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Summary and thesis outline
Silicon (Si) exerts various benefits to many plant species exposed to biotic and abiotic
stress. Several studies have suggested an improvement the production of phenolic
compounds closely related to the absorption of Si in plants. In addition, Si alleviates
aluminium (Al) toxicity and its use on agriculture in highly Al sensitive species such as
barley could generate enhancement of both the yield and the quality of grains.
In Chapter I, a general introduction of this Doctoral Thesis, indicating the hypothesis
and aims of this study are presented. In Chapter II, the impact of Si on phenolic
metabolism and its benefits in the food chain was discussed. An extensive and updated
review about the influence of Si on the phenolic metabolism in plant species under
stress conditions was addressed.
In Chapter III, a screening of barley cultivars based on phenol concentration in grains
and Al-tolerance in plants at vegetative stage was performed. For this, soluble phenol
content was analyzed in grains of 11 barley cultivars. The concentration of soluble
phenols in barley grains of the studied cultivars ranged between 4000 and 9000 µg CAE
g-1 FW. Afterwards, a hydroponic experiment was conducted by growing the same
barley cultivars at 0 or 0.2 mM Al for 15 days. As a result, the yield and growth traits of
plants of most barley cultivars were decreased when Al was applied. Besides, lipid
peroxidation was differentially induced by Al toxicity in barley cultivars. Nevertheless,
soluble phenols in roots and shoots increased in most cultivars as a strategy of barley
cultivars to counteract stress inducing by Al. Based on yield results, growth traits and
oxidative damage, cv. Scarlett and cv. Sebastian were selected for further studies.
In Chapter IV, the kinetics of Al-Si uptake as well as the impact of Si on the production
of antioxidant or structural phenolic compounds in two barley cultivars differing in their
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tolerance to Al toxicity was evaluated at the short-term. A hydroponic experiment was
conducted with two barley cultivars differing in Al tolerance (Al-tolerant, Sebastian; Alsensitive, Scarlett). Seedlings were exposed to either -Al (0 mM) or +Al (0.2 mM)
nutrient solutions without Si (-Si) or with 2 mM (+Si) supply during 2, 4, 8, 12, 24, 48
hours. In general, the results showed that concentrations of Si and Al were increased for
the two cultivars in all samples when 2 mM Si and 0.2 mM Al were applied,
respectively. Aluminium concentration in roots and shoots decreased in all harvest times
when Al was supplied in combination with Si. The highest concentration of soluble
phenols and lignin accumulation were found at 2 mM Si and 0.2 mM Al addition after 8
harvest hours in both cultivars. Whereas, lipid peroxidation in two studied cultivars
decreased either in roots or in shoots by Si supply in all harvest time compared with
control.
In Chapter V, a hydroponic experiment was conducted to evaluate the effect of Si on
phenols production and composition in tolerant and sensitive barley cultivars under Al
stress. Plants were treated with Al (0 or 0.2 mM Al) combined with Si (0 or 2 mM) for
21 days. Eight phenolic compounds corresponding to flavonoids and phenolic acids
were identified in barley plants. The highest concentration of soluble phenols and
radical scavenging activity was found when Si and Al were added in combination in
Scarlett. Whereas, lipid peroxidation of both cultivars decreased in roots by Si supply
compared with control and Al treated plants. Moreover, an increase in lignin
accumulation by Si supply in barley tissues were observed in both cultivars, irrespective
Al doses. Even more, changes in lignin composition by different treatment was found.
Thus, in roots augmented C/V, S/V and (Ac/Al)V ratios in Scarlett, and S/V in
Sebastian were registered by application of Si alone or in combination with Al,
respectively.
vii

In Chapter VI, the impact of Si on antioxidant and structural phenols production at the
different phenological stages of barley grown under Al toxicity was evaluated. A field
experiment was conducted on an acid Andisol using cv. Sebastian and cv. Scarlett
fertilized with Si at increasing doses (0, 400, 800 kg Si ha-1) in combination with lime
supply (0 or 1000 kg CaCO3 ha-1). Silicon uptake was increased in plants cultivated
with Si alone or in combination with lime in all phenological stages. However, Al
concentration in shoots was decreased by Si, and the reduction was further by lime
addition. Grain yield of Sebastian was increased in plants treated with Si or Si plus lime.
Nevertheless, the grain yield of Scarlett was increased only when the highest Si dose
was applied. Conversely, protein content of grains was decreased by Si or Si-lime
treatments in both cultivars compared with control. Shoots and grains enhanced lignin
concentration due to the increase in phenolic acids (ferulic, p-coumaric, vanillic and
syringic acid) in the lignin molecule when Si treatments were applied.
Finally, in Chapter VII general results are discussed concluding the following:
- Silicon attenuates Al toxicity in barley by modulating Al uptake at different
phenological stages. Silicon uptake improves the production of phenolic compounds
with antioxidant action, thus providing a reduction of oxidative stress and improving
grain yield in cultivars with contrasting Al-tolerance.
- Silicon alters the production and composition of phenolics with structural action
through an increment of phenolic acids that serve as lignin precursors (ferulic acid, pcoumaric acid, vanillic acid or syringic acid) across the life cycle of barley cultivars
grown under Al toxicity.

viii

TABLE OF CONTENTS
Acknowledgements

v

Summary and Thesis Outline

vi

Table of contents

ix

CHAPTER I. General Introduction

1

1.1 Introduction

2

1.2 Hypothesis and research objectives

4

1.2.1 Hypothesis

4

1.2.2 Research objectives

5

1.2.2.1 General objective

5

1.2.2.1 Specific objectives

5

CHAPTER II. Role of silicon on phenolic compounds production and its effect 6
on food chain: A review
Abstract

8

2.1 Introduction

9

2.2 Role of Si in human and animal health

11

2.3 Effect of Si on phenolic compounds production by plants

20

2.4 Benefits of phenolic compounds on the food chain

30

2.5 Perspectives

36

Acknowledgements

37

CHAPTER III. Assessment of aluminium tolerance and total phenols production 38
in malting barley cultivars at vegetative stage
Abstract

40

3.1 Introduction

41

3.2 Materials and Methods

43

3.2.1 Determination of total phenols concentration in grains of barley cultivars

43
ix

3.2.2 Greenhouse experiment

43

3.2.3 Plant growth traits

44

3.2.4 Plant biochemical analyses

44

3.2.4.1 Determination of total phenol concentration

44

3.2.4.2 Determination of lipid peroxidation

44

3.2.5 Statistical analyses

45

3.3 Results

45

3.3.1 Soluble phenols concentration in grains of barley cultivars

45

3.3.2 The effect of Al on growth traits of barley cultivars

45

3.3.3 The Al effect on phenols production and oxidative damage

46

3.4 Discussion

47

3.5 Conclusion

50

Acknowledgements

50

CHAPTER IV. Silicon improves the production of high antioxidant- or 59
structural- phenolic compounds in barley cultivars under aluminium stress
Abstract

61

4.1 Introduction

62

4.2 Materials and Methods

65

4.2.1 Hydroponic experiment

65

4.2.2 Plant chemical analyses

66

4.2.3 Plant biochemical analyses

67

4.2.4 Lignin visualization assay

67

4.2.5 Data analyses

68

4.3 Results

68

4.3.1 Concentration of Si and Al

68
x

4.3.2 Antioxidant and structural phenols

71

4.3.3 Plant antioxidant capacity and oxidative damage

75

4.4 Discussion

78

4.5 Conclusion

82

Acknowledgements

83

CHAPTER V. Silicon modulates production and composition of phenols in 84
barley under aluminium stress
Highlight

86

Abstract

87

5.1 Introduction

88

5.2 Materials and Methods

90

5.2.1 Plant material and growth conditions

90

5.2.2 Plant growth traits and chemical analyses

90

5.2.2.1 Growth traits

90

5.2.2.2 Aluminium and Si concentration in barley

90

5.2.3 Biochemical analyses

91

5.2.3.1 Total soluble phenols in plants

91

5.2.3.2 Identification and quantification of phenolic compound in barley

91

5.2.3.3 Antioxidant capacity in barley plants

92

5.2.3.4 Lipid peroxidation assay

92

5.2.4 Plant stretching

92

5.2.5 Lignin accumulation and composition in plants

93

5.2.6 Data analyses

93

5.3 Results

94

5.3.1 Plant growth and concentration of Al and Si

94
xi

5.3.1.1 Plants growth traits

94

5.3.1.2 Aluminium concentration

94

5.3.1.3 Silicon concentration

95

5.3.2 The effect of Al and Si on phenolics production and antioxidant performance

95

5.3.2.1 Total soluble phenols and phenolics profile

95

5.3.2.2 Radical scavenging activity

96

5.3.2.3 Oxidative damage

97

5.3.3 Silicon influence in plant structure

97

5.3.3.1 Plant stretching

97

5.3.3.2 Lignin concentration and composition

98

5.4 Discussion

98

Acknowledgements

103

CHAPTER VI. Silicon improves the antioxidant and structural phenols 118
production at the different phenological stages of barley under Al toxicity
Abstract

120

6.1 Introduction

121

6.2 Materials and Methods

123

6.2.1 Plant material and growth conditions

123

6.2.1 Chemical analyses and yield components

123

6.2.2.1 Silicon concentration

123

6.2.2.2 Aluminium concentration

124

6.2.2.3 Yield and quality components

124

6.2.3 Biochemical analysis

124

6.2.3.1 Lignin accumulation

124

6.2.3.2 Lignin fractionation

125
xii

6.2.4 Statistical analyses

125

6.3 Results

126

6.3.1 Silicon and Al concentration in barley cultivars

126

6.3.2 Soluble phenols concentration

126

6.6.3 Free radical scavenging activity

127

6.3.4 Lignin accumulation and composition in barley shoots and grains

128

6.3.5 Yield components

130

6.4 Discussion

131

Acknowledgements

135

CHAPTER VII. General discussion, concluding remarks and future directions

152

7.1 General discussion

153

7.2 Concluding remarks and future directions

161

References

162

xiii

CHAPTER
General Introduction

1

1.1 General Introduction

Barley is one of the most important cereal in the worldwide, and it production is mainly
for food and brewing industry (Baik et al., 2008). Grains contain a high nutritional value
providing carbohydrates (65–68%), proteins (10–17%), minerals (1.5–2.5%), fiber (11–
20%), vitamins and antioxidants (Quinde et al., 2004). Moreover, grains also contain
phenolic compounds belonging to groups of phenolic acids, which are mostly attached
to cell walls and a smaller portion in free form (Bonoli et al., 2004). As a consequence,
several studies has demonstrated benefits of barley grains in the prevention and
attenuation of cardiovascular diseases, diabetes, obesity as well as in accelerating the
digestion processes (Idehen et al., 2017; Din et al., 2018).

Aluminium (Al) toxicity is generated by the Al3+ form in acid soils for most plants
(Kochian et al. 2004; Ryan and Delhaize 2010). Thus, it is well known that Al limits
root growth and respiration, membrane and cell wall functions, reduces the absorption
and transport of macro and micro nutrients and induces the formation of reactive
oxygen species (Rout et al., 2001; Sade et al., 2016; Moustaka et al., 2016; Yanık and
Vardar, 2018). In this sense, barley is the highest sensitive cereal to Al (Gallardo et al.,
1999; Ishikawa et al., 2000; Teraoka et al., 2002). In fact, saturation greater than 2% in
soil limits the germination, growth and development of barley plants, also affecting the
yield and quality of grains (Ishikawa et al., 2000; Ma et al., 2014).
On the other hand, numerous reports show that silicon (Si) alleviate Al toxicity in many
crops of agronomic interest (e.g. Hodson and Evans, 1995; Cocker et al., 1998; Barcelo
et al., 1993; Corrales et al., 1997; Ma et al., 1997; Hodson, et al., 1999; Baylis et al.,
1994). Nevertheless, few is known about the mechanisms involved in Al-detoxification
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in plants by Si supply. In this sense, some hypothesis have been proposed such as: (i) an
increase in pH induced by Si (Cocker et al., 1998), (ii) internal or external Aldetoxification in plants due to hydroxyaluminosilicates formation (Barceló et al., 1993;
Ma et al., 1997; Cocker et al., 1998), (iii) increase in chlorophyll and carotenoid content
in the leaves of plants treated with Si (Singh et al., 2011), (iv) exudation of phenolic
compounds to the growth media (Cocker et al., 1998), and (v) improvement of the
production of phenolic compounds by plants (Shahnaz et al., 2011).

The enhancement of phenolic compounds production by Si has been reported in plants
subjected to different abiotic stress condition such as salinity, drought, extreme
temperature, UV-B radiation, metal toxicity and nutrient imbalance (Kidd et al., 2001;
Maksimovic et al., 2007; Kim et al., 2017; Pontigo et al., 2015; Abd_Allah et al., 2019)
and biotic stress, including pathogen diseases and insect attack (Filha et al, 2011; Shetty
et al, 2011 Lukacova et al., 2019). In this way, there is some evidence that Si also
affects the activity and gene expression of enzymes of phenylpropanoid pathway (Fang
et al., 2011; Liang et al., 2005; Fauteux et al., 2006; Cai et al., 2008; Fleck et al., 2010).
However, the physiological role of Si on the phenolic metabolism of plants still remains
unclear. Moreover, the effect to Si in phenolic metabolism of barley subjected to Al
stress has not been studied. To our knowledge, this is the first report about impact of Si
on phenols production and composition at different phenological stages of barley
cultivated in Al stress conditions.

3

1.2 Hypothesis and research objectives

1.2.1 Hypothesis
Considering previous background, the following hypotheses are proposed:
- The accumulation of antioxidant phenolic compounds will be increased by Si uptake
by barley subjected to Al stress at different growth stages.
- Phenolic acids that serve as precursors of lignin (ferulic acid, p-coumaric acid, vanillic
acid or syringic acid) will be enhanced by Si supply in barley plants grown under Al
toxicity.

4

1.2.2

Research objectives

1.2.2.1 General objective
- To evaluate the role of silicon (Si) on the production of phenolic compounds at
different phenological stages in barley (Hordeum vulgare) cultivated under aluminium
(Al) stress.

1.2.2.2 Specific objectives
1

To select barley cultivars based on phenolic compounds content in grains and Al
tolerance of plants in vegetative stage.

2

To evaluate Si uptake, phenol concentration and antioxidant capacity of barley
plants cultivated under Al stress conditions.

3

To study the production and composition of phenolic compounds with antioxidantor structural- action at different growth stages in barley grown under Al toxicity and
Si supply.

5

CHAPTER II
Role of silicon on phenolic compounds production and its effect
on food chain: A review

MANUSCRIPT IN PREPARATION
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Abstract
Silicon (Si) is the second most abundant element in the earth crust, but still it is not
considered essential for plant nutrition. Silicon exerts several beneficial effects on plants,
especially alleviating biotic and abiotic stresses. These benefits include the amelioration of
oxidative damage and structural strengthening as a consequence of increased production of
phenolic compounds through mechanisms that have not been elucidated yet. Despite these
effects, the use of Si as fertilizer is not currently a widespread agricultural practice. This
fact, jointed to the reduction of plant Si concentration due to manufacturing processes of
foods, has lowered Si content in the diet of consumers in the food chain. Consequently,
reduced Si intake by humans alters various metabolic processes and tissues in which Si
exert a specific role. Indirect benefits of Si to the consumers include the apparent increase
of plant phenolic compounds, which has a medical importance to human health as many of
them are currently used as antioxidants or nutritional supplements, increasing nutritional
quality of foods and improving the health of the population. This review is focused on the
advances of knowledge about the effect of Si on phenolic compounds production and its
importance on the food chain, with emphasis on the benefits of Si for human health.
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2.1 Introduction
Silicon (Si) is an essential element for human health because it participates in several
metabolic processes such as bone mineralization and collagen synthesis (Seaborn and
Nielsen, 2002; Reffitt et al., 2003). Silicon deficiency bring negative consequences in
human tissues and organs such as atherosclerosis (Martin, 2007), cardiovascular disorders
(Natarajan et al., 2017) and alterations in skin elasticity (Barel et al., 2005). This deficiency
could be attributed to refining processes of foods and fodders and consequently in Si
availability for the food chain.
In animals, the role of Si has been studied in ossification processes, collagen synthesis and
cartilage (Jugdaohsingh et al, 2015; Vidé et al., 2015; Incharoen et al., 2016). In fact,
studies in rats and birds intaking diets without Si showed a decrease in size and changes in
bone and connective tissues (Carlisle, 1988, Schwarz and Milne, 1972). Silicon benefits
that have been reported also include the decrease of aluminium toxicity in rabbits and
horses (Saad et al., 2018).
Silicon uptake by plants provide many benefits under abiotic and biotic stress conditions
such as protection against pest and pathogens (Fawe et al., 2001; Seal and Biswas, 2018),
lodging (Idris et al., 1975; Kashiwagi et al., 2004), nutrient imbalance (Ohyama, 1985;
Morimiya, 1996; Ma and Takahashi, 1990b), salinity (Yeo et al., 1999; Liang et al., 2002),
heavy metal (Iwasaki and Matsumura, 1999; Neumann and Nieden, 2001), UV radiation
(Takahashi, 1966), water stress (Agarie et al., 1998; Ma and Takahashi 2002) and low
temperature (Shimoyama, 1958; Ma et al., 2001).
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Even though to date Si has not been considered as an essential element for vascular plants,
they represent a key link in the trophic chain, acting as an intermediate in the circulation of
Si between the soil and the different trophic levels (humans or animals). Nevertheless,
under stress conditions, Si-treated plants have showed an increased production of phenolic
compounds. They include: (i) structural type compounds such as lignin, which provide
greater mechanical strengthening and (ii) antioxidant compounds such as flavonoids or
phenolic acids, to neutralize the damage caused by reactive oxygen species. The increased
production of phenolic compounds under Si uptake has been studied in different species as
Oryza sativa (Goto et al., 2003), Lycopersicon esculentum (Shi et al., 2014), Cucumis
sativus (Maksimovic et al., 2007), Sorghum bicolor (Kafi et al., 2011), Phragmites
australis (Schaller et al., 2012), Brassica napus (Hashemi et al., 2010) and Zea mays (Kidd
et al., 2001). In addition, the plants also produce phenolic compounds that have an
important role in the coloration, aroma of flowers and fruits to attract pollinators and seed
dispersal (Mol et al., 1998; Pichersky and Gang, 2000).
The action of plant phenolic compounds in human health has been widely studied. In fact, it
has been investigated that some phenolic acids have the capacity to inhibit certain
pathogenic bacteria, viruses and fungi (Bhuyan and Basu, 2017; Laganà et al., 2019). Other
studies have showed an improvement of the ability of enzymes to protect the liver against
toxicity induced by chemical agents (Maalej et al., 2017; Vipin et al., 2017), reduction of
total cholesterol level (Liu et al., 2018; Ruiz‐Canizales et al., 2019), anticancer action in the
esophagus, small intestine (Rosa et al., 2016), leukemia (Hwang et al., 2019), alleviation of
asthma, allergy and inflammations respiratory (Oh et al., 2011) and stabilization of collagen
(Jagetia and Rajanikant, 2004). It has been also demonstrated an important role of phenolic
10

compounds in animal health, providing benefits and improvements such as detoxification
of metals (Lavin, 2012) prevention of cardiac arrhythmias (Sambanthamurthi et al., 2011),
stimulation of appetite and improves the immune system (Kumar et al., 2014).
For this reason, the study of the effect of Si on the production of phenolic compounds in
plants, either as structural or antioxidant benefits of the plant itself or as an intermediary for
human and animal nutrition could be envisaged as a strategic tool to improve the nutritional
quality of foods and then, the health of the population. The aim of this work is review the
current knowledge on the effect of Si on phenolic compounds production by plants and
discuss its impact on the food chain, with emphasis in human health. Perspectives of
research and limitations of these studies are also discussed.

2.2 Role of Si in human and animal health
Silicon is recommended for human consumption in amounts ranging from 20 to 50 mg per
day, and it is eliminated by the body through feces and urine (Jugdaohsingh, 2002; Kim et
al., 2019). Only 9 to 14 mg Si of the total daily intake is assimilated, and its concentration
in the body decrease with the ageing (Jugdaohsingh et al., 2002). It is well known the Si
role in the human body either in the formation of tissues and organs or giving benefits to
certain alterations in human health (Sripanyakorn et al., 2005). Time ago, Schiano et al.
(1979) studied the effect of Si in people suffering osteoporosis that were supplied with
monomethyl trisilanol by intramuscular or intravenous injections (5.5 mg of monomethyl
trisilanol per week per four months). The patients exhibited increased trabecular bone
volume compared to those untreated. Equally, injections of monotrisilanol acetate in
11

women with osteoporosis (50 mg, twice weekly for 4 months) increased bone density of the
femur (Eisinger and Clairet, 1993). A similar study in women with low bone mass supplied
with oral orthosilicic acid (28 mg Si per day during twelve weeks) confirmed these results
(Reffitt 2003).
Moreover, Jugdaohsingh et al. (2004) demonstrated that a high Si intake in the diet was
directly related to an increase in hip bone density in men and women. Although the results
are consistent with an improvement of the bone system by Si supply in human diet, more
studies involving patients with bone diseases are needed to clarify the role of Si in the
formation and decalcification of bones. In these studies, although the biological role of Si in
bone health is not clear, potential mechanisms were proposed: (i) Si involvement in
biosynthesis of glycosaminoglycans and collagen, which are necessary for bones formation
and (ii) the proline hydroxylase activity, used in synthesis of collagen that seems also to
depend on the presence of Si traces (Seaborn and Nielsen, 2002). Additionally, studies
differentiating by sex and age of patients would be of great interest, because Si assimilation
in the human body decreases through the years as previously reported by National
Academy of Sciences (2001).
Furthermore, Carlisle (1972) and Schwarz and Milne (1972) first reported Si deficiency in
osseous and cartilage tissues in chicks and rats. The results showed positive associations
between Si intake and the formation or mineralization of bones; in these studies, although
the biological role of Si in bone health were not clear, some mechanisms were suggested:
(i) Si involvement in biosynthesis of glycosaminoglycans and collagen, which are
necessary for bones formation and (ii) the proline hydroxylase activity, used in synthesis of
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collagen, that seems also to depend on the presence of Si traces (Seaborn and Nilsen,
1994a,b).
In terms of animal health, the benefits of Si supplementation of ruminants and horses diets
have been also demonstrated. Briefly, studies in horses supplemented with sodium
aluminum silicate (zeolite) found reduced skeletal injury (Nielsen et al., 1993), increased
markers of bone formation (Lang et al., 2001a), and decreased markers of bones resorption
(Lang et al., 2001b). Moreover, studies in cows and horses females with diets supplemented
with Si (700 g of zeolite per day) showed a positive effect of Si on the stabilization of
calcium (Ca) and a decrease in phosphorus (P) concentration in the blood plasma one week
before calving (Thilsing-Hansen et al., 2003).
More recently, O'Connor et al. (2007) investigated the effects of two different Si
supplements (sodium aluminum silicate (SA) - 200 g per day or orthosilicic acid (OSA) 28.6 mL per day) on minerals (boron (B), potassium (K), magnesium (Mg), sodium (Na)
Ca, P,) absorption and retention in horses. These results indicated that horses supplemented
with OSA increased retention, digestibility and plasma concentration of Ca, B and K,
compared to horses supplemented with SA. In addition, horses supplemented with SA
increased the concentration of Mg and decreased those of Na in plasma. Otherwise, the
digestibility and retention of P were also not affected by any Si supplement. Such results
support the role of Si not only in the absorption of Ca but also in other important nutrients
for the animals. Nevertheless, more studies are needed to clarify the role of Si in the animal
body as well as the antagonistic or synergistic effects that may occur between Si and the
other mineral elements, or even the absorption of biomolecules such as proteins or amino
acids.
13

The use of food additives (pellet and mineral supplement) for animals is an alternative to
increase the intake of Si through the food chain. However, the main contribution of this
nutrient to the diet for primary or secondary consumers naturally occurs via foods of plant
origin providing direct benefits to the trophic levels. Additionally, Si increases phenolic
compounds production by plants rendering indirect benefits to animals and humans (Figure
1). In addition, considering that most of Si in the diet comes from the Si taken up by plants
directly from the soil solution, Si fertilization might constitute an alternative of interest to
increase the Si concentration of producers, and then to meet the nutritional benefits for the
successive trophic levels.

14

Figure 1. Silicon benefits at the different trophic levels of the food chain. Solid lines show the benefits directly derived from Si uptake
by plants or consumption by animals and humans. Dashed lines show indirect benefits of Si due to increased phenolic compounds
production at the different trophic level.
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In the soil, Si is abundant comprising up to 70% of its mass and the concentration in the
soil solution range between 0.1 and 0.6 mM (Epstein, 1999). The availability of Si in soils
varies across the world according to their physico-chemical characteristics, vegetation
cover and agricultural activity. Silicon is found mostly in insoluble forms such as quartz
(SiO2*nH2O) and clays (Matichenkov and Bocharnikova, 2001). The pool of soluble Si is
derived from pedogenic (primary and secondary minerals) and biogenic (mainly phytoliths
and microorganism remains) silica (Cornelis et al., 2011). Soluble form of Si in soils is
orthosilicic acid (H4SiO40), which is the common form of available Si for plant uptake at
soil pH up to 9; while at pH values higher than 9 Si is mainly found in ionized form
(H3SiO4- and H2SiO42) (Knight and Kinrade, 2001). The concentration of monosilicic acid
in soil solution is also affected by the presence of anions which compete for soil sorption
sites on surface of minerals and oxides or hydroxides of aluminum (Al) and iron (Fe)
(Matichenkov and Bocharnikova, 2001; Dietzel, 2000; Hiemstra et al., 2007).
Silicon availability varies among the different soil Orders. Ultisols and Oxisols are
characterized by being readily degraded and they can display low amounts of soluble Si for
plants. Entisols possess high amount of Si in the form of quartz, which limits its availability
to crops (Datnofft et al, 1997). Histosols have a high content of organic matter and low
mineral content, and thus the availability of Si is low (Epstein, 1994). Andisols are volcanic
ash derived soils, and the Si availability in the soil solution is governed by the presence of
Al at acid pH due to the formation of aluminosilicate species that limit the direct uptake by
plants (Datnoff et al., 1997; Mora et al., 2006).
As mentioned above, Si taken up by plants in the form of silicic acid, and Si accumulates in
concentrations ranging from 1 to 10% of dry matter in shoots, which is equivalent to the
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concentration of several macronutrients found in plant tissues. Even though to date Si is not
recognized as an essential element in the plant (Ma and Takahashi, 2002), there are studies
supporting its possible essentiality in species such as yellow-brown algae (Epstein, 1999),
O. sativa (Ma, 2003), Licopersicum esculentum (Miyake and Takahashi, 1978), C. sativus
(Miyaki and Takahashi, 1983) and the Equisetaceae family (Chen and Lewin, 1969).
Likewise, a reduction of plant growth has been found in plants of Oryza sativa (Ma, 2003;
Mauad et al., 2003), Glycine max, Fragaria x ananassa, Lycopersicum esculentum (Miyake
and Takahashi, 1978), Cucumis sativus (Miyaki and Takahashi, 1983) and Hordeum
vulgare (Ma et al., 2003) which were cultivated in absence of Si. Conversely, in species
such as Lolium perenne and T. aestivum grown under Si fertilization, non-responses in
growth and development were found compared to Si non-fertilized plants (Jarvis, 1987).
In this sense, to clarify the differences in Si accumulation among plant species, a study in
terms of the ability to accumulate Si in leaves was performed (Takahashi et al., 1990).
Thus, plants with more than 1% of Si in their leaves on dry matter basis were considered
"accumulator", mainly species of Gramineae and Cyperaceae families; plants exhibiting
concentrations from 0.5% to 1.0% were classified as "intermediate", corresponding to the
Cucurbitaceae, Commelinaceae and Urticaceae families; whereas plants containing lower
Si concentrations were named as "non-accumulator" and within these category are the
majority of plant species (Ma and Takahashi 2002. Hodson et al 2005). Despite this
classification, the ability to accumulate Si can vary among genotypes of the same species
(Ma and Takahashi, 2002; Guntzer et al., 2012).
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One of the most studied benefits of Si fertilization has been the increase in crop production.
Substantial increase in yield has been observed in crops such as Oryza sativa (100%); Zea
mays, Triticum aestivum, Hordeum vulgare, Fragaria spp. (30%); Saccharum officinarum,
esculentum; Musa paradisiaca, Cucumis sativus (40%) and Stenotaphrum secundatum,
Cynodon dactylon, Lolium multiflorum, Paspalum notatum (25%) (Ahmad et al., 1992;
Balakhnina et al., 2012). This increase was accompanied by increased root volume, higher
density of leaves or stems and improvement of plant health.
Furthermore, numerous studies have confirmed the importance of Si supply to counteract
different biotic and abiotic stresses including resistance salinity in O.sativa (Yeo et al.,
1999; Ma and Yamaji, 2008), T. aestivum (Ahmad et al., 1992), H. vulgare (Liang et al.,
1996, 2003; Liang and Ding, 2002), C. sativus (Zhu et al., 2004; Liang et al., 2005) and L.
esculentum (Al-Aghabary et al., 2004). Several studies have reported a reduction in the
concentration of sodium (Na) in the leaves as a consequence of the reduction of
transpiration due to deposition of silica opal in cell wall of leaves (Yeo et al, 1999; Liang et
al., 1996, Liang, 1999). In addition, Si could stimulate H+-ATPase in the membranes of the
roots and decrease lipid peroxidation due to increased superoxide activity (Liang et al.,
1999, 2005, 2006, Liang and Ding, 2002). Other studies also supported the decrease in the
transpiration due to Si supply in plants subjected to: (i) cold stress, C. sativus (Liu et al.,
2009) and (ii) drought stress, O. sativa (Gong et al. 2003, 2005) and Sorghum bicolor
(Hattori et al., 2003).
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On the other hand, stress by toxicity also has been reported in elements such as manganese
(Mn) in O. sativa (Horiguchi, 1988), Phaseolus vulgaris (Horst and Marschner, 1978), C.
sativus (Shi et al., 2005) and H. vulgare (Horiguchi and Morita,1987); zinc (Zn) in Z. mays
(Vieira and Williams, 2008) and O. sativa (Song et al., 2011); aluminum (Al) in Z. mays
(Barceló et al., 1993), H. vulgare (Hammond et al., 1995; Liang et al., 2001), Pinus spp.
(Emadian and Newton, 1989), Picea spp. (Hodson and Wilkins, 1991), Shorgum bicolor
(Hodson and Sangster, 1993), Glycine max (Baylis et al., 1994); cadmium (Cd) in Z. mays
(Vieira and Williams, 2008; Liang et al., 2005); O. sativa (Ma et al., 2002; Shi et al.,
2005). In these studies, Si attenuated the toxic effects of metals mainly inhibiting their
uptake and transport from roots to shoots (Hammond et al., 1995; Ma et al., 1997);
additionally, Si counteracted metal-induced oxidative stress by inducting either the activity
of enzymes or the synthesis of antioxidants such as phenolic compounds.
Besides, Si-induced resistance to pest and pathogen have been observed in O. sativa
(Ishiguro et al., 2007), Vitis vinifera (Bowen et al., 1992), Brassica oleracea, Cucumis
sativus (Fawe al., 1998; Matichenkov, 2008) and Cucumis melo (Bowen et al., 1992). This
effect has been attributed to silica-opal deposition in the cell walls of roots and leaves. In
this way, such mechanism appear to act confering increased resistance to lodging (Idris et
al., 1975; Kashiwagi et al., 2004) in gramineous species.

Likewise, in plant species affected by insects has been observed increased production of
secondary metabolites as a consequence of Si supply (Biel et al., 2008). In fact, the increase
in production of phenolic compounds is a mechanism commonly used by plants to produce
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structural type compounds such as lignin, antioxidants as flavonoids and tannins, which
have odours and flavors repellent in plants for reduce pest attack (Fawe et al., 1998; Shi et
al., 2014).
In plants, the improvement in the production of phenolic compounds by effect of Si has not
been fully studied yet. Thus, the influence of Si on mechanisms involved, and even more,
on the enzymes involved in the process of synthesis of phenolic compounds has not been
entirely investigated. Although the essentiality of Si for plants is still under debate, its
potential function as improver of the content of phenolic compounds with either structural
or antioxidant function could play an important role in terms of the nutritional quality of
crops of agronomic interest for human and animal health.

2.3 Effect of Si on phenolic compounds production by plants
All key metabolic functions for the survival of plants are known as primary metabolism.
However, plants are holders of other metabolic pathways by synthesizing a wide range of
substances called secondary metabolites, which are not directly involved in their lifecycle.
During decades, unlike primary metabolites (proteins, lipids, nucleic acids and
carbohydrates), secondary metabolites have not been associated with basic metabolic
processes; for this reason, during a long time they were considered as waste substances or
metabolic excess (Kutchan, 2001). Secondary metabolites have been identified in bacteria,
fungi, algae, plants (Hadacek, 2002); in fact, high concentrations are found in organisms
that lack an immune system (Hadacek, 2002) providing a protective role.
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Phenolic compounds are a class of organic compounds consisting of a hydroxyl group
directly bound to an aromatic hydrocarbon ring. Phenols can have one or more hydroxyl
groups attached to the aromatic ring in the same molecule. These are classified as simple
phenols or polyphenols based on the number of phenolic rings in the molecule (Geissman,
1973). Thus, Harborne (1989) classified phenols into different groups depending on the
number of carbon atoms in the aliphatic chain replacing the benzene ring. Thus, simple
phenols C6; benzoic acid and related C6-C1; acetophenone, phenylacetic acid and derivate
C6-C2; phenylpropanoids and related C6-C3; coumarins and related C6-C3; flavonoids and
derivatives C6-C3-C6, benzophenones and stilbenes C6-C1-C6, xanthones C6-C2-C6,
lignans and lignins (C6-C3)n have been identified.
Plants use different biosynthetic pathways for the production of phenolic compounds. Thus,
according to Hrazdina (1992) phenolic compounds originate from different metabolic
pathways: (i) the Shikimic acid, produced from the pentose phosphate pathway and the
glycolysis whose products are aromatic aminoacids, phenylalanine, tyrosine and
tryptophan; (ii) polyketide pathway, which are produced from a molecule of acetyl-CoA
from glycolysis and catabolism of fatty acids and amino acids; and (iii) phenylpropanoids,
produced from derivatives of cinnamic like flavonoids, chalcones, coumarins or
phenylpropanoid-based polymers such as lignins and condensed tannins (Figure 2). The
shikimic acid pathway occurs in plants, bacteria and fungi. Thus, most of the phenolic
compounds are derived from the amino acid phenylalanine. This amino acid is coverted to
cinnamic acid and ammonia by the enzyme phenylalanine ammonia lyase. Similarly, plants
also synthesize coumaric acid using the tyrosine amino acid through tyrosine ammonia
lyase enzyme. Several studies have reported the use of phenylalanine and tyrosine in the
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synthesis of secondary metabolites by the phenylpropanoid pathway (Beaudoin-Eagan and
Trevor, 1985; Louie et al., 2006). Still, these investigations have stated that the use of
tyrosine is limited to species of the family Poaceae (Rösler et al, 1997; Harris and
Trethewey, 2010). Thus, several studies have reported the involvement of tyrosine in the
production of diverse phenolic compounds under attack of insects and pathogens in species
such as Zea mays (Andersen et al., 2007; Schiavon et al., 2010) and Triticum spp. (Régnier
and Macheix, 1996; Han et al., 2009).
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Figure 2. Biosynthesis of phenolic compounds and derivatives through the phenylpropanoid
pathway.
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As stated above, several studies in plants treated with different sources of Si have
demonstrated a Si-relieving effect due to increased production of phenolic compounds
under stressful conditions (Table 1). In this regard, Schaller et al. (2012) observed an
increase in the production of compounds like lignin, and total phenols in different tissues of
Phragmites australis plants fertilized with increasing doses of Si. Following fertilization,
the accumulation of silica-opal and phenolic compounds in the cell walls of plants
increased the thickness and strength of cells to avoid future damage.
In the last decade it has been also shown that Si increase the total phenols content to
enhance resistance against pathogens or to counteract potential episodes of stress. In this
sense, several researches have been conducted to assess the role of Si in plants subjected to
attack by pathogens. Thus, Cherif et al. (1993) studied the effect of Si in Cucumis sativum
roots infected by Pythium ultimum. After inoculation, the plants showed no difference in
the content of phenolic compounds. After 6 days, Si-treated plants showed two-fold
increase in the content of phenolic compounds in comparison to non-inoculated plants, and
the roots of the Si-treated plants showed less infection by Pythium. In the same way, Fawe
et al. (1998) observed an increase of flavonols and phytoalexin in leaves of Cucumis
sativum infected with powdery mildew and treated with Si; as a result the plants showed
increased resistance to infestation. Thus, Si-supplied plants showed an area of infestation of
4% in the leaves, while untreated exhibited 15% infestation.
More recently, Filha et al. (2011) studied the effect of Si on Triticum aestivum genotypes
(Alianca and BH-1146) inoculated with Pyricularia grisea. The results showed that Si
concentration in leaves increased by about 15% in the Si-treated plants as compared with
those non-treated. This increase generated a mechanical protection on the leaf as a
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consequence of both the smaller area of infestation by the fungus and the longer time of
incubation. Although Si supply did not vary the total phenol concentration in leaves, the
lignin content was increased, thus providing a mechanical protection against infestation by
the fungus. Similar findings were reported for Oryza sativa genotypes affected by the
sheath blight disease (Rhizocta solani), where no effect of Si was detected on the
concentration of phenolic compounds (including total phenols, flavonoids and lignin),
except for the most sensitive genotype (Ningjing 1), which showed a significant increase in
the content of phenolic compounds (Zhang et al., 2011). Conversely, Shetty et al. (2011)
reported an increment in the contents of flavonoids and phenolic acids in leaves of Rosa
hybrida inoculated with Podosphaera pannosa and supplied with Si. These compounds
were transported to the epidermal surface followed by a decrease in infection. Thus, it is
noteworthy that Si plays a role by increasing the resistance to pathogen infestation through
its deposition on the cell wall in leaves, but Si-induced phenolic compounds production
appear to be dependent on the plant species and its ability accumulate Si.
As mentioned above, there are several studies about the alleviating effect of Si in plants
subjected to toxic elements in the growth media. In this context, Kidd et al. (2001) studied
the effect of Si addition on Zea mays under Al toxicity. The study showed 15-fold increase
in the production of flavonoid (catechin and quercetin) compared to untreated plants that
was accompanied by an activation of antioxidant enzymes, counteracting the membrane
lipid peroxidation. Similar results have been found in Cucumis sativum under increasing
manganese (Mn) concentrations (0 to 100 µM); whereas growth inhibition of the whole
plant occurred at the highest supply, Si alleviated Mn toxicity by improving the biomass
production and increasing content of chlorogenic and caffeic acids. The authors suggested
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that Si controls the synthesis and use of phenolic compounds in leaves, probably through
the formation of Si-polyphenol complexes (Maksimovic et al., 2007).
In addition, Si improved UV resistance in Oryza sativa (Goto et al., 2003) and Glycine max
(Shen et al., 2010) have been observed. Together, the effect of UV filter in the leaves as a
result of the formation of a silica-opal layer in the epidermis and phenolic compounds
accumulation reduces stress by UV radiation. The overall effect seems to be the decreased
absorbance and increased reflection of the UV radiation on leaves.
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Table 1. Phenolic compounds production in plants supplied with different Si sources and doses under biotic and abiotic stress.
Specie

Stress

Si source-doses

Phenolic compounds

Si- effect on phenols production
Increased
decreased
increased and non-effect at
different na concentration
non-effect

Brassica juncea L.

Nickel toxicity

Sodium metasilicate 1 mM

total phenols
flavonoids

Brasssica napus

Salinity

Sodium silicate 2 mM

total phenols

Borago officinalis L.
Castanea sativa Mill.

Aluminium toxicity
Phytophthora
cinnamomi
Powdery mildew by
Sphaerotheca
fuliginea
Root disease by
Pythium ultimum

Reference

leaves

Abol_Allah et al. (2019)

shoots

Hashemi et al. (2010)

roots

Sodium trisilacate
0.5, 1, 1.5, 2 mM

total phenols

increased by 1.5 mm si

leaves

Shahnaz et al. (2011)

Potasium silicate 5, 7.5, 10 mM

total phenols

Increased

leaves

Carneiro-Carvalho et al. (2017)

Potassium silicate 1.7 mM

flavonols phytoalexin

Increased

leaves

Fawe et al. (1998)

Potassium silicate 1.7 mM

total phenols

Increased

roots

Chérif et al.(1993)

chlorogenic acid
caffeic acid

Increased
Increased
increased, decreased and noneffect in different genotypes
decreased and non-effect in
different genotypes
non-effect and decreased in
different genotypes

leaves

Maksimovic et al. (2007)

Increased

shoots

Khorasaninejad et al. (2020)

Cucumis sativus

coniferyl alcohol
Manganese toxicity

Plant organ

Silicic acid 1.5 mM
coumaric acid
ferulic acids
total phenols
flavonoids
total phenols
gallic acid
caffeic acid
epicatechin
chlorogenic acid
ellagic acid
kaempferol
total phenols
anthocyanins

Increased

leaves

Hajiboland et al. (2018)

Increased
Decreased

leaves

Shen et al. (2010)

Sodium silicate 0.5 and 2 mM

total phenols

Increase

shoots
roots

Pontigo et al. (2017)

Sodium silicate 0.5 mM

total phenols

increased in different genotypes

radicles

Shi et al. (2014)

Decreased

leaves

Hajiboland et al. (2017)

Increased

shoots

Robatjazi et al. (2019)

Echinacea purpurea L.

Salinity stress

Si 0.75, 1.5, 2.25 mM

Fragaria× ananassa var.
Parus

Arbuscular
mycorrhizal fungus

Sodium silicate 3 mM

Glycine max

UV radiation

Sodium silicate 1.70 mM

Lolium perenne L.

Aluminium toxicity

Lycopersicum esculentum

Water deficit

Nicotiana rustica

Mechanical stress

Sodium silicate 1 mM

Ocinum basilicum L.

Salinity stress

Si 50, 100, 150 mM

total phenols
lignin
total phenols
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Table 1. Phenolic compounds production in plants supplied with different Si sources and doses under biotic and abiotic stress
(continue).

Oryza sativa

Phragmites australis

Increased
Decreased

leaves

Goto et al. (2003)

Increased

leaves

Zhang et al. (2013)

total phenols

Decreased
Increased

leaves
roots

Mehrabanjoubani et al. (2019)

flavonoids

increase in the sensitive genotype

leaves

Zhang et al.(2011)

Silica 10 and 100 g

total phenols

non-effect and decreased in
different si concentration
non-effect and decreased in
different si concentration
Increased
Increased

leaves

Shetty et al.(2011)

leaves

Kafi et al. (2011)

leaves

Filha et al. (2011)

roots

Kidd et al. (2001)

shoots
roots
shoots

Abdel et al. (2016)

UV radiation

Calcium silicate 40 g si m-2

Sheat blight by
Rhizoctonia solani

Sodium silicate 1.5 mM

Iron toxicity

Sodium silicate 1.5 mM

Sheath blight by
Rhizoctonia solani

Sodium silicate 1.5 mM

Non-stress

total phenol
p-courmaric acid
total phenols
flavonoids
lignin

Rosa hibrida cv. Smart

Pathogen attack by
Podosphaera
pannosa

Potassium metasilicate 3.6 mM

phenolic acids
chlorogenic acid
neochlorogenic acid
flavonoids

Sorghum bicolor

Salinity

SiO2 0, 1.44 and 1.92 g kg-1soil

total phenols

increased, decreased and noneffect in different genotypes

Triticum aestivum

Leaf blast by
Pyricularia grisea

Calcium silicate 30 g kg soil -1

total phenols

non-effect

lignin

Increased
increased and decreased in
different al concentration
increased, decreased and noneffecto in diferent al concentration

catechol
Silicic acid 1.0 mM

curcumin

Alkaline stress

Sodium metasilicate 1.5 mM

quercetin
catechin
total phenols

Cadmium excess

Sodium silicate 5 mM

total phenols

Aluminium toxicity
Zea mays

leaves
sheath

Schaller et al. (2012)

culm

Increased
Increased
decreased
non-effect
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Table 1. Phenolic compounds production in plants supplied with different Si sources and doses under biotic and abiotic stress
(continue).

Phragmites australis

Non-stress

non-effect and decreased in
different si concentration
non-effect and decreased in
different si concentration
Increased

Silica 10 and 100 g

total phenols

Increased

leaves

Shetty et al.(2011)

leaves

Kafi et al. (2011)

leaves

Filha et al. (2011)

roots

Kidd et al. (2001)

shoots
roots
shoots

Abdel et al. (2016)

Rosa hibrida cv. Smart

Pathogen attack by
Podosphaera
pannosa

Potassium metasilicate 3.6 mM

phenolic acids
chlorogenic acid
neochlorogenic acid
flavonoids

Sorghum bicolor

Salinity

SiO2 0, 1.44 and 1.92 g kg-1soil

total phenols

increased, decreased and noneffect in different genotypes

Triticum aestivum

Leaf blast by
Pyricularia grisea

Calcium silicate 30 g kg soil -1

total phenols

non-effect

lignin

Increased
increased and decreased in
different al concentration
increased, decreased and noneffecto in diferent al concentration

catechol
Silicic acid 1.0 mM

curcumin

Alkaline stress

Sodium metasilicate 1.5 mM

quercetin
catechin
total phenols

Cadmium excess

Sodium silicate 5 mM

total phenols

Aluminium toxicity

leaves

Zea mays

sheath

Schaller et al. (2012)

culm

Increased
Increased
decreased
non-effect
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As stated above, it is well known that phenolic compounds are precursors of complex
molecules in plants such as lignin and suberin (Bonawitz and Chapple, 2010), which plays
a key role in both the structural support of plants and the nutritional quality of fiber of food
of plant origin for animal and human consumption. More studies are needed to clarify the
relationship between Si and the production of phenolic compounds by plants, the first trofic
level in the food chain. Likewise, would be of great importance to investigate the effect of
Si in the production and accumulation of phenolic compounds at different growth stages of
plants of agronomic importance. Thus, human and animal nutrition could be improved
through of foods enriched naturally with phenolic compounds, and Si fertilization could be
could be envisaged as an interesting alternative to increase the nutritional quality of human
and animal diets.

2.4 Benefits of phenolic compounds on the food chain
Phenolic compounds have been investigated in different species of plants and organisms
due to their great diversity and multiple benefits. One of the benefits that have been mostly
studied is the ability to counteract the oxidative damage caused by different types of biotic
and abiotic stress (Dewick, 1994; Hadacek, 2002; Singsaas and Sharkey, 2000). In response
to a biotic stress, such as pathogen attack or consumption of herbivores, plants have
developed mechanisms to protect themselves by either accumulating or secreting various
phenolic compounds. Thus, some flavonoids protect plants generating a bitter and
unpleasant taste to herbivores. As a result of off-flavors, the animals prefer choosing
consumption of other species (Echeverri et al, 1991; Hadacek, 2002). In fact, many plants
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contain tannins, whose effects are directly dependent on its concentration in plants
(Almaraz-Abarca et al, 1998).
Similarly, plants defend themselves from attack by pathogens synthesizing mainly phenolic
compounds, which are toxic to microorganisms. Thus, Paulson and Webster (1972) and
Melillo et al. (1989) demonstrated that Lycopersicum esculentum plants increased their
resistance to the attack of the nematode Meloidogyne incognita due to an increase of
concentration of total phenolic compounds and lignin. Similar results have been observed
by Valdez and Mendoza (1987) in Solanum tuberosum genotypes in terms of a significant
increase in concentrations of phenolic compounds with antioxidant and structural function
after infection. Likewise, the damage caused by insects stimulates the synthesis of volatiles
from infested plants attracting natural predators of insects and pathogens (Pare and
Tumlinson, 1999). In some cases, isoflavonoids play the role of insecticidal effect (Dewick,
1994; Williams and Harborne, 1989), eliminating insect larvae (Elliger et al., 1980).
Under abiotic stress, in the presence of high concentrations of NaCl, Prosopis ruscifolia
plants increased their leaf polyphenol concentration by 18% in relation to control (Meloni
et al., 2008). Similarly, augmented alkaloids and flavonols contents were found in two
Phaseolus vulgaris genotypes subjected to Na toxicity, which was accompanied by
increased plant growth (García et al., 2010). Salinity tolerance in this species influenced by
the production of polyphenols is mainly due to the antioxidant function and redox
properties of these compounds, which play a fundamental role in the ROS neutralization
and peroxides decomposition (Rice-Evans et al. 1997; González et al., 2006).
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Moreover, studies on the increased production of flavonoids in plants exposed to UV
radiation have been conducted in different species such as Arabidopsis thaliana (Li et al.,
1993), Lycopersicum esculentum (Ballaré et al., 1995), Triticum aestivum (Barabas et al.,
1998), Oryza sativa (Cassi et al., 1997), Phaseolus vulgaris (Pinto et al., 1999), Trifolium
repens (Hofmann et al., 2000), Zea mays (Casati et al., 2006). Thus, phenolic compounds
are induced by UV radiation and they are accumulated in the cells of the epidermis
generating absorption of this radiation, reducing the damage to the cells (Caldwell et al,
1983; Landry et al., 1995).
In the same way, studies in Lycopersicum esculentum and Citrullus lanatus plants subjected
to episodes of high and low temperatures evaluated the accumulation of phenolic
compounds in their leaves. As a result, plants showed a decrease in growth and increased
production of phenolic compounds, together with an increase in the activities of
phenylalanine ammonia-lyase, peroxidase and polyphenol oxidase. The authors postulated
that thermal stress induces the biosynthesis of phenolic compounds, followed by inhibition
of oxidation, as an acclimatization mechanism (Rivero et al., 2001).
On the other hand, it is well known that phenolic compounds are components of plant
essences and pigments that have an important role in the coloration and scent of flowers for
attracting insects for pollination (Mol et al., 1998). The color or fragrances in flowers for
plant reproduction is of great importance since changes can result in attracting other
pollinators, genetic isolation and speciation (Quattrocchio et al., 1999). Phenolic
compounds also confer flavor and color to fruits, which are palatable for animals, hence,
promoting the dispersion of seeds (Pichersky and Gang, 2000). In fact, compounds such as
kaempferol and quercetin are essential for the process of pollen tube germination in Petunia
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hibrida, Zea mays (Maureen et al., 1992) and Nicotiana tabacum (Ylstra et al., 1992), and
the absence of them causes male sterility in these plant species.
There are symbiotic relationships between plants and microorganisms, where phenolic
compounds play an important role (Bush et al., 1997). For example, the roots of
leguminous plants secrete some flavonoids (dihydrochalcones, dihydroflavonol) on
nodulation process in order to induce or suppress genes of nitrogen-fixing bacteria such as
rhizobium (Bohm, 2001). Besides, phenolic acids, flavonoids and isoflavonoids are
involved in processes of formation of mycorrhizas (Morandi, 1996). Seeds accumulate
phenolic compounds on their covers acting as a filter to prevent oxygen reaching the
embryo, inhibiting germination (Werker, 1980). Otherwise, salicylic acid is synthesized by
some plant species to prevent the growth of competing species; this process is regulated by
allopathic effects (Bush et al., 1997).
From the point of view of animal nutrition, plant foods are a contribution of phenolic
compounds the diet. Thus, it has been reported that animals fed by foods containing
phenolic compounds increased tolerance to toxic substances (Braunstein et al 1931; Pryde
and Williams, 1936). Niezen et al. (1995) showed that phenolic compounds of Medicago
sativa had an antiparasitic effect reducing the impact of gastro-intestinal nematode
infestation of sheep.
Recently, in animals in captivity that were fed with diets high in iron (Fe), tannins supply
resulted in a decrease of iron toxicity, which was related with the action of such phenolic
compounds to chelate Fe (Lavin, 2012). Conversely, other studies in ruminants supplied
with high tannin concentrations (6 to 10%) have reported negative effects including
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reduction of both the voluntary intake of foods and the digestibility of dry matter, fiber,
protein, and carbohydrates (Reed et al 1990).
Other studied benefits of phenolic compounds are related with their anti-inflammatory
action. Martinez et al. (2004) performed studies in rats with chronic inflammation, which
were treated with a flavonoid (2’-O-rhamnosyl 4’-O-methyl vitexin) isolated from Piper
ossanum leaves. The results showed that there was no difference between flavonoid and the
positive control used in the study (piroxicam) related to anti-inflammatory effect. These
findings are relevant to the use of natural and alternative medicines for animals, thus,
reducing the use of invasive and synthetic chemical compounds that could cause injury or
aftermath in animals.
The benefits of phenolic compounds in animals are not entirely clear. To date there is only
a few reports about the antioxidant function of phenolic compounds in animals. It is well
known that the importance of structural phenolic compounds in animal feed is that they are
precursors of compounds like lignin and suberin, which increase the metabolizable energy
and thus, the nutritional quality of animal diets. Therefore, more studies are needed to state
the role of phenols in animal nutrition and health.
Moreover, humans cannot synthesize phenolic compounds, obtaining them directly through
plant foods. There are several benefits associated with the intake of phenolic compounds;
one of them is the prevention of several diseases, since phenols exert as antihistaminic,
anti-inflammatory, antimicrobial, antithrombotic, and cardio-protective vasodilators effects
(Balasundrama et al. 2006).
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For a long time, the beneficial effect of flavonoids has been studied. In addition to their
known antioxidant effect in human body, an improvement in the reduction of chronic
diseases such as hypertension, diabetes and cardiovascular disorders has been found (KrisEtherton et al., 2004). Flavonoids such as quercetin, rutin and kaempferol have shown a
protective effect on gastric mucosa, providing also anti-inflammatory and analgesic effects
(Myhrstad et al., 2002). In addition, quercetin, luteolin and genistein have shown a benefit
on strengthening of heart (Álvarez y Orallo, 2002). Similarly, the catechins in the blood
plasma increased antioxidant activity, preventing coronary heart disease (Ruidavets et al.
2000), and tannins have astringent, vasoconstrictor and anti-inflammatory properties
(Quideau et al., 2011).
Several investigations have shown that flavonoids are effective in the treatment of liver
cancer, causing an inhibitory effect on cancer cell growth. Additionally, experiments in
vitro using quercetin showed an inhibitory effect on carcinogenic cells in colon (Ranelletti
et al., 1992), leukemia (Ren et al., 2001), mammary gland and ovary (Scambia et al., 1990).
In vivo studies using phenolic compounds such as genistein and quercetin have shown to
inhibit the activation of carcinogen and mutagen (Cancino et al., 2001). Similarly, in
prostate and mammary gland cancer has been studied the anticancer effect of phenolic
compounds as flavones (chrysin, baicalein, galangin), flavanones (naringenin) and
isoflavones (genistein, biochanin A) (Moon et al. 2006).
Finally, phenolic compounds might be envisaged as a promissory alternative for treatment
of some types of cancer. Currently, there is great demand for natural antioxidants and their
use in both the food industry and the preventive medicine. Although phenols may be
synthesized chemically, there are antecedents referring to them as having a tumorigenic
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effect on human body (Hu et al., 1998); therefore, phenolic compounds naturally produced
by plants are an attractive alternative to antioxidant consumption.

2.5 Perspectives
For a long time, the role of Si has been investigated in vascular plants. Several studies have
shown a relationship between greater Si content in plant tissues and improved synthesis of
phenolic compounds in species with different capabilities for Si accumulation, particularly
under a biotic or abiotic stress; nevertheless, it is of great importance to clarify mechanisms
associated with this phenomenon. This background is important to study more deeply the
production and translocation of phenolic compounds as well as their synthesis in different
tissues and organs of plants. In fact, there is no research on the production and the
translocation of phenolic compounds in plants treated with Si at different growth stages.
Moreover, the increase in the production of phenolic compounds by effect of Si could
impact directly the food chain since: (i) in plants, phenolic compounds play a role as either
antioxidants (providing protection against oxidative damage) or precursors of complex
molecules (lignin, suberin) for mechanical strengthening; (ii) in animals, phenolic
compounds has a direct effect on the metabolizable energy provided by forages;
furthermore, they produce benefits for immune system. (iii) in humans, intake of phenolic
compounds reduce the incidence of diseases associated with poor nutrition (e.g. diabetes,
obesity), cardiac pathologies, decreased cancer, among others, having a high impact on the
human health. In this context, it is important to highlight the role of grains in human
nutrition. There are many reports supporting the concentration and diversity of phenolic
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antioxidant compounds in grains of massive consumption such as wheat, oats, barley and
rice. Therefore, based on the current knowledge about the role of Si in plants, it would be
important to investigate the Si effect on the activity of key enzymes in the synthesis of
phenolic compounds. In addition, Si fertilization could be an important strategy for crops of
agronomic interest, which could be enriched with antioxidants like phenolic compounds,
thus increasing nutrition quality and health of animals and human population.
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Abstract
In acid soils, aluminium (Al) toxicity is a major limiting factor in barley crop, affecting
both the yield and the quality of grains using for malting process. The aim of this research
was to assess Al tolerance of barley cultivars based on plant growth and phenols production
with antioxidant action at vegetative stage. Furthermore, the potential of phenol
accumulation in grains of barley cultivars was evaluated. A hydroponic experiment was
conducted by using 11 barley cultivars subjected to 0 or 0.2 mM Al addition levels for 15
days. At harvest, plant growth traits, phenol concentration and lipid peroxidation were
determined. The results showed that grains of barley cultivars displayed differential phenol
concentration between 4,000 and 9,000 µg CAE g-1 FW. Furthermore, shoot and root yields
of some cultivars were decreased by the Al application. Length of shoots and roots showed
a trend to diminish under Al treatment in almost all cultivars. This reduction was more
apparent in the roots. On the other hand, an increase oxidative damage was observed in
plants treated with 0.2 mM Al, and total phenol concentration increased in most barley
cultivars in response of by Al toxicity. Finally, barley cultivars were classified by the
degree of Al tolerance in the following order: Sebastian > Traveler ≈ Hobbit ≈ Tatoo ≈
Quench ≈ Carmen > Sunshine ≈ Tauro > Aurora ≈ Barke ≈ Scarlett.
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3.1 Introduction
Barley (Hordeum vulgare) is a cereal widely distributed and cultivated in the world because
of its high nutritional value including the high concentration of carbohydrates, proteins and
dietary fiber as well as essential minerals such as phosphorus and potassium (Rajesh et al.,
2015). Barley plants are primarily used for animal feed, malt products and human food
(Lahouar et al., 2017). Barley grains contain a diversity of phenol compounds in varying
concentrations. These phenols exhibit strong antioxidant capacity, which are potentially
useful for lowering the risk of some diseases. Thus, its consumption can considerably
contribute to the human health by preventing the colon cancer and cardiovascular diseases,
among others (Lahouar et al., 2011; Lahouar et al., 2014).
Acid soils often contain high levels of phytotoxic aluminium (Al) that limits the yield and
quality of crops (e.g. Mora et al., 2006; Sade et al., 2016; Muhammad et al., 2019). Barley
has been recognized as the most Al-sensitive cereal at soil pH < 5.5, thus strongly limiting
grain production. Since Al is solubilized at low pH, Al3+ ions are primarily inhibiting the
growth of the root system (Kopittke et al., 2015), plant yield (Aggarwal et al., 2015), water
and nutrient uptake (Gupta et al., 2013; Moustaka et al., 2016), as well as causing damage
at cell, enzymes and DNA level (Yamamoto et al., 2001; Horst et al., 2010; Singh et al.,
2017). In addition, it is well known that Al increases production of reactive oxygen species
(ROS) inducing oxidative stress in vascular plants (e.g. Yamamoto et al., 2001, 2002;
Cartes et al., 2012; Yanık and Vardar, 2018).
Various external and internal Al tolerance mechanisms have been reported. Although the
mechanisms vary between plant species and genotypes, the external mechanisms are related
to reducing the entry of Al to the root cells, while the internal mechanisms are associated
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with the processes of cell compartmentalization and complexation with different biological
compounds, including phenol compounds (Rout et al., 2001; Horst el al., 2010; Singh et al.,
2017). Phenolic compounds are important factor during plant growth and development,
because their action in various defense mechanism (Kulbat, 2016). Thus, great part of
phenolic compounds has antioxidant properties with the ability to neutralize the negative
effects of oxidative stress (Zenkov et al., 2016; Marranzano et al., 2018). In addition, some
compounds have the ability to chelate toxic ions (Williams et al., 2004), antibiotic and
antifungal activity (Montanaro et al., 2012; Cheynier et al., 2013) and repel herbivores
(Ashok and Upadhyaya, 2012; Cheynier et al., 2013). Even more, soluble phenols are initial
compounds for the synthesis of molecules with structural action such as lignin and suberin
(Cheynier et al., 2015; Marranzano et al., 2018).
Worldwide, beer production has been increasing across the time (Pokrivčák et al., 2019).
Therefore, the use of barley cultivars more tolerant to Al stress is an important factor of
study in terms of yield and quality of the grains. Moreover, the increase in the production of
phenolic compounds in barley plants cultivated in acid soils could be an important strategy
to counteract the stress induced by Al. Based on these evidences, the aim of this research
was to assess Al tolerance of barley cultivars based on plant growth and phenols production
with antioxidant action at vegetative stage. Additionally, the potential of phenol
accumulation in grains of barley cultivars was assayed.
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3.2 MATERIALS AND METHODS
3.2.1 Determination of total phenol concentration in grains of barley cultivars
Total soluble phenols concentration was determined in grains of 11 barley cultivars
according to Slinkard and Singleton's method (1977) using Folin–Ciocalteu reagent. The
standard curve was calculated using chlorogenic acid as standard and the absorbance was
measured spectrophotometrically at 765 nm. Grains of barley cultivars Tatoo, Hobbit,
Sebastian, Quench, Tauro, Scarlet, Traveler, Sunshine, Carmen and Barke were provided
by Maltexco company, whereas the cultivar Aurora was supplied by Instituto de
Investigaciones Agropecuarias (INIA-Carillanca).

3.2.2 Greenhouse experiment
Barley (Hordeum vulgare) seeds of 11 cultivars were germinated during 7 days on filter
paper moistened with deionized water in a growth chamber at 21°C. After germination,
seedlings were transferred to plastic containers. Each container had 16 plants and it was
filled with 1 L of the nutrient solution proposed by Taylor and Foy (1985).
Plants were grown for 15 days in nutrient solution before treatments were applied. Later, Al
doses of 0 and 0.2 mM (AlCl3, Merck reagent) were supplemented to each cultivar, and
three replicates per treatment were used in a completely randomized factorial design.
During the growth period, the pH of the solution was adjusted daily at 4.5 using dilute HCl
or NaOH, and the nutrient solution was changed every 7 days. Plants were grown under
controlled conditions in a greenhouse (16-h light period, 20 ± 2 °C and 70–80% relative
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humidity). The plants were harvested after 21 days of initiated Al treatment to evaluate
growth and biochemical traits.

3.2.3 Plant growth traits
At harvest, fresh weight (FW) of shoots and roots was recoded, and plant samples were
dried at 65°C for 48 h to determine dry weight (DW). Barley growth was determined by
measuring the length of the longest root and shoot of 8 plants randomly selected from each
pot.

3.2.4 Plant biochemical analyses
3.2.4.1 Determination of total phenol concentration
Total soluble phenols were assayed in plant tissues (roots and shoots samples) with the
Folin-Ciocalteu reagent according to the method described above.

3.2.4.2 Determination of lipid peroxidation
In fresh root and shoot samples, lipid peroxidation was assayed as an index of oxidative
stress by measuring the thiobarbituric acid reactive substances (TBARS) according to Du
and Bramlage’s modified method (1992). In this modified procedure, the absorbance of the
samples is measured at 532, 600 and 440 nm in order to correct the interference generated
by TBARS-sugar complexes.
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3.2.5 Statistical analysis
The data were subjected to ANOVA, and significantly different means between treatments
were separated with the LSD’s test at 0.05 significance level of probability. For every data
set standard deviation (SD) was also determined. In addition, the relationship between two
response variables was analyzed through Pearson correlation at a significance level of 5%.

3.3 RESULTS
3.3.1 Soluble phenol concentration in grains of barley cultivars
Grains of barley cultivars exhibited a differential concentration of soluble phenols: Tatoo >
Scarlett ≈ Quench ≈ Traveler ≈ Aurora ≈ Hobbit > Sunshine ≈ Tauro ≈ Barke > Sebastian >
Carmen. Most of cultivars contained about 6,000 µg CAE g-1 FW in grains (Figure 1).
Tatoo cultivar accumulated the highest concentration of soluble phenols in grains (8,981 ±
656 µg CAE g-1 FW) and the lowest concentration was found in Carmen (3,660 ± 42 µg
CAE g-1 FW) and Sebastian (4,502 ± 175 µg CAE g-1 FW), thus showing a reduction of at
least 50% compared with Tatoo.

3.3.2 The effect of Al on growth traits of barley cultivars
The dry weight (DW) of barley shoots was reduced by 0.2 mM Al application in cvs.
Quench (52%), Scarlett (29%) and Tauro (27%), respect to the control (Table 1). In the
roots, DW was diminished by Al supply in about 63%, 56% and 42% in cvs. Barke, Tauro
and Quench, respectively (Table 1). On the other hand, excluding cv. Tauro, all the other
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barley cultivars significantly decreased the root length by addition of 0.2 mM Al (Table 2).
The highest decrease of root length was found in cvs. Barke (73%), Sunshine (69%),
Aurora (59%), Scarlett (54%), Hobbit and Carmen (52%). In the same way, Al reduced
shoot length in barley cultivars, except to Sebastian, Traveler, and Quench, which showed
no difference in shoot length compared to control (Table 2).

3.3.3 The Al effect on phenols production and oxidative damage
Total phenols concentration increased in the shoots by Al supply, except for cv. Hobbit and
Tauro. The highest increase in shoot phenol concentration was found in Sebastian (1,5646
± 253 µg CAE g-1 FW), which exhibited 70% augment compared with control (Figure 2 A).
Nevertheless, the other barley cultivars increased the concentration of soluble phenols by
Al application in a range from 10 to 40%. Furthermore, shoots phenol concentration was
positively correlated with DW in shoots (r = 0.270, P ≤ 0.05) as shown in Table 3.

In barley roots, phenol concentration significantly increased as a consequence of 0.2 mM
Al addition, except in Tatoo, Traveler and Aurora cultivars. In fact, under 0.2 mM Al
addition, the highest increase in root phenol concentration was found in cultivar Hobbit
(6,786 ± 212 µg CAE g-1 FW), showing 3-fold increase compared with the control (Figure
2 B). Whereas, the rest of barley cultivars exhibited augments between 30 and 89% when 2
mM Al was supplied. Additionally, a negative correlation between phenol concentration
and length of roots (r = -0.598, P ≤ 0.01; Table 3) was recorded.
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In terms of oxidative damage, lipid peroxidation augmented in shoots and roots of all
barley cultivars as a result of the application of 0.2 mM Al (Figure 3 A, B). Accordingly, in
the shoots of Al treated plants, the highest increase of lipid peroxidation was observed in
cv. Barke (2-fold), whereas the lower increase of TBARS concentration was about 23% and
25% in cv. Hobbit and Tatoo, respectively (Figure 3 A). In the roots, the higher increase of
TBARS content respect to control (1.6-fold) was observed in cvs. Scarlet and Aurora. On
the contrary, the lowest increase of TBARS was registered at the cv. Carmen, which
increased 30% with respect to control (Figure 3 B). Furthermore, a negative relationship
between lipid peroxidation and root length (r = -0.508, P ≤ 0.01) or shoots length (r = 0.487, P ≤ 0.01) of barley cultivars grown under Al stress was found (Table 3). Moreover,
in the roots, a positive correlation between lipid peroxidation and phenols concentration (r
= 0.355, P ≤ 0.01) was found.

3.4 DISCUSSION
Malting barley grains contain various types of phenolic compounds, including derivatives
of benzoic and cinnamic acids, anthocyanidins and flavonols (Gangopadhyay et al., 2016).
Many organoleptic characteristics of beer (e.g. color, flavor, odour) are provided by
phenolic compounds (such as flavonoids, anthocyanins and phenolic acids). Therefore, both
the type and the concentration of phenolics are essential for the brewing process
(Wannenmacher et al., 2018). In this study, we found variable levels of total phenol
concentration among 11 grain barley cultivars from about 4,000 µg CAE g-1 FW in cvs.
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Carmen and Sebastian to 9,000 µg CAE g-1 FW in cv. Tatoo (Figure 1) in agreement with
previous reports about phenols concentration in brewing cultivars (Šimić et al., 2017).
In vascular plants, Al interferes with root cell division, root respiration, nutrient uptake,
water uptake, chlorophyll concentration and transpiration rate, thus reducing plant
performance (Wang et al., 2006; Sade et al., 2016; Singh et al., 2017). In our study, most
barley cultivars grown under 0.2 mM Al exposure were characterized by chlorosis, purple
stems, leaf veins yellowing and death of leaf tips; these symptoms have been commonly
reported for plants subjected to Al toxicity (Rout et al., 2001; Wang et al., 2006). Likewise,
in most of barley cultivars, the length of roots and shoots was strongly limited by Al supply
(Table 2), and as expected roots were more affected than the shoots (Rout et al., 2001; Sade
et al., 2016; Singh et al., 2017). Whereas the greatest reduction of DW was observed in cv.
Barke (roots) and cv. Quench (shoots) as a consequence of Al toxicity, Sebastian and
Traveler showed a higher Al-tolerance since Al-treated plants did not exhibit changes in the
DW of roots and shoots (Table 1).
On the other hand, the antioxidant effect of phenolic compounds has been studied in
diverse plants species subjected to Al stress (Kidd et al., 2001; Singh et al., 2017), and
several reports have indicated that there is relationship between of the phenol production
and Al toxicity in plants (e.g. Kidd et al., 2001; Wang et al., 2004; Ribera et al, 2018). A
hypothesized mechanism of Al tolerance is chelation and detoxification of Al by phenolic
compounds (e.g. flavonols, anthocyanidins, phenolic acid) either within the plant or in the
rhizosphere (Kidd et al., 2001; Liang et al., 2006). As expected, roots of most cultivars
showed a tendency to increase their phenol concentration by Al addition, with exception of
two cultivars (Tatoo, Traveler and Aurora) that did not exhibit differences with respect to
Al-non treated plants. (Figure 2 B). Likewise, shoots increased phenol concentration as a
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consequence of Al supply, with exception of cvs. Hobbit and Tauro, which did not show
any difference compared with control (Figure 2 A). Indeed, we found that the total phenol
concentration of barley cultivars was negatively correlated with the length of roots (r = 0.598, P ≤ 0.01; Table 3). These findings support that phenolic compounds were
synthesized in barley in response to Al-toxicity.
It is well known that induces the production of reactive oxygen species, leading to
peroxidation of membrane lipids and DNA damage (e.g. Yamamoto et al., 2001, 2002 Rout
et al., 2001; Horst el al., 2010; Jadoon and Malik, 2018). In our study, an increase of the
lipid peroxidation in shoots and roots of all barley cultivars occurred as a consequence of
0.2 mM Al supply (Figure 3 A, B). This increment was accompanied by an improvement of
phenol concentration in several barley cultivars under Al stress conditions (Figure 2 A, B).
In fact, we found a significant positive relationship between lipid peroxidation and either
roots phenols concentration (r = 0.355, P≤ 0.01), but a negative correlation between lipid
peroxidation and roots length (r = -0.508, P ≤ 0.01) in different barley cultivars (Table
3).Thereby, the increase of phenol concentration in plant tissues could be interpreted as an
antioxidant response of plants intended to counteract the oxidative stress induced by Al
toxicity. Finally, based on growth traits and oxidative damage in roots exposed to 0.2 mM
Al supply, the degree of tolerance of barley cultivars to Al toxicity is in decreasing order:
Sebastian > Traveler ≈ Hobbit ≈ Tatoo ≈ Quench ≈ Carmen > Sunshine ≈ Tauro > Aurora
≈ Barke ≈ Scarlett.
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3.5 CONCLUSION
All barley cultivars exhibited an increase of oxidative damage and soluble phenols
concentration due to Al stress. Based on growth and biochemical traits the tolerance to Al
toxicity was in the following decreasing in order: Sebastian > Traveler ≈ Hobbit ≈ Tatoo ≈
Quench ≈ Carmen > Sunshine ≈ Tauro > Aurora ≈ Barke ≈ Scarlett. Finally, grains of
barley cultivars displayed differentiated the potential of accumulation of phenols varying
between 4,000 and 9,000 µg CAE g-1 FW.
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TABLES

Table 1. Shoot and root dry weight of barley cultivars grown under Al toxicity. Values
correspond to the average of three replicates ± standard deviation. Diﬀerences between
cultivars were examined using the LSD test (p≤0.05).
Table 2. Shoot and root length of barley cultivars grown under Al toxicity. Values
correspond to the average of three replicates ± standard deviation. Diﬀerences between
cultivars were examined using the LSD test (p≤0.05).
Table 3. Pearson correlations between variable responses of barley plants cultivated at 0
and 0.2 mM Al.
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Table 1.
0 Al

0.2 Al

0 Al

0.2 Al

Barley cultivars

Shoot DW (g)

Shoot DW (g)

Root DW (g)

Root DW (g)

Tattoo

2.7 ± 0.6

1.9 ± 0.1

3.1 ± 0.6

2.4 ± 0.9

Hobbit

4.4 ± 0.7

3.8 ± 0.4

1.5 ± 0.2

1.6 ± 0.4

Sebastian

6.5 ± 0.2

6.2 ± 0.3

2.5 ± 0.1

2.4 ± 0.2

Traveler

6.0 ± 0.2

6.0 ± 0.2

2.6 ± 0.1

2.4 ± 0.3

Scarlet

6.2 ± 0.4

4.4 ± 0.5

2.1 ± 0.1

2.5 ± 1.8

Quench

3.8 ± 0.4

1.8 ± 0.1

2.6 ± 0.2

1.5 ± 0.2

Sunshine

1.7 ± 0.5

1.0 ± 0.2

1.2 ± 0.1

0.8 ± 0.1

Aurora

1.3 ± 0.2

0.9 ± 0.2

0.9 ± 0.1

0.6 ± 0.1

Tauro

3.2 ± 0.3

2.3 ± 0.4

2.3 ± 0.3

1.0 ± 0.6

Carmen

2.9 ± 0.1

2.2 ± 0.1

2.0 ± 0.1

1.3 ± 0.1

Barke

1.8 ± 0.5

1.8 ± 0.7

1.9 ± 0.2

0.7 ± 0.1

LSD0.05*

0.8

0.8

0.7

0.7

*Least significant difference (p≤0.05) for treatments in dry weight shoots or roots.
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Table 2.
0 Al

0.2 Al

0 Al

0.2 Al

Barley cultivars

Shoot length (cm)

Shoot length (cm)

Root length (cm)

Root length (cm)

Tatoo

35.4 ± 0.4

25.1 ± 1.7

14.2 ± 2.7

7.5 ± 0.8

Hobbit

38.1 ± 1.2

30.5 ± 6.9

20.8 ± 3.0

9.8 ± 2.4

Sebastian

49.2 ± 2.3

45.5 ± 0.3

23.7 ± 0.2

16.8 ± 1.6

Traveler

42.8 ± 1.2

41.8 ± 0.8

25.5 ± 5.0

13.7 ± 0.9

Scarlet

44.2 ± 1.3

34.6 ± 3.1

27.4 ± 5.6

12.4 ± 1.4

Quench

40.7 ± 4.6

37.4 ± 1.3

22.8 ± 0.6

12.9 ± 0.6

Sunshine

37.7 ± 0.7

25.6 ± 4.9

24.8 ± 4.3

7.6 ± 1.7

Aurora

37.9 ± 1.7

29.5 ± 1.3

19 ± 1.1

7.7 ± 2.2

Tauro

42.1 ± 3.2

30.8 ± 8.8

19.9 ± 1.4

17.1 ± 0.9

Carmen

40.6 ± 5.8

31.5 ± 1.6

18.8 ± 1.9

8.9 ± 1.7

Barke

38.0 ± 0.1

27.5 ± 0.4

21.4 ± 3.1

5.7 ± 0.1

LSD 0.05*

5.8

5.8

4.1

4.1

*Least significant difference (p≤0.05) for treatments in dry weight shoots or roots.
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Table 3.
DW

DW

Roots

Shoots

Phenols

Phenols

TBARS

TBARS

shoots

roots

length

length

roots

shoots

roots

shoots

DW shoots

-

DW roots

0.524**

-

Roots length

0.397**

0.458**

-

Shoots length

0.484**

0.626**

0.758**

-

Phenols roots

-0.297*

-0.190

-0.598**

-0.514**

-

Phenols shoots

0.270*

0.607**

-0.049

0.301*

-0.118

-

TBARS roots

0.166

0.135

-0.508**

-0.372**

0.355**

0.426**

-

TBARS shoots

-0.226

0.046

-0.562**

-0.487**

0.731**

0.153

0.530**

-

**Correlation is significant at ≤ 0.01 level
*Correlation is significant at ≤ 0.05 level
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FIGURE CAPTION
Figure 1. Total phenol concentration of grains of different barley cultivars. Values
correspond to the average of three replicates ± standard deviation. Diﬀerences between
cultivars were examined using the LSD test (p≤0.05).
Figure 2. Shoot (A) and root (B) phenol concentration of barley cultivars under Al toxicity.
Values correspond to the average of three replicates ± standard deviation. Diﬀerences
between treatments were examined using the LSD test (p≤0.05).
Figure 3. Shoot (A) and root (B) lipid peroxidation of barley cultivars under Al toxicity.
Values correspond to the average of three replicates ± standard deviation. Diﬀerences
between treatments were examined using the LSD test (p≤0.05).
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Figure 3.
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Abstract
Aluminium (Al) toxicity is one of the main growth and yield limiting factor for barley
grown on acid soils. Silicon (Si) ameliorates Al toxicity as well as it promotes the phenolic
compounds production that have antioxidant or structural role. We evaluated the timedependent kinetics of Al and Si uptake and the impact of Si on the production of
antioxidant- or structural- phenols in barley cultivars at the short-term. Two barley cultivars
with contrasting Al tolerance (Hordeum vulgare ‘Sebastian’, Al tolerant, and H. vulgare
‘Scarlett’, Al sensitive), exposed to either -Al (0 mM) or +Al (0.2 mM) nutrient solutions
without Si (-Si) or with 2 mM (+Si) were cultured for 48 hours. Aluminium and Si
concentration decreased in plants at all harvest times when Al and Si were simultaneously
supplied; this effect was more noticeable in ‘Scarlett’. Nevertheless, Si influenced the
antioxidant system of barley irrespective of the Al tolerance of the cultivar, decreasing
oxidative damage and enhancing radical scavenging activity, the production of phenolic
compounds, and lignin accumulation in barley with short-term exposure to Al.

Keywords: Aluminium toxicity; barley; phenolic compounds; lignin.
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4.1 Introduction
Barley (Hordeum vulgare L.) is used as a feedstock due to its elevated nutritional value,
particularly carbohydrates, proteins, vitamins, and phenolic compounds (Jadhav et al.,
1998). Barley also contains a large amount of fibre, a well-recognised source of β-glucans
that reduces cholesterol and the glycaemic index (Din et al., 2018). One of the main
limitations for the production of barley is its sensitivity to soil acidity, which decreases the
yield of grains (Gallardo et al., 1999). In acid soils, aluminium (Al) is solubilised as
phytotoxic Al3+ ions (Sade et al., 2016). This inhibits root growth and nutrient uptake by
altering the structure and function of the cell wall and plasma membrane, and therefore
limits crop production (Sade et al., 2016; Singh et al., 2017). Furthermore, it has been
shown that Al toxicity increases the formation of reactive oxygen species (ROS) triggering
oxidative damage in plant cells (Cartes et al., 2012; Singh et al., 2017). However, the
degree of toxicity differs with the plant species, growth conditions, concentration, and time
of exposure to Al stress (Kochian et al., 2004; Sade et al., 2016). Barley exhibits
considerably higher sensitivity to Al toxicity than rice, rye, oats, and wheat (Ishikawa et al.,
2000; Ma et al., 2014).
Despite Si is not recognized to be an essential nutrient for vascular plants, it has widely
been demonstrated that Si supply increases crop production, root volume, and leaf density,
and also decreases diseases and pest attack in several plant species exposed to biotic and
abiotic stresses (Song et al., 2011; Detmann et al., 2012; Pontigo et al., 2015; Bakhat et al.,
2018; Etesami et al., 2018; Malhotra et al., 2019). Over recent years, it has been shown that
Si enhances the primary metabolism by improving photosynthesis (Detmann et al., 2012;
Araujo et al., 2019; Abd_Allah et al., 2019) and nutrient uptake (Kostic et al., 2017), as
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well as the secondary metabolism through stimulation of the production of phenolic
compounds with either antioxidant (e.g. flavonoids) or structural (e.g. lignin) functions
(Filha et al., 2011; Schaller et al., 2012). Therefore, it has been reported that Si causes
improvement in either antioxidant or structural phenols metabolism of plants under
stressful environmental conditions (Filha et al., 2011; Shetty et al., 2011; Maksimovic et
al., 2007; Ribera et al., 2018). This occurs via the regulation of the transcript level or
activity of enzymes involved to phenylpropanoid pathway (e.g. phenylalanine ammonia
lyase, peroxidase) (Ribera et al., 2018; Fleck et al., 2010; Cai et al., 2008), formation of
lignin-carbohydrate complexes (Inanaga et al., 1995; Guerriero et al., 2016), and direct
complexation of Si with polyphenolic compounds (Maksimovic et al., 2007).
Several reports have been suggested that the positive effects of Si on plants are closely
related to the high accumulation of this element in different tissues (Ma and Yamaji, 2015;
Deshmukh and Bélanger, 2016). Nevertheless, a differential capacity to take up Si has been
reported among plant species and genotypes (Ma et al., 2007; Ma and Yamaji, 2015). In
general, poaceae species such as barley have been classified as "accumulators", since they
can contain up to 1% of Si in dry matter basis (Hodson et al., 2005). Recent molecular
advances associated with the identification and characterization of Si transporters in various
plant species have been useful to improve the understanding of the benefits that plants can
derive from Si uptake (Pontigo et al., 2015; Ma and Yamaji, 2015; Deshmukh and
Bélanger, 2016). Accordingly, influx transporters (Lsi1 and Lsi6; belonging to the
subgroup of aquaporins Nodulin 26-like intrinsic proteins III) and efflux transporters (Lsi2
and Lsi3; known as anion transporters) have been reported to be responsible for the uptake
and transport of Si in different plant species including barley (Deshmukh and Bélanger,
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2016; Chiba et al., 2009; Mitani et al., 2009; Yamaji et al., 2012). Moreover, the
identification of highly conserved features in Si influx transporter determining the
functional selectivity for silicic acid provided new insights into the prediction of Si uptake
ability of plants (Deshmukh et al., 2015; Deshmukh and Bélanger, 2016; Vatanserver et al.,
2017).
Silicon is currently viewed as a sustainable alternative to provide tolerance to various
metals including zinc (Zn), iron (Fe), copper (Cu), cadmium (Cd), chromium (Cr),
manganese (Mn), arsenic (As) and aluminium (Al) (Doncheva et al., 2009; Vaculík et al.,
2009; Song et al., 2011; Khandekar and Leisner, 2011; Anwaa et al., 2015; Ribera et al.,
2018; Bhat et al., 2019). Accordingly, the amelioration of Al toxicity by Si has so far been
demonstrated in numerous crops, including rice, wheat, maize, sorghum, ryegrass and
soybean (Cocker et al., 1998; Pontigo et al., 2015, 2017; Tripathi et al., 2017; Ribera et al.,
2018). In addition, some researches have indicated that Si supply stimulates plant growth
processes and decreases the intensity of lipid oxidative damage (Balakhnina et al., 2012;
Pontigo et al., 2017; Ribera et al., 2018). However, the mechanisms induced by Si against
Al stress are not yet entirely clear. Nevertheless, it has been demonstrated that Si addition
in the presence of Al generates an increase in the culture media pH, and reduces of the
availability of phytotoxic Al for plants, due to the formation of hydroxyaluminosilicates in
(Cocker et al., 1998). Furthermore, there is evidence showing internal detoxification of Al
through the formation of aluminosilicates in plant cell walls (Cocker et al., 1998). The Siinduced exudation of phenolic compounds with the ability to chelate Al has been also
reported (Kidd et al., 2001).
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Currently, there is evidence shown that Si could alleviate Al toxicity in barley (Balakhnina
et al., 2012). Nevertheless, to our knowledge there is a dearth of studies regarding the role
of Si in the metabolism of barley, which is one of the most sensitive cereal crops to Al
toxicity. Furthermore, the influence of Si on the phenolic metabolism of Al tolerant or
sensitive barley genotypes it has not yet been studied. Thus, this study aimed to evaluate
the kinetics of Al and Si uptake, as well as the impact of Si on the production of antioxidant
or structural phenolic compounds in barley cultivars at the short-term.

4.2 Materials and Methods
4.2.1 Hydroponic experiment
Two barley (Hordeum vulgare L.) cultivars with differing Al tolerances (H. vulgare
‘Scarlett’, Al sensitive, and H. vulgare ‘Sebastian’, Al tolerant) were selected from a
preliminary hydroponic assay based on the growth parameters and biochemical responses
of 11 cultivars subjected Al stress (data not shown). Seeds of ‘Scarlett’ and ‘Sebastian’
cultivars were surface sterilized by immersion in 2% (v/v) sodium hypochlorite for 15
minutes, and then washed five times with deionized water. The sterilized seeds were
germinated on moistened filter paper for 10 days. Once germinated, seedlings were
transferred to aerated hydroponic culture pots (3 L pots; 48 plants per pot) and cultivated in
a basal nutrient solution proposed by Taylor and Foy (1985). During course of the
experiment, dilute HCl or NaOH was used to adjust daily the pH of the solution to 4.5. All
plants were precultured for 14 days in a basal nutrient solution and the nutrient solution was
changed every 5 days. The plants were then grown in nutrient solutions containing either 0
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mM Al (-Al) or 0.2 mM Al (+Al; applied as AlCl3, Merck reagent) in combination with 0
mM Si (-Si) or 2 mM Si (+Si; supplied as Na2SiO3, Merck reagent). The free Al3+ activity
in the nutrient solution was calculated using Geochem-EZ (Shaff et al., 2010) and
corresponded to 85 μM. A factorial experimental design completely randomized,
considering three replicates per treatment, was used. At harvest, plant tissues (roots and
shoots) were sampled at 2, 4, 8, 12, 24, and 48 hours after Al/Si treatments. Subsamples of
shoots and roots were harvested and stored at either -20°C or -70°C for biochemical
analyses, measurement of dry weight, and determination of the concentrations of Si and Al.

4.2.2 Plant chemical analyses
Mineral concentration of Al and Si was determined after fresh plant material was dried at
65°C for 48 hours. For Al analysis, root and shoots samples were ashed at 500°C during 8
hours and 2 M hydrochloric acid was added. Flame atomic absorption spectrophotometry
(FAAS) was used to quantify Al at 324.7 nm according to Sadzawka et al. (2007). Silicon
concentration was determined by the modified method described by Pavlovic et al. (2013).
An acid digestion was carried out by using 0.1 g of dried plants samples with 5 mL of
HNO3 on a hot plate at 70°C for 5 hours. Afterward, 1 mL of HF (40%) and 10 mL of
distilled water were applied, and the samples were left overnight. Then, 5 ml 2% (w/v)
H3BO3 was added, the flask volume was adjusted to 25 mL with distilled water, and Si
was determined by FAAS at 251.6 nm.
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4.2.3 Plant biochemical analyses
Plant samples previously stored at -70°C were used to analyze the total soluble phenols and
radical scavenging activity. Total soluble phenols were assayed according to Slinkard and
Singleton's method (1977) using Folin-Ciocalteu reagent. Chlorogenic acid was used as
standard, and the absorbance was determined in spectrophotometer at 765 nm.
Additionally, radical scavenging activity was analyzed using the 2,2-diphenyl-1picrylhydrazyl (DPPH) method according to Chinnici et al. (2004). The absorbance was
spectrophotometrically tested at 515 nm, using Trolox as the standard. The radical
scavenging activity was calculated as Trolox equivalents.
Plant lipid peroxidation was monitored by assaying the thiobarbituric acid reactive
substances (TBARS) by the method of Du and Bramlage (1992). In this method, the
absorbance of the sample is determined at 532, 600, and 440 nm to minimize the
interference generated by TBARS-sugar complexes.

4.2.4 Lignin visualization assay
To visualize the lignin distribution in plant tissues, fresh roots and leaf sections were
stained with 0.1% Safranine O and analyzed using Laser Scanning Confocal Microscopy
(CLSM; Olympus FV1000, Arquimed, Japan) at λ emission/excitation of 543/590 nm,
following the methods of Sant’ Anna et al. (2013). The images were analyzed with the
Image Processing Software (FV10-ASW v0.200c; Olympus, Tokyo, Japan). In addition, the
detection of safranine fluorescence was expressed as Relative Fluorescence Unit (RFU).
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Thus, different regions of interest in each image were selected and the RFU averages
calculated.

4.2.5 Data analysis
The data were subjected to analysis of variance (ANOVA), and significantly different
means between treatments were tested using the least-significant difference (LSD) at a 0.05
significance level of probability. In addition, Pearson correlation was used to evaluate the
relationship between two response variables.

4.3 Results
4.3.1. Concentration of Si and Al
Aluminium concentration gradually increased in the roots and shoots of barley cultivars
after the Al application to the hydroponic solution (Figure 1). In general, at 48 hours the Al
sensitive cultivar ‘Scarlett’ showed a higher tissue Al concentration than was observed for
the Al tolerant cultivar ‘Sebastian’. After 48 hours, most of the Al had been accumulated in
the shoots of both cultivars, and Al translocation was greater in ‘Scarlett’ (72%) than it was
in ‘Sebastian’ (58%).
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Figure 1. Aluminum concentration of shoots (A, B) and roots (C, D) in barley cv.
‘Sebastian’ (Al-tolerant) and ‘Scarlett’ (Al-sensitive) harvested at 2, 4, 8, 12, 24 and 48
hours. The plants were subjected to –Al and +Al (0.2 mM) nutrient solution without (-Si) or
with (+Si) supply of 2 mM Si. Values correspond to the average of three replicates ±
standard deviation. Differences between treatments were examined using the LSD test (P ≤
0.05).

In plants supplied with Al, a rapid and significant reduction in the Al concentration in the
roots and shoots was induced by Si, respect to plants treated with Al alone. Thus, the Al
sensitive cultivar ‘Scarlett’ showed further reductions in Al concentration of about 63%
(shoots), and 76% (roots) due to the addition of Si after 48 hours. Likewise, in the Al
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tolerant cultivar ‘Sebastian’, Si addition reduced Al uptake by about 59% and 43% in
shoots and roots, respectively. Silicon concentration in the shoots and roots (Figure 2)
increased progressively over time by the addition of Si, but when both Al and Si were
applied, this increase was lower in both cultivars. The highest Si concentration was
recorded after 48 hours in plants treated solely with Si (-Al/+Si). This increased the Si
concentration 9.2-fold (shoots) and 8.8-fold (roots) for the Al tolerant cultivar ‘Sebastian’
and 12.5-fold (shoots) and 15.2-fold (roots) for the Al sensitive cultivar ‘Scarlett’,
compared with the Control (-Al/-Si).

Figure 2. Silicon concentration of shoots (A, B) and roots (C, D) in barley cv. ‘Sebastian’
(Al-tolerant) and ‘Scarlett’ (Al-sensitive) harvested at 2, 4, 8, 12, 24 and 48 hours. The
plants were subjected to –Al and +Al (0.2 mM) nutrient solution without (-Si) or with (+Si)
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supply of 2 mM Si. Values correspond to the average of three replicates ± standard
deviation. Differences between treatments were examined using the LSD test (P ≤ 0.05).

4.3.2. Antioxidant and structural phenols
The concentration of phenols in plants showed a tendency to increase due to Si addition in
both cultivars studied. In the Al tolerant ‘Sebastian’ cultivar, the highest root phenol
concentration was detected in plants supplied with both Al- and Si (+Al/+Si) at 48 hours,
showing a 2-fold increase compared with the Control (Figure 3 A). In contrast, the lowest
concentration of phenols in the roots of the Al tolerant cultivar ‘Sebastian’ was found in the
-Al/+Si treatment at all harvest times. During the course of the experiment, the total
phenols of the ‘Sebastian’ shoots tended to increase with the supply of both Si and Al; the
highest shoot phenol concentration was found after 48 hours (47% increase, compared with
the Control) as shown in Figure 3 A.
On the other hand, in the Al sensitive cultivar ‘Scarlett’, the lowest concentration of
phenols in the roots was observed in the Control treatment (-Al/-Si) at all harvest times
(Figure 3 D). The total phenols of the roots steadily increased over time with the addition of
Al; when both Al and Si were added (+Al/+Si), the total root phenols doubled after 48
hours, compared to the Al-treated plants that did not have Si added (+Al/-Si).

71

Figure 3. Total phenols of shoots (A, B) and roots (C, D) in barley cv. ‘Sebastian’ (Altolerant) and ‘Scarlett’ (Al-sensitive) harvested at 2, 4, 8, 12, 24 and 48 hours. The plants
were subjected to –Al and +Al (0.2 mM) nutrient solution without (-Si) or with (+Si)
supply of 2 mM Si. Values correspond to the average of three replicates ± standard
deviation. Differences between treatments were examined using the LSD test (P ≤ 0.05).
Similarly, the total phenols of the Al sensitive cultivar ‘Scarlett’ augmented in the shoots
after 2 hours as a consequence of the addition of Si, irrespective of the presence or absence
of Al (Figure 3 B). The highest shoot phenol concentration was found after 48 hours in the
+Al/+Si treatment (6.7-fold increase, compared with the Control), whereas the lowest
concentration was recorded in +Al/-Si and in the Control treatments at 2 and 4 hours after
treatment. During the time- course of the experiment, confocal microscopy analysis showed
a higher lignin accumulation in the roots of Al sensitive cultivar ‘Scarlett’ than the Al
tolerant cultivar ‘Sebastian’, irrespective of Al/Si added (Figure 4). Compared with non72

treated plants, an increment of lignin content was detected in both cultivars as a
consequence of 0.2 mM Al supply, with a further increase being observed in plants
simultaneously supplied with Al and Si.
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Figure 4. Visualization of lignin contents in barley roots of ‘Sebastian’, Al-tolerant (T) and
‘Scarlett’, Al-sensitive (S) harvested at 2, 4, 8, 12, 24 and 48 hours. The plants were
74

subjected to –Al and +Al (0.2 mM) nutrient solution without (-Si) or with 2 mM Si (+Si).
The detection of safranine fluorescence was expressed as Relative Fluorescence Unit
(RFU).

4.3.3 Plant antioxidant capacity and oxidative damage
Radical scavenging activity increased with the Al treatment at all harvest times in both Al
sensitive and Al tolerant cultivars. Moreover, DPPH and Al concentration were positively
correlated in roots (‘Sebastian’, r = 0.436; p ≤ 0.01) and shoots (‘Sebastian’, r = 0.684; p ≤
0.01; ‘Scarlett’, r = 0.401; p ≤ 0.01). A simultaneous application of Al and Si further
increased DPPH compared with the Control (Figure 5). For the Al tolerant cultivar
‘Sebastian’, the highest antioxidant capacity (7-fold higher in shoots, and5-fold higher in
roots, compared with the Control) was observed after 48 hours of exposure to both Al and
Si (Figure 5 A, C). For the Al-sensitive cultivar ‘Scarlett’, the highest increase in the
antioxidant capacity was also observed after 48 hours of exposure, as a consequence of the
simultaneous addition of Si and Al (9-fold higher in shoots and 10-fold higher in roots as
compared to the Control; Figure 5 B, D).
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Figure 5. Free radical scavenging of shoots (A, B) and roots (C, D) in barley cv.
‘Sebastian’ (Al-tolerant) and Scarlett (Al-sensitive) harvested at 2, 4, 8, 12, 24 and 48
hours. The plants were subjected to –Al and +Al (0.2 mM) nutrient solution without (-Si) or
with (+Si) supply of 2 mM Si. Values correspond to the average of three replicates ±
standard deviation. Differences between treatments were examined using the LSD test (P ≤
0.05).

A steady increase in the lipid peroxidation of both cultivars was found across all harvest
times as a result of the application of Al, and this increase was more apparent in the Al
sensitive cultivar ‘Scarlett’ than in the Al tolerant cultivar ‘Sebastian’ (Figure 6). A positive
correlation was found for both cultivars between Al uptake and lipid peroxidation in the
roots (‘Sebastian’, r = 0.828; p ≤ 0.01; ‘Scarlett’, r = 0.546; p ≤ 0.01) and shoots
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(‘Sebastian’, r = 0.741; p ≤ 0.01; ‘Scarlett’, r = 0.713; p ≤ 0.01). For ‘Sebastian’, the
highest increase of TBARS content relative to the Control was observed after 12 hours,
showing an increase of 54% (shoots) and 46% (roots) due to Al addition (Figure 6 A, C). In
contrast, the lowest TBARS concentration occurred at 48 hours in plants treated
simultaneously with Si and Al. For ‘Scarlett’, the highest augment of TBARS relative to
the Control was observed at 48 hours in the Al treatment, with an increase of 52% (shoots)
and 45% (roots) relative to the Control (Figure 6 B, D). Silicon treatment significantly
diminished lipid peroxidation in plants supplied with Al, and the lowest TBARS
concentration was registered at 48 hours after treatment in both cultivars. Furthermore, a
negative correlation was observed between Si uptake and lipid peroxidation in either roots
(‘Sebastian’, r = -0.701; p ≤ 0.01; ‘Scarlett’, r = -0.299; p ≤ 0.05) or shoots (‘Sebastian’, r =
-0.655; p ≤ 0.01).

Figure 6. Lipid peroxidation of shoots (A, B) and roots (C, D) in barley cv. ‘Sebastian’
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(Al-tolerant) and ‘Scarlett’ (Al-sensitive) harvested at 2, 4, 8, 12, 24 and 48 hours. The
plants were subjected to –Al and +Al (0.2 mM) nutrient solution without (-Si) or with (+Si)
supply of 2 mM Si. Values correspond to the average of three replicates ± standard
deviation. Differences between treatments were examined using the LSD test (P ≤ 0.05).

4.4 Discussion
Although numerous researches have shown that Si stimulates the growth and development
of plants under Al stress (Pontigo et al., 2015; Cocker et al., 1998; Tripathi et al., 2017),
only very few studies have been undertaken using barley. So far, there have not been any
studies conducted on the secondary metabolism response of barley to Si/Al interactions.
This is the first report about the impact of Si on the production of phenolic compounds with
antioxidant or structural functions in barley cultivated under Al stress conditions.
Previous studies have shown the differential accumulation of Al between different plant
species exposed to Al stress (Kochian et al., 2015; Sade et al., 2016). In our study, barley
cultivars showed rapid incorporation of Al into their tissues (Figure 1). However, ‘Scarlett’
exhibited the highest Al accumulation and translocation from roots to shoots (about 72%).
These findings denote the greater sensitivity of ‘Scarlett’ to Al toxicity compared with
‘Sebastian’, which is in agreement with previous reports on the differences in Al tolerance
among genotypes (Du et al., 2010; Cartes et al., 2012).
We conducted our kinetic study over a period of only 48 hours, since metabolic disruptions
at the physiological and biochemical level occur as early responses triggered by Al toxicity
(Kochian et al., 2015; Sade et al., 2016). The metabolic responses induced by Al at the
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short-term result in decreased yields and quality of crops, due to long-term alterations of
plant homeostasis (Horst et al., 2010; Kochian et al., 2015; Sade et al., 2016). An increment
in both the damage to lipid membranes (Figure 6) and the production of phenols (Figure 3)
as a consequence of the addition of Al were found after the second hour of treatment. In
addition, the Al concentration in the roots and shoots were found to be positively correlated
with either lipid peroxidation or antioxidant activity in both cultivars, which is consistent
with the informed by Xu et al. (2012). Thus, as Al triggered oxidative damage to biological
membranes, the plants increased the production of phenolic compounds to counteract the
stress induced by Al, as had already been observed by Valentinuzzi et al. (2016).
In the same way, an increase in the lignin staining intensity was observed in the roots at all
harvest times in Al treated plants, compared with the Control (Figure 4). In the Al sensitive
cultivar ‘Scarlett’, the intensity of staining was stronger than in the Al tolerant cultivar
‘Sebastian’. Ma et al. (2012) also found higher lignin accumulation in an Al sensitive rice
cultivar, compared to an Al tolerant rice cultivar; this effect was related with increased
hydrogen peroxide production and peroxidase activity. Furthermore, You et al. (2011)
showed that the expression of lignin genes in the cell walls of soybean was induced by Al
supply; this was associated with root growth inhibition by Al stress. Nevertheless, the
mechanism involved in the accumulation of lignin in the roots induced by Al toxicity still
needs to be clarified.
The shoot Si accumulation has been mainly associated to the root capacity to take up Si
(Ma and Yamaji, 2015; Pontigo et al., 2015). We observed that Si taken up by barley roots
was translocated rapidly (after 2 hours) to the shoots of both cultivars, irrespective of the Al
addition (Figure 2) as expected considering that barley is a Si accumulator species (Nikolic
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et al., 2007; Chiba et al., 2009; Mitani et al., 2009; Yamaji et al., 2012). Accordingly,
considering the importance of the plant genetic predisposition to accumulate Si (Deshmukh
and Bélanger, 2016; Ouellette et al., 2017), molecular aspects related with the uptake and
transport of Si in barley plants subjected to Al stress deserves to be investigated.
Silicon benefits have been demonstrated for plants grown under stress conditions, such as
pest attack, lodging, nutrient imbalance, salinity, metal, water stress, and low temperatures
(Pontigo et al., 2015; Malhotra et al., 2019). In our study, the sole application of Si
stimulated the antioxidant system of both barley cultivars, compared with the Control
treatment. In this way, the lipid peroxidation was reduced by Si in roots and shoots from 12
hours for ‘Sebastian’, and at all harvest times for ‘Scarlett’, as shown in Figure 6. These
responses could imply a direct effect of Si in attenuating the deleterious effect of low pH in
the culture media (pH 4.5), as barley is very sensitive to acid conditions.
Both the shoots and the roots of the Al sensitive cultivar ‘Scarlett’ showed an increase in
the concentrations of phenols from the Si application after 24 hours (Figure 3 B, D).
However, this effect was not detected in the Al tolerant cultivar ‘Sebastian’ (Figure 3 A, C).
Moreover, structural phenols such as lignin also showed an increase in root staining
intensity in both cultivars studied at all harvest times (Figure 4), when Si was applied. Our
results suggest that there is a direct relationship between Si and phenolic metabolism, as
has previously been proposed by Filha et al. (2011), Shetty et al. (2011) and Schaller et al.
(2012), but it seems that this effect is variable between cultivars. Based on this premise,
further research is needed to clarify the mechanisms underlying the potential role of Si in
the modulation of phenolic metabolism, and whether these mechanisms vary between
different species and different cultivars.
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There are evidences have shown that Si can counteract the effects of excess of certain
metals (e.g. Zn, Fe, Cu, Cd, Cr, Mn, As) (Doncheva et al., 2009; Vaculík et al., 2009;
Khandekar and Leisner, 2011; Song et al., 2011; Anwaa et al., 2015; Bhat et al., 2019) by
promoting: (i) cell wall-binding (Song et al., 2011), (ii) modification of gene expression of
PAL enzyme (Khandekar and Leisner, 2011), (iii) phenotypical structural alterations that
increase root length (Vaculík et al., 2009), (iv) changes to the number of leaves per plant
and leaf area (Anwaa et al., 2015), and (v) changes to the thickness of epidermal layers of
the leaf (Doncheva et al., 2009). With respect to Al toxicity in particular, some studies have
proposed that Si may reduce plant stress by promoting: (i) increases in the solution pH
(Cocker et al., 1998), (ii) the formation of aluminosilicates in the growth media and cell
wall (Cocker et al., 1998; Ma et al., 1997; Wang et al., 2004), (iii) the release of phenolic
compounds by the root tips (Kidd et al., 2001; Valentinuzzi et al., 2016), (iv) increment of
carotenoids and chlorophyll in leaves (Singh et al., 2011), and (v) stimulation of
antioxidant enzyme activities and antioxidant compound production (Ribera et al., 2018;
Pontigo et al., 2017). Nevertheless, there is still a controversial debate regarding the
mechanisms implicated in the Si-mediated the attenuation of Al toxicity. In our study, when
Al was applied in combination with Si, both barley cultivars showed a decrease in oxidative
damage at all harvest times, compared to those treated with Al alone (Figure 6). This
reduction was accompanied by an improvement of the antioxidant capacity (Figure 5) and
total phenol concentration (Figure 3). In this context, some studies have found an
enhancement in the antioxidant system due to the action of Si under different stresses.
Consequently, the increased production of flavonoids (Kidd et al., 2001), activated
antioxidant enzymes (Balaknina et al., 2012; Pontigo et al., 2017; Abd_Allah et al., 2019;
Ribera et al., 2019), decreased lipid peroxidation of the membranes (Hajiboland et al.,
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2019), regulation of gene expression, and activation of key enzymes of the
phenylpropanoid pathway (Shetty et al., 2011; Song et al., 2016; Pontigo et al., 2017;
Araujo et al., 2019) have all been identified.
Our results also showed that Si increased lignin accumulation, mainly in the roots, when
treated with both Al and Si compared to Control (Figure 4). This is in agreement with
previous studies, that have shown a stress mitigation effect from Si due to stimulation of
lignin production (Filha et al., 2011; Zhang et al., 2011), and the alteration of lignin
composition (Ribera et al., 2008) under diverse stresses. Additionally, it has been
demonstrated that Si increases the activities of lignin metabolic pathway enzymes such as
peroxidase, polyphenol oxidase, and phenylalanine ammonia lyase (Cai et al., 2008; Shetty
et al., 2011; Song et al., 2016). This increase in lignin appears to be playing an important
role in counteracting Al induced damage, since reactive oxygen species can react with
lignin in the apoplast to generate signal molecules under stress conditions (Jouanin and
Lapierre, 2012). Moreover, Si may exert an important function in plant signalling by
inducing changes in both the C/N balance (Detmann et al., 2011) and the lignificationrelated genes (Fleck et al., 2010).

4.5 Conclusions
Silicon decreases Al uptake in barley plants by providing reductions in oxidative damage
and improvements in antioxidant activity at the short-term. In addition, Si stimulated
phenolic metabolism in Al stressed plants, as demonstrated by the increase in both the
phenol concentrations and the lignin accumulation at the root level. Further studies are
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needed to clarify the function of Si in the modulation of phenylpropanoid pathway, as well
as the potential role of Si induced lignin production in the generation of signalling
molecules in barley cultivars grown under conditions of Al toxicity.
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Silicon modulates production and composition of phenols in barley
under aluminium stress
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Highlight

Silicon increased antioxidant and structural phenols in barley cultivars grown under Al
toxicity.

Lignin composition showed changes when Si was supplied to barley cultivars with
contrasting Al-tolerance.
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Abstract
Silicon (Si) exerts beneficial effects to relieve aluminium (Al) toxicity in different plant
species. This includes the attenuation of oxidative damage and the improvement of
structural strengthening as a result of increased production of secondary metabolites such as
phenols. The aim of this research was to evaluate the effect of Si on phenols production and
composition in a tolerant and sensitive barley cultivar under Al stress. Our conceptual
approach included a hydroponic experiment with two barley cultivars (cv. Sebastian, Altolerant; cv. Scarlett, Al-sensitive), treated with two Al doses (0 or 0.2 mM Al) and two Si
doses (0 or 2 mM) for 21 days. At harvest, chemical, biochemical and growth parameters
were assayed. Our results indicated that Al and Si concentration decreased in both cultivars
when Al and Si were added in combination. Silicon increased antioxidant activity and
soluble phenol concentration, but reduced lipid peroxidation irrespective Al doses. Tolerant
and sensitive barley cultivars showed changes culm creep rate, flavonoids and flavones
concentration, lignin accumulation and altered composition in Si and Al treatments. We
conclude that Si fertilization could increase the resistance of barley to Al toxicity by
regulating the metabolism of phenolic compounds with antioxidant as well as structural
functions.
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5.1 Introduction
Silicon (Si) is a beneficial element to improve growth, development and yield of plants
subjected to different stresses (Liang et al., 2005; Kim et al., 2017; Wang et al., 2017).
Nevertheless, the beneficial effects of Si depend on the capacity of plants to take up Si from
the growth media, and transport it to the plant tissues (Ma and Yamaji, 2006). To date,
numerous studies indicated that Si uptake and accumulation in plants are modulated by
different infflux and efflux transporters (Ma et al., 2006, 2007; Pontigo et al., 2015, 2017).
Most Si taken up by plants is deposited in the cell walls, where they improve mechanical
strength (Marschner, 2012).
In recent years, it has been suggested that Si improves secondary metabolism of plants
(Kim et al., 2017; Abd_Allah et al., 2019; Lukacova et al., 2019). In this regard, Si appears
to stimulate the production of phenols in plants subjected to salinity, drought, temperature
stress, UV radiation, cadmium, chromium (Kim et al., 2017), manganese (Maksimovic et
al., 2007); aluminum (Kidd et al., 2001; Vega et al., 2019), nickel (Abd_Allah et al., 2019),
soil acidity (Ribera et al., 2018) and biotic (Filha et al., 2011; Shetty et al., 2011 Lukacova
et al., 2019) stresses. There is some evidence showing that the positive effects of Si on
phenols metabolism in plants under stressful environments is due to (i) the regulation of the
gene expression or activity of key enzymes of the phenylpropanoid pathway (Fauteux et al.,
2006; Cai et al., 2008; Fleck et al., 2010), (ii) the enhancement of total phenols production
(Shahnaz et al., 2011: Vega et al., 2019) and (iii) the formation of complexes involving
lignin and carbohydrates (Inanaga et al., 1995; Watteau and Villemin, 2001) or Sipolyphenol in cell wall (Maksimovic et al., 2007). However, there is still information about
the impact of Si on the production and composition of phenolic compounds with either
antioxidant capacity or structural action.
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Barley is one of the most cultivated cereals around the world due to the high nutritional
value of its grains, which provide complex carbohydrates, proteins, minerals, fiber and
antioxidants, including phenols (Baik and Ullrich, 2008). Main phenolic compounds in
barley grains belong to the group of flavonoids (cyaniding-3-gucoside, petunidin-3glucoside, delphinidin-3-glucoside) and phenolic acids (ferulic acid, p-coumaric acid,
vanillic acid, sinapic acid), which provide benefits for human health by reducing the risk of
various diseases such as cancer and coronary heart diseases (Lahouar et al., 2014; StuperSzablewska and Perkowski, 2019). However, in acid soils, barley growth is limited due to
its high sensitivity to toxic Al+3, which reduces both the yield and quality of grains. In this
context, some reports have demonstrated the improvement of Al tolerance of barley
following Si addition (Hammond et al., 1995; Balakhnina et al., 2012; Vega et al., 2019).
For various other plant species, it has been suggested that Si attenuates Al phytoxicity by
means of (i) pH increase in the growth media, (ii) aluminosilicate complexes formation,
(iii) enhancement of chlorophyll and carotenoids contents in plant tissues (iv) the
stimulation of antioxidant enzyme activities and antioxidant compounds production and
(vi) the exudation of phenolic compounds with Al chelation ability by roots (Cocker et al.,
1998; Liang et al., 2007; Khandekar and Leisner., 2011; Pontigo et al., 2015; 2017;
Dorneles et al., 2016, 2019; Ribera et al., 2018).
Nevertheless, to our knowledge only few reports describe the effects of Si on phenolic
metabolism in barley subjected to Al stress. Moreover, Si influence on the phenolic
metabolism of barley cultivars with contrasting Al tolerance has rarely been studied. Based
on these facts, the general objective of this research was to evaluate the effect of Si on
phenols production and composition in tolerant and sensitive barley cultivars under Al
stress.
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5.2 Material and methods
5.2.1 Plant material and growth conditions
Seeds of barley cv. Sebastian (Al-tolerant) and cv. Scarlet (Al-sensitive) were germinated
(10 days) on filter paper moistened with deionised water. After germination, seedlings were
transferred to nutrient solution tank (Taylor and Foy, 1985), and grown during 15 days
under controlled conditions. Thereafter, Al and Si were applied in combination according to
the following treatments: -Al/-Si (0 Al- 0 Si mM), +Al/-Si (0.2 Al-0 Si mM), -Al/+Si (0 Al2 Si mM), +Al/+Si (0.2 Al-2 Si mM). The nutrient solutions were replaced every 5 days,
and the pH was adjusted (HCl or NaOH) daily to 4.5. For the experiment, barley cultivars
were arranged in a factorial design with three replicates per treatment. Plants were
harvested 21 days after the initiation of the experimental treatments for chemical and
biochemical analyses.

5.2.2 Plant growth traits and chemical analyses
5.2.2.1 Growth traits
Plant tissues (shoots and roots) were dried (65°C for 48 h) to determine dry weight (DW)
production. Barley growth was determined by measuring the length of the longest root and
shoot of 10 plants randomly selected from each pot.

5.2.2.2 Aluminium and Si concentration in barley
Aluminium concentration of barley tissues (shoots and roots) was determined with the
method described by Sadzawka et al. (2007). Briefly, dried samples were heated at 500°C
for 8 h, and treated with 2 M hydrochloric acid. The Al concentration was quantified by
flame atomic absorption spectrophotometry (FAAS) at 324.7 nm. For Si concentration,
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dried shoots and roots (0.1 g) were digested with 5 mL of nitric acid (HNO3) at 70°C for 5
hours. Then, 1 mL of hydroﬂuoric acid (HF, 40%) and 10 mL of deionized water were
added, and left overnight. The next day, the solutions were treated with 5 mL boric acid
(H3BO3, 2% w/v), and the flask made up to 25 mL by adding destilled water. Silicon
concentration of the digested samples was determined by FAAS at 251.6 nm as described
in Pavlovic et al. (2013).

5.2.3 Biochemical analyses
5.2.3.1 Total soluble phenols in plants
Total soluble phenols were determined in root and shoot samples according to the Slinkard
and Singleton's method (1977) using the Folin–Ciocalteu reagent. The standard curve was
calculated using chlorogenic acid as standard, and the absorbance was measured
spectrophotometrically at 765 nm.

5.2.3.2 Identification and quantification of phenolic compounds in barley
Barley roots and shoots (0.1 g) were milled with liquid nitrogen and macerated in methanol
as described by Slinkard and Singleton (1977). Phenolic compounds were determined by
high performance liquid chromatography with diode array detector (HPLC-DAD) in a
Shimadzu HPLC system (Tokyo, Japan) with a LC-20AT quaternary pump, a DGU-20A5R
degassing unit, a CTO-20A oven, a SIL-20a automatic injector and a SPD-M20A UV-vis
diode spectrophotometer as described by Parada et al. (2019). Data were analyzed using
Lab solutions (Shimadzu, Duisburg, Germany) for DAD analysis. Identification was
performed by LC-MSD Trap VL, model G2445C VL with electrospray ionization (ESIMS/MS) detectors (Agilent, Waldbronn, Germany); control and data analyses were carried
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out by the Agilent ChemStation (version B.01.03) data processing station and Agilent LCMS Trap Software (version 1.3). Quantification was carried out by external calibration
using chlorogenic acid for roots and apigenin for shoots as standards at 320 nm.

5.2.3.3 Antioxidant capacity in barley plants
The antioxidant capacity of roots and shoots was analysed by the method described by
Chinnici et al. (2004) using DPPH (2,2-diphenyl-1-picrylhydrazyl) radical, and Trolox as
standard. The absorbance of samples was measured in spectrophotometer at 515 nm.

5.2.3.4 Lipid peroxidation assay
Lipid peroxidation was assayed on fresh root and shoot samples by following the
thiobarbituric acid reactive substances (TBARS) procedure reported by Du and Bramlage
(1992). The absorbance of the samples was registered spectrophotometrically at 532, 600
and 440 nm.

5.2.4 Plant stretching
The creep rate of culm was measured as an index of plant stretching. The extension of the
first 5 centimeter of culm was measured with a constant load extensometer as described by
Perini (2017). Briefly, the fresh culms were scraped with carborundum to break the cuticle
and then were placed in hot water for 15 minutes. Subsequently, tissue was inserted
between two clamps under a constant tension of 10 g per 30 minutes. The extension was
measured through the movement of the upper clamp, detected by an electronic sensor and
recorded in a microcomputer. All extension tests reported here were repeated at least three
times in each sample.
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5.2.5 Lignin accumulation and composition in plants
To visualize the lignin distribution in plant tissues, fresh roots and leaf sections were
stained with Safranine O, and analyzed by Laser Scanning Confocal Microscopy (CLSM;
Olympus FV1000, Arquimed, Japan) at λ emission/excitation of 543/590 nm according to
the method described by Sant’ Anna et al. (2013). The images were processed using Image
Processing software (software FV10-ASW v0.200c; Arquimed).

A quantitative analysis of the total lignin composition (calculated as the sum of monomers
vanillyl [V], syringyl [S] and cinnamyl [C]) was carried out by means of the alkaline cupric
oxide (CuO) oxidation method proposed by Kögel and Bochter (1985). Briefly, 0.05 g of
roots or shoots were oxidized in teflon vials for 2 hours under N2. Thereafter, the CuO
oxidation products were purified by acidification and solid phase extraction using a C18
inverted column. Samples were derivatized by the addition of BSTFA (N, O-Bis
(trimethylsilyl) trifluoroacetamide) before being analyzed by gas chromatography. For the
separation and quantification of the monomers (V, S and C), a HP 6890 gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a SGE BPX-5 column and a
flame ionization detector (GC/FID) was used. Phenylacetic acid was used as an internal
standard for quantification.

5.2.6 Data analysis
Experimental data were checked for normality by Shapiro-Wilk test and homogeneity of
variance by the Levene test. Statistical differences of means (95% significance level) were
analyzed using two-way (cultivar and treatment) analyses of variance (two-way ANOVA).
Post hoc tests were performed with a Tukey-test to determine the explanatory variables
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independently when the ANOVA detected significant differences. For every data set
standard deviation (SD) was also determined. In addition, the relationship between two
response variables was analyzed through Pearson correlation at a significance level of 5%.

5.3 Results
5.3.1 Plant growth and concentrations of Al and Si
5.3.1.1 Plant grown traits
Aluminium toxicity led to a significant reduction of dry weight (DW) and tissues length of
the plants. For the Sebastian cultivar, DW of shoots and roots decreased by approximately
30% when grown under Al toxicity (Table 1). Greater reductions were recorded for the
Scarlett cultivar ranging from 36% for shoots to 52% for roots. However, DW was
enhanced in Sebastian (roots) and Scarlett (roots and shoots) when Al and Si were supplied.
Roots length of Sebastian was greater than Scarlett, and both cultivars showed strong
diminution of root length under +Al/-Si treatment compared the Control treatment (-Al/-Si
treatment; Table 1). In plants growing under Al supply, the addition of 2 mM Si improved
root length by 10% (Sebastian) and 17% (Scarlett).

5.3.1.2 Aluminium concentration
Roots of barley treated with 0.2 mM Al accumulated 5,232±417 mg of Al g DW-1 in
Sebastian and 5,285±167 mg Al g DW-1 in Scarlett, and in shoots 3,153±417 mg Al g DW-1
and 4,876±581 mg Al g DW-1 in Sebastian and Scarlett, respectively. However, Si addition
decreased Al concentration in roots by 45% in Sebastian and 68% in Scarlett, while
reduction in shoots was 49% (Sebastian) and 42% (Scarlett) as compared to the Al
treatment alone (Table 2).
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5.3.1.3 Silicon concentration
Silicon concentration of plant tissues increased when plants were exposed to 2 mM Si
supply as compared to the Control (Table 2). However, shoot Si concentration decreased
with Al supply in both barley cultivars. Thus, Al addition reduced Si concentration in the
shoots by 47% (Sebastian) and 37% (Scarlett), whereas it was decreased by 55%
(Sebastian) and 13% (Scarlett) in the roots.

5.3.2 The effect of Al and Si on phenolics production and antioxidant performance
5.3.2.3 Total soluble phenols and phenolics profile
The concentration of total phenols in the Sebastian shoots was not affected by Si addition
(Fig. 1 A). However, when plants were exposed to 0.2 mM Al, lower concentrations of
soluble phenols were recorded. Conversely, Sebastian roots showed an increase of phenols
when Si was applied alone (Fig. 1 B). On the other hand, for Scarlett shoots the highest
phenol concentrations were observed in the +Al/-Si treatment (Fig. 1 A). Similarly, total
phenols increased by 24% in Scarlet as a consequence of Si addition to the growth media,
and it augmented by 57% in the +Al/+Si treatment (Fig. 1 B).
Seven flavonoids (flavone-glucosides) were identified barley shoots: (1) isoorientin-7-Oglucoside [Lutonarin], (2) Apigenin-pentoxide-hexoside isomer 1, (3) Apigenin-pentoxidehexoside isomer 2, (4) Isoorientin-7-O-[6-sinapoyl]-glucoside, (5) Isoorientin-7-O-[6feruloyl]- glucoside, (6) Isovitexin-7-O-[6-sinapoyl]-glucoside, (7) Isovitexin-7-O-[6feruloyl]-glucoside). Caffeoylquinic acid isomer, a phenolic acid belonging to chlorogenic
acid family, was detected in barley roots (Table 3).
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For shoots, Lutonarin concentration showed no differences for Scarlett among treatments
(Fig. 2 D). However, it decreased in all treatments with respect to the Control for Sebastian
cultivar shoots (Fig. 2 D). Similarly, apigenin-pent-hex and isovitexin-7-O-[6-sinapoyl]glucoside, were decreased in shoots of both cultivars by the application of Si alone or in
combination with Al (Fig. 2 E, F). Moreover, isovitexin-7-O-[6-feruloyl]-glucoside was
significantly increased in Scarlett shoots when the plants were exposed to the Al treatment
(Fig. 2 G). In contrast, Sebastian plants treated with Si decreased the concentration of this
phenolics, irrespective of Al addition (Fig. 2 G).
In the roots, a higher caffeoylquinic acid concentration was found for Sebastian in
comparison to Scarlett in all treatments (Fig. 2 B). Sebastian showed a decrease of
caffeoylquinic acid concentration compared to Control when plants were treated with Si
and Al alone or in combination. Scarlett did not show any difference in the caffeoylquinic
acid concentration.

5.3.2.4 Radical scavenging activity
Radical scavenging activity in plant tissues of both cultivars increased following the
addition of 0.2 mM Al compared to the Control (Fig. 1 C, D). A further increase was found
in roots and shoots of barley cultivars simultaneously supplied with Al and Si. For
Sebastian, the highest antioxidant capacity was observed in the roots (Fig. 1 D) of plants
treated with Al and Si, showing a 22-fold increase as compared with the Control. For
Scarlett, the highest antioxidant capacity in shoots (Fig. 1 C) and roots (Fig. 1 D) was also
observed as a consequence of the simultaneous addition of Si and Al, with a 13-fold and
1.7-fold increase as compared to the Control.
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5.3.2.5 Oxidative damage
Barley cultivars showed an increase of lipid peroxidation as a result of the application of
0.2 mM Al. For Sebastian this increase was about 44% in shoots and 29% in roots, whereas
for Scarlett the oxidative damage was raised by 28% in shoots and 57% in roots in Altreated plants (Fig. 1 E, F). By contrast, lipid peroxidation decreased in Sebastian shoots
(Fig. 1 E) when Si was applied alone (38%) or in combination with Al (35%). Likewise, in
roots this reduction was about 75% and 60%, respectively (Fig. 1 F). Similarly, a reduction
of lipid peroxidation was observed in Scarlett following Si addition (29% in shoots and
60% in roots) compared to Control. Moreover, plants supplied with 0.2 mM Al and 2 mM
Si showed a reduction of lipid peroxidation of about 37% in shoots and 68% in roots,
compared to plants exposed to 0.2 mM Al (Fig. 1 E, F).

5.3.3 Silicon influence in plant structure
5.3.3.1Plant stretching
We measured hypocotyl stretching by using an extensometer to evaluate cell wall creep in
culms of plants cultivated under the different experimental treatments. Barley culm
stretching was significantly affected by Al and Si supply (Fig. 3). For both cultivars, when
Al was applied alone, a greater stretching was evidenced compared to the Control.
However, Si addition decreased stretching independent of added Al, thus improving tissues
strengthening.

97

5.3.3.2 Lignin content and composition
Sebastian and Scarlett shoots and roots showed a greater lignin accumulation when Al or Si
was applied (Fig. 4). The highest accumulation was observed in both cultivars under the
+Al/+Si treatment.
The effect of Al and Si on the total lignin calculated as the sum of monomers vanillyl (V),
syringyl (S) and cinnamyl (C) and its composition were determined. In this sense, Sebastian
shoots showed an increase of cinnamyl and total lignin concentrations (Fig. 5 A) as a
consequence of Al addition. In the roots, lignin concentration was reduced in the +Al/+Si
treatment (Fig. 6 A). For Scarlett, increased concentration of vanillyl phenols (shoots),
cinnamyl phenols (roots) and total lignin (roots) were recorded in the +Al/+Si treatment
compared to Control (Fig. 5 B and 6 B).
Sebastian shoots showed augmented cinnamyl:vanillyl (C/V) ratio when Al was supplied
(Figure 5 C), whereas the syringyl:vanillyl (S/V) ratio of roots exhibited higher values for
the +Al/+Si treatment (Figure 6 C). In contrast, C/V (shoots) and S/V (roots) ratios of
Scarlett were enhanced by 2mM Si. Moreover, C/V of shoots was reduced and it was
increased in roots when 0.2 mM Al and 2 mM Si were added (Figures 5 D and 6 D). The
acid to aldehyde ratio of vanillin in Sebastian shoots was enhanced by Si supply,
irrespective the Al dose (Figure 5 E). Similarly, Scarlett roots in the +Al/-Si treatment
increased the acid to aldehyde ratio of vanillin (Figure 5 F). Conversely, plants treated with
–Al/+Si reduced the acid to aldehyde ratio of syringyl (Figure 5 F).

5.4 Discussion
It is well known that the effects of Al on plant growth vary markedly among plant species
and cultivars (Rout et al., 2001). In this sense, Scarlett cultivar was more sensitive to Al
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than Sebastian cultivar, showing a higher Al concentration in roots and shoots and much
lower plant dry weight (DW) than Sebastian (Tables 1 and 2). These findings agree with the
greater Al-tolerance of Sebastian, and with earlier research showing different Al sensitivity
between both barley cultivars at the short-term (Vega et al., 2019). On the other hand, Si
supply increased roots DW in Sebastian and Scarlett cultivars. Nevertheless, both Si and Al
concentrations were reduced in plant tissues when Al and Si were simultaneously added.
Thus, our findings confirmed enhancement of plant growth and Al detoxification in plant
tissues by Si addition, in agreement with similar studies with other plant species (Dorneles
et al., 2016, 2019; de Freitas et al., 2017; de Jesus et al., 2017; Pontigo et al., 2017; Ribera
et al., 2018).
In the previous investigations, Si showed an improvement antioxidant system of plants
subjected to abiotic stresses (Liang et al., 2005; Kim et al., 2017; Wang et al., 2017;
Abd_Allah et al., 2019; Lukacova et al., 2019). Upon Si supply, differential biochemical
responses during Al exposure such as increment of antioxidant compounds (e.g. phenols
compounds, vitamins) and enzyme activities have been reported (Zhang et al., 2011; Zhu et
al., 2004; Balakhnina et al., 2012; Farooq et al., 2013, 2015). We observed an increment of
both soluble phenols concentration and free radical scavenging activity in roots exposed to
+Al/+Si treatment (Figure 1 B, D), which was accompanied by a reduction of lipid
peroxidation (Figure 1 F) being more evident in the Al-sensitive (Scarlett) than in the Altolerant (Sebastian) cultivar. These responses could be at least partially associated with
either the mitigation of Al stress through Al chelation by flavonoids at the cell wall level
(Kidd et al., 2001; Wang et al., 2004) or the incorporation of soluble phenols into the lignin
biosynthetic pathway as demonstrated by the increase of lignin accumulation due to Al
supply (Figure 4).
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Additionally, we identified caffeoylquinic acid isomer (CQA), belonging to the chlorogenic
acids group in the roots of both barley cultivars (Fig. 2 A). In this context, chlorogenic
acids function as intermediates in the lignin biosynthesis pathway, and they are regarded as
powerful antioxidant compounds (Silva et al., 2019). In all treatments, a higher CQA
concentration was found in Sebastian roots as compared to Scarlett (Figure 2 B).
Nevertheless, Sebastian showed a reduction of CQA concentration compared to Control
when plants were treated with either Si or Al alone or in combination, whereas in Scarlett
the decrease of CQA was only found in the Al+/Si+ treatment. Since chlorogenic acids are
one of the main building blocks of lignin, the decrease of CQA due to the combined
application of Si and Al might be associated with the greater accumulation of lignin in the
roots (Fig. 4).
The phenolic compounds identified in shoots belong to the group of flavonoids, specifically
flavone-glucosides (i.e. compounds from (1) to (7) mentioned above). Briefly, lutonarin,
apigenin derivate (apigenin-pentoxide-hexoside) and saponarin derivatives (isovitexin-7-O[6-sinapoyl]-glucoside,

isovitexin-7-O-[6-feruloyl]-glucoside)

were

identified

and

quantified (Fig. 2 C). These compounds were coincident with the majority of the structures
already described for barley shoots (Ferreres et al., 2008; Piasecka et al., 2015). In our
study, the concentration of lutonarin and apigenin-pentoxide-hexoside was decreased in
Sebastian shoots in all treatments compared to Control, but no changes in lutonarin were
observed in Scarlett (Fig. 2 D, E). However, the concentration of isovitexin-7-O-[6feruloyl]-glucoside was increased 2.7-fold by Al addition (Fig. 2 G). Despite the reduction
of flavones as a result of Al or Si addition, a high antioxidant activity by flavonoids such as
saponarin and lutonarin in barley leaf have been reported (Kamiyama and Shibamoto,
2012).
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On the other hand, an increased lignin accumulation in shoots by Al and Si supply were
registered for both cultivars (Fig. 4). In fact, a reduction of culm stretching after Si addition
in barley plants confirmed an improvement of lignin accumulation in shoots irrespective Al
addition (Fig. 3). In the Al-sensitive cultivar (Scarlett) total lignin concentration in roots,
quantified as the sum of the monomers (V+C+S), was improved by Si addition under Al
stress. This increase is in agreement with a higher intensity of safranin staining observed in
Figure 4, and support previous findings showing a Si-relieving effect due to increased
production of lignin under stressful conditions (Cherif et al., 1994; Fawe et al., 1998; Filha
et al., 2011; Zhang et al. 2013). Such effect may be associated with either increased
hydrogen peroxide production or peroxidase activity in cell walls (Yang et al., 2003; Ma et
al., 2011). Likewise, it has been demonstrated that Si increases the activities of enzymes
involved in the lignin biosynthesis pathway such as peroxidase, polyphenol oxidase, and
phenylalanine ammonia lyase (Cai et al., 2006; Ribera et al., 2018).
Moreover, differences in lignin composition were observed under stress conditions (Betz et
al., 2009, Cabane et al., 2004, Finger-Teixeira et al., 2010; Frankenstein et al., 2006; Pitre
et al., 2007, but little is known about the role that lignin with contrasting composition
might be exerting in vascular plants (Liu et al., 2018). Whereas the monomers composition
allows to distinguish the origin of vegetation (i.e. angiosperm or gymnosperms), C/V and
S/V ratios could be used as indicators of origin and degradability of lignin (Thevenot et al.,
2010; Abiven et al., 2011). Thus, the ranges of individual monomers (V, C, S) obtained
here (Fig. 5 A, B; and 6 A, B) agree with those reported in grasses (Otto et al., 2005). In
Scarlett roots, increased C/V and S/V ratios were observed in plants treated with Si,
irrespective Al addition (Fig. 6 D). Similar trend in S/V ratio in Sebastian roots was found
due to combined application of 0.2 mM Al and 2 mM Si (Fig. 6 C). In addition, Si
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decreased acid- to aldehyde ratio of V in Scarlett roots (Fig. 6 G). Higher proportions of C
and S units indicate a lower lignin stability and may influence differently biogeochemical
cycling after the return of the litter to soil. Further studies under field conditions are needed
to confirm this premise.
Therefore, Si fertilization in barley may be envisaged as a key strategy to counteract Al
toxicity. Changes in soluble phenolics and lignin production/composition mediated by Si
appear to be involved in the improvement of performance of barley cultivars, since an
enhancement of roots growth and plant antioxidant ability was observed when Si was
supplied to Al stressed plants. Some hypotheses have been proposed to explain the possible
linkage between Si and phenolics metabolism. Briefly, Williams (1986) proposed that OH
groups of phenolics are condensed with Si(OH) in biological systems, and Inanaga et al.
(1995) indicated that Si may be associated with lignin-carbohydrate complexes in the cell
wall of epidermal cells. Silicon also might be involved in signal transduction pathways,
thus inducing lignin production (Fleck et al., 2010). Despite there is evidence about the
impact of Si supply on the production of phenolic compounds with either antioxidant or
structural action, the mechanisms implicated in the modulation of phenolic metabolism by
Si have not been clarified yet.

102

Acknowledgements
This study was supported by the FONDECYT project 1161326. The authors gratefully
acknowledge the Institute of Ecology and Environmental Sciences of Paris, Institute of
Plant Production and Protection of Universidad Austral de Chile, University of Castilla-La
Mancha, Spain, Centro de Investigación en Micorrizas y Sustentabilidad Agroambiental
and Scientiﬁc and Technological Bioresource Nucleus of Universidad de La Frontera, for
providing access to specialized equipment to be used in phenolics, lignin and plant
stretching analyses. The authors also thanks to Maltexco company for contributing with the
barley seeds used in this research and Dirección de Investigación of Universidad de La
Frontera. CR acknowledges to MEC-CONICYT project 80180025.

103

TABLES

Table 1. Dry weight and length of roots and shoots of barley cultivars. Treatments were 0
or 0.2 mM Al, combined with 0 or 2 mM Si. Values represent the mean of three replicates
per treatment ± SD.
Different letters indicate statistically significant differences (p ≤ 0.05) among treatments.
The lower case letters represent significant differences between treatments for one barley
cultivar. The upper case letters indicate significant differences between barley cultivars for
one treatment. When uppercase letters do not appear, no significant differences between the
same treatment in different cultivars were found.
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Treatments
Al

Si

DW

DW

Shoot

Root

(mM)

(mM)

shoots

roots

Length

Length

(g pot-1)

(g pot-1)

(cm)

(cm)

Sebastian
0

0

3.99±0.07a

1.47±0.10a

50.2±1.3b

27.4±1.3Aa

0.2

0

2.83±0.31b

1.05±0.05b

47.6±3.1c

19.4±1.4Ac

0

2

4.17±0.48a

1.42±0.16a

52.4±0.6a

27.1±0.9a

0.2

2

3.19±0.23b

1.14±0.07a

49.5±1.1b

21.3±1.2Ab

0

0

3.51±0.50a

1.24±0.25a

49.2±2.3a

23.5±0.2Ba

0.2

0

2.25±0.05b

0.59±0.10b

45.5±0.3a

14.4±1.4Bb

0

2

3.44±0.06a

1.18±0.12a

48.3±1.2a

22.8±0.8a

0.2

2

3.00±0.19a

1.03±0.98a

46.1±0.7a

16.8±1.6Bb

Cultivars

*

n.s

***

***

Treatment

***

***

**

***

Cultivar x Treatment

n.s

**

n.s

***

Scarlett
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Table 2. Aluminium and silicon concentration in roots and shoots of barley cultivars.
Treatments were 0 or 0.2 mM Al, combined with 0 or 2 mM Si. Values represent the mean
of three replicates per treatment ± SD.
Different letters indicate statistically significant differences (p ≤ 0.05) among treatments.
The lower case letters represent significant differences between treatments for one barley
cultivar. The upper case letters indicate significant differences between barley cultivars for
one treatment. When uppercase letters do not appear, no significant differences between the
same treatment in different cultivars were found.
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Treatments
Al

Si

Al

Al

Si

Si

(mM)

(mM)

shoots

roots

shoots

roots

(mg Al DW kg-1)

(mg Al DW kg-1)

(g Si DW kg-1)

(g Si DW kg-1)

Sebastian
0

0

99.32±13c

126.39±13c

1.09±0.29c

0.11±0.04c

0.2

0

3153.70±417Ba

5232.41±417Aa

1.12±0.24c

0.24±0.11c

0

2

99.77±19c

115.63±19c

11.00±0.33Aa

8.21±0.64a

0.2

2

1609.15±506Bb

2869.36±506Ab

5.84±0.34b

3.70±0.67Bb

0

0

99.20±65c

116.74±199c

0.17±0.11c

1.10±0.07c

0.2

0

4876.53±581Aa

5285.11±167Bb

0.25±0.17c

1.30±0.25c

0

2

92.99±42c

120.15±104c

8.10±0.53a

7.30±0.28Aa

0.2

2

2808.81±334Ab

1695.54±185Bb

5.10±0.11Ab

6.40±0.25b

Cultivar

***

***

***

***

Treatment

***

***

***

***

Cultivar x Treatment

***

***

***

***

Scarlett
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Table 3. Identification of phenolics from barley extracts by using HPLC–DAD–ESIMS/MS.
λ max
Tr (min)

Tentative identification

[M-H]-

Products-ions

(nm)
Roots
6.4

caffeoylquinic acid isomer

306

353.1

263,1; 219,1

10.8

Lutonarin

349

609

447,0; 377,0

18.1

Apigenin-pentoxide-hexoside isomer 1

336

593.3

502,8; 472,8; 430,8; 310,9

22.9

Apigenin- pentoxide-hexoside isomer 2

338

563.9

544,8; 472,9; 442,9; 383

30.3

Isoorientin-7-O-[6-sinapoyl]-glucoside

342

815.6

446,9; 327,2; 299,1

31.1

Isoorientin-7-O-[6-feruloyl]-glucoside

338

785.6

446,9; 327,1

34.5

Isovitexin-7-O-[6-sinapoyl]-glucoside

319

799.6

430,4; 311,0; 283

35.8

Isovitexin-7-O-[6-feruloyl]-glucoside

333

769.6

430,8; 311,0

Shoots
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FIGURE CAPTION

Figure 1. Total phenols (A, B), free radical scavenging (C, D) and lipid peroxidation (E, F)
in shoots and roots of barley cultivars. Treatments were 0 or 0.2 mM Al, combined with 0
or 2 mM Si. Different letters indicate statistically significant differences (p ≤ 0.05) among
treatments. The lower case letters represent significant differences between treatments for
one barley cultivar. The upper case letters indicate significant differences between barley
cultivars for one treatment. When uppercase letters do not appear, no significant differences
between the same treatment in different cultivars were found.

Figure 2. Cromatograms (A, F) and individual phenolics concentration by HPLC-DAD at
320 nm in shoots (B-E) and roots (G) in barley cultivars. Treatments were 0 or 0.2 mM Al,
combined with 0 or 2 mM Si. Phenolics concentration values represent the mean of three
replicates per treatment ± SD. Different letters indicate statistically significant differences
(p ≤ 0.05) among treatments. The lower case letters represent significant differences
between treatments for one barley cultivar. The upper case letters indicate significant
differences between barley cultivars for one treatment. When uppercase letters do not
appear, no significant differences between the same treatment in different cultivars were
found.

Figure 3. Stretching culm of barley cultivars treatments were 0 or 0.2 mM Al, combined
with 0 or 2 mM Si. Values represent the mean of three replicates per treatment ± SD.
Different letters indicate statistically significant differences (p ≤ 0.05) among treatments.
The lower case letters represent significant differences between treatments for one barley
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cultivar. The upper case letters indicate significant differences between barley cultivars for
one treatment. When uppercase letters do not appear, no significant differences between the
same treatment in different cultivars were found.

Figure 4. Visualization of lignin contents in barley roots and shoots of Sebastian, and
Scarlett cultivars, harvested at 21 days. Treatments were 0 or 0.2 mM Al, combined with 0
or 2 mM Si. The detection of safranine fluorescence was expressed as relative fluorescence
unit (RFU). Values represent the mean of three replicates per treatment ± SD.

Figure 5. Lignin parameters of shoots of barley cultivars. The main lignin groups (A),
comprising vanillyl [V], syringyl [S] and cinnamyl [C] phenols, and total lignin
concentration [S + V + C]; ratios of the different phenol monomers (B); and ratios (C) of
vanillic acid to vanillin [(Ac/Al)v], and syringic acid to syringaldehyde [(Ac/Al)s].
Treatments were 0 or 0.2 mM Al, combined with 0 or 2 mM Si. Values represent the mean
of three replicates per treatment ± SD. Different letters indicate statistically significant
differences (p ≤ 0.05) among treatments. The lower case letters represent significant
differences between treatments for one barley cultivar. The upper case letters indicate
significant differences between barley cultivars for one treatment. When uppercase letters
do not appear, no significant differences between the same treatment in different cultivars
were found.

Figure 6. Lignin parameters of barley roots of Sebastian and Scarlett cultivars. The main
lignin groups (A), comprising vanillyl [V], syringyl [S] and cinnamyl [C] phenols, and total
lignin concentration [S + V + C]; ratios of the different phenol monomers (B); and ratios
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(C) of vanillic acid to vanillin [(Ac/Al)v], and syringic acid to syringaldehyde [(Ac/Al)s].
Treatments were 0 or 0.2 mM Al, combined with Si (0 or 2 mM). Values represent the
mean of three replicates per treatment ± SD. Different letters indicate statistically
significant differences (p ≤ 0.05) among treatments. The lower case letters represent
significant differences between treatments for one barley cultivar. The upper case letters
indicate significant differences between barley cultivars for one treatment. When uppercase
letters do not appear, no significant differences between the same treatment in different
cultivars were found.
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SHOOTS

SEBASTIA
378 ± 36 RFU

2204 ± 44 RFU

3314 ± 26 RFU

3333 ± 29 RFU 3503 ± 27 RFU

399 ± 21 RFU

1541 ± 42 RFU

3329 ± 22 RFU

3340 ± 19 RFU

3586 ± 32 RFU

SCARLETT

ROOTS
SEBASTIA
767 ± 21 RFU

1676 ± 18 RFU

3292 ± 35 RFU

3595 ± 13 RFU

3688 ± 37 RFU

782 ± 19 RFU

2350 ± 46 RFU 3307 ± 38 RFU

3795 ± 29 RFU

3976 ± 33 RFU

+Si/-Al

+Si/+Al

SCARLETT

Control

-Si/-Al

-Si/+Al

Figure 4.
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Abstract
Barley (Hordeum vulgare L.) is widely used in food and brewing industry. However, acid
soils contain toxic levels of aluminum (Al) that limits plant development and grain yield. It
has been suggested that silicon (Si) could attenuate Al toxicity by modulating phenolic
metabolism. The aim of this research was to evaluate the impact of Si on antioxidant and
structural phenols production at the different phenological stages of barley grown under Al
toxicity. A field experiment was conducted on an acid Andisol using barley cultivars with
contrasting Al-tolerance (cv. Sebastian Al-tolerant and cv. Scarlet Al-sensitive) fertilized
with Si (0, 400 or 800 kg ha-1) in combination with lime supply (0 or 1000 kg ha-1 of
CaCO3). Silicon, Al, phenols concentration, and radical scavenging activity were
determined in shoots at three different phenological stages (tillering, anthesis, and
maturity). Changes in lignin accumulation and composition in both the shoots and the
grains were also assayed. Results showed an increase of Si at all phenological stages in
barley fertilized with 400 and 800 kg Si ha-1 of Si alone or in combination with 1000 kg
CaCO3 ha-1. Moreover, Al concentration in shoots was decreased in the Si and the Si-lime
treatments at all phenological stages. Sebastian increased grain yield by Si application
irrespective of Si or lime doses. Nevertheless, Scarlet only showed a significant grain yield
increase at the highest Si supply. Conversely, the protein was decreased by Si and Si-lime
applications in both cultivars. Finally, shoots and grains showed more lignin accumulation
and changes in phenolic acids composition and ratios of monomer of lignin molecule when
Si treatment was applied.
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6.1 Introduction
Barley (Hordeum vulgare L.) is highly cultivated due to extensive use that includes food
for humans, animals and brewing industry. Barley production is widely distributed in the
world for its high adaptability to different climates (Newman and Newman, 2006). Its
grains provide health benefits to humans by reducing the risk associated with various
diseases including obesity, diabetes, atherosclerosis, hypertension, and other cardiovascular
diseases (Lahouar et al., 2014; Liu, 2007). Moreover, grains contain phenolic compounds in
the outer layer of bran fraction (Liu, 2007), mainly those belonging to the group of
flavonoids and phenolic acids (Lahouar et al., 2014; Liu, 2007).
In acid soils, aluminium (Al) is solubilized as phytotoxic Al3+ ions (Hoekenga et al., 2003)
interfering with root growth and respiration, limiting the uptake, transport, and use of
different nutrients and increasing the formation of reactive oxygen species (ROS), thus
altering the structure and function of the cell wall and plasma membrane (Yamamoto et al.,
2002; Cartes et al., 2012; Gupta et al., 2013; Liu et al., 2014; Moustaka et al., 2016; Yanık
and Vardar, 2018). Aluminium (Al) toxicity is a critical growth-limiting factor for plants in
acid soils (Kamprath and Foy, 1985; Mora et al., 2006) and barley exhibit considerable
higher sensitivity to Al toxicity than rye, oats, and wheat (Ishikawa et al., 2000; Teraoka et
al., 2002), affecting negatively grains quality and yield (Kochian et al., 2004; Mora et al.,
2006).
Several researches have demonstrated that Si supply increase crop production, root volume,
density of leaves or stems in different plant species subjected biotic and abiotic stress (e.g.,
Miyake and Takahashi, 1978; Ma et al., 2001; Mauad et al., 2003; Ali et al., 2013). It is
well known that Si enhances photosynthesis (Ma and Takahashi, 2002; Detmann et al.,
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2012), respiration and nutrient uptake (for review see Martin-Jézéquel et al. 2000; Liang et
al., 2006) in plant species exposed to diverse stressors. Silicon also influences secondary
metabolism through stimulation of phenols production with either antioxidant (e.g.,
flavonoids) or structural (e.g., lignin) functions (Filha et al., 2011; Shetty et al., 2011;
Zhang et al., 2011) by enhancing: (i) the gene expression and activity of phenylpropanoid
pathway enzymes (Fang et al., 2011; Liang et al., 2005; Fauteux et al., 2006; Cai et al.,
2008; Fleck et al., 2010), and (ii) by inducing the formation of lignin-carbohydrate (Inanaga
et al. 1995) and Si-phenolics complexes (Maksimovic et al., 2007; Nikolic et al., 2007).
In the same way, several studies have shown the benefits of Si on plants growing under Al
stress. These effects have been reported in many cereal crops including maize (Barcelo et
al., 1993; Corrales et al., 1997; Ma et al., 1997), rice (Hodson et al., 1995), sorghum
(Hodson et al., 1993) and wheat (Cocker et al., 1998). It is well known that Si supply
increases the pH in the culture media, reducing the concentration of Al+3 in solution
(Cocker et al., 1998; Barceló et al., 1993; Ma et al., 1997). Furthermore, some evidences
suggest that the interaction between Si and Al is mediated by the formation of Al-Si
complexes occurring in the growth media and inside plant tissues (Cocker et al., 1998;
Ryder et al., 2003). Silicon-induced exudation of organic acids (Barceló et al. 1993) and
phenolic compounds (Cocker et al., 1998; Ma et al. 2000; Kidd et al. 2001) with the ability
to chelate Al has also been reported. Nevertheless, knowledge concerning the mechanisms
induced by Si against Al stress has not been fully elucidated yet. There is a shortage of
information about the mechanisms by which Si modulate phenolic metabolism in plants
subjected to Al stress. Moreover, studies in field conditions in crops Al-sensitive such as
barley are scarce. To our knowledge there are no studies about the influence of Si in plants
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exposed to Al stress at different phenological stages. Thus, the general objective of this
research was to evaluate the impact of Si on antioxidant and structural phenols production
at the different phenological stages of barley grown under Al toxicity.

6.2 MATERIAL AND METHODS
6.2.1 Plant material and growth conditions
A field experiment was carried out in Perquenco area (from 38° to 72° of South latitude) on
an acid Andisol (4.6% Al saturation) using two barley cultivars with diﬀering Al tolerances
(Scarlett, Al sensitive, and Sebastian, Al tolerant) were provided by Maltexco Company.
Basal fertilization was applied to the soil according to the results of the soil chemical
analysis (Table 1), and agronomic management practices were applied according to
standard procedures (Table 2). Treatments were distributed to plots according to a
completely randomized block design with plots of 8.4 m2 (1.4 m x 6 m). Three Si
treatments (0, 400 or 800 kg Si ha-1) were applied by supplementing plots with
MAGNESIL (SiO2 40% MgO 19%) in combination with two lime treatments (0 or 1000 kg
CaCO3 ha-1). Three replicates per treatment were used. Shoots were sampled at tillering,
anthesis, and maturity stages, and grains were harvested at the end of assay for chemical
and biochemical analyses.

6.2.2 Chemical analyses and yield parameters
6.2.2.1 Silicon concentration
Plant samples (0.1 g of shoots or grains) were digested with 5 mL of HNO3 on a hot plate at
70°C for 5 hours. Then, 1 mL of HF (40%) and 10 mL of distilled water were added, and
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the mixture was left overnight. The next day, 5 mL 2% (w/v) H3BO3 were added, and the
flask was filled until 25 mL with water. Silicon concentration of the digested samples was
determined by atomic absorption spectroscopy (FAAS) at 251.6 nm.

6.2.2.2 Aluminum concentration
Aluminum concentration was analyzed in shoots and grains by ashing samples at 500°C for
8 h. Then, samples were treated with 2 M hydrochloric acid. The concentration of Al was
quantified by FAAS as described in Sadzawka et al. (2007).

6.2.2.3 Yield and quality components
Assessed components were grains per spike, number of tillers, grain weight, hectoliter
weight, and plant height. In addition, the protein content of grains was evaluated according
to the Kjeldahl procedure.

6.2.3 Biochemical analysis
6.2.3.1 Lignin accumulation
Fresh leaf sections were stained with safranin O for 30 minutes, and lignin accumulation
was visualized by Laser Scanning Confocal Microscopy (CLSM) at emission/excitation of
488/530nm.
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6.2.3.2 Lignin fractionation
Total lignin composition calculated as the sum of monomers vanillyl (V), syringyl (S), and
cinnamyl (C) was carried out by means of the alkaline cupric oxide (CuO) oxidation
method proposed by Kögel and Bochter (1985). Samples of shoots or grains (0.05 g) were
oxidized in Teflon vials for 2 hours under N2. Later, the CuO oxidation products were
purified by acidification and solid-phase extraction using a C18 inverted column. Samples
were derivatized by the addition of BSTFA (N, O-Bis (trimethylsilyl) trifluoroacetamide)
before being analyzed by gas chromatography. Then, HP 6890 gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) equipped with an SGE BPX-5 column and a flame
ionization detector (GC/FID) was used by the separation and quantification of the
monomers (V, S, and C). Phenylacetic acid was used as an internal standard for
quantification.

6.2.4 Statistical analysis
Data were analyzed by analysis of variance (ANOVA) procedure, and significantly
different means were separated by the least-signiﬁcant diﬀerence (LSD) test at p ≤ 0.05. In
addition, the relationship between two response variables was analyzed through Pearson
correlation.
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6.3 RESULTS
6.3.1 Silicon and Al concentration in barley cultivars
In general, in both barley cultivars the concentration of Si was increased from tillering to
maturity phenological state. Silicon treatments caused a significant reduction in shoot Al
concentration in both cultivars and across all vegetative stages (Figure 1A). Nevertheless,
this effect was most noticeable in cv. Scarlett. The observed reduction was higher at
increasing Si addition. The impact of Si supply on the reduction of Al concentration was
enhanced by lime that further decreased Al accumulation in the shoots at all phenological
stages. In fact, a negative correlation between Al and Si concentration in barley plants (r = 0.567, p ≤ 0.01) were found.

However, Si concentration in both shoots and grains

increased progressively with Si fertilization, and in shoots was further enhanced by lime
addition across the phenological stages (Figure 1 A and 2).

6.3.2 Soluble phenol concentration
Our results showed that barley plants showed different pattern of soluble phenols
accumulation in shoots in response to Si and lime supplementations depending on the
phenological steges and the genotype (Figure 3 A). In fact, Sebastian exhibited a significant
increase of phenol concentration at tillering when 400 kg Si ha-1 were supplemented in
combination with lime and at anthesis when plants were fertilized with 400 kg Si ha-1 or
800 kg Si ha-1 in combination with lime. This cultivar responded with a reduction of total
phenols at tillering and anthesis upon Si supplementation and when 800 kg Si ha-1 and lime
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were supplied. Conversely, cv. Scarlet showed a significant increase in phenol
concentration at tillering upon supplementation with Si alone or in combination with lime.
At anthesis, Scarlet showed an increase in shoots phenol concentration upon
supplementation of Si at the higher dose. In addition, grains of Sebastian did not show any
difference in phenol concentration at the different treatment, whereas Scarlet increased the
accumulation of soluble phenols in grains at 400 or 800 kg Si ha-1 added (Figure 3 B).

6.3.3 Free radical scavenging activity
At tillering stage, Sebastian shoots evidenced a significant reduction of radical scavenging
activity (RSA) when the higher Si dose was combined with lime, whereas Scarlett shoots
did not show differences among the treatments supplied (Figure 4 A). In anthesis, shoots of
Sebastian showed increased RSA when plants were treated with 400 kg Si ha-1 plus lime
and a significant decrease with 800 kg Si ha-1 in combination with lime (Figure 4 B). On
the other hand, Scarlet showed a reduction in shoot RSA in all treatments respect to control,
except to when the higher dose of Si was combined with lime (Figure 4 A). At the maturity
stage, grains of Sebastian showed a significant reduction in RSA with 400 kg Si ha-1 alone
or in combination with lime and with 800 kg Si ha-1 plus lime (Figure 4 B). Differently,
Scarlet grains showed significant rise in RSA in response to Si supplementation, and the
increase in RSA was at a higher extent when Si was supplemented in combination with
lime.

127

6.3.4 Lignin accumulation and composition in barley shoots and grains
Overall, both cultivars exhibited a higher lignin accumulation in plant shoots fertilized with
Si (400 or 800 kg ha-1) and the effect was further increased at across the phenological
stages (Figures 5). In the same way, in Sebastian, lignin concentration (i.e. the sum of V +
S + C) was increased by fertilization with 800 kg Si ha-1 at the tillering stage, irrespective
of the lime dose. On the contrary, for Scarlett, the concentration of lignin decreased due to
the application of both Si doses (400 or 800 kg Si ha-1) in combination with lime (Figure 6).
At anthesis, the lignin concentration showed a trend to increase with Si treatment in
Sebastian, whereas in Scarlett it trend to decrease respect to control (Figure 7). At the stage
of maturity, lignin concentration in both cultivars increased when the highest Si dose was
added in combination with lime. This augmentation was 28% greater in Scarlet than in
Sebastian (Figure 8).
In terms of structural monomers, at tillering, Sebastian shoots showed a decrease cinnamyl:
vanillyl (C/V) ratio when 800 kg Si ha-1 Si or 400 kg Si ha-1 Si plus lime were supplied
(Figure 6). In contrast, C/V ratio of Scarlett was augmented only by 800 kg Si ha-1. In
anthesis, C/V ratio diminished by fertilization with the highest Si dose in Sebastian and
with both Si doses in Scarlett (Figure 7). At the maturity stage, in Sebastian, C/V was
increased in plants supplied with 800 kg Si ha-1 plus lime, and S/V in all Si treatments. In
Scarlett C/V ratio only increases by 800 kg Si ha-1 addition compared to control (Figure 8).
The acid to aldehyde ratio of vanillin showed no differences for both barley cultivars at the
different plant stages. However, at tillering the acid to aldehyde ratio of syringyl (Ac/Al)S
ratio decreased by the application of 800 kg Si ha-1 , 400 kg Si ha-1 plus lime, and 800 kg
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Si ha-1 plus lime in Sebastian and by 400 or 800 kg Si ha-1 plus lime in Scarlett (Figure 6).
In anthesis, for both Si doses reduced (Ac/Al)S ratio in Scarlett. Contrarily, a high (Ac/Al)S
ratio in Sebastian for both Si doses plus lime was detected (Figure 7). At the maturity stage,
(Ac/Al)S in Sebastian was significantly increased by 800 kg Si ha-1 as well as by 400 or
800 kg Si ha-1 plus lime. However, higher values of the (Ac/Al)S ratio were observed in
Scarlet when Si was added at 400 kg ha-1 in combination with lime (Figure 8).
Lignin fractionation analysis also showed that in both cultivars ferulic acid was the major
component of the lignin molecule, followed by p-coumaric acid, vanillic acid and syringic
acid (Figure 9). Ferulic acid concentration at tillering and maturity stage increased in
Scarlett by 800 kg Si ha-1, and in Sebastian by 800 kg Si ha-1 plus lime. Whereas in anthesis
stage, a rise of ferulic acid concentration in Sebastian was observed when 400 kg Si ha-1
were supplied; it was reduced in all treatments in Scarlett (Figure 9 A). For Sebastian, the
p-coumaric acid concentration increased by 800 kg Si ha-1 alone or plus lime, whereas for
Scarlett it decreased by 400 or 800 kg Si ha-1 plus lime at tillering stage. In anthesis,
Sebastian showed an improvement the p-coumaric acid concentration for 400 kg Si ha-1, but
it was reduced with 800 kg Si ha-1 plus lime (Figure 9 B). Differently, Scarlett decreased pcoumaric acid concentration by 400 or 800 kg Si ha-1 and 800 kg Si ha-1 plus lime. At
maturity stage Sebastian increased p-coumaric acid concentration at all treatment applied.
However, Scarlett decreased it concentration by fertilization with 400 kg Si ha-1 alone or
with lime (Figure 9 B).
At tillering stage, the vanillic acid concentration in Sebastian increased by 800 kg Si ha-1
and by 400 kg Si ha-1 plus lime, whereas in Scarlett it did not exhibit changes by treatments
supplied (Figure 9 C). Syringic acid concentration in tillering did not show differences in
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Sebastian, but decreased by 400 or 800 kg Si ha-1 plus lime in Scarlett (Figure 9 D). In
anthesis, Sebastian increased vanillic acid concentration by fertilization with 400 kg Si ha-1
plus lime, and also increased syringic acid concentration by 400 or 800 kg Si ha-1 plus lime.
While that at maturity stage vanillic acid concentration was enhanced by application of 800
kg Si ha-1 plus lime in Sebastian and by application of 400 kg Si ha-1 alone or 800 kg Si ha-1
plus lime in Scarlett. Likewise, syringic acid concentration was improved for all treatments
in Sebastian. In Scarlett, syringic acid concentration increased when 400 kg Si ha-1 or 800
kg Si ha-1 plus lime was supplied (Figure 9 C, D).
In grains, concentrations of p-cumaric acid and ferulic acid in Sebastian increased by
treatment 400 kg Si ha-1 (Figure 10 A, B). On the contrary, at simultaneous fertilization
with 400 or 800 kg Si ha-1 plus lime, concentrations of both phenolic compounds were
reduced. Interestingly, in Scarlett, a lower concentration of these phenolic compounds was
recorded by all treatments applied compared to control (Figure 10 A, B). Besides, a lower
concentration of vanillic acid in Sebastian due to the application of 800 kg ha-1 was found.
However, for Scarlett there was not difference in vanillic acid concentration as a
consequence of Si or lime fertilization (Figure 10 C). Likewise, we did not observed any
difference in syringic acid concentration in Sebastian and Scarlett across the treatments
(Figure 10 D).

6.3.5 Yield components
For both cultivars, the number of grains per spike, the number of tillers, and the plant
height were unaffected by Si doses and lime supply (Table 3). Nevertheless, Sebastian
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exhibited a significant increase in grain yield when 400 or 800 kg Si ha-1 alone or in
combination with lime were added. Conversely, Scarlet showed the highest grain yield
when 800 kg Si ha-1 was applied. In addition, hectolitre weight in Sebastian was did not
change across the treatments, but it was increased Scarlett by 400 or 800 kg Si ha-1 and by
400 kg Si ha-1 plus lime. In Sebastian, protein content in grain was significantly reduced by
400 or 800 kg Si ha-1 and by 400 kg Si ha-1 plus lime.

6.4 DISCUSSION
Some researchers have reported that Si improves plant and grain yield in cereal such as rice
and wheat at field conditions under abiotic stress. This increment has been related to
enhanced photosynthesis, transpiration, production of compounds (carotenoids, phenolic),
and antioxidant enzymes induced by Si (Detmann et al., 2012; Ahmed et al., 2016; Chu et
al., 2019). Although we did not found changes in yield components due to Si supply as
previously reported in other studies on cereals (Ullah et al., 2017), the increase in grain
yield in Sebastian and Scarlett by Si fertilization could be attributed to highest weight or
caliber of the grains (Table 3).
Despite that various studies show the Al toxicity reduction by Si supply in different species
of plants (Cocker et al., 1998; Pontigo et al., 2015; Tripathi et al., 2017; Ribera et al., 2018;
Dorneles et al., 2019), to date, Al toxicity attenuation by Si in barley has been scarcely
reported (Hammond et al., 1995; Morikawa and Saigusa, 2002; Liang et al., 2006;
Balakhnina et al., 2012). In our study both Sebastian and Scarlett, independent of their Altolerance, decreased Al concentration in shoots by the application of 400 or 800 kg Si ha-1
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(Figure 1 A, B), and as expected this reduction was more evident when Si was
supplemented with lime. In fact, our results show a negative correlation (r = -0.567, p ≤
0.01) between Si and Al concentration, confirming this premise. The decline of plant Al
concentration might be occurring due to the formation of aluminosilcate complexes in the
soil, reducing Al availability as proposed earlier (Ma et al., 1997; Cocker et al., 1998).
On the other hand, several researches have shown that phenolic compounds play a
significant role in ameliorating Al toxicity in plants (e.g. Shahnaz et al., 2011; Chen et al.,
2020). Nevertheless, the Si role on phenols production with either antioxidant or structural
function is little known yet. In our study soluble phenols concentration was enhanced by Si
fertilization in tillering and anthesis (Figure 3 A, B) being more evident in the Al-sensitive
cultivar (Scarlett). On the other hand, radical scavenging activity in both barley cultivars
was improved by the addition of Si plus lime at anthesis stage (Figure 4 A). In addition, it
is noteworthy that in Scarlett grains radical scavenging activity was increased in 1-fold and
2-fold by doses of 400 and 800 kg Si ha-1 in combination with lime, respectively (Figure 4
B). This improvement could be at least partially attributed to the augment of soluble
phenols found in Scarlett grain (Figure 3 B).
It has been suggested that Si controls the synthesis and/or use of phenolic compounds
through the complexation of Si-polyphenol in plants (Inanaga et al., 1995; Maksimovic et
al., 2007). In this way, Shetty et al. (2011) showed that key enzymes of the
phenylpropanoid pathway (Phenylalanine ammonia lyase [PAL], Cinnamyl alcohol
dehydrogenase [CAD], and Chalcone synthase [CHS]) were transcriptionally activated by
Si application in plants of Rose hybrida under attack by Podosphaera pannosa. Other
authors reported PAL and CAD activities were regulated by Si (Fleck et al., 2010). While,
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Goto et al. (2003) reported the association between CAD activity and the accumulation of
lignin precursors, such as ferulic acid and p-coumaric in rice plants under UV stress and Si
supply.
Barley samples from the different experimental treatments were subjected to a lignin
fractionation analysis in order to provide additional insight into the effect of Si in structural
phenols composition. Sebastian and Scarlet cultivars showed different levels of lignin
accumulation in shoots at the three stages (tillering, anthesis, and maturity; Figures 5, 6, 7
and 8) evaluated here. Some studies confirm that the amount of lignin in plants varies
according to the phenological state, plant species, and even in different varieties of the
same species (Whetten and Sederoff 1995; Bertrand et al., 2006). In our study, lignin
concentration in shoots increased across the phenological stages (tillering < anthesis <
maturity) in both barley cultivars (Figures 5, 6, 7 and 8). This finding is in agreement with
previous reports showing a progressive increase of lignin content from younger to more
advanced phenological states (Fukushima and Dehority 2000, Hatfield and Fukushima
2005). Changes in lignin composition could be attributed to differences in the structural
monomers at different phenological states (Bertrand et al., 2006) and under stress
conditions (Betz et al., 2009, Finger-Teixeira et al., 2010). In fact, we found differences in
composition of phenolic acids (ferulic, p-coumaric, vanillic and syringic acid), which are
constituents of the lignin molecule, in both barley cultivars through life cycle of barley
(Figures 9 A-D and 10 A-D). Consequently, Sebastian exhibited greater shoot lignin
concentration due to Si fertilization at all phenological stages (Figures 6, 7 and 8).
Differently, Scarlett showed a reduction in lignin concentrations by all treatments applied
compared to the control in tillering and anthesis (Figures 6 and 7). However, at maturity
133

stage, a higher concentration of lignin in the shoots by the application of 800 kg Si ha-1
combined with lime was observed (Figure 8). It would be interesting to investigate whether
the differences in concentration of phenols monomers in the lignin molecule will fulfill
some biological or chemical role, perhaps granting more stability, rigidity or elasticity to
the lignin molecule and consequently affecting the plant fitness.
The ratios referred to monomers (C/V, S/V) are used as indicators of lignin composition
and origin, whereas (Ac/Al) ratio is an indicator of degradability (Thevenot et al., 2010;
Abiven et al., 2011). At tilering state, we detected a reduction of (Ac/Al)S ratio for
Sebastian indicating that plants fertilized with Si could reduce the degradation rate of lignin
in the soil (Figure 6). However, in stages more mature (i.e. anthesis and maturity) (Ac/Al)S
ratio for both cultivars increased denoting a greater lignin degradability (Figures 7 and 8).
Differentially, (Ac/Al)S ratio of Scarlett shoots showed a trend a diminishing by 400 and
800 kg Si ha-1 at anthesis and 800 kg Si ha-1 at the maturity stage (Figure 7 and 8). These
outcomes suggest a promissory effect of Si fertilization on the reduction of the
susceptibility of lignin of plant origin to decomposition, thus contributing to reducing
carbon losses to the atmosphere.
In barley grains, the higher concentration of phenolic acids are found in pericarp as bound
forms to cell wall components such as lignin, cellulose, and polysaccharides (Abdel-Aal et
al., 2012; Idehen et al., 2017), while the free forms are in a lower concentration (Bonoli et
al., 2004). The differences observed in phenol concentration in lignin of grains (ferulic, pcoumaric, vanillic and syringic acid) due to Si and lime application reveal a possible direct
influence of Si in the synthesis of phenolic compounds (Figure 10). Thus, Sebastian grain
exhibited a high concentration of ferulic and p-coumaric acid by 400 kg Si ha-1 application
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(Figure 10 A, B). Interestingly, in Scarlett all the concentrations of the phenolic compounds
of the lignin grain were reduced by Si and lime treatments (Figure 10 A-D). Finally, more
studies are necessary to investigate the influence of Si on the phenolic compounds of barley
grains and the mechanisms involved in its synthesis, thus promoting the potential use of Si
as a sustainable strategy of enhance phenolic compounds in barley grains.
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Table 1.

Parameter

Concentration

pH (H2O)

5.10 ± 0.1

Organic matter (%)

16 ± 0

P (mg Kg-1)

12 ± 0.1

S (mg Kg-1)

13 ± 0.1

K (cmol(+) Kg-1)

0.26 ± 0.01

Na (cmol(+) Kg-1)

0.08 ± 0

Ca (cmol(+) Kg-1)

2.65 ± 0.02

Mg (cmol(+) Kg-1)

0.30 ± 0.01

Al (cmol(+) Kg-1)

0.16 ± 0.01

Bases (cmol(+) Kg-1)

3.29 ± 0.01

ECEC (cmol(+) Kg-1)*

3.54 ± 0.02

Al saturation (%)

4.64 ± 0.1

*ECEC: Effective cation exchange capacity
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Table 2. Agronomic management performed in the experimental field trail during barley growth.
Management
Weed Control
preplant
Seed dressingFungi
Seed dressingInsects
fertilizer sowing
Weed Control in
Pre-Emergency
The 1st Nitrogen
Application
Broadleaf Weed
Control
The 2nd Nitrogen
Application
The 1st Fungicide
Application
Control Weeds
Grasses
The 2nd Fungicide
Application
Insecticide Foliage

Active ingredient

Commercial product

Doses

Glilfosato Potasio-2,4D

Touchdown-Esteron

3 L/ha- 1 L/ha

Fluquinconazole+Prochloraz

Galmano

450 cc/100 kg

Clothianidin + Cyfluthrin

Janus

60 cc/100 kg

N 2%-P2O5 27%-K2O 10%

Mezcla 2-27-10

500 kg/ha

Flumioxazin

Pledge

75 g/ha

N 46%
MCPA-Metsulfuron metil-Clopiralid-Picloram

Urea granulada
MCPA-Ally-LontrelTordón

50 kg N/ha
0,8L/ha-8g/ha300cc/ha-120cc/ha

N 46%

Urea granulada

120 Kg N/ha

Prothiconazole+Tebuconazole

Prossaro

0,8 L/ha

Pinoxaden- Aceite de colza

Axial-Actirob

1,2 L/ha

Fenpropimorph+Pyraclostrobin+Epoxiconazole

Diamant

2 L/ha

Tiametoxam+Lambda-cihalotrina

Engeo

50 cc/ha

Vegetative state
Z-00
Pre-Seeding
Z-00
Pre-Seeding
Z-00
Pre-Seeding
Z-00
Pre-Seeding
Z-00
Pre-emergence
Z-13
Deployed Three Sheets
Z-21
A kneeing
Z-22
Two kneeing
Z-24
Four Tillers
Z-24
Four Tillers
Z-60
Flowering
Z-60
Flowering
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Table 3. Plant yield and quality components of barley cultivars Sebastian and Scarlet.

SEBASTIAN

SCARLET

LSD (0.05)

Plant height
(cm)

Number of
tillers

Grains/spike

Yield
(qqm/ha)
60.3 ± 2.1

Hectolitre
weight
(kg/hL)
60.3 ± 2.3

Control

43.0 ± 2.1

6.7 ± 0.6

19.3 ± 2.3

400 Si

45.3 ± 1.5

7.0 ± 1.0

800 Si

44.7 ± 2.5

400 Si+Lime

12.1 ± 0.5

20.7 ± 1.2

78.4 ± 13.3

60.5 ± 0.6

11.4 ± 0.4

8.0 ± 1.0

21.3 ± 1.2

76.1 ± 13.4

62.0 ± 2.0

10.5 ± 0.2

45.7 ± 5.1

7.7 ± 0.6

22.0 ± 2.0

86.0 ± 6.1

59.4 ± 2.8

11.4 ± 0.2

800 Si+Lime

46.7 ± 2.1

7.7 ± 1.5

21.3 ± 2.3

74.5 ± 11.1

62.4 ± 0.2

11.6 ± 0.9

Control

48.3 ± 4.7

6.3 ± 1.2

24.7 ± 1.2

66.9 ± 16.8

60.4 ± 1.9

11.1 ± 0.1

400 Si

50.3 ± 4.6

6.7 ± 0.6

23.3 ± 2.3

73.3 ± 15.2

64.3 ± 0.7

11.0 ± 0.1

800 Si

53.3 ± 3.1

8.0 ± 0.1

23.3 ± 1.2

80 ± 12.8

62.9 ± 1.1

11.3 ± 0.3

400 Si+Lime

51.0 ± 6.6

6.0 ± 0.1

24.0 ± 0.1

67.5 ± 14.5

63.5 ± 0.4

11.2 ± 0.3

800 Si+Lime

42.0 ± 18.4

7.3 ± 1.5

22.0 ± 0.2

72.1 ± 2.1

62.2 ± 1.3

11.7 ± 0.2

n.s

3.3

11.3

2.8

0.7

n.s

Protein
(%)
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FIGURE CAPTION
Figure 1. Silicon (A) and Al (B) concentration in shoot of cv. Sebastian and cv. Scarlet at
tillerinng, anthesis and maturity stage. Treatment used was control, 400 Si (400 kg Si ha-1),
800 Si (800 kg Si ha-1), 400 Si + lime (400 kg Si ha-1 plus 1000 kg CaO3 ha-1), 800 Si +
lime (800 kg Si ha-1 plus 1000 kg CaO3 ha-1).

Figure 2. Silicon concentration in grains of cv. Sebastian and cv. Scarlet at tillerinng,
anthesis and maturity stage. Treatment used was control, 400 Si (400 kg Si ha-1), 800 Si
(800 kg Si ha-1), 400 Si + lime (400 kg Si ha-1 plus 1000 kg CaO3 ha-1), 800 Si + lime (800
kg Si ha-1 plus 1000 kg CaO3 ha-1).

Figure 3. Total phenols concentration in shoots (A) and grains (B) of cv. Sebastian and cv.
Scarlet at tillerinng, anthesis and maturity stage. Treatment used was control, 400 Si (400
kg Si ha-1), 800 Si (800 kg Si ha-1), 400 Si + lime (400 kg Si ha-1 plus 1000 kg CaO3 ha-1),
800 Si + lime (800 kg Si ha-1 plus 1000 kg CaO3 ha-1).

Figure 4. Free radical scavenging activity in shoots (A) and grains (B) of cv. Sebastian and
cv. Scarlet at tillerinng, anthesis and maturity stage. Treatment used was control, 400 Si
(400 kg Si ha-1), 800 Si (800 kg Si ha-1), 400 Si + lime (400 kg Si ha-1 plus 1000 kg CaO3
ha-1), 800 Si + lime (800 kg Si ha-1 plus 1000 kg CaO3 ha-1).
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Figure 5. Visualization of lignin contents in plants of barley cultivars (A) Sebastian, (B)
Scarlet at tillering, anthesis and maturity stage. Treatment used was control, 400 Si (400 kg
Si ha-1), 800 Si (800 kg Si ha-1), 400 Si + lime (400 kg Si ha-1 plus 1000 kg CaO3 ha-1), 800
Si + lime (800 kg Si ha-1 plus 1000 kg CaO3 ha-1).

Figure 6. Lignin parameters in shoots of barley cv. Sebastian and cv. Scarlett at tillering
stage. Treatments were three Si supplementations (0, 400, 800 kg Si kg-1) and lime
applications (0 or 1000 mg CaCO3 kg-1). Graphs represent concentrations of the main lignin
groups, that is vanillyl (V), syringyl (S) and cinnamyl (C) phenols, their sum (S + V + C) as
indicator of the total lignin concentration, the ratios of the different phenol monomers and
ratios of vanillic acid to vanillin ((Ac/Al)v) and syringic acid to syringaldehyde ((Ac/Al)s).
Values represent the mean of three replicates per treatment ± SD. Asterisks indicate
statistically significant differences (p ≤ 0.05) among treatments.

Figure 7. Lignin parameters in shoots of barley cv. Sebastian and cv. Scarlett at antesis
stage. Treatments were three Si supplementations (0, 400, 800 kg Si kg-1) and lime
applications (0 or 1000 mg CaCO3 kg-1). Graphs represent concentrations of the main lignin
groups, that is vanillyl (V), syringyl (S) and cinnamyl (C) phenols, their sum (S + V + C) as
indicator of the total lignin concentration, the ratios of the different phenol monomers and
ratios of vanillic acid to vanillin ((Ac/Al)v) and syringic acid to syringaldehyde ((Ac/Al)s).
Values represent the mean of three replicates per treatment ± SD. Asterisks indicate
statistically significant differences (p ≤ 0.05) among treatments.
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Figure 8. Lignin parameters in shoots of barley cv. Sebastian and cv. Scarlett at maturity
stage. Treatments were three Si supplementations (0, 400, 800 kg Si kg-1) and lime
applications (0 or 1000 mg CaCO3 kg-1). Graphs represent concentrations of the main lignin
groups, that is vanillyl (V), syringyl (S) and cinnamyl (C) phenols, their sum (S + V + C) as
indicator of the total lignin concentration, the ratios of the different phenol monomers and
ratios of vanillic acid to vanillin ((Ac/Al)v) and syringic acid to syringaldehyde ((Ac/Al)s).
Values represent the mean of three replicates per treatment ± SD. Asterisks indicate
statistically significant differences (p ≤ 0.05) among treatments.

Figure 9. Phenolic acid concentration in shoots of barley cv. Sebastian and cv. Scarlett at
tillering, anthesis and maturity stage. Treatments were three Si supplementations (0, 400,
800 kg Si kg-1) and lime applications (0 or 1000 mg CaCO3 kg-1). Graphs represent
concentrations of ferulic acid (A), p-coumaric acid (B), vanillic acid (C) and syringic acid
(D). Values represent the mean of three replicates per treatment ± SD.

Figure 10. Phenolic acid concentration in grains of barley cv. Sebastian and cv. Scarlett at
maturity stage. Treatments were three Si supplementations (0, 400, 800 kg Si kg-1) and lime
applications (0 or 1000 mg CaCO3 kg-1). Graphs represent concentrations of ferulic acid
(A), p-coumaric acid (B), vanillic acid (C) and syringic acid (D). Values represent the mean
of three replicates per treatment ± SD.
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7. General discussion, concluding remarks and future directions
7.1 General discussion
Several researches have reported direct- or indirect- benefits of silicon (Si) on plants
growing under abiotic and biotic stress as was extensively described in previous chapters of
this Thesis. In this sense, Si benefits are associated with the capacity of the plant to both
take up and accumulate Si. Nevertheless, plant species and cultivars show differentiated
responses when they are exposed to stress conditions, and this behavior can often conceal
the positive effect of Si against a stressor. This response has generated a great of
controversy among researchers. Therefore, the study of different cultivars with
differentiated tolerances is of great interest to determine the mechanisms involved in stress
relief. Thus, Si could be considered as an ecological and sustainable tool to provide
tolerance to aluminium (Al) stress, which is one of the major constraints for crop
production in acid soils.

It is already known that Si alleviates Al stress in vascular plants grown in acid conditions
(Hodson et al., 1995; Liang et al., 2007; Adrees et al., 2015; Pontigo et al., 2017).
However, little is known about the Si effect in cultivars with Al contrasting tolerance.
Considering that, barley cultivars differ in their Al-tolerance as shown in Chapter III, two
barley cultivars were selected (Sebastian, Al-tolerant and Scarlett, Al-sensitive) for
evaluating the role of Si on phenolic metabolism at different phenological stages in Alstressed plants.
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One of the most evident outcomes of the experimental assays of this Thesis is the decrease
in Al-uptake by barley plants as a result of the presence of Si in the growth media. Silicon
displayed an enhancement of Al-detoxification in either the nutrient solution (barley plants
at vegetative stage, Chapters IV, V) or at field conditions on an acid Andisol (during life
cycle of barley, Chapter VI). Initially, for evaluation the kinetics of Al and Si uptake an
experiment with Al-tolerant (Sebastian) and Al-sensitive (Scarlett) cultivars was performed
at the short-term. Thus, Si reduced the Al uptake in shoots and roots by at least 50% for
Sebastian and 80% for Scarlett cultivars in a period from 2 to 48 hours (Figure 1, Chapter
IV). Similar findings in terms of attenuation of Al uptake by Si were found in a second
assay at 21 days after Al and Si treatment (Chapter V, Table 2). Interestingly, one factor
that allowed determine the differences in Al-tolerance between Sebastian and Scarlett
cultivars was the greatest accumulation and translocation of Al from roots into the shoots of
Scarlett. Conversely, Sebastian accumulated more Al in roots probably due to internal (Alcomplexation in vacuole and Al-chelation in cytosol) or external (exudation of organic
acids, phenols production which Al-chelating capacity) mechanisms for Al detoxification
(Barceló et al., 1993; Kidd et al., 2001; Wang et al., 2004; Kochian et al., 2005; Kostic et
al., 2017).

In recent years, outstanding interest has been generated in comprehend the role of Si on
secondary metabolism in plants subjected to diverse stressors. In this way, several
researches have shown an improvement in the production of antioxidant (e.g. flavonoids,
phenolic acids and anthocyanins) and structural (lignin) phenolic compounds (Kidd et al.,
2001; Maksimovic et al., 2007; Filha et al, 2011; Shetty et al, 201; Kim et al., 2017;
154

Abd_Allah et al., 2019; Lukacova et al., 2019) in plants grown under biotic and abiotic
stress. As mentioned in previous chapters, the mechanisms involved in such improvement
are still a matter of discussion. The different experiments carried out in this Thesis
confirmed the beneficial effect of Si on the phenolic compounds production in barley
grown under Al toxicity at either hydroponics (Chapters IV, Figure 3 and Chapter V,
Figure 1 A, B) or field conditions (Chapter VI, Figure 3 A, B). The greater Si impact on
phenols production was in the Al-sensitive (Scarlett) cultivar compared to Al-tolerant
(Sebastian) cultivar (Chapters IV, V and VI). In this regard, soluble phenols in barley
exposed to 0.2 mM Al increased quickly up to 48 hours as a consequence of 2 mM Si
addition (Chapter IV, Figure 3). Likewise, total phenol concentration was enhanced from in
barley cultivars fertilized with 400 and 800 kg Si ha-1 irrespective lime addition (Chapter
VI, Figure 3 A, B). Briefly, at tillering stage, a continuous increase of soluble phenols by
the application of Si alone or in combination with lime was registered in Scarlett. However,
it was only increased at the highest Si dose in anthesis stage (Chapter VI, 3 A). While in
Sebastian soluble phenol concentration was enhanced by fertilization with 800 kg Si ha-1
(tillering stage) and with 800 kg Si ha-1 and 400 kg Si ha-1 plus lime (anthesis stage). These
improvements in shoot phenol concentration may contribute to free radical scavenging
activities, thus contributing to protect cells against oxidative damage (Kim et al., 2017).

In addition, flavonoids (flavone-glycosides) already described in barley (Ferreres et al,
2009, 2014; Piasecka et al, 2014) were identified in shoots of Sebastian and Scarlett
supplied with Al and Si during 21 days (Chapter V, Table 3 and Figure 2). The quantified
flavonoids were apigenin derivatives (lutonarin) and saponarin (isovitexin-7-O-[6155

sinapoyl]-glucoside,

isovitexin-7-O-[6-feruloyl]-glucoside),

which

exhibit

a

high

antioxidant activity (Kamiyama and Shibamoto, 2012). The concentration of isovitexin-7O-[6-feruloyl]-glucoside was increased in plants exposed to Al (Chapter V, Figure 2 G).
While a reduction in the concentration of lutonarin and apigenin-pentoxide-hexoside by the
application of Si and Al was recorded in cv. Sebastian (Chapter V, Figure 2 D, E). Possibly
this decrease is due to the use of this compound against ROS as a strategy of the Al-tolerant
cultivar (Sebastian) to cope with Al-induced toxicity, coinciding with a lower oxidative
damage in the shoots (Chapter V, Figure 1 E). Otherwise, Scarlett did not show differences
in flavonoids concentration due to the application of Si and Al treatments (Chapter V,
Figure 2 D-G). In addition, we identified a chlorogenic acid (isomer of caffeoylquinic acid)
in roots of both barley cultivars at vegetative stage. Chlorogenic acid concentration was
diminished by the application of Si and Al alone or in combination (Chapter V, Figure 2
B). This reduction could be attributed to the increase in root lignin concentration induced
by Si and/or Al, due to chlorogenic acid is an intermediate in the lignin biosynthesis
pathway and is one of the basic components in its structure (Silva et al., 2019).

In terms of antioxidant effect, numerous studies show that Si improves antioxidant system
of plants grown under biotic and abiotic stress, as it has been discussed in the different
chapters of this Thesis. The barley cultivars studied in this work enhanced highly their
antioxidant capacity by Si application in the growth media under Al toxicity. Thus, plants
of Sebastian and Scarlett increased the radical scavenging activity at 2, 4, 8, 12, 24, 48
hours and 21 days after supplied treatment with Al and Si (Chapter IV, Figure 5 A-D and
Chapter V, Figure C, D). On the other hand, under field conditions, barley cultivars showed
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an improvement of radical scavenging activity when Si and lime were supplied at anthesis
stage (Chapter VI, Figure 4 A). Moreover, in Scarlett grains the antioxidant capacity was
augmented about 1-fold and 2-fold by doses of 400 and 800 kg Si ha-1 in combination with
lime, respectively (Chapter VI, Figure 4 B). This improvement could be at least partially
explained by the increase of soluble phenols in grains (Chapter VI, Figure 3 B).

Several researches have also reported a reduction of membrane damage by Si supply in
different plant species including wheat, cucumber and tomato subjected to salinity stress
(Zhu et al., 2004; Gong et al., 2005, 2008; Muneer and Jeong 2015), barley under flooding
(Balakhnina et al., 2012), maize exposed to UV-B radiation (Malčovská et al., 2014) and
mustard, cucumber, ryegrass and rice grown under metal toxicity (Anjum et al., 2008; Feng
et al., 2009; Pontigo et al., 2017; Hasanuzzaman et al., 2019). In barley hydroponically
cultivated with 0.2 mM of Al, lipid peroxidation was reduced in both cultivars when Si was
supplied (Chapters IV, Figure 6 A-D and Chapter V, Figure 1 E, F). In fact, in the kinetic
experiment, a negative correlation was found between Si uptake and lipid peroxidation in
either roots (Sebastian, r= -0.701; p≤0.01; Scarlett, r= -0.299; p≤0.05) or shoots (Sebastian,
r= -0.655; p≤0.01).

In terms of structural phenols, Sebastian and Scarlet cultivars showed changes lignin
concentration and its accumulation pattern at different phenological stages under controlled
and field conditions, (Chapters IV, V and VI). The amount of lignin in plants varies
according to the phenological state (Whetten and Sederoff 1995; Bertrand et al., 2006),
increasing from younger to more mature plants (Fukushima and Dehority 2000, Hatfield
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and Fukushima 2005). In our studies, Si application increased lignin accumulation in barley
plants, irrespective of the exposure time of plants to Si treatments (Chapter IV, Figure 4,
Chapter V, Figure 4 and Chapter VI, Figure 5). Briefly, in Scarlett (Al-sensitive cultivar)
lignin concentration (calculated as the sum of monomers vanillyl (V), syringyl (S) and
cinnamyl (C) was improved by the addition of Si under Al stress (Chapters V, Figures 5, 6
and Chapter VI, Figures 6, 7 and 8). This increase was consistent with a greater intensity of
safranin staining observed in Scarlett, possibly due to an increase of the activities of
enzymes from the lignin biosynthesis pathway by Si (Cai et al., 2006; Ribera et al., 2018).

Despite that changes in lignin composition have already been observed under different
stresses (Pitre et al., 2007; Betz et al., 2009, Finger-Teixeira et al., 2010), there is few
information about the function that lignin with contrasting composition might be exerting
in plants (Liu et al., 2018). Lignin composition provides additional information through
monomers ratios (V, S and C). Monomers give information respect to the stability of the
lignin molecule and its potential degradation in the soil. Lignin with more V-units tends to
have a more branched structure, while lignin with S-type structures has a more linear
structure and also exhibits a lower degree of polymerization (Stewart et al., 2009).
Moreover, S/V ratio provides additional information on vegetation type (gymnosperms or
angiosperms), whereas C/V ratio is used to differentiated between woody and non woody
plants. Finally, acids to aldehydes ratios are commonly used as a measure of degradation of
lignin (Zavarzina et al, 2015). Sebastian and Scarlet cultivars showed different proportions
of monomers V, C and S at different phenological stages (tillering, anthesis and maturity;
Chapter VI, Figures 6, 7 and 8). However, an overview of the composition of lignin of
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barley plants cultivated either hydroponics or field assay, suggests that Si reduced the
acid/aldehyde ratio of S monomer in barley cultivars, thus reducing the susceptibility of
lignin to its future decomposition. These findings denote promising effects of fertilization
with Si in reduce the decomposition rate of lignin and, thus Si could contribute to decrease
carbon losses to the atmosphere. However, more studies are needed to corroborate the
information scarce.

In regard with grain yield, Sebastian and Scarlett increased grain production by fertilization
with 400 or 800 kg Si ha-1 (alone or in combination with 1000 kg of lime ha-1; Chapter VI,
Table 3). Hectoliter weight of grains was improved only in Scarlett by 400 or 800 kg Si ha-1
and by 400 kg Si ha-1 plus lime. Differently, total protein was reduced in Sebastian by 400
or 800 kg Si ha-1 and by 400 kg Si ha-1 plus lime (Chapter VI, Table 3). Even though some
studies have found an enhancement of grain yield by Si supply in different cereal crops
subjected to abiotic stress (Detmann et al., 2012; Ahmed et al., 2016; Chu et al., 2019), this
is the first report showing an improvement by Si of grain yield and quality in barley
subjected to Al toxicity. More research would be important to study the impact of Si on the
nutritional components of grains in order to improve the nutritional quality for human
consumption.

Finally, the results obtained in this Thesis and the future directions of investigation are
outlined in Figure 1.
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Figure 1. Overview of Si role in the attenuation of Al toxicity in barley plants. Solid arrows indicate the main findings of this Thesis.
Dashed arrows indicate the aspects that still remain to be investigated.
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7.2 Concluding remarks and future directions

- Silicon attenuates Al toxicity in barley by modulating Al uptake at different phenological
stages. Silicon uptake improves the production of phenolic compounds with antioxidant
action, thus providing a reduction of oxidative stress and improving grain yield in cultivars
with contrasting Al-tolerance.

- Silicon alters the production and composition of phenolics with structural action through
an increment of phenolic acids that serve as lignin precursors (ferulic acid, p-coumaric acid,
vanillic acid or syringic acid) across the life cycle of barley cultivars grown under Al
toxicity. Changes in the acid/aldehyde ratios of lignin monomers vanillyl, syringyl and
cinnamyl by Si supply might reduce lignin degradation after the return of the litter to soil,
thus contributing to decrease carbon losses to the atmosphere.

Finally, future evaluations regarding (i) key enzymes, (ii) genes and (iii) precursor
compounds involved in the phenylpropanoid pathway are necessary to improve the
understanding about the mechanisms underlying the benefits of Si on phenolic metabolism.
These outcomes could be used to optimize grain quality, and consequently, to provide
benefits for human health.
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