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Summary and thesis outline
Summary and thesis outline
Silicon (Si) has been widely recognized as a beneficial element for many plant species,
especially under stress conditions. Since several studies have shown that Si benefits are
closely related with Si accumulation in plants, the elucidation of the mechanisms of Si
uptake and transport is crucial for exploiting the Si-induced beneficial effects on
agricultural systems. In this regard, it has been reported that Si can alleviate Al toxicity,
which had led to suppose that the uptake and subsequent accumulation of this element
could generate benefits for ryegrass, an important Si-accumulating forage species that
commonly grow under Al stress. In Chapter I, we present a general introduction of this
Doctoral Thesis, indicating the hypothesis and goals of this study.
In Chapter II, the importance of Si uptake in vascular plants and its influence on mineral
stress under acidic conditions is presented as a review. Here, we present a
comprehensive update about the considerable advances has been achieved aimed to
improve the understanding of the mechanisms of Si uptake and transport in vascular
plants. In addition, this work provides the new insights into the role of Si against
mineral stresses that occur in acid soils.
In Chapter III, we analyzed the kinetics of Si uptake in two ryegrass cultivars differing
in Al tolerance (Al-sensitive, Jumbo; Al-semi-tolerant, Nui). To examine the
concentration-dependent kinetics, plants were cultivated at five Si doses (0, 0.5, 1.0, 2.0
or 4.0 mM Si), and harvest was performed at 24 hours and 21 days after the initiation of
treatments. To evaluate the time-dependent kinetics, plants were grown under 0, 0.5 or 2
mM Si doses during 0, 3, 6, 9, 12 and 24 hours. In general, both the concentration- and
the time -dependent Si uptake experiments showed that Si accumulation in cv. Jumbo
was higher than in cv. Nui. However, cultivar variation for Si concentration was only
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observed at the short-term. In addition, differences in Km values between Jumbo and
Nui, but similar values of Vmax were found. On the other hand, two putative Si
transporter genes, LpLsi1 and LpLsi2, were identified from ryegrass with characteristics
highly conserved among Si transporters from different plant species. A gene expression
analysis showed that both LpLsi1 and LpLsi2 were only expressed in roots, and the
expression level was decreased by Si supply.
The role of Si for ryegrass cv. Nui subjected to Al toxicity was reviewed in the Chapter
IV. Here, we assessed the effect of Si on the modulation of Si/Al uptake and the
antioxidant performance of ryegrass plants hydroponically cultivated with Al (0 and 0.2
mM) in combination with Si (0, 0.5, and 2.0 mM). Exposure to Al significantly
increased Al concentration, mainly in the roots, with a consequent reduction in root
growth. However, Si applied to the culture media steadily diminished the Al
concentration in ryegrass, which was accompanied by an enhancement in root dry
matter production. A reduced concentration of Si in plant tissues was also observed
when plants were simultaneously supplied with Al and Si. Likewise, Si transporter
genes (Lsi1 and Lsi2) were down-regulated in roots after Si or Al was applied alone;
however, both Lsi1 and Lsi2 were up-regulated as a consequence of Si application to
Al-treated plants. Complementary, this study also showed molecular and biochemical
evidence supporting the role of Si on the improvement of the antioxidant performance
of ryegrass cv. Nui subjected to Al toxicity. In this regard, Si uptake attenuated
oxidative damage by increasing phenols concentration as well as by modulating the
activity of SOD, CAT, APX and POD antioxidant enzymes and the gene expression of
Mn-SOD, Fe-SOD and Cu/Zn-SOD isoforms under Al stress.
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In order to extend our knowledge about Si/Al uptake under Al stress, studies involving
ryegrass cv. Jumbo were discussed and compared with cv. Nui in Chapter V. Similar to
cv. Nui; Si applied to Al-stressed plants of cv. Jumbo decreased both Al concentration
and lipid peroxidation significantly improving the root matter production by about
118%. Interestingly, differences in both root Si concentration and gene expression
pattern of Si transporters were also found between Jumbo and Nui under combined Al
and Si treatments. These results might denote either a different Si requirement between
cultivars to counteract Al stress or the involvement of unknown regulatory element(s)
determining the function of Si transporters.
Finally, overall results are discussed in Chapter V, concluding the following: (1)
Ryegrass has influx and efflux Si transporters with characteristics highly conserved
among Si transporters from different plant species (2) Silicon alleviates Al stress by
modulating Al/Si uptake and by reducing the Al-induced oxidative stress with the
consequent improvement of root growth in ryegrass cultivars with contrasting Altolerance. Moreover, ryegrass cultivars differing in Al-tolerance exhibit differential
gene expression pattern of Si transporters under Al stress.
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Chapter I: General introduction
1.1 General Introduction
Several reports have highlighted the positive benefits of silicon (Si) on vascular plants.
It increases the plant resistance against numerous biotic/abiotic stresses such as
pathogen diseases and insect pests (Fauteux et al. 2005; Romero et al. 2011), drought
(Hattori et al. 2005; Gong et al. 2005; Hosseini et al. 2017), salt (Ahmad et al. 1992;
Zhu et al. 2004; Liang et al. 2007; Rios et al. 2017), extreme temperatures, UV-B
radiation (Ma 2004; Liang et al. 2015), metal toxicity and nutrient imbalance (Wu et al.
2013; Adrees et al. 2015; Liang et al. 2015; Pontigo et al. 2015; Tripathi et al. 2015,
2016; Pontigo et al. 2017; Ribera et al. 2018).
Despite the benefits of Si on agriculture have been well documented, the use of Si
amendments is still not well understood because of the many intricacies surrounding Si
properties, uptake and efficacy (Deshmukh and Belanger 2015). Since the positive
effects of Si on plants have been mostly associated to a high accumulation of this
element in different tissues, Si uptake is arguably the most critical aspect of its benefits.
Rapid progress has been made in unveiling molecular mechanisms for Si uptake and
transport in plants. The discovery of specific Si transporters (Ma et al. 2006) and the
huge advances in high‐throughput sequencing and genomics have opened ways to reach
a clearer understanding of the molecular mechanisms underlying Si uptake in plants.
Consequently, it has become easier to correctly classify plants on the basis of its Si‐
accumulating capacities and even to predict which plant species can be more prone to
gain an advantage from Si uptake.
Plants take up Si by roots in the uncharged form of monosilicic acid (H4SiO40), which is
then converted into hydrated amorphous silica and deposited on the cell walls. Two
different protein families with distinct characters have been found to be responsible for
2
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silicic acid transport from the soil solution to the shoots in varying plant species. Firstly,
Si influx transporters, also known as Lsi1 and Lsi6, are passive channels belonging to
the NIP III subfamily of aquaporins (Gomes et al. 2009; Deshmukh and Bélanger,
2015). The membrane channel Lsi1 facilitates the transport of Si from the external
solution to the root cells, whereas Lsi6 has been implicated in unloading Si from the
xylem to the shoots and in the inter-vascular transfer of Si (Ma et al. 2006; Yamaji et al.
2009). Functional Lsi1s have been reported to be essential for a plant species to
accumulate Si (Deshmukh and Belanger 2015; Vatansever et al. 2017). Silicon efflux
transporters, also called Lsi2, belong to the less-studied family of putative anion
transporters (Ma et al. 2007; Yamaji et al. 2011). Different to aquaporins, Lsi2 is
supposed to be an active transporter, driven by the proton gradient (Ma et al., 2007b)
that facilitates the loading of Si into the xylem. In addition, a new gene has been
identified in rice (Lsi3) that would be helpful in the process of distributing Si in panicles
(Ma and Yamaji 2015). Although these findings have contributed substantially to
understand the different levels of Si accumulation in plants, the expression of Si
transporters genes and related mechanisms responsible for Si accumulation under stress
conditions remains to be explored.
On the other hand, Si has been reported to alleviate Al toxicity in vascular plants
(Adrees et al. 2015; Pontigo et al. 2015; Liang et al. 2015; Tripathi et al. 2017). Current
evidence supports that Si can regulate plant resistance and/or tolerance to Al toxicity by
means either external or internal mechanisms including: (i) Si-induced increase in
solution pH (Li et al. 1996; Cocker et al.1998a), (ii) formation of Al-Si complexes in the
growth media (Barcelo et al. 1993; Baylis et al. 1994; Ma et al. 1997; Cocker et al.
1998a) or/and within the plant (Corrales et al. 1997; Cocker et al. 1998b; Britez et al.
2002; Zsoldos et al. 2003; Wang et al. 2004; Prabagar et al. 2011), (iii) exudation of
3
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organic acid anions and phenolic compounds (Barcelo et al., 1993; Cocker et al., 1998b;
Kidd et al. 2001), (iv) increase in the chlorophyll and carotenoid contents of leaves
(Singh et al. 2011) and (v) activation of the plant antioxidant system (Shahnaz et al.
2011; Shen et al. 2014). However, to our knowledge, there is a dearth of reports
regarding the molecular aspects related with the uptake and transport of Si in plants
subjected to Al stress.
In Southern Chile, ryegrass (Lolium perenne L.) is one of the main forage species used
in intensive dairy and beef production systems (Mora et al. 1999; 2009). Nevertheless, it
is commonly exposed to high amounts of phytotoxic Al+3 present on acid soils that limit
its productivity. It has been reported that ryegrass is able to accumulate high Si
concentrations (Jarvis, 1987; Nanayakkara et al. 2008), which had led to suppose that
the uptake and subsequent accumulation of this element could generate benefits for
ryegrass plants grown under Al stress. However, Si uptake and transport mechanisms
are unknown for ryegrass, and the transporters involved in such processes have not been
identified yet.

4
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1.2 Hypothesis and research objectives

1.2.1Hypothesis
Based on the previous background, we addressed the following hypotheses:


In ryegrass, a gramineae species with high capacity to accumulate Si, the uptake and
transport of Si are processes mediated by influx and efflux Si transporters.



Silicon alleviates Al toxicity by modulating Al and Si uptake, oxidative damage and
the gene expression of Si transporters in ryegrass plants. Ryegrass cultivars with
contrasting Al-tolerance exhibit different gene expression pattern of Si transporters
under Al stress.

5
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1.2.2

Research objectives

1.2.2.1 General objective


To study the mechanisms involved in the Si uptake and transport as well as the gene
expression of Si transporters in response to Al toxicity in ryegrass plants (Lolium
perenne L.)

1.2.2.2 Specific objectives
1

To identify genes involved in Si uptake and transport in ryegrass plants.

2

To evaluate the kinetics of Si uptake and gene expression of Si transporters at
different Si doses in ryegrass.

3

To analyze gene expression of Si transporters in ryegrass cultivars subjected to Al
toxicity.

6
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Abstract
Main conclusion So far, considerable advances have been achieved in understanding
the mechanisms of Si uptake and transport in vascular plants. This review presents a
comprehensive update about this issue, but also provides the new insights into the role
of Si against mineral stresses that occur in acid soils. Such information could be helpful
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to understand both the differential Si uptake ability as well as the benefits of this
mineral element on plants grown under acidic conditions.
Silicon (Si) has been widely recognized as a beneficial element for many plant species,
especially under stress conditions. In the last few years, great efforts have been made to
elucidate the mechanisms involved in uptake and transport of Si by vascular plants and
recently, different Si transporters have been identified. Several researches indicate that
Si can alleviate various mineral stresses in plants growing under acidic conditions,
including aluminium (Al) and manganese (Mn) toxicities as well as phosphorus (P)
deficiency all of which are highly detrimental to crop production. This review presents
recent findings concerning the influence of uptake and transport of Si on mineral stress
under acidic conditions because knowledge of this interaction provides the basis for
understanding the role of Si in mitigating mineral stress in acid soils. Currently, only
four Si transporters have been identified and there is little information concerning the
response of Si transporters under stress conditions. More investigations are therefore
needed to establish whether there is a relationship between Si transporters and the
benefits of Si to plants subjected to mineral stress. Evidence presented suggests that Si
supply and its subsequent accumulation in plant tissues could be exploited as a strategy
to improve crop productivity on acid soils.
Keywords: Silicon uptake; Silicon transporters; Plant stress; Acidic soils; Phosphorus
deficiency; Aluminium toxicity; Manganese excess.
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2.1

Introduction

In recent years the beneficial role of silicon (Si) in agricultural systems has been
increasingly recognized. Silicon is not an essential plant nutrient as defined by the first
criterion of essentiality of Arnon and Stout (1939), since its absence does not prevent
completion of the plant life cycle except for Equisetaceae (Chen and Lewin, 1969) and
some algae (Likhoshway et al. 2006). Nevertheless, there is much evidence that Si is
highly beneficial in improving crop yield, especially under conditions of stress.
Numerous researches have shown that enhancing Si uptake has a beneficial influence on
plant growth and development by alleviating several abiotic and biotic stresses. These
include salt stress (Ahmad et al. 1992; Zhu et al. 2004; Liang et al. 2007), drought stress
(Hattori et al. 2005; Gong et al. 2005), metal toxicity (Wu et al. 2013), nutrient
imbalance (Hernandez-Apaolaza 2014; Liang et al. 2015), radiation damage, high
temperature and freezing (Ma 2004; Liang et al. 2015), as well as raising tolerance to
plant diseases and pest attack (Fauteux et al. 2005; Romero et al. 2011).
Many beneficial effects of Si on vascular plants have been associated with enhanced
accumulation of this element in different tissues, although such increases may not be
easily noticeable because Si accumulation varies widely within the plant kingdom, with
Si concentrations among plant species ranging from 1 to 100 g kg-1 dry weight (Ma and
Takahashi 2002). Consequently, several researches have been undertaken to establish
how plants take up Si from the soil and transport it to different tissues within the plant.
In terms of the ability to accumulate Si in the shoots, plants have been classified into Si
accumulators, intermediate and non-accumulator species (Takahashi et al. 1990).
Accordingly, Equisetaceae, Gramineae and Cyperaceae families can accumulate up to
100 g kg-1 of Si on dry weight basis, whereas most dicotyledonous species usually
accumulate less than 1 g kg-1. Additionally, Si tissue concentration can vary
10
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substantially among genotypes of the same species as shown in rice (Oryza sativa)
(Deren 2001; Ma et al. 2007a), sugarcane (Saccharum officinarum) (Deren 2001) and
barley (Hordeum vulgare) (Ma et al. 2003).
Recent studies on molecular mechanisms involved in Si uptake and transport in plants
have shown that these processes are mediated by different transporters that differ in
function, expression and localization in plant cells (Ma et al. 2006; 2007b; Yamaji et al.
2008; 2009; Chiba et al. 2009; Mitani et al. 2009a; 2009b; 2011a; 2011b; Grégoire et al.
2012; Montpetit et al. 2012; Yamaji et al. 2012; 2013; Deshmukh et al. 2013). These Si
transporters have only been identified in plants that are known to accumulate relatively
high Si concentrations, including rice (Ma et al. 2006; 2007b; Yamaji et al. 2008),
barley (Chiba et al. 2009; Mitani et al. 2009b; Yamaji et al. 2012), maize (Zea mays)
(Mitani et al. 2009a; 2009b), and more recently, wheat (Triticum aestivum) (Montpetit
et al. 2012) and horsetail (Equisetum arvense) (Grégoire et al. 2012). In addition, Si
transporters in two dicot species, pumpkin (Curcubita moschata) (Mitani et al. 2011a;
2011b) and soybean (Glycine max) (Deshmukh et al. 2013) have been identified.
Despite research progress in this area, however, only four Si transporters have been
identified in the above-mentioned species and the mechanisms responsible for Si uptake
and transport in other species remain poorly understood. It is important to point out that
there is no similarity or homology between the genes involved in Si transport of
vascular plants and other members of the eukaryotic kingdom, including diatoms
(Hilderbrand et al. 1997; 1998; Marron et al. 2013), sponges (Schröder et al. 2004) and
chrysophycean algae (Likhosway et al. 2006).
Silicon can influence availability of other mineral elements through complex
interactions that can be achieved either outside or inside plant cells. Interestingly, it has
been reported that some interactions involving Si can induce beneficial effects on plant
11
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growth and development under acidic conditions. Since soil acidity is one of the main
problems that limit agricultural production in many areas of the world, this positive
influence is of major importance. Below pH (H2O) 5.5, acidification generates increased
availability of phytotoxic aluminium (Al) and manganese (Mn), as well as deficiency of
some nutrients such as phosphorus (P), calcium (Ca), magnesium (Mg) and potassium
(K) with detrimental impact on plant growth. However, it has been demonstrated that Si
can ameliorate metal toxicity (Wu et al. 2013; Kim et al. 2014), resulting from Mn (Shi
et al. 2005; Li et al. 2012) and Al (Cocker et al. 1998a; 1998b; Kidd et al. 2001), and
also alleviate effects of P deficiency (Ma and Takahashi 1990a; 1990b, 1991; OwinoGerroh and Gascho 2004). The present paper examines recent findings concerning Si
uptake and transport as well as the influence of Si on mineral stress under acidic
conditions. To our knowledge this is the only review to be published focused on
evaluating these two aspects of Si function in plants.

2.2

Silicon bioavailability in soil

Silicon is the second most abundant mineral element of the earth’s crust after oxygen
(Epstein 1999) and is one of the main constituents of most soils. It is present as silica
minerals in the form of primary and secondary silicates. Primary silicates occur mainly
in sand and silt fractions whereas secondary silicates are concentrated in the clay
fraction as a result of pedogenic processes. Additionally, various amorphous forms of
inorganic and biogenic silica (including phytoliths) are found in soils (Cornelis et al.
2011). All these Si forms undergo chemical and physical weathering, resulting in the
release of Si into soil solution which is then transferred to rivers and oceans (Guntzer et
al. 2012).

12
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Monosilicic acid is weakly acidic (pKa1 = 9.83 and pKa2 = 13.17) and represents the
soluble Si form in soil solution. It is commonly found as an uncharged monomer
molecule (H4SiO40) over a pH range from 2 to 9, or in ionized form (H3SiO4- / H2SiO42-)
at pH values greater than 9.0 (Knight and Kinrade 2001). Thus, considering that the pH
of most soils is below 9.0, undissociated silicic acid is the most common Si form
present in soils with concentrations varying between 0.1 to 0.6 mM (Epstein 1999).
Silicon concentration in soil solution is mainly affected by the dissolution of the
siliceous compounds and by sorption reactions between soluble silica and soil
constituents (Wickramasinghe and Rowell 2006). Silicate can be adsorbed by ligand
exchange on to iron (Fe) and aluminium (Al) oxides and hydroxides, and can also
compete for sorption sites with other anions on mineral surfaces. Additionally, Si can
also be complexed by heavy metals, but scarcely forms complexes with dissolved
organic matter (Cornelis et al. 2011). Accordingly, despite the abundance of Si in soils,
the amount of soluble Si available for plant uptake may be limited. Usually, less
weathered, geologically younger mineral soils tend to supply more Si to plants than
typically acid, weathered, leached and low base saturation soils. For instance, Oxisols
and Ultisols tend to be highly weathered and have low Si availability to plants (Foy
1992). Likewise, due to the high content of organic matter and low mineral content,
Histosols are also low in available Si content (Snyder 1991). Additionally, despite of the
high content of quartz in Entisols, Si is only slightly soluble and thus virtually
unavailable to plants (Datnoff et al. 1997).
2.3

Silicon uptake and transport

Silicon uptake by vascular plants is a very complex process characterized by selectivity
of transport and Si accumulation in specific tissues; this can differ both between species
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and within each plant species. (Fig.1). Briefly, once silicic acid is taken up by the roots,
it is transported from cortical cells to the stele. Subsequently, Si is released into the
xylem and translocated through the transpiration stream to the shoots (Ma and Yamaji
2006). Here it is concentrated during loss of water associated with the transpiration
process and transformed to amorphous silica (SiO2-nH2O) by Si polymerization (Ma
and Yamaji 2006). Consequently, amorphous silica is accumulated mainly in the cell
wall of leaves, stems, and hulls (Prychid et al. 2004; Ma and Yamaji 2006). Silica can
also be deposited in cells of roots, tubers and inflorescences of a variety of plant species
(Hodson and Sangster 1988; 1989; Lux et al. 1999; Chandler-Ezell et al. 2006). It has
been suggested that silica can interact with cell wall components such as
polysaccharides, lignins or proteins, but the nature of this association is not yet fully
understood (Currie and Perry 2007; Guerriero et al. 2016; Głazowska1 et al. 2018).
It is widely known that mineral elements can be transported through the roots by both
energy-independent (passive) and energy-dependent (active) processes, which occur
down and against an electrochemical potential gradient, respectively. As reported
above, three different ways of Si uptake in different plant species are responsible for
high, medium and low Si concentration (Takahashi et al. 1990). Plants with an energydependent Si uptake mechanism show a significant decrease of Si concentration in the
uptake solution, whereas in plants in which Si uptake is mediated by an energyindependent transport system, no significant changes are observed. By contrast, Si
excluder plants tend to increase Si concentration in the uptake solution.
Most monocots, e.g. rice (Takahashi et al. 1990; Tamai and Ma 2003), wheat (Van der
Vorm 1980; Jarvis 1987; Rains et al. 2006), ryegrass (Lolium perenne) (Jarvis 1987;
Nanayakkara et al. 2008) and barley (Liang et al. 2006; Nikolic et al., 2007) and some
cyperaceous plants, take up larger Si amounts compared with other species, indicating
14
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involvement of an energy-dependent transport system. By contrast, most dicots take up
less Si following the concentration gradient (Takahashi et al. 1990). However, there are
some dicot species such as cucumber (Cucumis sativus) that take up Si more efficiently
(Liang et al. 2005), whereas tomato (Solanum lycopersicum) (Nikolic et al. 2007) and
bean (Phaseolus vulgaris) (Liang et al. 2005) exclude Si from uptake.
Energy-dependent and energy-independent Si uptake processes can coexist in Si
accumulator species such as rice, maize and in intermediate type species such as
sunflower (Helianthus annuus) and wax gourd (Benincasa hispida), with their relative
contribution being dependent upon plant species and external Si concentrations (Liang
et al. 2006). In addition, Van der Vorm (1980) suggests that plants may show a gradual
transition from an energy-dependent uptake to Si exclusion as the external Si
concentration rises. Similarly, a study on Si uptake in banana (Musa spp.) showed that
uptake occurred essentially by an energy-independent transport system at the highest Si
supply (Henriet et al. 2006); nevertheless, at lower Si concentrations, Si depletion in the
nutrient solution was demonstrated, suggesting the existence of an energy-dependent
process for Si transport. Neumann et al. (2002) proposed another mechanism of direct
Si absorption into the leaf vacuole by a process of endocytosis. Although the authors
found Si inside membrane invaginations and the vacuolar vesicles in leaf cells of Si
accumulator plants, further evidence is needed to confirm this supposition.
Other studies have confirmed that uptake of silicic acid implies an energy-dependent
process (Raven 2003; Tamai and Ma 2003; Mitani et al. 2005). Results of Raven (2001)
support the findings that the low permeability of the plasma membrane for silicic acid
could not explain the high Si concentration found in the rice shoots, thereby indicating
that Si uptake in this species requires metabolic control. Moreover, it has been
demonstrated that Si uptake can be significantly decreased by metabolic inhibitors such
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as NaCN and 2,4-dinitrophenol (2,4-DNP) and also by HgCl2, which is a specific
inhibitor of water channels (Ma et al. 2002; Tamai and Ma 2003; Liang et al. 2005;
Nikolic et al. 2007). For example, both 2,4-DNP and HgCl2 severely inhibited the
uptake and translocation of Si in rice, barley and cucumber, but in tomato both
inhibitors produced the reverse effect (Nikolic et al. 2007). Experimental results have
led to the supposition that Si uptake involves two components: a transporter mediated
component and diffusion (Mitani et al. 2005).
In addition, a kinetic study in rice indicated that Si uptake was mediated by a
transporter, which exhibited a low affinity for silicic acid (Tamai and Ma 2003). Also,
other studies have revealed that Si transport from the external solution to the cortical
cells in three species with different Si accumulation abilities (rice, cucumber and
tomato) was mediated by a transporter, which showed a similar affinity to silicic acid in
all species. However, differences in maximum velocity (Vmax) values for Si transport
suggest that the density of the Si transporter on the root cell membranes differs among
plant species (Mitani et al. 2005; Nikolic et al 2007). Likewise, kinetics of Si uptake in
two rice cultivars (Nipponbare and Kasalath) revealed a similar Michaelis constant (Km)
value in both varieties, suggesting that similar transporters involved in the Si uptake are
present in the roots of both varieties. However, the Vmax value was higher in cv.
Nipponbare than in cv. Kasalath, suggesting a greater abundance of transporters in the
Nipponbare cultivar (Ma et al 2007a).
All these findings support the view that Si uptake is brought out by both energydependent and energy-independent processes, which apparently involve the presence of
Si transporters. In some species Si transport is predominantly energy-independent,
whereas in others Si transport is mainly energy-dependent but despite this, both
processes can occur simultaneously in plants.
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2.3.1 Silicon transporters
Even though the process of Si uptake in plants is not yet fully understood, clarification
has been helped by the discovery of specific genes in gramineous species (Fig. 1). Thus,
recent studies have shown that plant Si accumulation is attributed to an efficient uptake
system mediated by influx and efflux transporters (Ma and Yamaji 2015; Vatansever et
al. 2017; Guo-chao et al. 2018). Accordingly, four membrane proteins that transport
silicic acid have been identified to date and are known as Lsi1 (or NIP2;1), Lsi2, Lsi3
and Lsi6 (or NIP2;2) (Ma et al. 2006; 2007b; Yamaji et al. 2008; 2009; Chiba et al.
2009; Mitani et al. 2009a; 2009b; 2011a; 2011b; Grégoire et al. 2012; Montpetit et al.
2012; Yamaji et al. 2012; 2013; Deshmukh et al. 2013).
The first approach to identify Si transporters was carried out on rice mutants defective
in Si uptake using map-based cloning. Accordingly, it was discovered that the uptake of
silicic acid from the external solution to the root cortical cells is a process carried out by
a Si influx transporter named Low silicon rice 1 (OsLsi1) (Tamai and Ma 2003; Ma et
al. 2006). Low silicon rice 1 gene (OsLsi1) was predicted to encode a membrane
channel that shows high homology with the nodulin-26 intrinsic protein (NIP), a
subgroup of plant aquaporins. The predicted amino acid sequence of OsLsi1 has six
transmembrane domains and two NPA (Asn-Pro-Ala) motifs, which are highly
conserved among aquaporins (Ma et al. 2006). NIPs subfamilies of aquaporins are
exclusive to plants and have been subdivided into three subgroups (NIP I, II, and III)
according to the sequence similarity of the aromatic/arginine (ar/R) selectivity filter,
which exerts a great influence on the substrate specificity (Wallace et al. 2004; Mitani et
al. 2008). NIPIII subgroup, which includes silicon influx transporters, has a distinctive
ar/R selectivity filter that consists of Gly (G), Ser (S), Gly (G) and Arg (R) and
generates a larger constriction pore compared with other NIP subgroups. This
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characteristic allows relatively large molecules, such as silicic acid to permeate the
channel (Wu et al. 2007; Mitani et al. 2011c).
The subsequent transport of silicic acid into the stele is mediated by a high-affinity
efflux transporter of silicic acid Lsi2 in rice (OsLsi2) (Fig. 1), which is driven by the
proton gradient (Ma et al. 2007b). Lsi2 belongs to a putative anion transporter family
containing 11 transmembrane domains (Ma et al. 2007b). A homolog of OsLsi1, named
OsLsi6 has also been identified in rice. Despite the fact that both Lsi1 and Lsi6 genes
code for the Si permeable channels, they play different roles in Si uptake. Thus, OsLsi6
is responsible for the export of silicic acid from the xylem and for subsequent Si
distribution into the shoots (Fig. 1) (Yamaji et al. 2008). Additionally, it was found that
OsLsi6 controls the inter-vascular transport of Si at the node, which is required for
preferential Si allocation to the panicles (Yamaji et al. 2009). Likewise, Lsi2 and Lsi3 (a
newly discovered efflux Si transporter) are also involved in Si transfer to the panicles in
rice (Yamaji et al. 2013). However, no further information is yet available concerning
the function of Lsi3 in plants.
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Figure 1. Model of Si uptake and transport mediated by Si transporters in different
gramineous species. Rice, maize and barley are Si-accumulator plant species that
exhibit distinctive Si uptake systems. In rice, Si (as monosilicic acid) is taken up from
external solution to the exodermis by the influx transporter OsLsi1 and it is then
released by an efflux transporter OsLsi2 to diffuse through the apoplast of the
aerenchyma. Successively, both OsLsi1 and OsLsi2 transfer Si from endodermis into
the stele. In barley and maize, Si can be taken up from external solution by epidermal
and cortical cells by influx transporters HvLsi1 and ZmLsi1. Thereafter, Si is
transported by the symplastic pathway to the endodermis (green arrow) and
successively released to the stele by the efflux transporter ZmLsi2 (maize) and HvLsi2
(barley). In all three plant species, Si is translocated by the transpiration stream to the
shoots via the xylem and unloaded into the symplast of xylem parenchyma cells by
another influx transporter, Lsi6. In shoots, silicic acid is transformed to amorphous
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silica (SiO2–nH2O), which is mainly accumulated in the cell walls of plant tissues.
Differences of root structures among species are also shown. Taken from Ma et al.
(2011) with the permission of Proceedings of the Japan Academy, Series B.
Gene expression analyses have shown that OsLsi1 and OsLsi2 genes are mainly
expressed in the roots of rice and their suppression caused a significant decrease in Si
uptake by rice roots (Table 1). Correspondingly, OsLsi1 and OsLsi2 have been shown to
be transcriptionally down-regulated by Si supply (Ma et al. 2002; 2006; 2007b);
however, an increase of expression level of OsLsi1 in Si treated plants was found by
Kim et al. (2014). Furthermore, genotypic differences in the Si accumulation resulted
from the difference in the expression levels of OsLsi1 and OsLsi2 genes in rice roots
(Ma et al. 2007b).
OsLsi6 is expressed in leaf sheaths, blades and root tips as well as and in nodes during
the reproductive growth stage (Yamaji et al. 2009). Like OsLsi1 and OsLsi2, OsLsi6
gene expression was also down-regulated by Si supply in the roots and leaf blades but
not in the leaf sheath (Yamaji et al. 2008). Furthermore, knockout of OsLsi6 does not
affect the uptake, but alters Si deposition in leaves (Yamaji et al. 2008).
Table 1 also shows the cellular localization of Si transporters. OsLsi1 and OsLsi2 are
polarly localized in the plasma membrane of the exodermal and endodermal cells,
where the Casparian strips are formed. Whereas OsLsi1 is localized to the distal side of
these two cell layers, OsLsi2 is localized on the proximal side (Ma et al. 2006; 2007b;
Yamaji and Ma 2007; 2011). By contrast, OsLsi6 is mainly localized in the adaxial side
of the xylem parenchyma cells of leaves as well as at the transfer cells with polarity
facing the vessel in node I, which is below the panicle (Yamaji et al. 2008; 2009).
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Table 1. Characteristics of Si transporters in different plant species.
Transporter

Plant species
Oryza sativa

Hordeum vulgare

Gene
OsLsi1

HvLsi1

Expression pattern
Roots
Down-regulated by Si
supply
Roots
Unaffected
supply

by

Si

Plasma membrane with polar
localization on the distal side of
epidermal,
hypodermal,
and
cortical cells.

Function

Reference
Ma et al. 2006a

Chiba et al. 2009

Unaffected
supply
Roots

by

Si

Plasma membrane with polar
localization on the distal side of
epidermal,
hypodermal,
and
cortical cells.

TaLsi1

Unaffected
supply

by

Si

Plasma membrane.

Montpetit et al. 2012

Cucurbita moschata

CmLsi1

Roots /Shoots

Plasma membrane of all root cells,
without polar localization.

Mitani et al. 2011a

Glycine max

GmLsi1
(GmNIP2;1)

Plasma membrane.

Deshmukh et al. 2013

Plasma membrane with polar
localization at proximal side of
both exodermis and endodermis of
the root cells.

Ma et al. 2007b

Roots
Lsi1

Cellular localization
Plasma membrane with polar
localization on the distal side of
both exodermis and endodermis of
the root cells.

Zea mays

ZmLsi1

Triticum aestivum

Silicon transport from the
external solution into root
cortical cells

Mitani et al. 2009a

Roots /shoots

Lsi2

Oryza sativa

OsLsi2

Hordeum vulgare

HvLsi2

Zea mays

ZmLsi2

Cucurbita moschata

CmLsi2

Down-regulated by Si
supply
Roots
Down-regulated by Si
supply
Roots
Down-regulated by Si
supply
Roots
Down-regulated by Si
supply
Roots /shoots

Plasma membrane of endodermis
root
cells,
without
polar
localization.

Silicon transport out of the
root cells towards the stele.

Mitani et al. 2009b

Plasma membrane of endodermis
root
cells,
without
polar
localization.

Mitani et al. 2009b

Not determined.

Mitani et al. 2011b
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Table 1. Characteristics of Si transporters in different plant species. (Continued)
Transporter

Plant species

Gene

Expression pattern

Roots / Shoots/
Node I
Oryza sativa

OsLsi6
Down-regulated by Si
supply

Lsi6

Hordeum vulgare

HvLsi6

Roots / Shoots/
Node I
Unaffected by Si supply

Roots / Shoots
Zea mays

ZmLsi6
Unaffected by Si supply

Glycine max
Horstail Major
intrinsic protein
(MIP) family

Equisetum arvense

GmLsi6
(GmNIP2;2)
Multigene family

Cellular localization
Plasma membrane with polar
localization on the distal side
of root cells.
Parenchyma cells with polar
localization on the side
adjacent to xylem vessels in
leaves.
Xylem transfer cells with
polarity facing toward the
xylem vessel.
Plasma membrane with polar
localization on the distal side
of root cells.
Parenchyma cells with polar
localization on the side
adjacent to xylem vessels in
leaves and also in the outer
parenchyma cells surrounding
the phloem.
Xylem transfer cells with
polarity facing toward the
xylem vessel.
Xylem parenchyma cells with
polar localization on the side
adjacent to vessels in leaves.
Without polar localization in
roots.

Function

Reference

Yamaji et al. 2008

Yamaji et al. 2009

Silicon transport out of the
xylem into the leaf tissues
Inter-vascular transfer of Si at
the node I, from the enlarged
vascular bundles coming from
the roots to the diffuse
vascular bundles connected to
the panicle in rice and barley.

Yamaji et al. 2012

Mitani et al. 2009a

Roots / Shoots
Plasma membrane.

Deshmukh et al. 2013

Unaffected by Si supply
Roots / Shoots,
depending on the gene

Not determined.

Not determined

Grégoire et al. 2012
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Homologs of rice Si transporters have also been identified in others plant species. They
differ in cellular localization and expression pattern, denoting that Si homeostasis is
differentially regulated. Lsi1 has been also isolated and characterized in maize (ZmLsi1)
(Mitani et al. 2009a), barley (HvLsi1) (Chiba et al. 2009) and wheat (TaLsi1)
(Montpetit et al. 2012) as well as in two dicot species: pumpkin (CmLsi1) (Mitani et al.
2011a) and soybean (Deshmukh, et al. 2013). Unlike OsLsi1, both ZmLsi1 and HvLsi1
showed polar localization at the distal side of epidermal, hypodermal and cortical cells
(Chiba et al. 2009; Mitani et al. 2009a) (Table 1). Conversely, the pumpkin transport
CmLsi1 is localized at all root cells with no polarity. However, when the corresponding
gene CmLsi1 was expressed in rice, it showed polar localization at the distal side of
plasma membrane of both the exodermis and endodermis similar to OsLsi1 (Mitani et
al. 2011a). Like OsLsi1, expression analysis showed that HvLsi1, ZmLsi1 and TaLsi1
were mainly detected in roots but their expression level was not affected by Si supply
(Chiba et al. 2009; Mitani et al. 2009a; Montpetit et al. 2012). Nevertheless, Bokor et al.
(2014) recently found that ZmLsi1 was down-regulated by Si application. GmNIP2;1
was expressed in both roots and shoots of soybean and it was down-regulated by Si
(Deshmukh et al. 2013). Likewise, CmLsi1 was expressed in both roots and shoots of
pumpkin and its functional characterization showed that a mutation in only one amino
acid residue of the Lsi1 is probably the cause of the difference in Si uptake between two
pumpkin cultivars (Mitani et al. 2011a).
Additionally, a multigene family of aquaporin Si transporters has been identified in the
horsetail (Equisetum arvense), which is one of the major Si accumulator in the plant
kingdom and requires Si for survival (Hodson et al. 2005; Grégoire et al. 2012). A
comparison of functional domains and phylogenetic analysis of sequences revealed that
the horsetail proteins belong to a different group than Si transporters of vascular plants.
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Interestingly, some of these horsetail Si transporters exhibit a higher Si transport
activity than those of rice (Grégoire et al. 2012). However, neither the specific function
of each gene or their localization at the cellular level has been investigated yet.
Following identification of homologs of Lsi1, homologs of Si efflux transporters Lsi2
have also been found in maize (ZmLsi2) (Mitani et al. 2009b), barley (HvLsi2) (Mitani
et al. 2009b) and pumpkin (CmLsi2) (Mitani et al. 2011b). It has been reported that
unlike OsLsi2, maize and barley Lsi2 are only present in the endodermis of roots
without polarity (Table 1). The encoding genes ZmLsi2 and HvLsi2 are mainly
expressed in the roots. In these plant species the expression of Lsi2 was down-regulated
in response to Si supply, in contrast to ZmLsi1 and HvLsi1 (Mitani et al. 2009b; Bokor
et al. 2014) (Table 1). Moreover, Lsi2 is expressed in both roots and shoots of pumpkin
(Mitani et al. 2011b), which is different from the pattern expression of monocots
species. In addition, a study revealed that the genotypic variation in Si uptake among
barley cultivars is a consequence of the difference in the expression level of only
HvLsi2; which differs from that reported in rice (Mitani et al. 2009b).
The gene encoding the Lsi6 transporter has also been characterized in barley (HvLsi6)
(Yamaji et al. 2012), maize (ZmLsi6) (Mitani et al. 2009a) and soybean (GmNIP2;2)
(Deshmukh et al. 2013). Similarly to Lsi6 of rice, HvLsi6, ZmLsi6 and GmNIP2;2 were
also expressed in both roots and shoots (Table 1). As in rice, GmNIP2;2 was downregulated by Si supply, but the expression pattern of HvLsi6 and ZmLsi6 was unaffected
(Mitani et al. 2009a ; Yamaji et al. 2012; Deshmukh et al. 2013) (Table 1). Likewise,
Bokor et al. (2014) found that Si addition did not affect the expression level of ZmLsi6
in the first leaf of maize plants but was up-regulated in the second leaf. Additionally,
ZmLsi6 and HvLsi6 transporters showed polar localization in the parenchyma cells
adjacent to xylem vessels in leaves, similar to OsLsi6 (Mitani et al. 2009a; Yamaji et al.
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2012). Nevertheless, only HvLsi6 was detected in the outer parenchyma cells
surrounding the phloem area (Yamaji et al. 2012). Similarly to OsLsi6, HvLsi6 is also
localized at the xylem transfer cells, indicating its involvement in the intervascular
transfer of Si (Yamaji et al. 2012).
The effect of abiotic stress on gene expression of Si transporters has also been studied.
Accordingly, expression of OsLsi1 and OsLsi2 is rapidly decreased by both dehydration
stress and exogenous ABA treatment (Yamaji and Ma 2007; 2011). On the other hand,
suppression and overexpression of OsLsi1 induced differential expression of genes
associated with tolerance to UV-B radiation (Fang et al. 2011). Recently, it has been
found that Si supply increase the expression of OsLsi1 and OsLsi2 genes under
cadmium (Cd) and copper (Cu) toxicities in rice plants (Kim et al. 2014). By contrast,
the expression level of both ZmLsi1 and ZmLsi2 was down-regulated in maize roots
subjected to Zn and Si supply, while an increase of ZmLsi6 expression level was
observed in shoots (Bokor et al. 2014).
Even though these findings have contributed substantially to understanding the uptake
and transport of Si by plants, only four Si transporters have been fully characterized in
a small number of plant species. Moreover, there is little information available about the
response of these transporters in plants subjected to stress. Variations in localization,
expression or activity of Si transporters could explain the dissimilar Si concentrations
among plant species, and consequently differences in Si-induced responses to cope
with abiotic and biotic forms of stress.
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2.4. Silicon and mineral stress under acidic conditions
Uptake of mineral nutrients by plants depends not only on the presence or amounts of
soil nutrients but also on the forms in which these nutrients occur in the soil and their
accessibility to plant roots (Marschner 1997; Mengel and Kirkby 2001). Many factors
can influence nutrient uptake by plants, e.g. root development, external pH, nutrient
interaction with soil components (e.g. adsorption), as well as specific interactions
between one nutrient and another (Robson and Pitman 1983). These interactions which
are nutrient specific can affect uptake, distribution and function. They can induce both
deficiencies and toxicities but on the other hand have a synergistic effect on plant
growth (Marschner 1997). In this respect Si is able to enhance the availability of several
mineral elements in the soil-plant system through complex interactions which in turn
control plant growth and development. Most of the beneficial effects of Si on vascular
plants have been attributed to a higher accumulation of this element in different tissues.
We believe that a study of the mechanisms underlying Si uptake and transport in plants
is a crucial area of research that could lead to elucidating the role of Si in mitigating
mineral stress under conditions of soil acidity.
Soil acidity is one of the main problems that limits agricultural production on a global
scale (Kochian et al. 2004). Acidification is a natural process in soils, mainly caused by
excessive rainfall, which results in the leaching of basic cations held on exchange sites
in the soil. These bases can also be released by exchange with H+ excreted from plant
roots during nutrient uptake (Mora et al. 2006). The acidification process can be
accelerated by some agricultural practices e.g. by the excessive use of acidifying
fertilizers (Mora et al. 1999) and use of legumes as a source of N (Bolan et al. 1991).
Under acid soil conditions, large and toxic concentrations of Al and Mn can become
plant available and a decrease in availability of some essential nutrients such as P, Ca,
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Mg and K can occur (Mora et al. 1999; Bolan et al. 2003; Mora et al. 2006). As reported
below, it has been demonstrated that Si can ameliorate the deleterious impacts of P
deficiency, as well as the negative effects of metal toxicity derived from Mn and Al by
either internal (plant related) or external (soil related) mechanisms. As a consequence,
the productivity of key crops growing in acidic soils might thus be improved, and Si
transporters could be used as a strategic tool to enhance plant tolerance to mineral stress
and to stimulate further research. Here it would be necessary to: (i) identify and
characterize Si transporters in other plants than those already studied; (ii) identify and
characterize novel Si transporters, (iii) investigate the mechanisms involved in the
regulation of sensing, signal transduction and gene expression of these transporters, and
(iv) establish possible, if any, relationship between Si transporters and their influence on
plant mineral stress (Fig. 2).
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Figure 2. Overview of Si uptake and its role in plants under acidic conditions. Silicon
transporters are shown in colored circles; dashed arrows indicate research areas that still
remain to be investigated.

2.4.1. Phosphorus deficiency
Phosphorus is an important nutrient required by plants because it is a key component of
molecules such as nucleic acids, phospholipids and ATP. Thus, P plays important roles
in many plant processes such as energy metabolism, photosynthesis, respiration,
enzyme reactions and in the regulation of metabolic pathways (Schachtman et al. 1998).

In acid soils, phosphate ions may be specifically adsorbed on the surfaces of clay
minerals and iron (Fe) or Al oxides (Hingston and Raupach 1967; Ryden et al. 1977).
This sorption is also controlled by inorganic anions and organic matter in soils (Parfitt
1978). As a consequence of these adsorption reactions, P availability to plants is
decreased (Vance et al. 2003). Interactions between Si and P in soil have been studied
as silicate application to soil reduces phosphate adsorption thereby increasing its
availability which has been attributed mainly to competition between silicate and
phosphate ions for the adsorption sites of various soil constituents (Obihara and Russell
1972; Pardo and Guadalix 1990; Lee and Kim 2007).
In contrast to these findings some studies have demonstrated that P availability in soil is
not increased by Si addition (Ma and Takahashi 1990a; 1991). Different experimental
conditions could be an important reason for such varied and even contradictory
conclusions. Nevertheless, under acidic soil conditions, an indirect effect of raising P
availability and utilization by Si supply could be expected due to lower solubility and
uptake of metals (e.g. Mn, Fe, Al and Cd) (Ma and Takahashi 1990a; Liang et al. 2005).
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The ability of silicate to compete with phosphate is highly pH-dependent because silicic
acid is weakly dissociated below pH 9.0 (Dietzel 2000), which limits its effectiveness as
competitor in the pH-range of most soils. Therefore, P adsorption would be expected to
be much greater than that of Si in acid soils as the pKa value of orthosilicic acid is much
higher than that of orthophosphoric acid (9.8 and 2.1, respectively). This statement is
supported by the results of Lee and Kim (2007), who showed that with increasing pH,
phosphate adsorption decreased and silicic acid adsorption increased. In addition, Lee et
al. (2004) found that increasing silicate concentrations augmented phosphate desorption
in two soils, but at pH values ranging from 7 to 9. However, Owino-Gerroh and Gascho
(2004) demonstrated that application of sodium silicate to acid soils reduced phosphate
adsorption as a result of an increase in soil pH. Consequently, an enhancement of soil P
availability was triggered by Si, which further improved the plant growth probably by
increasing P uptake when Si concentration was high in solution. De and Datta (2007)
have also demonstrated that Si can reduce P adsorption in acid soils, and Hartono
(2008) showed that the application of calcium silicate to Andisols could increase P
availability in the soil.
The first evidence of the beneficial effect of Si fertilization on P status in plants came
from a 14-year field experiment conducted at the Rothamsted Experimental Station;
when P fertilizers were not applied, yield of barley from a field fertilized with Si was
higher than in a field without Si amendment (Fisher 1929). The direct (in planta) effect
of Si under P deficiency was earlier attributed to enhanced plant P utilization by
increased phosphorylation and distribution of phosphate esters (Cheong and Chan 1973).
Very recently, increased exudation capacity of citrate and malate for P mobilization in
the rhizosphere, along with an increased expression of transcripts (TaMATE1 and
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TaALMT1) related to the organic anion efflux transports, has been reported in the roots
of Si-treated wheat plants grown under low P conditions (Kostic-Kravljanac, 2015).

2.4.2. Aluminium and manganese toxicities
Aluminium (Al) and manganese (Mn) are considered the most important factors that
limit plant growth in acid soils (Foy 1984; Rengel 2000; Kochian et al. 2004).
Aluminium is not a plant nutrient nor does it have any known function in metabolism
(Arunakumara et al. 2013). For a few plant species, however, it has been shown to have
a beneficial effect on growth at low concentration (Broadley et al. 2012). By far the
predominant effect of Al is its toxic effect in soils of low pH. By contrast, Mn is an
essential micronutrient that plays an important role in metabolic processes such as
photosynthesis, respiration, and biosynthesis of proteins and carbohydrates in vascular
plants (El-Jaoual et al.1998).
Aluminium occurs in different forms in soil depending on pH. Similarly, Mn speciation
is not only affected by pH, but also by redox conditions (Kochian et al. 2004).
Aluminium mostly forms insoluble oxides and complex aluminosilicates (AS) at pH
values greater than 5.0. At lower pH values, Al is solubilized to the monomeric form of
Al3+, which is highly toxic to plants (Kochian et al. 2004; Ryan and Delhaize, 2010).
Likewise, in acid soils, an excess of Mn2+ in solution is to be expected (Rengel 2000).
Aluminium toxicity gives rise to a rapid inhibition of root growth as well as disruption
of structure and/or functions of the cell wall (Horst et al. 2010), plasma membrane
(Yamamoto et al. 2001), signal transduction pathways (Goodwin and Sutter 2009), and
nutrient homeostasis (Delhaize and Ryan 1995). Manganese toxicity may depress
photosynthesis as well as the uptake, translocation and utilization of other mineral
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elements (Ryan and Delhaize 2010). In addition, numerous studies have shown that Al
and Mn toxicities can also induce the formation of reactive oxygen species (ROS), and
thus trigger oxidative stress in plants (Darkó et al. 2004; Mora et al. 2009; Cartes et al.
2012; Ribera et al. 2013).
Beneficial effects of Si on Al toxicity have been found in soybean (Baylis et al. 1994),
barley (Hammond et al. 1995), sorghum (Hodson et al. 1993) maize (Corrales et al.
1997), wheat (Zsoldos et al. 2003), rice (Singh et al. 2011), and also in some conifers
(Hodson et al. 1999). Different mechanisms have been hypothesized to be responsible
for lower Al uptake by roots as a consequence of Si addition. In a comprehensive
review on this subject, Cocker et al. (1998a) suggested that Si can decrease the toxic
effects of Al by three possible mechanisms that implicate: (i) an increase in pH solution
induced by Si-sources, (ii) the reduction of Al availability or (iii) an internal plant
detoxification. Decrease of Al uptake due to Si application has been related to the
formation of complexes of hydroxyaluminosilicates (HAS) in the external solution.
Barceló et al. (1993) suggested that Si could alleviate the toxic effects of Al in maize,
probably by significantly decreasing the Al3+ concentration in the growth media.
Similarly, Ma et al. (1997) observed that the concentration of Al+3 in culture solution
was strongly reduced when Si was applied. Moreover, many studies propose that Al-Si
interactions within plants could also play an important role in the amelioration of Al
toxicity. Although Cocker et al. (1998b) found that Si significantly diminished Al
toxicity in two wheat cultivars, Si neither reduced the toxic levels of Al species in the
external medium, nor the amount of Al taken up by roots. They therefore suggested that
a plant component may be involved in the mechanism that underlies such amelioration.
This component appears to be mainly related to the formation of AS or HAS into the
cell walls. In this regard, Corrales et al. (1997) found that maize plants pretreated with
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Si showed a lower Al uptake as well as Al exclusion from the roots. In this study the
observed decrease in Al toxicity was not a consequence of a reduction of Al availability
in the solution. Likewise, Si treatment did not affect Al concentration in the nutrient
solution, but led to the formation of HAS in the root apoplast, alleviating Al toxicity in
maize (Wang et al. 2004). In addition, Zsoldos et al. (2003) showed that Al-Si
interactions within the roots enabled wheat plants to overcome Al toxicity. Prabagar et
al. (2011), using suspension cultures of Norway spruce, found a lower concentration of
free Al in the cell wall, which was mainly attributed to the formation of AS complexes.
It has also been reported that Si addition increased chlorophyll and carotenoid contents
in leaves, thus reducing Al toxicity symptoms in rice (Singh et al. 2011).
Cocker et al. (1998a) also mentioned in their review that malate or other organic
compounds secreted into the bulk and the cell walls of the roots could promote the
formation of AS and HAS. However, further studies have evaluated the role of root
exudation of organic compounds as a mechanism of Si-induced alleviation of Al
toxicity. For instance, Si has been found to enhance the root concentration of succinate
and both root and shoot concentrations of malate in Al-exposed maize plants (Barceló et
al. 1993), thereby suggesting that Al chelation by malate is one of the mechanisms for
the Si amelioration effects. By contrast, Si did not affect the exudation of low molecular
weight organic acids by roots of wheat (Cocker et al. 1998b) and maize (Kidd et al.
2001; Wang et al. 2004); however, an increased exudation of phenolic compounds was
observed leading to Al detoxification (Cocker et al. 1998b; Kidd et al. 2001). Likewise,
Si counteracted the negative impacts of Al in borago (Borago officinalis) by enhancing
phenolic compounds and decreasing lipid peroxidation (Shahnaz et al. 2011).
Silicon has been reported to increase the tolerance to Mn toxicity in some plant species
by different mechanisms, including the interaction between Si and Mn in the cell walls,
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as well as by the stimulation of the antioxidant system. For instance, in rice (Horiguchi
1988; Ma and Takahashi 1990a) and sorghum (Galvez et al. 1989) Si supply decreased
the uptake of Mn. However, in barley (Horiguchi 1987), rice (Horiguchi 1988) and bean
(Horst and Marschner 1978) Si did not substantially affect Mn uptake, but prevented the
uneven distribution of Mn in the tissues, thus ameliorating the symptoms of Mn toxicity
in leaves. Moreover, Horst et al. (1999) demonstrated that Si application reduced
apoplastic Mn concentrations due to Si-induced alterations of Mn-binding properties of
the cell wall. Similarly, Iwasaki et al. (2002) showed that Si enhanced Mn tolerance by
reducing Mn concentration in the leaf apoplast of cowpea. Based on Mn concentration
in both symplast and apoplast of cucumber leaves, Rogalla and Römheld (2002)
reported that Si-mediated tolerance of Mn as a consequence of Mn-Si interactions in the
apoplast. Thus, both a stronger binding of Mn to cell walls was generated and a lower
Mn concentration within the symplast was found. However, the Si-mediated strong
binding of Mn to the cell walls was only detectable in the plants grown with a
simultaneous supply of Si and high Mn concentrations in the nutrient solution (Rogalla
and Römheld 2002), whereas the cation exchange capacity of the leaf cell wall material
obtained from the high Mn-treated cucumber plants was not affected by supply of Si to
roots (Dragisic Maksimovic et al. 2012). Moreover, studies in cowpea suggest that the
alleviation of Mn toxicity could not be attributable only to a decrease in free leaf
apoplastic Mn through its enhanced cell-wall binding capacity in Si-treated plants
(Iwasaki et al. 2002; Führs et al. 2009). Additionally, it has been shown that Si was able
to ameliorate Mn toxicity in pumpkin through the binding of Mn to Si around the base
of trichomes on the leaf surface (Iwasaki et al. 1999). Sequestration of Mn into the
vacuoles might play an important role in Si-mediated Mn tolerance in some plant
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species (e.g., bean) (Horst and Marschner 1978), but again this mechanism has not been
observed in others (e.g., cowpea) (Horst et al. 1999).
More recently, it has been demonstrated that Si also plays an important role on plant
antioxidant system, especially under stress conditions. Silicon-mediated alleviation of
Mn toxicity decreased the oxidative damage of biological membranes by regulating the
activities of antioxidant enzymes and/or the concentration of antioxidants compounds in
plants such as cucumber (Shi et al. 2005; Feng et al. 2009; Dragisic Maksimovic et al.
2012) and rice (Li et al. 2012). The addition of Si indirectly decreased the accumulation
of hydroxyl radicals in the leaf apoplast of cucumber with excess Mn by decreasing the
free apoplastic Mn2+ (a Fenton catalyst), while adding monosilicic acid to the
Mn2+/H2O2 reaction mixture did not directly affect the Fenton reaction in vitro (Dragisic
Maksimovic et al. 2012).
Dragisic Maksimovic et al. (2007) showed that the concentrations of phenolic
compounds, such as coniferyl alcohol and coumaric and ferulic acids, in the leaf
extracts tended to be lower in Si-treated plants at high Mn supply. On the other hand,
application of Si induced a significant increase in the concentrations of chlorogenic and
caffeic acids in the leaf extracts of high-Mn-treated plants. Peroxidase (POD) and
polyphenoloxidase (PPO) activities were enhanced by the high Mn supply in both root
and leaf extracts, while the root application of Si decreased POD and PPO activities in
both roots and leaves. The results of Dragišic Maksimovic et al. (2007) in cucumber and
Führs et al. (2009) in cowpea suggested that Si nutrition modulated the metabolism and
utilization of phenols mainly at the leaf level by stimulating the formation of Sipolyphenol complexes. Concomitantly, lower concentrations of phenolic compounds
available to act as substrates for PPO and POD in Si-treated Mn-stressed plants may
thus be responsible for depressing the generation of ROS.
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2.5. Conclusion and perspectives
Current knowledge of the uptake, transport and accumulation of Si has increased
understanding of the beneficial effects of this element in vascular plants. Accordingly, it
has been demonstrated that Si acquisition by plants growing in soil is attributed to an
effective uptake system mediated not only by diffusion of Si from the bulk soil to the
root surface but also by transporters within the plant. Such transporters coordinate Si
transport from soil to roots as well as Si distribution within the plant. To date only four
Si transporters have been identified in a few plant species, and little is known about the
response of Si transporters under stress conditions. Further work should therefore be
focused on the cloning of genes involved in Si uptake and transport from other plant
species as well as on the identification and characterization of novel Si transporters.
Furthermore, more studies are needed to elucidate the mechanisms involved in the
regulation of sensing and signal transduction pathways and gene expression of these
transporters.
A comprehensive understanding of Si uptake and transport provides an attractive
opportunity to optimize the Si uptake system by either plant breeding or agronomic
management, with consequent enhancement of productivity of key crops growing under
mineral stress. Thus, the incorporation of Si into acid soils and its subsequent uptake
could be envisaged as a potential strategy to overcome the negative effects produced by
either Al and/or Mn excess as well as by P deficiency, which commonly coexist in acid
soils limiting agricultural production on a global scale.
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Abstract

Silicon (Si) is recognized as a beneficial element for vascular plants that increases the
plant stress tolerance. Ryegrass, a forage species of great interest in Southern Chile, is
able to accumulate relatively high Si concentrations. However, neither the uptake
mechanisms have been characterized nor the transporters that mediate these processes
have been identifying yet. In this study, we first analyzed the concentration- and timedependent kinetics of Si uptake in two ryegrass (Jumbo and Nui.) cultivars. To examine
the concentration-dependent kinetics, plants were cultivated at five Si doses (0, 0.5, 1.0,
2.0 or 4.0 mM Si), and harvest was performed at 24 hours and 21 days after the
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initiation of treatments. To evaluate the time-dependent kinetics, plants were grown
under 0, 0.5 or 2 mM Si doses during 0, 3, 6, 9, 12 and 24 hours. Both kinetics
experiments showed differences in Si accumulation between cultivars; however, these
variations were only observed at the short-term. Lineweaver-Burk linearization showed
differences in Km values between Jumbo and Nui, but similar values of Vmax.
Subsequently, based on sequence homology approach, two putative Si transporter
genes, LpLsi1 and LpLsi2, were identified. These genes shared high sequence similarity
with their homologues in vascular plants. Conserved domains characterizing Si
transport activity including the aromatic/arginine (Ar/R) selectivity filter, two Asn-ProAla (NPA) motifs and the spacing between NPA domains, were found in the deduced
amino acid sequence of LpLsi1. In addition, a gene expression analysis showed that
both LpLsi1 and LpLsi2 were only expressed in roots, and the expression level was
down-regulated by Si supply.

Our findings confirm the presence of putative Si

transporters in ryegrass. The assessment of Si uptake kinetics and the identification of
these Si transporters genes provide new evidence about the Si accumulation ability of
ryegrass.

Keywords: Silicon uptake; kinetics; Lsi-genes; gene expression; Lolium perenne L.

3.1 Introduction
Silicon (Si) is an abundant and differentially distributed element in soils that is proven
to have multiple biological functions in plants as response to several environmental
stressors. Accordingly, Si is regarded as a beneficial element that improves plant
tolerance to biotic stresses such as pathogen infections and insect pests (Fauteux et al.
2005; Romero et al. 2011), as well as abiotic detrimental conditions including drought
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(Hattori et al. 2005; Gong et al. 2005; Hosseini et al. 2017), UV-B radiation, high and
low temperatures (Ma 2004; Liang et al. 2015), salinity (Ahmad et al. 1992; Zhu et al.
2004; Liang et al. 2007; Rios et al. 2017), metal toxicity and nutrient imbalance (Wu et
al. 2013; Adrees et al., 2015; Liang et al., 2015; Pontigo et al. 2015; Tripathi et al.,
2015, 2016; Pontigo et al. 2017; Ribera et al. 2018)
The positive effects of Si have been mostly associated to a high Si accumulation
capacity by plants. However, the benefits of Si and its essentiality continue under
debated because of there is an uneven distribution of this element within the plant
kingdom (Hodson et al. 2005). Silicon is taken up in the form of uncharged molecule of
silicic acid (H4SiO40), and then it is accumulated in a range from 0.1 % to 10 % of the
dry mass depending on the plant species/ genotype (Epstein 1994; Ma and Takahashi,
2002). The species with high Si concentrations in their tissues are mostly monocots,
which accumulate up to 10% on dry weight basis, whereas dicots usually accumulate
less than 0.1%.
A better understanding of the mechanisms mediating Si uptake, transport and
accumulation in plants was achieved after Si transporters were discovered in rice (Ma et
al. 2006, 2007b). Current evidence shows that Si accumulation results from an efficient
uptake system mediated by transporter proteins that exert coordinated functions for
effective Si transport from soil to roots as well as its distribution within the plant (Ma
and Yamaji 2015; Pontigo et al 2015; Guo-chao et al. 2018). Four genes encoding Si
transporters have been identified in vascular plants, known as Lsi1 (or NIP2;1), Lsi2,
Lsi6 (or NIP2;2) and Lsi3 (Ma et al., 2011; Yamaji et al., 2013). Both Lsi1 and Lsi6
function as Si influx transporters and belong to the Nodulin 26-like major intrinsic
proteins (NIP III), a subgroup of aquaporins (Gomes et al., 2009; Deshmukh and
Bélanger, 2015). The membrane channel Lsi1 facilitates the passive transport of Si from
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the external solution to the root cells, whereas Lsi6 has been implicated in unloading Si
from the xylem to the shoots and in the inter-vascular transfer of Si (Ma et al., 2006;
Yamaji et al., 2009). On the other hand, Lsi2 and Lsi3 are active efflux Si transporters
energetically driven by a proton gradient that belong to the less-studied family of
putative anion transporters (Ma et al., 2007b; Yamaji et al., 2011). Lsi2 releases Si into
the xylem (Ma et al., 2007b), and recently it has been found that both Lsi2 and Lsi3 are
also involved in Si transfer to the panicles in rice (Yamaji et al., 2015).
To date, Si transporters have been identified in rice (OsLsi1; OsLsi2: OsLsi3; OsLsi6),
maize (ZmLsi1; ZmLsi2; ZmLsi6), barley (HvLsi1; HvLsi2; HvLsi6) and wheat
(TaLsi1) (Chiba et al. 2009; Grégoire et al. 2012; Ma et al. 2006a; 2007b; Mitani et al.
2009a; 2009b; Montpetit et al. 2012; Yamaji et al. 2008; 2009; 2012; 2013). Among
dicots, pumpkin (CmLsi1; CmLsi2), soybean (GmLsi1; GmLsi6), cucumber (CsLsi1;
CsLsi2; CsLsi6), potato (StLsi1; StLsi2) and strawberry (FaLsi1; FaLsi2) have also
been found to have Lsi-like genes (Mitani et al. 2011a; 2011b; Deshmukh et al. 2013;
Wang et al. 2014; Vulavala et al. 2015; Ouellette et al. 2017; Sun et al. 2018). Although
all these transporters appear to be keys for plants to get benefit from Si nutrition, little is
known about the response of Si transporters under stress conditions, and the
mechanisms responsible for Si uptake and transport in other species remain poorly
understood.
Ryegrass (Lolium perenne L.), a dominant forage grass species in Southern Chile,
belongs to the Si-accumulating group species (Jarvis, 1987; Nanayakkara et al., 2008).
Even though our previous studies have demonstrated that Si uptake reduced the
deleterious effect of Al toxicity as well as soil acidity in ryegrass (Pontigo et al, 2017;
Ribera-Fonseca et al. 2018), little is known about the mechanisms implicated in the
uptake and transport of Si in this crop. Moreover, the transporters involved in such
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processes in ryegrass have not been characterized yet. Thus, this study aimed to
characterize the Si uptake system of ryegrass through the molecular cloning and gene
expression pattern of Si transporters genes.

3.2 Material and Methods
3.2.1 Plant materials and growth conditions
Ryegrass seeds were soaked with 2% v/v sodium hypochlorite for 10 minutes, washed
repeatedly with distilled water and then germinated in plates on moist filter paper in a
growth chamber at 21°C. After 10 days, seedlings were transferred into 9-L plastic pots
filled with a continuously aerated basal nutrient solution as described by Taylor and Foy
(1985). Plants were grown in a greenhouse under controlled conditions (16 h/8 h (l/d)
photoperiod at 20 °C and 70-80% relative humidity). During the growth period, the pH
of the solution was adjusted daily to 4.5 with dilute HCl and/or NaOH.

3.2.2 Kinetics of Si uptake
Two Si uptake hydroponic assays were performed by using ryegrass cultivars (Jumbo
and Nui). In both experiments, Si treatments were initiated by adding sodium silicate
(Na2SiO3) as Si source 10 days after plants grown in nutrient solution.
To examine the concentration-dependent kinetics of Si uptake, plants were cultivated
with five Si doses (0, 0.5, 1.0, 2.0 and 4.0 mM Si). Plant samples were harvested 24
hours and 21 days after the initiation of treatments.
To evaluate the time-dependent kinetics of Si uptake, plants were grown under 0, 0.5 or
2 mM Si doses during 0, 3, 6, 9, 12 and 24 hours.
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The experimental design of both assays considered three replicates per treatment in a
completely randomized design. At the end of the experiments, shoots and roots
harvested and subsamples of fresh material were dried at 65°C for 48 h to determine dry
weight (DW) and the mineral concentration of Si. In addition, plant samples were
collected from the time-dependent kinetics assay for molecular analyses as detailed
below.

3.2.3 Plant Si concentration
Analysis of Si was performed as described by Pavlovic et al. (2013) with slight
modifications. Briefly, dried plant samples (0.1 g) were digested with 5 mL
concentrated nitric acid (HNO3) on a hot plate at 70°C for ~5 h. Samples were diluted
with 10mL distilled water, transferred into 25-mL plastic flasks to which 1mL
hydrofluoric acid (HF, 40%) was added, and left overnight. At the next day, 5 mL 2%
(w/v) boric acid (H3BO3) was added to eliminate HF excess, and the flask volume was
adjusted to 25 mL with distilled water. Concentration of Si was determined by flame
atomic absorption spectrophotometry (FAAS) at 251.6 nm. Two reference samples were
included in each analytical run.

3.2.4 Isolation and characterization of Si transporters genes from ryegrass
Total RNA was extracted from roots using the NucleoSpin® RNA Plant Kit (MachereyNagel GmbH and Co. KG, Düren, Germany). First strand cDNA was synthesized from
1 μg of total RNA using SuperScript™ First-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, California, USA) following the manufacturer's recommendations.
Multiple sequence alignment between the Lsi1 gene (OsLsi1, accession number

43

Chapter III: Silicon uptake by ryegrass
AK069842) and the other members of NIPIII group allowed to detect conserved regions
which were used to design primers potentially able to anneal with a putative ryegrass
homologue. Similarly, primers for Lsi2 gene were obtained by analyzing a sequence
alignment between (OsLsi2, accession number AB222273.1) and Lsi2 from other plants
species. Primers for each gene were designed using Primer3 version 0.4.0 program and
primer BLAST tool (Table 1).
Each PCR reaction was performed using cDNA of ryegrass roots as follows: 2 min at
95°C of initial denaturation, 30 cycles of 30 s at 95°C of denaturation, 30 s at 53-60 °C
of annealing and 1 min at 72 °C of extension, followed by 5 min at 72 °C for a final
extension. The purification and sequencing of PCR products were carried out through
Macrogen Inc. sequencing Service (Korean Biotechnology Company). A 556 bp and
579 bp amplicons corresponding to the internal position of putative ryegrass Si
transporters genes Lsi1 and Lsi2, respectively, were obtained.
In order to obtain the complete reading frame (ORF) of LpLsi1 and LpLsi2 genes, both
3’- and 5’- rapid amplification of cDNA ends (RACE) was conducted using the
SMARTer RACE 5’/3’ Kit (Clontech® Laboratories, Inc). RACE-PCR reactions were
performed using 3’- and 5’-RACE-Ready cDNA according to the following thermal
cycling: 30 cycles of 30 s at 95°C of denaturation, 30 s at 68°C of annealing and 3 min
at 72ºC of extension. Several control reactions were included in the RACE-PCR
reactions such as: i) a negative control using the universal primer mix (UPM) alone to
amplify the cDNA, ii) a negative control using each GSP by itself, iii) a positive control
using the 5’- and 3’-RACE-Ready cDNA made from mouse heart total RNA, and iv) a
negative control of PCR reaction. Amplified fragments were purified and cloned into
the linearized pRACE vector with In-Fusion HD Cloning kit (Clontech Laboratories,
Inc.). The ligated plasmids were transformed into Stellar Competent Cells (Clontech
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Laboratories, Inc.), and the transformants were selected on Luria-Bertrani (LB) agar
plates containing 100 µg mL-1 of ampicillin. Independent clones were designated, and
plasmid DNA was isolated using UltraClean Standard Mini Plasmid Prep Kit (MoBio
Laboratories, Inc.). All sequences were confirmed by sequencing.

Table 1. List of primers used for molecular cloning and characterization of putative
LpLsi1 and LpLsi2.
Name

Sequence 5’→ 3’

Homolog screening
1-Fw

AACAAACTCCAGGGCGAACTAC

1-Rv

AAATTGCCCCTGCGAAGATGGA

2-Fw

AACCTGGTCATCGCCTTCAATAGC

2-Rv

GTACGTTTGATGCGAGGTTGGAGA

5’/3’ RACE procedure
GSP-A5’RACE

GATTACGCCAAGCTTGGAGCACTGCCTTGAGCACGAAGGAC

GSP-A3’RACE

GATTACGCCAAGCTTTCGCCGTCTTCCGGCATTTCCCA

GSP-C5’RACE

GATTACGCCAAGCTTAGACGAGCAGCGAGTACGACACCTTCAC

GSP-C3’RACE

GATTACGCCAAGCTTGCGTCCCTCAAGAGCCCGCTCAA

PCR full-length cDNA
Lsi1v-Fw

CTAATACGACTCACTGTGTGCAAGTTCGTGGTCGGAAATG

Lsi1v-Rv

GATTACGCCAAGCTTACAGGCCAAGAGAGCGAGAGCAATC

Ls2v-Fw

CTAATACGACTCACTTGGCCTTCGCGGTGTTCTGGATG

Lsi2v-Rv

GATTACGCCAAGCTTATGCCTACGGCGGTGACGATGA

Expression analyses
LpLsi1-Fw

ACGCCCAGCATGTACTACAAC

LpLsi1-Rv

TCATGAACACCAGCAGGAAC

LpLsi2-Fw

CTCTGCATGTACTGGAAGGAC

LpLsi2-Rv

GTTGAGAGGGTTGAGAGTGTG

LpeEF1A-Fw

GGCTGATTGTGCTGTGCTTA

LpeEF1A-Rv

CTCACTCCAAGGGTGAAAGC

LpActin-Fw

CCTTTTCCAGCCATCTTTCA

LpActin-Fw

GAGGTCCTTCCTGATGTCCA
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3.2.5 Bioinformatics analysis and phylogenetic tree construction
DNA sequences were assembled into a single consensus sequence using Geneious
v.3.6.1 software tool and analyzed with NCBI-BLAST (the National Center for
Biotechnology Information, USA, www.ncbi.nlm.nih.gov). Phylogenetic trees for Lsi1
were constructed using MEGA v.6 software tool (Tamura et al. 2013). Protein and
nucleotide sequences were aligned by ClustalW and subjected to construct phylogenetic
tree using maximum likelihood method with 1000 bootstrap iterations. Functional
annotation of Lsi1 was performed with Conserved Domain Database (CDD,
https://www.ncbi.nlm.nih.gov/cdd/). The transmembrane domain profile was obtained
using TMHMM Server v. 2.0.

3.2.6 Gene expression analyses
The expression pattern of both putative Si transporters, LpLsi1 and LpLsi2, in ryegrass
tissues was examined by semi-quantitative RT-PCR. PCR reactions were carried out as
described above considering 60°C of annealing. LpeEF1A was used as reference gene.
The resulting PCR products were checked by electrophoresis on 1.2% agarose/EtBr
gels. In addition, quantitative real-time reverse transcription polymerase chain (qRTPCR) reactions were conducted to assess the expression pattern of LpLsi1 and LpLsi2
genes in roots samples of ryegrass cv. Nui supplied with 0.5 and 2 mM Si during 3, 6, 9,
12 and 24 hours. All qRT-PCR reactions were performed using Brilliant II SYBR Green
qPCR Master mix (Stratagene, Cedar Creek, TX, USA) in an ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, California, USA). Cycling conditions were
95 °C for 10 min, followed by 40 cycles at 95 °C for 30 s, 60 °C for 1 min, and 72 °C
for 30 s. The specific primers used in this analysis are shown in Table 1. The primer sets
used for LpLsi1 and LpLsi2 were designed using the Primer3 (v. 0.4.0). Housekeeping
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genes, LpActin or LpeEF1A (m), were used as internal controls. All the experiments
were performed using three biological replicates, each with three analytical replicates.
Threshold values (Ct) were employed to quantify relative gene expression using the
comparative method described by Pfaffl (2001).

3.2.7 Data analysis
Experimental data were analyzed using an analysis of variance (ANOVA) following
normality and homoscedasticity tests. Differences among means were separated using
the Tukey test at the 0.05 probability level. In addition, the relationship between two
response variables was investigated by Pearson correlation.

3.3 Results

3.3.1 Silicon uptake in two ryegrass cultivars
The concentration-dependent kinetics showed that in both ryegrass cultivars Si
concentration augmented in shoots and roots at increasing Si doses after 24 h and 21 d
(Fig. 1A-D). At both 24 h and 21 d after Si supply, similar root Si concentration was
observed between ryegrass cultivars (Fig. 1 A-C). However, shoot Si concentration in
Jumbo was 1.4 and 1.6- fold higher than Nui at 24 h of exposition to 2 mM and 4 mM
Si, respectively (Fig. 1 B). Both cultivars preferentially accumulated Si in the shoots
irrespective of the added Si dose. Accordingly, over 70% and 90% of the total Si taken
up by roots was accumulated in shoots after the exposure to all Si doses tested for 24 h
and 21 d, respectively.
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Figure 1. Silicon concentration in roots (A-C) and shoots (B-D) of ryegrass cv. Jumbo
and cv. Nui grown in a nutrient solution supplemented with different Si doses during 24
h and 21 d. Data are means of three replicates  standard error.

Figure 2 shows that Si uptake was saturated at about 2 mM Si in both ryegrass cultivars.
Values of Km and V

max

were estimated by Lineweaver-Burk linearization (1/v against

1/s, where v is net uptake and s is substrate concentration). Vmax value was estimated to
be 0.14 and 0.12 mg g-1 DW h-1 for Jumbo and Nui, respectively. The Km values were
0.17 mM for Jumbo and 0.06 mM for Nui.
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Figure 2. Silicon uptake by roots of ryegrass cv. Jumbo and cv. Nui grown in a nutrient
solution supplemented with different Si doses during 24 h. Data are means of three
replicates  standard error.

The time-dependent kinetics assay showed that Si concentration in the roots and shoots
of both ryegrass cultivars increased with the time (Fig. 3 A-D). During the time-course
of the experiment, root Si concentration increased from 0.98 ± 0.34 mg g-1 DW to 2.69
± 0.43 mg g-1 DW in plants of cv. Jumbo supplied with 0.5 mM Si, whereas Si
concentration in roots of cv. Nui ranged from 0.11 ± 0.03 mg g-1 DW to 1.30 ± 0.04 mg
g-1 DW (Fig. 3 A). At 2 mM Si added, root Si concentration augmented from 1.59 ±
0.19 mg g-1 DW to 3.33 ± 0.50 mg g-1 DW (cv. Jumbo) and from 0.37 ± 0.03 mg g-1
DW to 2.90 ± 0.04 mg g-1 DW (cv. Nui) as shown in Figure 3 C. Apparent differences
in Si uptake were observed between Jumbo and Nui exposed to either 0.5 mM or 2 mM
Si (Fig. 3 A-C). Consequently, Si concentration in roots was up to 9.0 and 4.3-fold
greater in Jumbo than Nui when plants were supplied with 0.5 and 2 mM Si,
respectively (Fig. 3 A-C). Nevertheless, both ryegrass cultivars did not show differences
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in shoot Si concentration at 0.5 mM Si, and only slight variations were observed when 2
mM Si was added (Figure 3 B-D).
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Figure 3. Silicon concentration in roots (A-C) and shoots (B-D) of ryegrass cv. Jumbo
and cv. Nui grown in nutrient solutions supplemented with or without 0.5 or 2 mM Si at
different times (h). Data are means of three replicates  standard error.

3.3.2 Isolation of two putative Si transporters from ryegrass
On the basis of the known sequences of Si transporters from rice and other plant species
in GenBank, two putative sequences codifying for Lsi1 and Lsi2 were identified from
ryegrass. A full-length cDNA encoding to a putative ryegrass influx Si transporter was
isolated and named as LpLsi1 (Accession number KY315994). As shown in Figure 4,
the full length cDNA of LpLsi1 was 1254 bp in size with an 888 bp open reading frame
(ORF). The sequence was predicted to encode to a protein of 295 amino acids with a

50

Chapter III: Silicon uptake by ryegrass
molecular weight of the deduced protein of 31.7835 kDa, using the software available at
http://web.expasy.org/protparam/. BLAST analysis showed that the amino acid
sequence of LpLsi1 shared 88% identity with a homologous sequence from Hordeum
vulgare (HvLsi1; accession number: BAH24163.1) and Triticum urartu (TuLsi1;
accession number: ADM47602.1).

Likewise, close similarity was found between

LpLsi1 and either Aquaporin NIP2-1 from Zea mays (accession number:
NP_001105637.1) or Aquaporin NIP2-1 from Oryza sativa (accession number:
XP_015626173.1).

In addition, phylogenetic analysis clustered LpLsi1 along with influx Si transporters
from other monocot species including barley, wheat, maize and rice (Figure 5).
Similarly, protein sequence alignment of LpLsi1 with known influx Si transporters
reported in other plant species showed conserved aromatic/arginine (Ar/R) selectivity
filter, two Asn-Pro- Ala (NPA) motifs and the spacing between NPA domains (Figure
6). A single efflux (Lsi2) Si-transporter was also obtained from ryegrass. However, it
was only partially recovered (accession number KY315995). This partial coding
sequence comprised 951 bp. Despite it was not possible to deduce the amino acid
sequence of this clone, BLASTx search indicated that it shared 90% and 88% of identity
with Lsi2 efflux transporters of Hordeum vulgare (HvLsi2; accession number
BAH84976.1.1)

and

Brachypodium

distachyon

(BdLsi2;

accession

number

XP_003559015.1) respectively. In addition, LpLsi2 displayed 81% and 82% of identity
with Lsi2 from Oryza sativa (OsLsi2; accession number: CCH63884.1) and Zea mays
(ZmLsi2; accession number: NP_001183945.1)
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Figure 4. Full-length cDNA of LpLsi1 and its predicted amino acid sequence. Fulllength cDNA of LpLsi1 is characterized by a total length of 1254 bp, including a 57 bp
untranslated 5’ region, an open reading frame (ORF) of 888 bp, a 296 bp untranslated 3’
region with the TGA stop codon and poly (A) tail of 26 bp. The ORF of LpLsi1 encodes
to a deduced amino acid sequence of 295 residues. Conserved NPA domains and the
Ar/R selectivity filter were indicated in blue and red letters, respectively. Predicted
transmembrane domains (TM) and the conserved 108 amino acid distance between
NPA domains were underlined in black and pink, respectively. The stop codon was
marked by an asterisk.
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3.3.3 Gene expression analyses of ryegrass Si transporters
A semi-quantitative expression analysis showed that both LpLsi1 and LpLsi2 were
expressed specifically in roots tissues (Figure 7). Additionally, the expression of these
genes was examined by qPCR in response to Si supply during the time-course (Figure
8). As result, continuous Si supply up to 24 h decreased the relative expression of both
LpLsi1 and LpLsi2 genes. The expression level of LpLsi1 and LpLsi2 was downregulated up to 4.4- and 2.6-fold, respectively, in response to 0.5 mM Si added. A
similar expression pattern was observed when plants were supplied with 2 mM Si, thus
reducing the transcript level of LpLsi1 and LpLsi2 by about 6.1- and 1.7-fold,
respectively. A negative correlation between shoot Si concentration and the expression
levels of either Lsi1 (r = -0.817, p  0.01) or Lsi2 (r = -0.654, p  0.01) was also found.

Figure 5. Phylogenetic relationship of LpLsi1 and influx Si transporters reported in
other plant species. Amino acid sequences from ryegrass, barley, wheat, maize, rice,
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pumpkin, cucumber, potato and soybean were indicated with the prefixes Lp, Hv, Ta,
Zm, Os, Cm, Cs, St, and Gm, respectively. The bar represents 0.1 estimated amino acid
changes per sequence position.
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Figure 6. Sequence alignment of LpLsi1 and influx Si transporters reported in other
plant species. Identical amino acid residues were shaded in black. Conserved NPA
domains and the Ar/R selectivity filter formed from helix 2 (H2), helix 5 (H5), and loop
E (LE1and LE2) domains were indicated in blue and red letters, respectively.
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Figure 7. Gene expression patterns of LpLsi1 an LpLsi2 in roots (R) and shoots (SH)
tissues of ryegrass determined by RT-PCR. LpeEF1A was used as reference gene.
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3.4 Discussion
Since the beneficial effects provided by Si are closely related with Si accumulation in
plants, the elucidation of the possible mechanisms of Si uptake and transport in plants is
crucial for exploiting the Si-induced beneficial effects on agricultural systems. Early
kinetics studies of Si uptake in rice (Tamai and Ma 2003; Ma et al. 2004) provided the
first evidence of the presence of Si transporters in plants. Hence, it was suggested that
Si uptake in rice was mediated by a kind of protein transporter showing low affinity by
silicic acid (Tamai and Ma 2003). In this study, we assessed the Si uptake system by
means of kinetic studies in two ryegrass cultivars (Figs. 1 and 2). The concentrationdependent kinetics showed that in both ryegrass cultivars the Si concentration in roots
was steadily increased as Si dose rose (Fig. 1 and 2). However, Si uptake was saturated
at about 2 mM Si added (Fig. 2). This finding agrees with the saturation of Si uptake
previously reported by Tamai and Ma (2003) and Mitani and Ma (2005) for rice. Based
on classical enzyme kinetics (Epstein 1976), Vmax and Km values were estimated. The
estimated Km values were 0.17 mM for cv. Jumbo and 0.06 mM for cv. Nui. Ma et al.
(2004) and Mitani and Ma (2005) reported similar Km values for rice (0.16 mM),
cucumber (0.15 mM) and tomato (0.16 mM). Although both ryegrass cultivars showed
similar Vmax , different values of Km suggest that Jumbo and Nui may have different
affinities for silicic acid. In contrast, Ma et al. (2007a) reported similar Km values
between cultivars Nipponbare (0.33 mM) and Kasalath (0.34 mM) indicating the
involvement of specific transporters in rice roots of genotypes. In addition,
dissimilarities in Vmax values were related with a higher abundance of Si transporters in
cv. Nipponbare than cv. Kasalath (Ma et al. 2007a). For ryegrass, differences in Km
values between cultivars might involve either the differential contribution of known
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proteins responsible for Si uptake and transport or the involvement of undiscovered Si
transporters. Further studies are needed to support this assumption.
On the other hand, significant dissimilarities in shoot Si concentration were observed
between cv. Jumbo and cv. Nui exposed to a solution containing 2 mM or 4 mM Si (Fig.
1 B-D). However, these variations in shoot Si concentration were only detected at the
short-term. Indeed, the time kinetics experiment showed differences in Si uptake
between ryegrass cultivars as early as 3 h after the roots were exposed to the nutrient
solution containing Si (Fig. 3 A-C). Consequently, Si concentrations in roots were
higher in cv. Jumbo than cv. Nui at either 0.5 mM or 2 mM Si supplied (Fig. 3 A-C).
Genotypic variations in Si accumulation have been reported in species such as rice
(Deren 2001; Ma et al., 2007a), sugarcane (Deren, 2001) and barley (Ma et al., 2003). In
fact, differential gene expression patterns of Si transporters have also been found
between genotypes of rice. Nevertheless the mechanisms responsible for such responses
remains to be elucidated (Ma et al., 2007a).
The recent discovery of specific Si transporters has improved the understanding of the
molecular mechanisms controlling Si uptake in vascular plants. Two different types of
transporters, including Si permeable channel and efflux transporter, have been
implicated in the Si uptake process (Ma and Yamaji 2015). To further analyze the Si
uptake system of ryegrass, two cDNA sequences potentially belonging to influx (Lsi1)
and efflux (Lsi2) Si transporters were isolated (Fig. 4 and 5). Close similarity (88%) and
phylogenetic relationship were found between LpLsi1 and homologous of Si influx
transporters reported in other plant species (Fig. 5). In addition, the predicted amino
acid sequence indicated that LpLsi1 is a membrane protein possessing high
conservation of Si transport domains determining the functional selectivity for silicic
acid (Fig. 6). Lsi1 is a NIP (nodulin-26-like proteins) member in plant aquaporins that
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facilitate the passive transport of water and/or small uncharged solutes such as glycerol,
ammonia, boric acid and silicic acid (Deshmukh and Belanger 2015; Vatansever et al.
2017). The predicted amino acid sequence of LpLsi1 presented six transmembrane
domains, which is also well conserved in typical aquaporins (Fig.4). Silicic acid
selectivity in Lsi1 has been associated with two highly conserved Asn-Pro-Ala (NPA)
motifs and a Gly-Ser-Gly-Arg (GSGR) ar/R filter. Juxtaposition of asparagines in two
NPA motifs forms the NPA region. The Asn residues make hydrogen bond with the
transport molecules and may function in the proton exclusion (Forrest and Bhave 2007).
Moreover, Deshmukh et al. (2015) showed that a precise distance of 108 amino acids
between the NPA domains is also essential for Si permeability in plants. On the other
hand, the ar/R region is formed by four residues from the helix 2 (H2), helix 5 (H5),
loop E1 (LE1) and loop E2 (LE2) (Wu and Beitz 2007; Liu and Zhu 2010; Mitani et al.
2011c; Deshmukh and Bélanger, 2015). It is referred as ar/R region because of the
conserved arginine residue in the loop E and abundance of aromatic residues at H2
(Mitani et al. 2011c). This region functions as a selectivity filter for the substrates that
acts a barrier, determines the transport rate, and makes hydrogen and van der Waals
bounds (Sui et al. 2001). In ar/R filter for silicic acid transport, only GSGR residues
were reported to have specificity for silicic acid (Mitani et al. 2011c). GSGR ar/R filter
comprise small amino acids, forming a pore with a sufficiently large diameter to allow
the passage of silicic acid (Mitani et al. 2011c).
New insights into the prediction of the activity and relative capacity of Si transport in
plants have been proposed. Based on sequence homology and availability of GSGR
filter, a phylogenetic analysis performed by Vatansever et al. (2017) showed that Lsi1s
formed three clusters as low, moderate and high Si accumulators. Likewise, protein
modeling of Lsi1 transporters in 17 plant species showed that Asn residues of two NPA
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motifs were available in the predicted binding sites of all species, while ar/R selectivity
filter residues such as GSGR or ASGR were found in binding sites of the high and
moderate Si accumulators (Vatansever et al. 2017). This outcomes support the fact that
two Asn residues in two NPA motifs, and GSGR or ASGR ar/R selectivity filters are of
crucial importance for the silicic acid transport in plants.
Thus, our findings indicate that LpLsi1 encode a membrane protein belonging to NIP III
subgroup of aquaporins according to the definition proposed by Liu et al. (2009).
Moreover, based on the reported by Vatansever et al. (2017), the conserved sequences
identified in LpLsi1 confirm the high Si accumulation capacity of ryegrass as previously
suggested by Jarvis (1987) and Nanayakkara et al. (2008).
On the other hand, identified Lsi2 genes in vascular plants encoded a membrane protein
of 472-547 amino acid residues with conserved 10-11 putative transmembrane domains
(Ma et al. 2007; Mitani et al 2009a; Vatansever et al. 2017). Different to Lsi1, Lsi2
transporter homologs in different plant species showed sequences highly conserved
even in low Si-accumulators (Vatansever et al. 2017). We also found a partial coding
sequence (LpLsi2) showing high identity with known Lsi2 efflux transporters ZmLsi2,
HvLsi2 and OsLsi2. However, an exhaustive analysis of LpLsi2 sequence was not
possible since the full length cDNA was not satisfactorily achieved.
Consistent with previous reports performed on monocot species (Ma et al, 2006; 2007b;
Mitani et al,2009a; 2009b; Chiba et al, 2009; Montpetit et al, 2012), we found that
LpLsi1 and LpLsi2 were only expressed in roots (Fig. 7). By contrast, the expression of
these Si transporters in dicot species have been detected in shoot and root tissues
(Mitani et al, 2011a; 2011b; Deshmukh et al, 2013; Wang et al, 2014; Vulavala et al,
2015). The effect of Si supply on the expression of LpLsi1 and LpLsi2 was also
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investigated. As result, the expression level of both LpLsi1 and LpLsi2 was downregulated in response to continuous Si supply for 24 h (Fig. 8 A-B). These findings were
in concordance with our previous report for ryegrass (Pontigo et al. 2017). The
regulation of Si transporter expression differs with plant species. For example, the
expression of Lsi1 in rice was down-regulated by Si, but unaffected in barley, maize and
wheat (Chiba et al. 2009; Mitani et al. 2009b; Montpetit et al. 2012), whereas Si
decreased the expression of Lsi2 in rice, barley and maize (Ma et al., 2007; Mitani et al.,
2009a). A recent study has proposed that the Si-induced down-regulation of Si
transporter genes is controlled by Si accumulation in the shoots of rice (Mitani et al,
2016). Similarly, Hosseini et al. (2017) reported that barley Si transporters HvLsi1 and
HvLsi2 correlated negatively with the accumulation of Si in the shoots of plants grown
with sufficient potassium (K) supply, whereas under a K deficiency conditions this
relation was positive. In agreement with these researches, we also found a negative
correlation between shoot Si concentration and the expression of both LpLsi1 and
LpLsi2 (Fig. 6 C-D) indicating that the expression of these ryegrass Si transporters was
negatively regulated by Si accumulation in the shoots. A recent study has identified a
candidate region of a cis-acting element in the upstream region of OsLsi1, which is
probably involved in the Si response of OsLsi1 expression in rice roots (Mitani et al.
2016). However, more studies are needed to advance in the understanding of the
mechanisms controlling the expression of Si transporters genes in plants.
Overall, our findings confirm the existence of putative influx (LpLsi1) and efflux
(LpLsi2) Si transporters in ryegrass with characteristics highly conserved among Si
transporters from different plant species. The assessment of Si uptake kinetics and the
identification of these Si transporters genes provide new evidence about the Si
accumulation ability of ryegrass.
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Abstract
Silicon (Si) has been well documented to alleviate aluminum (Al) toxicity in vascular
plants. However, the mechanisms underlying these responses remain poorly understood.
Here, we assessed the effect of Si on the modulation of Si/Al uptake and the antioxidant
performance of ryegrass plants hydroponically cultivated with Al (0 and 0.2 mM) in
combination with Si (0, 0.5, and 2.0 mM). Exposure to Al significantly increased Al
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concentration, mainly in the roots, with a consequent reduction in root growth.
However, Si applied to the culture media steadily diminished the Al concentration in
ryegrass, which was accompanied by an enhancement in root dry matter production. A
reduced concentration of Si in plant tissues was also observed when plants were
simultaneously supplied with Al and Si. Interestingly, Si transporter genes (Lsi1 and
Lsi2) were down-regulated in roots after Si or Al was applied alone; however, both Lsi1
and Lsi2 were up-regulated as a consequence of Si application to Al-treated plants,
denoting that there is an increase in Si requirement in order to cope with Al stress in
ryegrass. Whereas Al addition triggered lipid peroxidation, Si contributed to an
attenuation of Al-induced oxidative stress by increasing phenols concentration and
modulating the activities of superoxide dismutase (SOD), catalase, peroxidase, and
ascorbate peroxidase antioxidant enzymes. Differential changes in gene expression of
SOD isoforms (Mn-SOD, Cu/Zn-SOD and Fe-SOD) and the profile of peroxide (H2O2)
generation were also induced by Si in Al-stressed plants. This, to the best of our
knowledge, is the first study to present biochemical and molecular evidence supporting
the effect of Si on the alleviation of Al toxicity in ryegrass plants.
Keywords: silicon, aluminum, Si transporter genes, phenols, antioxidant enzymes,
SOD isoforms genes.

4.1 Introduction
Aluminum (Al) toxicity represents one of the main yield-limiting factors for crops in
acid soils (von Uexkull and Mutert, 1995). Under acidic conditions, large and toxic
amounts of Al3+ become available to plants, thereby affecting a wide range of physical,
cellular, and molecular processes, with a consequent reduction in plant growth (Kochian
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et al. 2005; Mora et al. 2006; Ryan and Delhaize, 2010; Cartes et al. 2010; 2012; Singh
et al. 2017). Alterations in the structure and/or functions of cell wall components (Horst
et al. 2010), plasma membrane properties (Yamamoto et al. 2001), nutrient homeostasis
(Delhaize and Ryan, 1995; Gupta et al. 2013; Singh et al. 2017), and signal transduction
pathways (Matsumoto, 2000; Ma et al. 2002; Sivaguru et al. 2003; Goodwin and Sutter,
2009) can be induced as a consequence of Al binding to numerous cell sites. In most
plant species, reactive oxygen species (ROS) production can also be induced by Al
toxicity (Kochian et al. 2005), leading to oxidative damage of biomolecules and
biological membranes (Yamamoto et al. 2001; 2002; 2003; Singh et al. 2017).
To cope with the deleterious effects of Al, plant species have developed diverse
mechanisms, which are generally associated with Al exclusion (also referred to as
avoidance or resistance) and/or internal tolerance mechanisms (e.g., Barcelo and
Poschenrieder, 2002; Kochian et al. 2005; Poschenrieder et al. 2008). Briefly, exclusion
mechanisms involve the root exudation of organic acid anions and/or phenolic
compounds, which bind Al3+ and limit its uptake into the cytosol. Tolerance
mechanisms comprise internal detoxification by forming Al complexes with organic
substances in the cytosol, compartmentalization in the vacuole, and enhanced
scavenging of ROS (e.g., Barcelo and Poschenrieder 2002; Kochian et al. 2005;
Poschenrieder et al. 2008). Molecular approaches have revealed that Al resistance in
several plant species is regulated by genes encoding membrane transporter proteins
involved in the efflux of organic acid anions, including members of the ALMT
(aluminum-activated malate transporters) and MATE (multidrug and toxic compound
extrusion) families (Sasaki et al. 2004; Furukawa et al. 2007; Ryan et al. 2011). In
addition, a bacterial-type ATP binding cassette (ABC) transporter (Huang et al. 2009)
and antioxidant defense genes (e.g., Milla et al. 2002; Goodwin and Sutter, 2009; Du et
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al. 2010; Panda and Matsumoto, 2010) have also been implicated in Al tolerance in
plants.
Over the last decades, silicon (Si) has become a focus of increasing interest in plant
science, since it is considered as a beneficial element for plant growth, particularly
under conditions of biotic and abiotic stress (Ma, 2004; Liang et al. 2007; Guntzer et al.
2012; Ma and Yamaji 2015). To date, several pieces of evidence have indicated that
most of the beneficial effects of Si depend on the differential ability of plants to take up
Si. Recently, it has been reported that Si accumulation is ascribed to an efficient uptake
system mediated by both channel-type and efflux transporters, which perform
coordinated functions for effective Si transport from soil to roots and its subsequent
distribution within the plants (e.g. Ma et al. 2006; 2007; Mitani et al. 2009a; 2009b;
Chiba et al. 2009; Mitani et al. 2011a; 2011b; Yamaji et al. 2008; 2009; 2012; Grégoire
et al. 2012; Montpetit et al. 2012; Deshmukh et al. 2013; Ma and Yamaji 2015).
Overall, these transporters appear to be keys features that enable plants to gain an
advantage from Si uptake. Nevertheless, the regulation of Si transporters under stress
conditions remains poorly understood.
The significant role of Si in the toxicity associated with metals, including manganese
(Mn), iron (Fe), cadmium (Cd), arsenic (As), chromium (Cr), copper (Cu), lead (Pb),
zinc (Zn), and Al, has been widely reported (Li et al. 2012; Vaculík et al. 2012; Adrees
et al. 2015; Pontigo et al. 2015; Liang et al. 2015; Tripathi et al. 2015; 2016). On the
basis of the current evidence, Si can regulate plant resistance and/or tolerance to metal
toxicity by either external (ex planta) or internal (in planta) mechanisms (Cocker et al.
1998a; Adrees et al. 2015; Pontigo et al. 2015; Liang et al. 2015; Tripathi et al. 2016).
In this regard, it has been proposed that the alleviation of Al stress by Si in plants can
mainly be explained by the following events: (i) Si-induced increase in solution pH (Li
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et al. 1996; Cocker et al.1998a), (ii) formation of Al-Si complexes in the growth media
(Barcelo et al. 1993; Baylis et al. 1994; Ma et al. 1997; Cocker et al. 1998a) or/and
within the plant (Corrales et al. 1997; Cocker et al. 1998b; Britez et al. 2002; Zsoldos et
al. 2003; Wang et al. 2004; Prabagar et al. 2011), (iii) exudation of organic acid anions
and phenolic compounds (Barcelo et al. 1993; Cocker et al. 1998b; Kidd et al. 2001),
and (iv) increase in the chlorophyll and carotenoid contents of leaves (Singh et al.
2011). Activation of the plant antioxidant system has also been reported in response to
Si supply under Al stress (Shahnaz et al. 2011; Shen et al. 2014; Tripathi et al. 2016).
However, to our knowledge, there is a dearth of reports regarding the molecular aspects
of the effect of Si on the genes involved in antioxidant defense.
Perennial ryegrass (Lolium perenne L.) is a temperate pasture species supporting foragebased intensive dairy and beef production systems in many parts of the world. Due to
elevated yields and high nutritional value, ryegrass has become one of the most
commonly cultivated species in the permanent pastures of Southern Chile. Nevertheless,
large areas of these pastures are sown on acidic soils, which exhibit elevated availability
of toxic Al+3, thereby limiting their yield and quality (Mora et al. 2006). Furthermore,
our previous studies have demonstrated that toxic levels of Al induced oxidative
damage and activated antioxidant enzymes in ryegrass roots, including peroxidase
(POD), ascorbate peroxidase (APX), and superoxide dismutase (SOD) (Cartes et al.
2010; 2012). In an attempt to identify new alternatives to alleviate the deleterious
effects produced by Al on ryegrass, we aimed in this study to investigate the effect of Si
on the modulation of Si/Al uptake and the antioxidant performance of ryegrass plants
subjected to Al toxicity.
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4.2 Material and Methods
4.2.1 Plant material and growth conditions
Seeds of ryegrass (Lolium perenne L. cultivar Nui) were soaked with 2% v/v sodium
hypochlorite for 10 min, washed repeatedly with distilled water, and then germinated on
moist filter paper in a growth chamber at 21°C. After 10 d, seedlings were transferred to
12-L plastic pots containing a continuously aerated basal nutrient solution described by
Taylor and Foy (1985). After 10 d in nutrient solution, ryegrass plants were treated with
Al and Si. Aluminum (as AlCl₃, Merck reagent) was added to the solution at doses of 0
and 0.2 mM. The activity of free Al3+ in the nutrient solution, calculated by GeochemEZ (Shaff et al. 2010), corresponded to 85 µM. Aluminum doses were added in
combination with 0, 0.5, and 2 mM Si (as Na2SiO3, Merck reagent) in a completely
randomized factorial design with three replicates per treatment. During the growth
period, the pH of the solution was adjusted daily to 4.5 using dilute HCl or NaOH, and
the nutrient solution was changed every 7 days. Plants were cultured in a greenhouse
under controlled growth conditions as follows: 25/20°C day/night temperature, a 16/8 h
(light/dark) photoperiod, 350 μmol m−2 s−1 photosynthetic photon flux (PPF) and 70%80% relative humidity. Plants were harvested 10 days after the initiation of treatments,
and shoot and root samples were stored at -20°C or -80°C for subsequent evaluation of
biochemical and molecular parameters. In addition, subsamples of fresh material were
dried at 65ºC for 48 h in order to determinate the dry weight as well as Si and Al
concentrations.
4.2.2 Determination of the mineral concentration of Al and Si in plant tissues
Aluminum analysis was performed on dried roots and shoots. Plant samples were ashed
at 500°C for 8 h and treated with 2 M HCl. After filtration of the resulting solution, the
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total amount of Al was quantified by flame atomic absorption spectrophotometry
(FAAS) at 324.7 nm, as described by Sadzawka et al. (2007). Silicon concentration was
assayed as described by Pavlovic et al. (2013) with modifications. Dry plant samples
were digested with 5 mL concentrated HNO3 on a hot plate at 70ºC for approximately 5
h. Samples were diluted with 10 mL of deionized water, followed by the addition of 1
mL HF (40%), and left overnight. The following day, 5 mL 2% (w/v) H3BO3 was added
to eliminate excess HF and the volume of the solution was adjusted to 25 mL with
deionized water. The Si concentration in the digested samples was determined by FAAS
at 251.6 nm. For each chemical analysis, two reference samples were included in each
analytical run.
4.2.3 Biochemical analyses
4.2.3.1 Lipid peroxidation assay
Lipid peroxidation was analyzed using the thiobarbituric acid reactive substances
(TBARS) assay, according to the modified method of Du and Bramlage (1992). The
absorbance of the samples was measured at 532, 600, and 440 nm in order to correct for
interference generated by TBARS-sugar complexes.
4.2.3.2 Determination of total phenols
Total soluble phenols were spectrophotometrically assayed at 765 nm using FolinCiocalteu reagent according to the method described by Slinkard and Singleton (1977)
with minor modifications (Ribera et al, 2013). Total phenol concentration was
calculated using chlorogenic acid as a phenolic compound standard.
4.2.3.3 Antioxidant enzyme assays
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Superoxide dismutase (SOD; EC. 1.15.1.1), catalase (CAT; EC. 1.11.1.6), peroxidase
(POD; EC. 1.11.1.7), and ascorbate peroxidase (APX; EC. 1.11.1.11) enzyme activities
were evaluated from frozen samples stored at -80ºC. Plant material was ground in liquid
nitrogen and macerated in 50 mM potassium phosphate buffer (K2HPO4–KH2PO4; pH
7.0). The homogenate was centrifuged at 11,000 × g for 15 min at 4°C, and the
supernatant was used for assay of enzyme activities. SOD, CAT, APX, and POD
activities were calculated on a protein basis. The protein content in the extracts was
measured spectrophotometrically using the method described by Bradford (1976), with
bovine serum albumin (BSA) used as a standard.
Superoxide dismutase activity was analyzed by measuring inhibition of the
photochemical reduction of nitroblue tetrazolium (NBT). The reaction mixture
contained 400 μL of 0.1 M potassium phosphate buffer pH 7.0, 10 μL of 10 mM
ethylenediaminetetraacetic acid (EDTA), 50 μL of 260 mM methionine, 80 μL of 4.2
mM NBT, 170 μL of 130 μM riboflavin, and 300 μL of enzyme extract. The reaction
tubes were illuminated for 15 min and the absorbance of samples was measured at 560
nm. Non-illuminated and illuminated reactions without enzyme extract were used as
controls. One SOD unit was defined as the amount of enzyme corresponding to 50%
inhibition of NBT reduction (Donahue et al. 1997).
Catalase (CAT; EC. 1.11.1.6) activity was measured by monitoring the decomposition
of hydrogen peroxide (H2O2) at 240 nm for 120 s. A 10-μL aliquot of enzyme extract
was added to a reaction mixture containing 1 mL of extraction buffer and 3 μL of H2O2
(30% v/v). The enzyme activity was calculated using a molar extinction coefficient of
39.4 mM-1 cm-1 (Pinhero et al. 1997).
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Peroxidase (POD; EC. 1.11.1.7) activity was determined by estimating the formation of
tetraguaiacol at 470 nm during 1 min. A 15-μL volume of enzyme extract was added to
a reaction mixture containing 1 mL of extraction buffer, 5 μL of H2O2 (30% v/v), and 5
μL of guaiacol. A molar extinction coefficient of 26.6 mM-1 cm-1 was used to calculate
the enzymatic activity (Pinhero et al. 1997).
Ascorbate peroxidase (APX; EC. 1.11.1.11) activity was assayed according to the
method described by Nakano and Asada (1981), by measuring ascorbate decomposition
at 290 nm for 1 min. The coarse extract (40 μL) was diluted in a reaction mixture
containing 1 mL of extraction buffer, 5 μL of H2O2 (30% v/v), and 40 μL of 10 mM
ascorbic acid. Enzyme activity was calculated using a molar extinction coefficient of 2.8
mM-1 cm-1.
4.2.4 Gene expression analyses
Ryegrass tissues were subjected to RNA extraction using a NucleoSpin® RNA Plant
Kit (Macherey-Nagel GmbH and Co., KG, Düren, Germany). First-strand cDNA was
synthesized from 1 μg of total RNA using an AffinityScript qPCR cDNA Synthesis Kit
(Stratagene, Cedar Creek, TX, USA) following the manufacturer's recommendations.
Quantitative real-time polymerase chain (qRT-PCR) reactions were conducted in order
to determinate the expression patterns of Si transporter genes (Lsi1 and Lsi2) in roots, as
well as those of three SOD isoform genes (Cu/ZnSOD, Fe-SOD, and Mn-SOD) in
shoots and roots. All qRT-PCR reactions were performed using Brilliant II SYBR
Green qPCR Master mix (Stratagene, Cedar Creek, TX, USA) in an ABI 7300 RealTime PCR System (Applied Biosystems, Foster City, California, USA). Cycling
conditions were 95°C for 10 min, followed by 40 cycles at 95°C for 30 s, 60°C for 1
min, and 72°C for 30 s. The specific primers used in this study are shown in Table 1.
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The primer sets used for LpLsi1 (GenBank accession number KY315994) and LpLsi2
(GenBank accession number KY315995) were designed using the Primer3 (v. 0.4.0)
and primer BLAST tools. Primers sequences for LpCu/ZnSOD, LpFe-SOD, and LpMnSOD were obtained from Ribera et al. (2013). Housekeeping genes, LpActin or
LpeEF1A (m), were used as internal controls (Ribera et al. 2013). All the experiments
were performed using three biological replicates, each with three technical replicates.
Table 1. List of primers sequences used for quantitative real-time polymerase chain
reaction (qRT-PCR) analysis of Si transporters and SOD isoforms genes.

Gene name*

Forward primer (5’-> 3’)

Reverse primer (5’-> 3’)

Lsi1

ACGCCCAGCATGTACTACAAC

TCATGAACACCAGCAGGAAC

Lsi2

CTCTGCATGTACTGGAAGGAC

GTTGAGAGGGTTGAGAGTGTG

Fe-SOD

GTTGCCAAGGGAAATCCTGAACCA

AACCCCAGCCGTTTATCTTCAAGC

Cu/Zn-SOD

GTGTTGCTCCCATCAATGTTGT

CCTGCCAAGATCATCAGCATC

Mn-SOD

AATACGAAAATGTGGCTGTGTG

AAAATCTGCATTGTGCATTACG

Actin

CCTTTTCCAGCCATCTTTCA

GAGGTCCTTCCTGATGTCCA

eEF1A (m)

GGCTGATTGTGCTGTGCTTA

CTCACTCCAAGGGTGAAAGC

*Gene name: Lsi1, Low Si transporter 1; Lsi2, Low Si transporter 2; Fe-SOD, iron
superoxide dismutase; Cu/Zn-SOD, copper/zinc superoxide dismutase; Mn-SOD,
manganese superoxide dismutase; Actin, Actin; eEF1A(m), Eukaryotic elongation factor
1 alpha. Actin or eEF1A(m) were used as housekeeping genes.

4.2.5 Detection of H2O2 production by flow cytometry
Suspensions of shoot protoplasts were obtained using the method described by Okuno
and Furusawa (1977). The protoplasts were centrifuged at 2,500 × g for 5 min at 4°C
and incubated with the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) to detect intracellular H2O2 using the method described by Maxwell et al.
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(1999) with modifications. H2O2 production was analyzed using flow cytometry (BD
FACS Canto IISN: V96101286; Becton Dickinson, USA). All measurements were
performed using an Ar ion laser excited at 488 nm and emitting at 530 nm. The images
were processed through the BD FACSDivaTM, v 6.0 program. A positive control
(intact protoplasts plus 100 μM H2O2) and negative control (suspension of intact
protoplasts without H2O2) were used.
4.2.6 Confocal microscopy
A profile of H2O2 generation in protoplast extracts was also examined by Confocal
Laser Scanning Microscopy (CLSM). H2DCFDA fluorescence emission was recorded
at excitation/emission of 488/530 nm, and chlorophyll autofluorescence was measured
at 633 nm laser excitation and emission of 750 nm. The images were processed using
Image Processing software (software FV10-ASW v.0.2c; Arquimed).
4.2.7 Statistical analysis
Experimental data were analyzed using an analysis of variance (ANOVA) following
normality and homoscedasticity tests. Differences among means were separated using
the Tukey test at the 0.05 probability level. In addition, the relationship between two
response variables was investigated by Pearson correlation.
4.3 Results
4.3.1 Concentrations of Al and Si in plants and dry matter production
Aluminum treatment mostly increased Al concentration in roots, whereas significantly
lower amounts of Al accumulated in the shoots (Table 2). However, increasing Si doses
gradually decreased shoot and root Al concentrations by up to 49% and 56%,
respectively, in Al-treated plants (Table 2). Interestingly, a negative correlation between
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Si concentration and Al concentration was observed in shoots (r = 0.927, p ≤ 0.01) and
roots (r = 0.935, p ≤ 0.01) of ryegrass grown with Al and Si (Table 3). In addition, the
Si concentration of ryegrass tissues steadily increased with an increase in Si dose, but
this increment was less noticeable when plants were simultaneously supplied with Al
and Si (Table 2). Of the total amount of Si taken up by plants, over 80% accumulated in
the shoots.
No changes in shoot growth were observed in plants treated with Al alone, whereas root
dry matter production was reduced by approximately 28.5%. Silicon treatments did not
affect ryegrass growth when Si was applied to plants cultivated without Al (Table 2).
However, root yield was improved by at least 51% when Si was applied to Al-treated
plants. Moreover, a positive correlation (r = 0.823, p ≤ 0.01) between Si concentration
and dry weight was observed for the roots of Al-treated plants supplied with increasing
concentrations of Si (Table 3).
4.3.2 Analysis of Si transporter gene expression in response to Al toxicity
The relative expression of two putative Si transporter genes (LpLsi1 and LpLsi2) in
roots was assessed in ryegrass subjected to different Al and Si supplementation. In
plants grown without Al, the expression level of LpLsi1 and LpLsi2 was down-regulated
by approximately 4.2- and 2.8-fold, respectively, in response to Si addition to the
growth media (Figures 1A, B). A similar expression pattern was observed when Al was
applied alone, with the expression levels of LpLsi1 and LpLsi2 being reduced by
approximately 7.1- and 2.9-fold, respectively (Figures 1A, B). However, when Al was
added in combination with Si, the expression level of these Si transporters was
significantly enhanced (Figures 1A, B). The highest Si dose applied to Al-treated plants
increased the expression level of LpLsi1 by approximately 5.4-fold (Figure 1A),
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whereas that of LpLsi2 was up-regulated by at least 2.5-fold irrespective of Si dosage
(Figure 1B).
1.8
1.6

0 Al

0.2Al

LpLsi1

1.4
1.2

a

1.0

ab

Relative expression level

0.8
0.6

0.4
0.2

bc
c

c

(A)

c

0.0
1.8

LpLsi2

1.6
1.4
1.2

a
a

1.0

ab

0.8
0.6
0.4

bc
c

c

0.2

(B)

0.0
0

0.5

2

Si doses (mM)

Figure 1. Expression analysis of LpLsi1 (A) and LpLsi2 (B) genes determined by qRTPCR in roots of ryegrass hydroponically cultivated under Al and Si treatments. The
expression levels were normalized in relation to Actin or eEF1A(m) gene expression.
Data are means of three replicates ± standard error. Different letters indicate statistically
significant differences (p ≤ 0.05) among treatments.
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Table 2. Concentration of Al and Si, and dry matter production of ryegrass plants hydroponically cultivated under different Al and Si treatments.
Values are means ± standard error of three replicates. Different letters indicate statistically significant differences (p ≤ 0.05) among treatments.

Treatment
(mM)
0 Al – 0 Si
0 Al – 0.5 Si
0 Al – 2 Si
0.2 Al – 0 Si
0.2 Al – 0.5 Si
0.2 Al – 2 Si

Al concentration
(g kg-1 DW)
Shoots
Roots
0.02 ± 0.00 cd
0.16 ± 0.02 d
0.01 ± 0.00 d
0.15 ± 0.00 d
0.01 ± 0.00 d
0.13 ± 0.01 d
0.07 ± 0.00 a
3.84 ± 0.24 a
0.04 ± 0.00 b
2.68 ± 0.10 b
0.03 ± 0.00 bc
1.69 ± 0.11 c

Si concentration
(g kg-1 DW)
Shoots
Roots
0.31 ± 0.09 e
0.33 ± 0.03 e
5.85 ± 0.44 c
6.42 ± 0.20 c
13.78 ± 0.26 a
13.47 ± 0.09 a
0.21 ± 0.03 e
0.38 ± 0.10 e
4.40 ± 0.13 d
4.30 ± 0.15 d
10.29 ± 0.19 b
11.88 ± 0.20 b

Dry weight
(g)
Shoots
6.53 ± 0.29 bc
7.04 ± 0.29 abc
6.69 ± 0.22 abc
6.07 ± 0.42 c
7.95 ± 0.42 ab
8.09 ± 0.32 a

Roots
1.37 ± 0.06 ab
1.37 ± 0.10 ab
1.39 ± 0.13 a
0.98 ± 0.06 b
1.48 ± 0.08 a
1.61 ± 0.06 a
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Table 3. Pearson’s correlation among plant growth, chemical and biochemical parameters of ryegrass hydroponically cultivated under different
Al and Si treatments.
Al

Si

Dry weight

TBARS

Total phenols

SOD

CAT

POD

APX

1.00
-0.110
0.666
0.489

1.00
-0.275
-0.073

1.00
0.836**

1.00

1.00
-0.795*
-0.858**
-0.930**

1.00
0.956**
0.894**

1.00
0.962**

1.00

Shoots
Al
Si
Dry weight
TBARS
Total phenols
SOD
CAT
POD
APX

1.00
-0.927**
-0.849**
0.946**
-0.904**
0.693*
-0.099
0.863**
0.823**

1.00
0.721*
-0.947**
0.859**
-0.827**
0.076
-0.776*
-0.599

1.00
-0.757*
0.756*
-0.432
-0.118
-0.781*
-0.745*

1.00
-0.813**
0.646
-0.023
0.715*
0.657

1.00
-0.721*
0.418
-0.932**
-0.744*
Roots

Al
1.00
Si
-0.935**
1.00
Dry weight
-0.876**
0.823**
1.00
TBARS
0.740*
-0.734*
-0.800**
1.00
**
*
*
Total phenols -0.825
0.741
0.706
-0.523
**
**
*
SOD
0.883
-0.961
-0.778
0.787*
CAT
-0.691*
0.838**
0.524
-0.399
*
**
POD
-0.796
0.925
0.666
-0.509
**
**
**
APX
-0.925
0.980
0.806
-0.666
Asterisks indicate significance as follows: ** p ≤ 0.01,* p ≤ 0.05.

1.00
-0.731*
0.738*
0.690*
0.800**
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4.3.3 Lipid peroxidation
The addition of 0.2 mM Al increased root lipid peroxidation by approximately 29%
(Figure 2B); however, no differences in oxidative damage were observed in shoots as a
consequence of Al supply (Figure 2A). Likewise, no significant changes in TBARS
accumulation were observed among plants grown with only Si (Figures 2A, B).
However, Si at the highest concentration supplied diminished lipid peroxidation in Altreated plants by approximately 32.6% and 27.7% in shoots and roots, respectively
(Figures 2A, B). Consequently, lipid peroxidation was negatively correlated with Si
concentration in shoots (r = -0.947, p ≤ 0.01) and roots (r = -0.734, p ≤ 0.05), as shown
in Table 3.
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cultivated under Al and Si treatments. Data are means of three replicates ± standard
error. Different letters indicate statistically significant differences (p ≤ 0.05) among
treatments.
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4.3.4 Plant antioxidant responses
Plants treated with Al showed an evident increment in total phenols (Figures 3A, B). A
significant increase in total phenol concentration was also observed in the shoots and
roots of ryegrass treated with the highest Si dose, with a further increase being observed
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Figure 3. Total phenol concentration in shoot (A) and root (B) of ryegrass
hydroponically cultivated under Al and Si treatments. Data are means of three replicates
± standard error. Different letters indicate statistically significant differences (p ≤ 0.05)
among treatments.
In order to investigate the effect of Si on the ROS scavenging enzyme system under Al
stress conditions, the activities of SOD, CAT, POD, and APX enzymes were evaluated
(Figures 4A-H). Aluminum supplied alone significantly increased SOD activity by
approximately 37.2% in shoots and 27.5% in roots (Figure 4A, B). Likewise, the highest
Si dose activated SOD enzyme in non-Al-treated plants (Figures 4A, B). However,
when Al and Si were simultaneously applied, SOD activity was significantly reduced by
20.08% and 43.8% in shoots and roots, respectively (Figures 4A, B).
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The application of Al alone increased CAT activity in shoots and roots by at least 4.2and 4.7-fold, respectively (Figures 4C, D). In plants grown in the absence of Al, Si
enhanced CAT activity by approximately 3.0-fold (shoots) and 5.8-fold (roots) (Figures
4C, D). Plants supplied with Al + Si did not show significant differences in CAT
activity compared with those supplied with Al alone, the exception being in the roots of
plants supplied with the highest Si dose, which exhibited an approximate 60% increase
(Figures 4C, D).
Shoot POD activity increased by approximately 30% in Al- treated plants compared
with non-treated plants, although no significant changes were observed in roots (Figures
4E, F). The addition of Si augmented POD activity in plants grown without Al (Figures
4E, F). This effect was most evident in roots, in which the activity of this enzyme was
increased by 2.1-fold at the highest Si supply (Figure 4F). Likewise, root POD was
activated by approximately 1.7-fold under combined Al and Si treatments (Figure 4F),
whereas in shoots the enzyme activity was diminished (Figure 4E).
Addition of Al to the growth media considerably increased APX activity by
approximately 2.7-fold and 1.8-fold in shoots and roots, respectively (Figures 4G, H).
Similarly, Si application elevated APX activity in ryegrass (Figures 4G, H), and this
effect was enhanced by 2.2-fold in the roots of plants receiving the combined Al-Si
treatments (Figure 4H). Conversely, Si supply decreased shoot APX activity by
approximately 25.9% in Al-treated plants (Figure 4G).
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The changes in antioxidant responses of Al-stressed plants as a consequence of Si
uptake were additionally examined by means of Pearson correlation as shown in the
Table 3. Briefly, we found a negative correlation between Si concentration and SOD
activity in shoots (r = -0.827, p ≤ 0.01) and roots (r = -0.961, p ≤ 0.01). Conversely, for
roots, we observed positive relationships between Si concentration and either total
phenols (r = 0.741, p ≤ 0.05) or the antioxidant enzymes of the second line of defense
(CAT, r = 0.838, p ≤ 0.01; POD, r = 0.925, p ≤ 0.01; APX, r = 0.980, p ≤ 0.01).

4.3.5 Analysis of SOD isoform gene expression in response to Al and Si treatments
Genes of SOD isoforms (Fe-SOD, Cu/Zn-SOD, and Mn-SOD) were differentially
expressed as a consequence of Si and Al supply (Figures 5A-F). Aluminium supplied
alone reduced the gene expression of Fe-SOD and Cu/Zn-SOD in shoots (Figures 5A,
C), whereas no changes in the expression pattern of these genes was detected in the
roots (Figures 5B, D). In addition, expression of the Mn-SOD gene was up-regulated by
approximately 1.7-fold in shoots and roots exposed to Al (Figures 5E, F). Increasing Si
doses lowered the gene expression of Fe-SOD by up to 1.9-fold in the shoots and 2.2fold in the roots of plants cultivated without Al (Figures 5A, B), whereas the transcript
levels of Mn-SOD were enhanced in shoots by approximately 1.7-fold by Si addition
(Figure 5E). In contrast, in plants receiving Si alone, there was no significant changes in
the expression level of either shoot Cu/Zn-SOD or root Mn-SOD genes (Figures 5C, F).
However, in roots, Cu/Zn-SOD was down-regulated by at least 1.8-fold as a
consequence of Si supply (Figure 5D). In plants simultaneously exposed to Al and Si,
the addition of Si did not induce significant changes in the expression level of Fe-SOD
in shoots and roots (Figures 5A, B). Although a similar expression pattern of Cu/ZnSOD was observed in the shoots of Al-treated plants under the different Si treatments
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(Figure 5C), the gene expression of this enzyme was down-regulated by up to 1.9-fold
in roots (Figure 5D). Likewise, Si application to Al-treated plants significantly reduced
the transcript level of Mn-SOD by at least 2.2- and 3.8-fold in shoots and roots,
respectively (Figures 5E, F).
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hydroponically cultivated under Al and Si treatments. The expression levels were
normalized in relation to Actin or eEF1A(m) gene expression. Data are means of three
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replicates ± standard error. Different letters indicate statistically significant differences
(p ≤ 0.05) among treatments.

4.3.6 Hydrogen peroxide production in shoot protoplasts exposed to Al and Si
Aluminum treatment augmented H2O2 generation by approximately 38% in shoot
protoplasts (Figure 6A). A progressive increase in H2O2 production was also observed
when Si was added alone, and the accumulation of H2O2 was enhanced to an even
greater extent in plants simultaneously supplied with Si and Al (Figure 6A). This pattern
was consistent with the observations made by confocal microscopy analysis (Figure
6B), which revealed a progressive increase in the fluorescence of an H2DCFDA probe
generated by Si and Al application.
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Figure 6. Hydrogen peroxide (H2O2) production in shoot protoplasts of ryegrass
hydroponically cultivated under Al and Si treatments. (A) Dot plot representation of
flow cytometry data. For the positive control, 100 μM H2O2 was used. The detection of
the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) was
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4.4 Discussion
Although several previous studies have reported that Si provide beneficial effects on
plants subjected to Al stress, the mechanisms underlying these responses have remained
poorly understood. Moreover, only a few studies have examined the effect of Simediated amelioration of Al toxicity in terms of the regulation of Al and Si uptake
systems (e.g., Britez et al. 2002; Wang et al. 2004; Dorneles et al. 2016) and plant
antioxidant performance (e.g., Shahnaz et al. 2011; Shen et al. 2014). Likewise, to date,
the effect of Si on Al stress in ryegrass, a forage species belonging to Si-accumulator
plants (Jarvis, 1987; Nanayakkara et al. 2008), has yet to be addressed.
The high level of toxic Al in acid soils is an important limiting factor for plant
production (Mora et al. 2006). In our study, the exposure of plants to 0.2 mM Al
significantly increased Al accumulation, mainly in the roots (Table 2), with a
consequent reduction of approximately 28.5% in root dry matter production (Table 2).
These results are consistent with our previous findings for ryegrass (Cartes et al. 2010),
since it is well known that Al toxicity involves the rapid inhibition of root growth (e.g.,
Matsumoto, 2000; Kochian et al. 2005; Horst et al. 2010; Singh et al. 2017). The role
played by Si in promoting plant growth under Al toxicity has been widely accepted
(e.g., Hara et al. 1999; Singh et al. 2011; Shen et al. 2014; Tripathi et al. 2016).
Correspondingly, Si application to Al-treated plants significantly reduced the Al
concentration in ryegrass (Table 2) and improved root dry weight by at least 51% (Table
2). A slight reduction in Si concentration in plant tissues was also found when plants
were simultaneously supplied with Al and Si (Table 2). Moreover, our results revealed a
negative correlation between Si and Al uptake in plants treated with Al and Si, whereas
Si concentration and dry matter production were positively related (Table 3). The
reduction in Al and Si uptake might be attributed to the formation of biologically
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inactive aluminosilcate (Al-Si) complexes in the growth media, thus lowering Al
availability (Barcelo et al. 1993; Baylis et al. 1994; Ma et al. 1997; Cocker et al. 1998a),
with the consequent enhancement of root growth. Nevertheless, the formation of Al-Si
inside plant tissues could also be involved in the growth-promoting effect of Si under Al
stress (Hodson and Sangster, 1993; Cocker et al. 1998b; Wang et al. 2004). Indeed, it
has been demonstrated that Al toxicity may be decreased by co-deposition of Al and Si
in the root epidermal walls of sorghum (Hodson and Sangster, 1993). Similarly, Cocker
et al. (1998b) and Wang et al. (2004) have also suggested that formation of Al-Si
complexes in the root apoplast of wheat and maize is a possible mechanism for Al
detoxification in plants.
Although all plants contain Si in their tissues, the concentration of this element varies
greatly among species, in a range from 0.1% to 10% on a dry weight basis (Epstein
1999; Ma and Takahashi, 2002), which is indicative of the fact that the benefits of Si to
plants grown under stress can also be highly variable. Recent studies have shown that Si
accumulation in plants is controlled by influx and efflux Si transporters that could be
involved in the differential Si-induced responses to cope with different plant stress (e.g.
Ma et al. 2006; 2007; Mitani et al. 2009a; 2009b; Chiba et al. 2009; Mitani et al. 2011a;
2011b; Yamaji et al. 2008; 2009; 2012; Grégoire et al. 2012; Montpetit et al. 2012;
Deshmukh et al. 2013; Ma and Yamaji 2015). To further investigate the effect of Si
uptake on ryegrass subjected to Al stress, we assessed the gene expression of two Si
transporters (Lsi1 and Lsi2) in plants with different Al and Si supply (Figures 1A, B).
Lsi1 is a channel-type transporter belonging to aquaporin Nodulin26-like intrinsic
protein (NIP) III subfamily (Ma et al. 2006), whereas Lsi2 is an Si efflux transporter
belonging to the family of putative anion transporters (Ma et al. 2007). Efficient
coupling of Lsi1 with Lsi2 controls the uptake of Si in species such as rice, barley, and
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maize (Ma et al., 2006; 2007; Mitani et al., 2009a; 2009b; Chiba et al., 2009). Our study
showed that in plants cultivated without Al, the mRNA expression levels of both LpLsi1
and LpLsi2 were down-regulated in plants supplied with Si (Figure 1A, B). Some
studies have shown that the accumulation of Lsi1 mRNA in maize (ZmLsi1), barley
(HvLsi1), and wheat (TaLsi1) is not affected by the addition of Si (Chiba et al. 2009;
Mitani et al. 2009a; Montpetit et al. 2012). Nevertheless, Ma et al. (2006; 2007) found
that the gene expression of both OsLsi1 and OsLsi2 was decreased by approximately
25% in rice, as a consequence of continuous Si application. A similar expression pattern
has been detected for Lsi1 in maize (ZmLsi1) (Bokor et al. 2014) as well as for Lsi2 in
barley (HvLsi2) (Mitani et al. 2009b) and maize (Bokor et al. 2014). Moreover, a recent
study has stated that the Si-induced down-regulation of Si transporter genes is
controlled by Si accumulation in the shoots of rice (Mitani et al. 2016).
At present, there is little information on the effect of any plant stress on the
transcriptional regulation of Si transporters genes. Bokor et al. (2014) observed that Si
supply down-regulated the expression of ZmLsi1 and ZmLsi2 in the roots of maize
subjected to excess zinc (Zn). By contrast, it has been reported that Si increased the
expression level of OsLsi1 and OsLsi2 under conditions of cadmium (Cd) and copper
(Cu) toxicity in rice plants (Kim et al. 2014). Likewise, Vulavala et al. (2016) found that
a putative Si transporter in potato (StLsi1) was up-regulated in response to Si and
drought stress. Interestingly, we found that the transcript levels of both LpLsi1 and
LpLsi2 were significantly down-regulated by Al supply, but up-regulated by 5.4-fold
(LpLsi1) and 2.5-fold (LpLsi2) when Al was added in combination with Si (Figures 1A,
B). Compared with plants cultivated with Si alone, the reduction in Si concentration in
plants simultaneously supplied with Al and Si (Table 2), could be responsible for the
up-regulation of LpLsi1 and LpLsi2 (Figures 1A, B). This behavior might indicate an
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increased requirement for Si in ryegrass in order to cope with Al-induced toxicity.
Further studies are needed to confirm this assumption.
As a possible alternative mechanism of Si-mediated Al detoxification in plants,
enhancement of the antioxidant defense system has also been proposed (Shahnaz et al.
2011; Shen et al. 2014; Liang et al. 2015; Tripathi et al. 2016). As stated above, Al
toxicity can lead to the generation of reactive oxygen species (ROS), such as superoxide
radicals (O2˙-), hydroxyl radicals (•OH), and hydrogen peroxide (H2O2) molecules,
which cause oxidative damage to plant cells (e.g., Yamamoto et al. 2001; 2002; 2003;
Kochian et al. 2005; Singh et al. 2017). In agreement with previous reports (Cartes et al.
2010; 2012), our results show that 0.2 mM Al increased lipid peroxidation in ryegrass
(Figures 2A, B), confirming that oxidative stress occurs under Al supply. Nevertheless,
2 mM Si significantly diminished Al-induced lipid peroxidation by approximately 32%
and 28% in shoots and roots, respectively (Figures 2A, B). Moreover, a negative
correlation between Si concentration and lipid peroxidation was detected in Al-treated
plants (Table 3). Consistent with our findings, Shen et al. (2014) observed a noticeable
decrease in lipid peroxidation attributable to Si in peanut grown under Al excess.
Similarly, there is increasing evidence showing that oxidative damage to biological
membranes decreases as a consequence of Si application to plants subjected to different
environmental stresses (e.g. Liang et al. 2003; Zhu et al. 2004; Shi et al. 2005; Gunes et
al. 2007; 2008; Li et al. 2012; Khoshgoftarmanesh et al. 2014; Kim et al. 2014; Habibi,
2015; Zia-ur-Rehman et al. 2016).
Whereas Al toxicity enhanced plant phenols concentration (Figures 3A, B) and
augmented the activities of antioxidant enzymes (Figures 4A-H), Si application induced
differential responses in the antioxidant system of Al-stressed plants (Figures 3A, B and
Figures 4A-H). It has been suggested that Si may enhance Al tolerance by increasing
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the production of phenolic compounds with Al-chelating ability (Kidd et al. 2001;
Shahnaz et al. 2011). Furthermore, it has been reported that Si uptake by plants
subjected to certain stresses can lead to increased production of phenolics with
antioxidant and/or structural function (Fleck et al. 2010; 2015; Song et al. 2016).
Likewise, enzymes and genes involved in the biosynthesis of either soluble phenolics
(e.g., flavonoids) or structural polyphenols (e.g., lignin) have also been shown to be
induced by Si (Liang et al. 2007; Shetty et al. 2011; Zhang et al. 2013; Song et al.
2016). Here, we found that Si addition (mainly at the highest dose) increased the total
phenol concentration in plants treated with Al and Si (Figures 3A, B), and that there was
a negative relationship between phenols concentration and lipid peroxidation (Table 3).
Thus, the enhanced phenols accumulation triggered by Si may have contributed to the
amelioration of Al-induced oxidative stress in ryegrass.
Differential changes in the activity of antioxidant enzymes, as a consequence of Al and
Si treatments, were also observed. Superoxide dismutase constitutes the first line of
defense in the enzymatic antioxidant responses by catalyzing the dismutation of O2˙- to
H2O2 and O2 (Takahashi and Asada, 1983; Alscher et al., 2002). Our results indicate
that the highest Si dose decreased SOD activity in plants subjected to Al stress (Figures
4A, B), as supported by the negative correlation between SOD activity and Si
concentration (Table 3). In agreement with SOD activity, Si supply significantly
reduced the gene expression level of both LpCu/Zn-SOD (1.9-fold) and LpMn-SOD
(3.8-fold) in roots of plants exposed to Al toxicity (Figure 5D, F). Similarly, the
transcript level of LpMn-SOD was decreased by at least 2.2- fold in shoots of plants
receiving Al in combination with Si (Figures 5E), whereas no changes in the expression
of Fe-SOD were detected (Figures 5A, B). Consequently, our results indicated that
LpCu/Zn-SOD and LpMn-SOD mainly contributed to the total SOD activity.

The
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decrease in both the total SOD activity (Figure 4A, B) and the gene expression pattern
of LpCu/Zn-SOD and LpMn-SOD isoforms (Figures 5 D, E, F) coincided with a
significant reduction in lipid peroxidation at the highest Si dose (Figures 2A, B),
denoting that 2 mM Si can diminish the requirement for SOD enzyme in Al-treated
plants.
It is noteworthy that the activity of antioxidant enzymes responsible for H2O2
scavenging (CAT, POD, and APX) was activated by Si in the roots of Al-stressed plants
(Figures 4D, F, H). Moreover, a direct correlation between Si concentration and the
activities of CAT, POD, and APX was found in the roots of plants treated with Al and
Si (Table 3). The activation of these enzymes was accompanied by a noticeable
decrease in lipid peroxidation (Figures 2A, B), with a consequent reduction in the
oxidative damage of biological membranes induced by Al.
We also detected an apparent increase in intracellular H2O2 production in shoot
protoplasts of plants simultaneously supplied with Al and Si (Figure 6A, B). It is
remarkable that there is so little information available regarding the role of Si in H2O2
generation under either biotic or abiotic stress conditions. In this context, the only study
that has examined the relationship between Si and H2O2 production in plants subjected
to Al toxicity (Lima et al. 2016) showed an opposite trend when compared with our
results. Nevertheless, under freezing stress, Habibi (2015) detected an increase in H2O2
levels induced by Si in pistachio plants, which is consistent with the findings of the
present study. This significant increase in H2O2 production might be related to the
reduction in POD activity observed in the shoots of plants simultaneously treated with
Al and Si (Figure 4E). Indeed, H2O2 plays a dual role in vascular plants by either
inducing oxidative damage or acting as signaling molecule in several physiological
processes, including senescence (Peng et al., 2005), photorespiration and photosynthesis
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(Noctor and Foyer, 1998), and growth and development (Foreman et al. 2003). H2O2
also functions as a second messenger that modulates the expression of antioxidant
enzymes and stress responses (Apel and Hirt, 2004). Accordingly, further work should
focus on the mechanisms underlying the Si modulation of H2O2 production under Al
stress.
Finally, taken together, our findings provide the first biochemical and molecular
evidence that Si counteracts the negative effects of Al by modulating Al and Si uptake
as well as enzymatic and non-enzymatic antioxidant responses in ryegrass plants.
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5. General discussion, concluding remarks and future directions
5.1 General discussion
Current scientist evidence demonstrates the benefits of silicon (Si) for vascular plants,
particularly in alleviating biotic and abiotic stresses. As mentioned in the previous
Chapters, the beneficial role of Si is closely related with the ability of the plant species
to take up this element from soil. Hence, some plant species does not respond to Si
supply, and this behavior often can be interpreted as a failure by Si to confer protection
rather than a biological limitation. This situation has created a lot of ambiguities in the
literature and confusion among scientists. Nevertheless, the recent molecular advances
associated with the identification and characterization of Si transporters in various plant
species have been useful to improve the understanding of benefits that plants can derive
from Si uptake.
Silicon is currently viewed as a sustainable alternative to provide tolerance to Al stress,
which represents one of the major constraints for crop production in Southern Chile. In
an attempt to search new insights to alleviate the negative effects derived from Al in
ryegrass, firstly we studied the Si uptake system and then the impact of Si supply on
plants grown under Al toxicity. Influx transporters (Lsi1 and Lsi6) belonging to the NIP
III aquaporins subgroup and efflux transporters (Lsi2 and Lsi3), known as anion
transporters, have been reported to be responsible for the uptake and transport of Si in
vascular plants (Ma and Yamaji 2015; Deshmukh and Bélanger 2016). Based on the
sequence homology approach, two putative Si transporter genes, LpLsi1 and LpLsi2,
were cloned and characterized from ryegrass (Chapter III; supporting information of
Annex 1). BLAST analysis showed that the amino acid sequence of LpLsi1 shared high
identity (88%) with a homologous sequence from barley and wheat (Table S1.1 of
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Annex 1). The available information about amino acid sequences and protein models of
influx Si transporters have revealed unique conserved attributes that determine the
selectivity for silicic acid (Mitani et al. 2011c; Liu and Zhu 2010; Deshmukh and
Bélanger 2015; Deshmukh et al. 2015; Vatansever et al. 2017) as shown in Figure S1.2
of Annex 1. Accordingly, it has been reported that two pore-forming regions in the
central channel (two highly conserved NPA (Asn-Pro-Ala) motifs and an
aromatic/arginine (ar/R) filter) are associated to substrate selectivity of NIP members
(Wu and Beitz 2007). The NPA region is formed by juxtaposition of asparangines
(Asn), which make hydrogen bond with the transport molecules and may function in the
proton exclusion (Forrest and Bhave 2007). Besides, ar/R region functions as a
selectivity filter for substrates: acting a barrier, determining the transport rate, and
making H and van der Waals bounds with substrates (Sui et al. 2001). In ar/R filter for
silicic acid transport, only Gly-Ser-Gly-Arg (GSGR) residues confer specificity for
silicic acid (Mitani et al. 2011c). Thus, conserved domains characterizing both the
typical aquaporins and the Si transport activity (Wu and Beitz 2007; Maurel et al. 2008;
Mitani et al. 2011c; Deshmukh and Bélanger 2015; Deshmukh et al. 2015; Vatansever
et al. 2017) were found in the predicted amino acid sequence of LpLsi1. Based on
sequence homology and availability of ar/R selectivity filter, a phylogenetic analysis
performed by Vatansever et al. (2017) showed that three clusters associated to Si
accumulation ability were formed from Lsi1 transporters. Consequently, protein
modeling of Lsi1 in different plant species showed that ar/R selectivity filter containing
GSGR residues were found in binding sites of the high Si accumulators (Vatansever et
al. 2017). Based in this premise, the conserved amino acid residues identified in the
protein sequence of LpLsi1 confirm the high Si accumulation capacity of ryegrass as
previously suggested by (Jarvis 1987; Nanayakkara et al. 2008). Phylogenetic analyses

96

Chapter V: General discussion, concluding remarks and future directions
also support that LpLsi1 belongs to a well-defined aquaporins family of previously
identified Lsi1 genes (Chapter III). On the other hand, identified Lsi2 genes in plants
encoded a polypeptide of 472-547 amino acid residues having conserved 10-11 putative
transmembrane domains (Ma et al. 2007; Mitani et al 2009a; Vatansever et al. 2017).
Different to Lsi1, Lsi2 transporter homologs in 17 plant species showed highly
preserved sequences even in low Si-accumulators (Vatansever et al. 2017). A partial
coding sequence of LpLsi2 showing high identity with known Lsi2 efflux transporters
HvLsi2 (90%), OsLsi2 (82%), and ZmLsi2 (81%) was also isolated from ryegrass (Table
S1.2 and Figure S1.1 of Annex 1). However, an exhaustive analysis of LpLsi2 sequence
was not perfomed since the full length cDNA was not satisfactorily achieved.
A gene expression analysis showed that LpLsi1 and LpLsi2 were only expressed in
roots. In addition, the expression level of both LpLsi1 and LpLsi2 was down-regulated
by Si supply suggesting that theses transporters can be silicic acid inducible (Chapter III
and IV). These findings agree with the expression pattern reported by Ma et al. (2006;
2007b) and Mitani et al. (2009a) for both Lsi1 and Lsi2 in other plant species. However,
it has been found that Si did not affect the transcript level of Lsi1 in barley, maize and
wheat (Chiba et al. 2009; Mitani et al. 2009b; Montpetit et al. 2012).
In order to assess the response to Si supply in two ryegrass cultivars with contrasting
Al- tolerance (Al-sensitive, Jumbo; Al-semi-tolerant, Nui) two kinetics experiments of
Si uptake were performed (Chapter III). In general, both the concentration- and the time
-dependent Si uptake experiments showed that Si accumulation in cv. Jumbo was higher
than cv. Nui. However, cultivar variation for Si concentration was mainly observed at
the short-term (Chapter III). Genotypic variations in Si accumulation in rice roots have
been associated with differences in abundance of Si transporters (Ma et al, 2007a).
However, the concentration-dependent kinetics assay in ryegrass showed similar values
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of Vmax between cultivars, whereas variations in Km values could suggest either the
differential contribution of the known proteins responsible for uptake and transport of Si
or the involvement of undiscovered Si transporters (Chapter III). Another factor that
could determine the differences in Si accumulation between genotypes is the production
of root biomass. It is expected that high root growth improves Si uptake. Such effect
was not visualized in our study since the experiment was performed at the short-term;
thus, ryegrass cultivars did not show any difference in root dry matter production
(Figure S2.1 of Annex 2). Likewise, it has been suggested that dissimilarities in Si
uptake ability between rice genotypes (Japonica and Indica) could result from the
difference in the expression of Si transporter genes (Ma et al., 2007a). Thus, our
outcomes about the identification and characterization of genes encoding for Si
transporters provide the basis to improve the understanding of Si uptake mechanisms in
ryegrass and the benefits that this forage species can arise from Si nutrition.
The role of Si for ryegrass cv. Nui subjected to Al toxicity was reviewed in the Chapter
IV and published in Frontiers in Plant Science 2017, 8:642. In order to extend our
knowledge about Si/Al uptake under Al stress, studies involving plant growth, Si and Al
concentration, gene expression of Si transporters and lipid peroxidation were also
performed in ryegrass cv. Jumbo supplied with Al (0 or 0.2 mM) in combination with Si
(0, 0.5 or 2 mM Si) doses at 21 days (Annex 3). Our outcomes demonstrated that the
application of 0.2 mM Al significantly increased Al accumulation and lipid peroxidation
in roots of both ryegrass cultivars, thus reducing the root growth by about 28% and 48%
in cv. Nui and cv. Jumbo, respectively (Chapter IV and Figures S3.1, S3.2 and S3.3 of
Annex 3). Nevertheless, Si applied to Al-stressed plants decreased Al concentration by
up to 56% in cv. Nui and 20% in cv. Jumbo. Moreover, Si supply diminished Alinduced lipid peroxidation by about 28% and 41% in roots of cv. Nui and cv. Jumbo,
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respectively (Chapter IV and Figures S3.1 and S3.2 of Annex 3). Consequently,
improvement of root dry weight was observed in plants of both cv. Nui (51%) and cv.
Jumbo (118%) receiving the combined Al-Si treatments (Chapter IV and Figure S3.3 of
Annex 3). Our results also revealed a negative correlation between Si and either Al
concentration and lipid peroxidation in both ryegrass cultivars treated with Al and Si,
whereas Si concentration and dry matter production were positively related (Table S3.1
of Annex 3).
Differences in root Si concentration between ryegrass cultivars were also observed
when plants were simultaneously supplied with Al and Si (Figure S3.4 of Annex 3).
Compared with plants cultivated with Si alone, a slight reduction of root Si
concentration was found in cv. Nui treated with Al and Si, whereas Si concentration in
the roots of cv. Jumbo was increased. Interestingly, ryegrass cultivars with contrasting
Al-tolerance also exhibited differential gene expression profiles of Si transporters under
Al stress (Figure S3.5 of Annex 3). Since our results showed that the expression level of
LpLsi1 and LpLsi2 was decreased by Si application in both cultivars (Chapter III and
IV), the up-regulation of LpLsi1 and LpLsi2 in the Al-semi-tolerant cv. Nui
simultaneously supplied with Al and Si was consistent with the reduction of Si
concentration at the same condition. In contrast, a down-regulation of LpLsi1 in the Alsensitive cv. Jumbo coincided with the increase of Si concentrations in roots when Al
and Si were applied in combination. These facts might denote differential requirements
of Si between ryegrass cultivars aimed to cope with Al toxicity. Moreover, differential
response among cultivars might result from either the involvement of unidentified Si
transporters or the existence of external signals, still unknown, regulating the expression
and/or activity of Si transporters. Recent findings showing that shoot Si accumulation
induces a down-regulation of Si transporters genes, and the presence of a cis-acting
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element in the Lsi1 promoter regulating the OsLsi1 expression in rice (Mitani et al.
2016) support our premise. Further studies are needed to advance in the understanding
of the mechanisms controlling the expression of Si transporters genes in plants.

Despite both the root Si concentration and the expression level of LpLsi1 and LpLsi2
were dissimilar between ryegrass cultivars under Al stress, a reduction of Al
concentration in plant tissues of cv. Nui and cv. Jumbo was observed as a consequence
of Si application to nutrient solution (Figure S3.1 of Annex 3). Decrease of Al
accumulation induced by Si has been also found by Dorneles et al. (2016) and Vega et
al. (2019; submitted). Consequently, Si addition in presence of Al could be generating a
reduction of the Al accumulation as result of the formation of Al-Si complexes in the
solution, thus lowering Al availability and improving root biomass production (Barcelo
et al, 1993; Baylis et al, 1994; Ma et al, 1997; Cocker et al, 1998a).

As an alternative mechanism involved on the Si-mediated Al detoxification in plants,
the enhancement of the antioxidant defense system has also been proposed (Shahnaz et
al., 2011; Shen et al., 2014; Liang et al., 2015; Tripathi et al., 2016). In this regard, this
study showed molecular and biochemical evidence supporting the role of Si on the
improvement of the antioxidant performance of ryegrass cv. Nui subjected to Al toxicity
(Chapter IV). Consistent with our findings, there is increasing evidence showing that
oxidative stress decreases as a consequence of Si supply to plants subjected to either Al
excess or other environmental stresses (e.g., Liang et al., 2003; Zhu et al., 2004; Shi et
al., 2005; Gunes et al., 2007, 2008; Li et al., 2012; Khoshgoftarmanesh et al., 2014; Kim
et al., 2014; Habibi, 2015; Zia-ur-Rehman et al., 2016). Interestingly, Si uptake by
ryegrass enhanced total phenols concentration in plants grown under Al exposure
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(Chapter IV). It has been proposed that Si influences phenolics metabolism and
utilization by Si-polyphenol complexation (Dragišic Maksimovic et al. 2007). In
addition, it has also been reported that Si may enhance Al tolerance by increasing the
production of phenolic compounds with antioxidant and/or structural function (Fleck et
al., 2010, 2015; Song et al., 2016; Ribera et al. 2018). Moreover, the activities and/or
gene-expression profiles of key enzymes involved in the biosynthesis of either soluble
phenolics (e.g., flavonoids) or structural polyphenols (e.g., lignin) have also been shown
to be induced by Si in plants subjected to various stresses (Liang et al., 2007; Shetty et
al., 2011; Zhang et al., 2013; Song et al., 2016). On the other hand, under Al stress, the
reduction of lipid peroxidation triggered by Si also coincided with the decrease of both
the total SOD activity and the gene expression pattern of LpCu/Zn-SOD and LpMn-SOD
isoforms (Chapter IV), suggesting that Si supply can diminish the requirement for SOD
enzyme in Al-treated plants. Likewise, enzymes belonging to the second defense line
against oxidative stress (CAT, POD, and APX) were activated as a response to Si
supply (Chapter IV), in agreement with the earlier reports on vascular plants subjected
to Al (Ribera et al. 2018; Shen et al. 2014;), manganese (Shi et al. 2005), salt (Hashemi
et al. 2010) and boron (Inal et al. 2009) toxicity.

Finally, the main results of this research and the aspects that still remain to be
investigated are summarized in Figure 1.
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Figure 1. Overview of Si uptake and its role in ryegrass under Al toxicity. Dashed
arrows indicate the aspects that still remain to be investigated.
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5.2 Concluding remarks and future directions

- Our findings confirm the presence of putative influx (LpLsi1) and efflux (LpLsi2) Si
transporters in ryegrass with characteristics highly conserved among Si transporters
from different gramineous species. The identification of these Si transporters genes
provides new evidence about the Si accumulation ability of ryegrass.

- Our research also provides the first evidence that Si alleviates Al toxicity in ryegrass.
Silicon counteracts Al stress by modulating Al/Si uptake and by reducing the Alinduced oxidative stress with the consequent improvement of root growth in cultivars
with contrasting Al-tolerance. Under Al toxicity, differential Si accumulation and
gene expression pattern of Si transporters might denote either a different Si
requirement between cultivars to counteract Al stress or the involvement of unknown
regulatory element(s) determining the function of Si transporters. This evidence
underlines the importance of studying Si uptake mechanisms and its molecular
regulation under stress conditions.

This Thesis project not only contributes to extend the understanding of the Si uptake
system of ryegrass and the diversity of membrane transporters in vascular plants, but
also the impact of Si on the antioxidant performance of ryegrass cultivated under Al
toxicity. Future assessments regarding both the functional characterization and the
cellular localization of LpLsi1 and LpLsi2 could help to explain the differences in Si
uptake and gene expression of these Si transporters between cultivars. Further in-depth
studies are needed to elucidate the mechanisms involved in the regulation of sensing
and signal transduction pathways controlling the gene expression of Si transporters. The
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knowledge of the molecular nature of Lsi genes could be used to optimize the benefits
that ryegrass plants can derive from Si uptake under either Al toxicity or another
stressors.
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Table S1.1. NCBI BLASTp search results using the deduced amino acid sequence of
LpLsi1 as query.

QUERY
Name

LpLsi1

Length

295

SUBJECT

SCORE

IDENTITIES

Gene

Accession

Bit

Raw

E-Value

Match

Total

Pct.(%)

Silicon transporter
[Hordeum vulgare]

BAH24163.1

530

1366

0.0

262

297

88

Aquaporin NIP2-1
[Triticum urartu]

ADM47602.1

526

1356

0.0

260

296

88

Aquaporin NIP2-1
[Zea mays]

NP_001105637.1

502

1293

4E-178

249

298

84

Aquaporin NIP2-1
[Oryza sativa
Japonica Group]

XP_015626173.1

501

1291

8E-178

239

296

81
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Table S1.2. NCBI BLASTx search results using the partial cDNA sequence of LpLsi2
as query.
QUERY
Name

LpLsi2

Length

951

SUBJECT

SCORE

IDENTITIES

Gene

Accession

Bit

Raw

E-Value

Match

Total

Pct.(%)

Silicon transporter
[Hordeum vulgare]

BAH84976.1

550

1418

0.0

287

318

90

XP_003559015.1

547

1490

0.0

280

317

88

CCH63884.1

493

1270

2E-171

260

321

81

NP_001183945.1

486

1251

1E-168

261

317

82

Silicon efflux
transporter Lsi2
[Brachypodium
distachyon]
Low silicon
transporter 2 [Oryza
sativa Indica Group]
Silicon transporter
[Zea mays]
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78

LpLsi2 KY315995.1
HvLsi2 AB447483.1

100

OsLsi2 AB222273.1
74

ZmLsi2 NM 001197016.1
StLsi2 XM 006363266.2
CmLsi2 AB551951.1

0.05

Figure S1.1. Phylogenetic tree of ryegrass Lsi2 and Lsi2-like genes reported in vascular
plants. The 0.05 scale shows substitution distance. Nucleotide sequences from ryegrass,
barley, rice, maize, potato and pumpkin are indicated with the prefixes Lp, Hv, Os, Zm,
St and Cm, respectively. Phylogenetic analysis was performed using MEGA version 6
(Tamura et al., 2013).
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Figure S1.2. Two-dimensional (a) and three-dimensional (b) structure of wheat Si transporter (TaLsi1) showing the known features that
influence solute specificity. AA, amino acid; TM domain, transmembrane domain (1-6). Taken from: Coskun et al. (2019), New Phytologist 221:
67-85.
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Annex 2
Supporting information about Si uptake kinetics experiments
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Relative root growth (%)
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Figure S2.1. Relative root growth (%) of ryegrass cv. Jumbo and cv. Nui grown in
nutrient solutions supplemented with or without 0.5 mM (A) or 2 mM (B) Si at different
times (h). Data are means of three replicates  standard error.
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Annex 3
Supporting information about Si-Al assays
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Figure S3.1. Aluminium concentration in shoots (A, B) and roots (C,D) of ryegrass
cultivars Nui and Jumbo hydroponically cultivated under Al and Si treatments. Data are
means of three replicates ± standard error. Different letters indicate statistically
significant differences (p ≤ 0.05) among treatments.
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Figure S3.2. Lipid peroxidation in shoots (A, B) and roots (C,D) of ryegrass cultivars
Nui and Jumbo hydroponically cultivated under Al and Si treatments. Data are means
of three replicates ± standard error. Different letters indicate statistically significant
differences (p ≤ 0.05) among treatments.
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Figure S3.3. Dry matter production in shoots (A, B) and roots (C,D) of ryegrass
cultivars Nui and Jumbo hydroponically cultivated under Al and Si treatments. Data are
means of three replicates ± standard error. Different letters indicate statistically
significant differences (p ≤ 0.05) among treatments.
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Table 1. Pearson’s correlation among plant growth, Si and Al concentration and lipid
peroxidation in shoots and roots of two ryegrass cultivars hydroponically cultivated
under Al and Si treatments.

Al

Si

Shoots
Al
Si
Dry weight
TBARS
Roots
Al
Si
Dry weight
TBARS

TBARS

Nui
1.00
-0.927**
-0.849**
0.946**

1.00
0.721*
-0.947**

1.00
-0.757*

1.00

1.00
-0.935**
-0.876**
0.740*

1.00
0.823**
-0.734*

1.00
-0.800**

1.00

Shoots
Al
Si
Dry weight
TBARS
Roots
Al
Si
Dry weight
TBARS

Dry weight

Jumbo
1.00
-0.872**
-0.156
0.377

1.00
0.396
-0.483

1.00
0.285

1.00

1.00
-0.888**
-0.901**
0.818*

1.00
0.897**
-0.961*

1.00
-0.851**

1.00

Asterisks indicate significance as follows: ** p ≤ 0.01,* p ≤ 0.05
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Figure S3.1. Silicon concentration in shoots (A, B) and roots (C,D) of ryegrass cultivars
Nui and Jumbo hydroponically cultivated under Al and Si treatments. Data are means
of three replicates ± standard error. Different letters indicate statistically significant
differences (p ≤ 0.05) among treatments.
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Figure S3.5. Expression analysis of LpLsi1 (A,B) and LpLsi2 (C,D) genes in ryegrass
cultivars Nui and Jumbo hydroponically cultivated under Al and Si treatments. The
expression levels were normalized in relation to Actin or eEF1A(m) gene expression.
Data are means of three replicates ± standard error. Different letters indicate statistically
significant differences (p ≤ 0.05) among treatments.
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