of Si transporters to plant stresses. 
More investigations are therefore needed to establish whether there is a relationship 
between Si transporters and the benefi ts of Si to plants subjected to multiple stresses. 
Finally, a comprehensive understanding of Si transport is important to draw novel 
breeding and sustainable crop management strategies to enhance productivity of 
crops growing under ever-increasingly stressful environmental conditions as a con-
sequence of global climate change. 

 Recent studies have revealed the active role of Si in priming plants for a better 
defence response against biotic stress possibly through SA, JA, ethylene and/or 
ROS signalling pathways. However, whether and how Si acts as a secondary mes-
senger in priming plants in response to biotic and perhaps abiotic stresses is still 
uncertain. Moreover, information is still scant on the metabolically active roles of Si 
in plants under abiotic stress conditions, particularly on the molecular aspects of 
Si-mediated nutrient and water use effi ciency. 

 Combining different state-of-the-art analytical techniques (e.g. ICP-MS, XPS, 
AFM), He et al. ( 2013 ,  2015 ) have recently demonstrated that most of Si is naturally 
present in the cell walls as Si-hemicellulose complex rather than intra- or extracel-
lular silica deposits. Therefore, such organic matrix-bound Si may play a signifi cant 
role in maintaining cellular integrity and structure of the walls, thereby shedding 
more light on the biochemical and structural role of Si in preserving cell shape and 
mechanical properties as well as in defence against abiotic and biotic stress. On the 
other hand, the essentiality of Si for higher plants has not been confi rmed yet. One 
of the main reasons is that a Si-free environment cannot be created currently due to 
technical problems as Si contamination from purifi ed water, chemicals and dust 
cannot be avoided. It seems to suggest that progress in research on Si nutrition 
depends on the adoption of the cutting-edge technologies and advanced 
instruments. 
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 Overall, further research directions should focus on accumulating more convinc-
ing evidence to unveil the molecular mechanisms of Si involved in plant resistance 
or tolerance to biotic and abiotic stresses as well as in the regulation of sensing, 
signal transduction pathways and gene expression involved in biosynthesis of key 
compounds related to plant growth.     
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