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Summary and thesis outline

Summary and thesis outline

Silicon (Si) has been widely recognized as a beneficial elememnidoy plant species,
especially under stress conditio&snceseveralstudieshave showrthat Si benefitare
closelyrelatedwith Si accumulation in plastthe elucidation othe mechanisms of Si
uptake and transport isrucial for exploitingthe Stinduced beneficial effecton
agricultural systemdn this regard, it has been reported that Si can alleviatexidity,

which had led to suppose that the uptake and subsequent accumulation of this element
could generate benefits for ryegraas importantSi-accumulating forage species that
commonlygrow under Alstress In Chapter |, we present a general introduction of this

Doctoral Thesis, indicating the hypothesis and goals of this study.

In Chapter Il the importance of Si uptake in vascular plan@ i influence on mineral
stress under acidic conditions is presented as a review. kerepresenta
comprehensive update about the considerable advdrasdseenachievedaimed to
improve theunderstandingf the mechanisms of Si uptake and transponascular
plants In addition, this work providethe new insights into the role of Si against

mineral stresses that occur in acid soils.

In Chapter Ill,we analyzed thinetics of Si uptake in two ryegrass cultivaiffering

in Al tolerance (Al-sensitve, Jumbo; Alsemitolerant, Nui) To examine the
concentratiordependent 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 evaluated timedependent kinetics, plants were grown under 0, 0.5 or 2
mM Si doses during 0, 3, 6, 9, 12 and 24 hourgeneral, both the concentraticand

the time-dependent Si uptake experiments showed that Si accumulation in cv. Jumbo

was higher thamn cv. Nui. However, cultivar variation for Si concentration vady
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Summary and thesis outline

observed at the shetrm. In addition, differencesin K, values between Jumbo and
Nui, but similar values of Max were found.On the other handiwo putative Si
transporter genegplLsiland LpLsi2 were identifiedfrom ryegrassith characteristics
highly conserved among Si transporters from different plant spécigsne expression
analysis showed that bottpLsil and LpLsi2 were only expressed in roots, and the

expression level was deased 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 ctativevith Al (O 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 diministed 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 andL8{ewise, Si transporter
genes(Lsil and Lsi2) were dowrregulated in roots after Si or Al was applied alone;
however, bothLsil andLsi2 were upregulated as a consequence of Si application to
Al-treated plantsComplementary, this study also showed molecular and biochemical
evidencesupporting 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 SODQ CAT, APX and POD antioxidant enzymes and the gene expression of

Mn-SOD, FeSOD and Cu/Zf850D isoforms under Al stress

vii



Summary and thesis outline

In order to extend our knowledge about Si/Al uptake under Al stress, studies involving
ryegrass cv. Jumbo wediscusse@dnd compareavith cv. Nuiin Chapter V. Similar to

cv. Nui; Si applied to Alstressed plantsf cv. Jumbodecreasedboth Al concentration

and lipid peroxidationsignificantly improving the root matter production by about
118% Interestingly, differences inboth root S concentrationand gene expression
pattern of Si transportekgere alsofound between Jumbo and Numder combined Al

and Si treatmentsThese resultsight denoteeither a different Si requirement between
cultivars to counteract Al stress thre involvement of unknown regulatory element(s)

determining the function of Si transporters.

Finally, overall results are discussed @haper V, concluding the following: (1)
Ryegrass has influx and efflux Si transporteith characteristics highly conserved
among Si transporters from different plant spe¢®sSilicon alleviatesAl stress by
modulating Al/Si uptake and by reducing the-iddluced oxidative stress with the
consequent improvement of root growth nyegrasscultivars with contrasting Al
toleran@. Moreover, yegrass cultivargiffering in Al-tolerance exhibit differential

gene expression pattern of Si transporters under Al stress.
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Chapterl: General introduction

1.1 General Introduction

Several reports have highlighted the positbenefitsof silicon (Si) onvascular plants.

It increases the plant resistance against numerous biotic/abiotic stresses such as
pathogendiseasesnd insecpests(Fautaix et al 2005; Romercaet al 201J), drought

(Hattori et al. 2005; Gongt al 2005 Hosseini et al. 20)7salt (Ahmad et al. 1992;

Zhu et al. 2004; Liang et al. 2007; Rios et al. 20EXtreme temperaturet)V-B
radiation(Ma 2004, Liang et al. 201b)netal toxicity and nutrient imbalan¢&/u et al.

2013; Adrees et al. 2015; Liang et al. 20Pontigo et al. 2015Tripathi et al. 2015,

2016; Pontigo et al. 2017; Ribera et al. 2018)

Despite the benefits of Sinoagriculture hae been well documentedhe use of Si
amendmentss still not well understood because of the many intricacies surrounding Si
properties,uptake and efficacy(Deshmukh and Belanger 2015ince the positive
effects of Sion plants have been mostlssociatedo a high accumulatioof this

element in different tissueSj uptakeis arguably the mogiritical aspect of its benefits.

Rapid progress has been made in unveiling molecular mechanisms for Si uptake and
transport in plantsThe discovery of specific Si transporters (Maaket2006) and the

huge advances in highroughput sequencing and genomics have openedtwagach

a clearer understanding of the molecular mechanisms underlyiogt&dein plants.
Consequently, it has become easier to correctly classify plants drasige of its &
accumulating capacities and even to predict which plant speaiebemore proneto

gain an advantage from Si uptake

Plants take up Si by roots in the uncharged form of monosilicic ag®iQk), which is
then converted into hydrateamorphous silica and deposited on the cell wdliso

different proteinfamilies with distinct characters have been found to be responsible for
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silicic acidtransportirom the soil solution tohe shootsn varying plant specie&irstly,

Si influx transpaters, also known as Lsidnd Lsi§ are passivehannels belonging to

the NIP Il subfanily of aquaporins (Gomes et a@009; Deshmukh and Baéiger,
2015). The membrane channel Lsil facilitates the transport of Si from the external
solution to the root cH, whereas Lsi6 has been implicated in unloading Si from the
xylem to the shoots and in the intascular transfer of Si (Ma et @006; Yamaji et al.
2009). Functional Lsils have been reported to be essential for a plant species
accumulate Silleshnukh and Belanger 2015; Vatansever et al. 20 licon efflux
transporters, also called Lsi2, belong to the -Badied family of putative anion
transporters(Ma et al. 2007; Yamaji et aR011). Differentto aquaporins, Lsi2 is
supposed to ban 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 procesdisfributing Si in panicles

(Ma and Yamaji2015). 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

conditionsremainsto be explored.

On the other hand, Sias beerreportedto alleviate Al toxicity in vascular plants
(Adrees et al. 2015; Pontigo et 2015; Liang et al2015; Tripathi et al. 2017). Current
evidence supports that Si can regulate plant resistance andfanta to Al toxicity by
meanseither external or internal mechanisnmeluding: (i) Si-induced incease in
solution pH (Li et al. 1996; Cocker etH)98a), (ii) formation of AlSi complexes inhe
growth media (Barcelo et al. 1993; Baylis et H094; Maet al. 1997; Cocker et .al
1998a) or/and winin the plant (Corrales et al. 1997; Cocker et al. 1998b; Britez et al.

2002; Zsoldos et al. 2003; Wang et 2004; Prabagar et al. 2011), (iii) exudation of
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organic acid anions and phenolic compounds (Bareedd., 1993; Cocker et al., 1998b;
Kidd et al. 2001), (iv) increase in the chlorophyll and carotenomtents of leaves
(Singh et al.2011) and (v) activation of the plant emidant system (Shahnaz et al.
2011; Shen et al. 2014). However, to our knalgks 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, ryegraskdlium perennd..) is one of the main forage species used

in intensive dairy and le¢ production gstems (Mora et al. 19992009). Nevertheless, it

is commonly exposed to high amounts of phytotoxi€ Atesent on acid soils that limit

its productivity. It has been reported that ryegrass is able to accumulate high Si
concentrations (Jaisy, 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 ryegrasand the transporters involved in such processes have not been

identified yet.
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1.2 Hypothesis and research objectives

1.2.1Hypothesis

Based on therevious background, we addressed the following hypotheses:

1 Inryegrass, a gramineae species with ltgpacity to accumulate Si, the uptake and
transport of Si are processmediated by influx and efflux $iansporters.

1 Silicon alleviates Al toxicity by modulating Al and Si uptake, oxidative damage and
the gene expression of Si transporters in ryegpémsts. Ryegrass cultivars with
contrasting Altolerance exhibit different gene expression pattern of Si transporters

under Al stress.
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1.2.2 Researclobjectives

1.2.2.1 General objective

1 To study the mechanisms involved in the Si uptake and trarepworell as the gene
expression of Si transporters in response to Al toxicity in ryegrass plaoitsng

perennel.)

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 Siptake and gene expression of Si transporters at

different Si doses in ryegrass.

3 To analyze gene expression of Si transporiteryegrass cultivars subjected to Al

toxicity.
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Silicon in vascular plants: uptake, transport and its influence on

mineral stress under acidic conditions
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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 beenidely 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, diferent 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 d 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
undersanding 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 aredherefo
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 exploitsttaegy

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 silicqdSi) 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 cyclexeept 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 thaaeaing 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 etl. 2005), metal toxicity (Wu et al. 2013), nutrient
imbalance (HernandeXpaolaza 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 (Raxitt 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 vavidely within the plant kingdom, with

Si concentrations among plant species ranging from 1 to 103 drkgveight (Ma and
Takahashi 2002). Consequently, several researches have been undertaken to establish
how plants take up Si from the soil and transtaio 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 raecumulator species (Takahashi et al. 1990).
Accordingly, Equisetaceae, Gramineae &yperaceae families can accumulate up to

100 g kg of Si on dry weight basis, whereas most dicotyledonous species usually

accumulate less than 1 g kg Additionally, Si tissue concentration can vary

10
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substantially among genotypes of the same speciebasnsin rice Qryza sativa
(Deren 2001; Ma et al. 2007a), sugarcafactharum officinaruin(Deren 2001) and

barley Hordeum vulgarg(Ma et al. 2003).

Recent studies on molecular mechanisms involved in Si uptake and transport in plants
have shown thathese processes are mediated by different transporters that differ in
function, expression and localization in plant cells (Ma et al. 2006; 2007b; Yamaiji 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), maiea (hays

(Mitani et al. 2009a; 2009b), and more recently, wh&ati€um aestivurj (Montpetit

et al. 2012) and horsetaiEquisetum arven3gGrégoire et al. 2012). In addition, Si
transporters in two dicot species, pumpkBuKcubita moschaja(Mitani et al. 2011a;
2011b) and soybearnG(ycine max (Deshmukh et al. 2013) have been identified.
Despite research progress in this area, however, only four Si transporters have been
identified in the abovenentioned 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
vagular plants and other members of the eukaryotic kingdom, including diatoms
(Hilderbrand et al. 1997; 1998; Marron et al. 2013), sponges (Schroder et al. 2004) and

chrysophycean algae (Likhosway et al. 2006).

Silicon can influence availability of other neral 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 comhfi. 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 pHx®) 5.5, acidification generates increased
availability of phytotoxic aluminium (A 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 &013; 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;-Owino
Gerroh and Gascho 2004). The pregasgper 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 functioplants.

2.2 Silicon bioavailability in soll

Silicon is the second most abundant mi ner a
(Epstein 1999) and is one of the main constituents of most soils. It is present as silica
minerals in the form of primary dnsecondary 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 silican@luding 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 (pka= 9.83 and pKa= 13.17) and represents the
soluble Si form in soil solution. It is commonly found as an uncharged monomer
molecule (HSiO,°) over a pH range from 2 to 9, or in ionized form&#D, / H,Si0s%)

at pH values grer 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 concentratio 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 mmium (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). Acdingly, 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 Ibase 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 Sintent (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 vegmplex process characterized by selectivity

of transport and Si accumulation in specific tissues; this can differ both between species

13
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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 ctcal cells to the stele. Subsequently, Si is released into the
xylem and translocated through the transpiration stream to the shoots (Ma and Yamaiji
2006). Here it is concentrated during loss of water associated with the transpiration
process and transfoed to amorphous silica (SidH,;O) 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 celtd roots, tubers and inflorescences of a variety of plant species
(Hodson and Sangster 1988; 1989; Lux et al. 1999; Chakdkdl et al. 2006). It has
been suggested that silica can interact with cell wall components such as
polysaccharides, lignins orgteins, but the nature of this association is not yet fully

understood (Currie and Perry 2Q0@uerrieroet al. 2016G § a z o wtalk 2013,

It is widely known that mineral elements can be transported through the roots by both
energyindependent(passive) and energdependent (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 Sioncentration (Takahashi et al. 1990). Plants with an energy
dependent 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 -energy
independent transport systemp 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. 200§)kgrass (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
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involvement of an energgependent transpiosystem. By contrast, most dicots take up
less Si following the concentration gradient (Takahashi et al. 1990). However, there are
some dicot species such as cucumB@ercmis sativysthat take up Si more efficiently
(Liang et al. 2005), whereas tomat®o(anum lycopersicun{Nikolic et al. 2007) and

bean Phaseolus vulgar)gLiang et al. 2005) exclude Si from uptake.

Energydependent and energydependent Si uptake processes can coexist in Si
accumulator species such as rice, maize and in intermetyjag¢e species such as
sunflower Helianthus annuysandwax 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 tlatpimay show a gradual
transition from an energgependent uptake to Si exclusion as the external Si
concentration rises. Similarly, a study on Si uptake in bandnagspp.) showed that
uptake occurred essentially by an energependent transport sgst 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-depepdent
process for Si transport. Neumann et al. (2002) proposattheanmechanism of direct

Si absorption into the leaf vacuole hyprocess oéndocytosis Although the authors
found Si inside membrane invaginations and the vacuolar vesicles in leaf cells of Si

accumulator plants, further evidence is needed to corffiisystipposition.

Other studies have confirmed that uptake of silicic acid implies an edeppndent
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 memliboarsdicic 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 tteabibitors such
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as NaCN and 2;dinitrophenol (2,4DNP) and also by Hggl 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 ZNP and HgGl severely inhilied 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 transpodietade

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 thattr@nsport 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, diffences in maximum velocity @4, 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 constajit (K
value in both varieties, suggesting that similar transporters involved in the Si uptake are
present in the roots of both varieties. However, thgxWalue was higher in cv.
Nipponbare tha 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 energy
dependent and energydependent processes, which apparentiplire the presence of

Si transporters. In some species Si transport is predominantly @ndependent,
whereas in others Si transport is mainly enetgpendent but despite this, both

processes can occur simultaneously in plants.
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2.3.1 Silicon transpodrs

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 studiebave shown that plant Si accumulation is attributed tefeicient uptake

system mediated by influx and efflux transport@s and Yamaji 2015yatanseveet

al. 2017; Guechao et al. 2018)Accordingly, four membrane proteins that transport
silicic acid have been identified to date and are known as Lsil @2;N), 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; Yamaiji et al. 2012; 2013; Deshmukh et al. 2013).

The first gproach to identify Si transporters was carried out on rice mutants defective
in Si uptake using mapased cloning. Accordingly, it was discovered that the uptake of
silicic acid from the external solution to the root cortical cells is a process cartibyg ou

a Si influx transporter named Low silicon riceQs(si) (Tamai and Ma 2003; Ma et

al. 2006). Low silicon rice 1 geneO§Lsil) was predicted to encode a membrane
channel that shows high homology with the nod@n intrinsic protein (NIP), a
subgroupof plant aquaporins. The predicted amino acid sequence of OsLsil has six
transmembrane domains and two NPA (As©0-Ala) motifs, which are highly
conserved among aquaporins (Ma et al. 2006). NIPs subfamilies of aquaporins are
exclusive to plants and haween 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). NIPllIsubgroup, 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 allowsetatively 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 -affirgty

efflux transporter of silicic acid Lsi2 in rice (OsLsi@ig. 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 homologlail named
OsLsi6has also been identified in rice. Despite thet fthat botH_sil 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 ét 2008). Additionally, it was found that
OsLsi6 controls the interascular 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 transper) 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 transporterffaremt
gramineous species. Rice, maize and barley ar@c@imulator 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 OsLsil andtlters
released by an efflux transporter OsLsi2 to diffuse through the apoplast of the
aerenchyma. Successively, both OsLsil 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 HvLsil and ZmLsil. 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 allthree 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 (SiQi nH20), which is mainly accumulated in the cell walls of plant tissues.
Differences of root structures among species are also shimken from Ma et al.

(2011) with the permission of Proceedings of the Japan Academy, Series B.

Gene expression analyses have shown @sitsil 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). Correspondin@glsilandOsLsi2have been shown to

be tanscriptionally dowsregulated by Si supply (Ma et al. 2002; 2006; 2007b);
however, an increase of expression leveDsLsilin Si treated plants was found by

Kim et al. (2014). Furthermore, genotypic differences in the Si accumulation resulted
from thedifference in the expression levels @6Lsiland OsLsi2genes in rice roots

(Ma et al. 2007b).

OsLsibis expressed in leaf sheaths, blades and root tips as well as and in nodes during
the reproductive growth stage (Yamaji et al. 2009). L@t siland Od.si2, OsLsi6

gene expression was also devegulated by Si supply in the roots and leaf blades but
not in the leaf sheath (Yamaji et al. 2008). Furthermore, knockoOkb§i6does not

affect the uptake, but alters Si deposition in leaves (Yamaji et@8)20

Table 1 also shows the cellular localization of Si transporters. OsLsil and OsLsi2 are
polarly localized in the plasma membrane of the exodermal and endodermal cells,
where the Casparian strips are formed. Whereas OsLsil is localized to the digstdl si
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 déllpalarity

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 spedes Gene Expression pattern Cellular localization Function Reference
Roots Plasma membrane with pol
. . localization on the distal side ¢
Oryza sativa OsLsil Downregulated by Si both exodermis and endodermis Maet al 20062
supply the root cells.
Roots Plasma membrane with pol
Hordeum vulgare HvLsil Unaffected by Si Ioc_allzatlon on the distal side ¢ Chibaet al.2009
epidermal, hypodermal, an
supply .
cortical cells.
Roots Plasma membrane with pol
. localization on the distal side ¢ Silicon transport from thq ,,.. .
Lsil Zea mays ZmLsil Unaffected by Si epidermal, hypodermal, an external solution into rog Mitani et al.2009a
supply cortical cells. cortical cells
Roots
Triticum aestivum Talsil Unaffected by  Si Plasma membrane. Montpetitet al 2012
supply
Cucurbita moschata CmLsil Roots /Shoots Pl_asma membrant_a Of. all root cel Mitani et al.2011a
without polar localization.
Roots /shoots
Glycine max GmLsil
(GMNIP2:1) Down-regulated by Si Plasma membrane. Deshmukh et ak013
supply
Roots Plasma membrane with pol
. . localization at proximal side @
Oryza sativa OsLsi2 Down-regulated by S| both exodermis and endodermis Maet al 2007b
supply the root cells.
Roots Plasma membrane of endodern
Lsi2 Hordeum vulgare HvLsi2 Downrregulated by Si root g:ells, without polal Silicon transport out of th¢ Mitani et al 2009b
localization. root cells towards the stele
supply
Roots Plasma membrane of endodern
Zea mays ZmLsi2 Down-regulated by S lrootl_ t<':eIIs, without pola Mitani et al.2009b
supply ocalization.
Cucurbita moschata CmLsi2 Roots /shoots Not determined. Mitani et al 2011b

21




Chapterll: Review:Silicon in vascular plants

Table 1.Characteristics of Si transporters in different plant spe@@ntinued)

Transporter

Plant species

Gene

Expression pattern

Cellular localization

Function

Reference

Lsi6

Oryza sativa

OsLsi6

Roots / Shoots/
Node |

Down-regulated by Si
supply

Plasma membrane with pol
localization on the distal sid
of root cells.

Parenchyma cells with polg
localization on the sidg
adjacent to xylem vessels
leaves.

Xylem transfer cells with
polarity facing toward the
xylem vessel.

Hordeum vulgare

HvLsi6

Roots / Shoots/
Node |

Unaffected by Si supply

Plasma membrane with pol
localization on the distal sid
of root cells.

Parenchyma cells with polg
localization on the sidg
adjacent to xylem vessels

leaves and also in the out
parenchyma cells surroundin
the phloem.
Xylem transfer cells with
polarity facing toward the
xylem vessel.

Zea mays

ZmLsi6

Roots / Shoots

Unaffected by Si supply|

Xylem parenchyma cells wit
polar localization on the sid
adjacent to vessels in leave
Without polar localization in
roots.

Glycine max

GmLsi6
(GmNIP2;2)

Roots / Shoots

Unaffected by Si supply

Plasma membrane.

Yamajiet al 2008

Yamajiet al 2009

Silicon transport out of thq
xylem into the leaf tissues

Inter-vascular transfer of Si g
the node |, from the enlargg
vascuar bundles coming fron
the roots to the diffusy
vascular bundles connected
the panicle in rice and barley

Yamajiet al 2012

Mitani et al. 2009a

Deshmukh et al. 2013

Horstail Major
intrinsic protein
(MIP) family

Equisetum arvense

Multigene family

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 regulatedLsil hasbeen also isolated and characterizesh&ze (ZmLsil)
(Mitani et al 2009a), barley (HvLsil) (Chibat al 2009) and wheat (TalLsil)
(Montpetitet al 2012) as well as in two dicot species: pumpkin (CmLsil) (Ml
2011a) and soybean (Deshmukbal. 2013). Unlike OsLsil, both ZmLsil and HvLsil
showed polar localization at the distal side of epidermal, hypodermal and cortical cells
(Chibaet al 2009; Mitaniet al 2009a) (Table 1). Conversely, the pumpkin transport
CmLsil is localized at all root cells with no polarity. However, when the corresponding
geneCmLsilwas expressed in rice, it showed polar localization at the distal side of
plasma membrane of both theodermis and endodermis similar to OsLsil (Mitahi

al. 2011a). LikeOsLsil, expression analysis showed tlhtLsil, ZmLsiland TaLsil

were mainly detected in roots but their expression level was not affected by Si supply
(Chibaet al 2009; Mitaniet al 2009a; Montpetiet al 2012). Nevertheless, Bokor et al.
(2014) recently found thaImLsilwas downrregulated by Si applicatiotGmNIP2;1

was expressed in both roots and shoots of soybean and it wasretpyiated by Si
(Deshmukhet al 2013). LikewiseCmLsilwas expressed in both roots and shoots of
pumpkin and its functional characterization showed that a mutation in only one amino
acid residue of the Lsil is probably the cause ofitfierence in Si uptake between two

pumpkin cultivars (Mitani et ak011a).

Additionally, a multigene family of aquaporin Si transporters has been identified in the
horsetail Equisetum arven3ewhich is one of the major Si accumulator in the plant
kingdom and requires Si for survival (Hodsenhal 2005; Grégoireet 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 exhilhigher Si transport
activity than those of rice (Grégoiet 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 Lsil, homologs of éflux transporters Lsi2
have also been found in maize (ZmLsi2) (Mitabial 2009b), barley (HvLsi2) (Mitani

et al 2009b) and pumpkin (CmLsi2) (Mitaeit al 2011b). It has been reported that
unlike OsLsi2, maize and barley Lsi2 are only present ineth@odermis of roots
without polarity (Table 1). The encoding gengalsi2 and HvLsi2 are mainly
expressed in the roots. In these plant species the expressisi2 oias dowrregulated

in response to Si supply, in contrastzimlLsilandHvLsil (Mitani etal. 2009b; Bokor

et al. 2014) (Table 1). Moreovadrsi2 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 variati8n 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 Hhalkeg) (
(Yamaji et al 2012), maize4mLsi§ (Mitani et al 2009a) and soybeaGnNIP2;2
(Deshmukhet al 2013). Similarly td_si6 of rice, HvLsi6,ZmLsi6andGmNIP2;2were
also expressed in both roots and shoots (Table 1)n Ake, GmNIP2;2was down
regulatedby Si supply, but the expression patteriHot.si6 andZmLsi6éwas unaffected
(Mitani et al 2009a ; Yamajet al 2012; Deshmukh et al. 2013) (Table 1). Likewise,
Bokor et al. (2014) found that Si addition did not affect the expressiondéyehlsi6

in the first leaf of maize plants but was-tggulated in the second leaf. Additionally,
ZmLsi6 and HvLsi6 transporters showedlar localizationin the parenchyma cells

adjacent to xylem vessels in leaves, similar to OsLsi6 (Méaal 2009a Yamajiet al
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2012). Nevertheless, only HvLsi6 was detected in the outer parenchyma cells
surrounding the phloem area (Yamejial 2012). Similarly to OsLsi6, HvLsi6 is also
localized at the xylem transfer cells, indicating its involvement in theviseular

transfer of Si (Yamajet al 2012).

The effect of abiotic stress on gene expression of Si transporters has also been studied.
Accordingly, expression ddsLsilandOsLsi2is rapidly decreased by both dehydration
stress and exogenous ABA treatm@namaji and Ma 2007; 2011). On the other hand,
suppression and overexpression @éLsil induced differential expression of genes
associated with tolerance to L radiation (Fang et al. 2011). Recently, it has been
found that Si supply increase the exgies of OsLsil and OsLsi2 genes under
cadmium (Cd) and copper (Cu) toxicities in rice plants (Kim et al. 2014). By contrast,
the expression level of bothmLsiland ZmLsi2was dowrregulated in maize roots
subjected to Zn and Si supply, while an increabeZmLsi6 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 smallnumber 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 coricamgra
among plant species, and consequently differences-indGted responsds cope

with abiotic and biotic forms of stress.
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2 4. Silicon andmineral stressunder 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). Manydacto
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 (RobandPitman1983). These interactions whic

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 availaibddyeral
mineral elements in the sgilant 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 elemdffenert 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 samidity.

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 exchasge sit
in the soil. These bases can also be released by exchange'vexicreted 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 suchaas P, C
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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 Mri\kbyg

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 toleramcertl 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 mesmgninvolved 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 @oloredcircles; dashed arrows indicate research areas that still

remain to be investigated.

24.1. Phosphorus deficiency

Phosphorus is an importantnent 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 theyuation 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 soilst(Parfit
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 serstudies 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 swelied and even contradictory
conclusionsNevertheless, undercidic 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 tacompete with phosphate is highly fmi¢pendent because silicic

acid is weakly dissociated below pH 9.0 (Dietzel 2000), which limits its effectiveness as
competitor in the pHange of most soils. Therefore, P adsorption would be expected to
be much greatahan that of Si in acid soilss thepK, value of orthosilicic acid is much
higher tran that of orthophosphoric acid (9.8 and 2.1, respectivé@llgjs statement is
supported by the results of Lee and Kim (2007), who showed that with increasing pH,
phosphat adsorption decreased and silicic acid adsorption increased. In additiat, Lee

al. (2004) found that increasing silicate concentrations augmented phosphate desorption
in two soils, but at pH values ranging from 7 taHt@wever, OwineGerroh and Gascho
(2004) demonstrated that application of sodium silicate to acid soils regdbosghate
adsorptioras 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 jtgliay
increasing P uptake when Si concentration was high in soluderand 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 l4year field experiment conducted at the Rothamsted Experimental Station;
when P fertilizers were not applied, yield of barlegni a field fertilized with Si was
higher than in a field without Si amendment (Fisher 1928 direct (nh plantg effect

of Si under P deficiency was earlier attributed to enhanced plant P utilization by
increased phosphorylation and distribution of ggfttate 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 transcfigh8ATEL and
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TaALMTY) related to the organic anion efflux traosts, has been reported in the roots

of Si-treated wheat plants grown under low P conditions (Ké&tawvljanac, 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
(Arunakumareet 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
essentib micronutrient that plays an important role in metabolic processes such as
photosynthesis, respiration, and biosynthesis of proteins and carbohydrates in vascular

plants (EfJaouakt al1998).

Aluminium occurs in different forms in soil depending on [@tmilarly, Mn speciation

is not only affected by pH, but also by redox conditions (Kochearal 2004).
Aluminium mostly forms insoluble oxides and complex aluminosilicates (AS) at pH
values greater than 5.0. At lower pH values, Al is solubilized tonthiomeric form of
A%, which is highly toxic to plants (Kochian et &004; Ryan and Delhaize, 2010).
Likewise, in acid soils, an excess of Min solution is to be expected (Rengel 2000).
Aluminium toxicity gives rise to a rapid inhibition of root grth as well as disruption

of structure and/or functions of the cell wall (Hoettal. 2010), plasma membrane
(Yamamotoet al 2001), signal transduction pathways (Goodwin and Sutter 2009), and
nutrient homeostasis (Delhaize and Ryan 1995). Manganesdtytoxiay depress

photosynthesis as well as the uptake, translocation and utilization of other mineral
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elements (Ryan and Delhai2810. In addition, numerous studies have shown that Al
and Mn toxicities can also induce the formation of reactive oxygenesp@0OS), and
thus trigger oxidative stress in plants (Dagkdél.2004; Moraet al 2009; Cartest al.

2012; Ribera et al. 2013).

Beneficial effects of Si on Al toxicity have been found in soybean (Bayled 1994),

barley (Hammondet al 1995), soghum (Hodsoret al 1993) maize (Corralest al.

1997), wheat (Zsoldost al.2003), rice (Singlet al 2011), and also in some conifers
(Hodsonet al.1999). Different mechanisms have been hypothesized to be responsible
for lower Al uptake by roots as eonsequence of Si addition. In a comprehensive
review on this subject, Cocket 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 Sbkources, (ii) thereduction 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.
Barceldet al (1993) suggested dh Si could alleviate the toxic effects of Al in maize,
probably by significantly decreasing the *Alconcentration in the growth media.
Similarly, Ma et al (1997) observed that the concentration of At culture solution

was strongly reduced when Si svapplied. Moreover, many studies propose tha®iAl
interactions within plants could also play an important role in the amelioration of Al
toxicity. Although Cockeret al (1998b) found that Si significantly diminished Al
toxicity in two wheat cultivarsSi 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 te Imainly related to the formation of AS or HAS into the

cell walls. In this regard, Corralet 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 faxicity 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 (Wanget al. 2004). In addition, Zsoldost al (2003) showed that ASi
interactions within the roots enabled wheat plants to overcome Al toxicity. Pradtagar

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 compads as a mechanism of-i8duced 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 iexfbsed maize plants (Barcel6 et

al. 1993), thereby suggesy 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. 2@0; 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 bor&mrggo officinali$ by enhancing

phenolic compoundand 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 ishulation of the antioxidant system. For instance, in rice (Horiguchi
1988; Ma and Takahashi 1990a) and sorghum (Gavet 1989) Si supply decreased

the uptake of Mn. However, in barley (Horiguchi 1987), rice (Horiguchi 1988) and bean
(Horst and Marsater 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, Horstt al (1999) demonstrated that Si application reduced
apoplastic Mn oncentrations due to -8iduced alterations of Mhinding properties of

the cell wall. Similarly, Iwasaket al (2002) showed that Si enhanced Mn tolerance by
reducing Mn concentration in the leaf apoplast of cowpea. Based on Mn concentration
in both sympast and apoplast of cucumber leaves, Rogalla and Rémheld (2002)
reported that Simediated tolerance of Mn as a consequence eBMnteractions in the
apoplast. Thus, both a stronger binding of Mn to cell walls was generated and a lower
Mn concentrationwithin the symplast was found. However, then&diated 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 Roémheld 2002), wheretge cation exchange capacity of the leaf cell wall material
obtained from the high Mireated 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 toxicty could not be attributable only to a decrease in free leaf
apoplastic Mn through its enhanced aedll binding capacity in Sireated plants
(lwasaki et al. 2002; Fuhrs et al. 2009). Additionally, it has been shown that Si was able
to ameliorate Mn toxiity in pumpkin through the binding of Mn to Si around the base

of trichomes on the leaf surface (lwasaki et al. 1999). Sequestration of Mn into the

vacuoles might play an important role in-rBediated Mn tolerance in some plant
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species (e.g., bean) (Hoestd 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 conditiigon-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 (Stial.2005; Feng eal. 2009; Dragisic Maksimovic et al.
2012) and rice (Let 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 Mii (a Fenton catalyst), while adding monosilicic acid to the
Mn?*/H,0, reaction mixture did not directly affect the Fenton readitiovitro (Dragisic

Maksimovic et al. 2012).

Dragisic Maksimovic et al. (2007) showed that the concentrations of phenolic
compainds, such as coniferyl alcohol and coumaric and ferulic acids, in the leaf
extracts tended to be lower in-tB¢ated 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 higfin-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
bothr oot s and | eaves. The results of Dragi gic
Fuhrs et al. (2009) in cowpeaiggested that Si nutrition modulated the metabolism and
utilization of phenols mainly at the leaf level by stimulating the formation ef Si
payphenol complexes. Concomitantly, lower concentrations of phenolic compounds
available to act as substrates for PPO and POD-tre&ied Mnrstressed plants may

thus be responsible for depressing the generation of ROS.
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25. 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 attribwged to
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.afe dnly four

Si transporters have been identified in a few plant species, and little is known about the
response of Si transporters under stress conditibasther work should therefore be
focused on the cloning of genes involved in Si uptake and wangpm 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 genesswn 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 productivitgyoédops 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 deficiencychvbommonly 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, neitheupttadke
mechanisms have been characterized nor the transporters that mediate these processes
have been identifying yet. In this study, we first analyzed the concentratidntime
dependent kinetics of Si uptake in two ryegrass (Jumbo and Nui.) culfivaexamine

the concentratiolependent 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 thiependent kinetics, plantsere 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 shiertn. LineweaveBurk linearization bowed
differences in K, values between Jumbo and Nui, but similar values @f.V
Subsequently, based on sequence homology approach, two putative Si transporter
geneslpLsilandLpLsi2 were identified. These genes shared high sequence similarity
with thar homologues in vascular plants. Conserved domains characterizing Si
transport activity includinghe aromatic/arginine (Ar/R) selectivity filtetwo AsnPro-

Ala (NPA) motifs and the spacing between NPA domains, were found in the deduced
amino acid segence of LpLsil. In addition, a gene expression analysis showed that
both LpLsil and LpLsi2 were only expressed in roots, and the expression level was
downregulatedby Si supply. Our findings confirm the presence of putative Si
transporters in ryegras¥he assessment of Si uptakieeticsand theidentification of

these Si transporters genes provide new evidence about the Si accumulation ability of

ryegrass.

Keywords: Silicon uptake; lnetics; Lstgenesgene expressiotolium perennd..

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 elemiatt improvesplant
tolerance to biotistressesuch agathogen infectionandinsect pestgFauteuxet al

2005; Romereet al 2011, as well as abiotic detrimental conditioimeluding drought

39



Chapterlll : Silicon uptake by ryegrass

(Hattori et al. 2005; Gongt al 2005 Hosseini et al2017, UV-B radiation,high and
low temperature$Ma 2004, Liang et al. 20153alinity (Ahmad et al. 1992; Zhu et al.
2004; Liang et al. 20QRios et al. 2017 metal toxicity and nutrient imbalan§&/u et
al. 2013 Adrees et al., 2015; Liang et al., Z)Pontigo et al. 20157ripathi et al.,

2015, 2016Pontigo 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 ofaBd its essentiality continue der
debated because of theiean 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 (HSiO4), and then it is accumulated in a range from 0.1 % to 1 the

dry mass depending on the plant spdagEnotype(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 basikereas dicots usually accumulate

less than 0.1%.

A better understanding of the mechanismmediating Si uptake, transport and
accumulation in plants was achievadter Si transporters were discovered in rice (Ma et

al. 2006, 2007b)Current evidence shathat Si accumulationesults fran 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 (Nt

and Yamaji 2015; Pontigo et al 2015; Ggbao et al. 2018)Four genes encoding Si
transporters have been identified in vascular plants, knowrsiagor NIP2;1), Lsi2,

Lsi6 (or NIP2;2) andLsi3 (Ma et al., 2011; Yamaji et al., 2013). Both Lsil and Lsi6
function as Si influx transporters and belong to the MNnd6-like major intrinsic
proteins (NIP I1ll), a subgroup of aquaporins (Gomes et al., 2009; Deshmukh and

Bélanger, 2015). The membrane channel Lsil facilitates the passive transport of Si from

40



Chapterlll : Silicon uptake by ryegrass

the external solution to the root cells, whereas Lsi6 has ipggicated in unloading Si

from the xylem to the shoots and in the intescular 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 thatobgl to the lesstudied family of
putative anion transporters (Ma et al., 2007b; Yamaji et al., 2011). Lsi2 releases Si into
the xylem(Ma et al., 2007} and recently it has been found that both Lsi2 and Lsi3 are

also involved in Si transfer to the pamislin rice(Yamaji et al., 2015).

To date, Si transporters have been identified in rice (OsOslLsi2 OsLsi3 OsLsi6),

maize (ZmLsil ZmLsi2; ZmLsi6), barley (HvLsil;HvLsi2; HvLsi6) and wheat
(TaLsil) (Chiba et al. 2009; Gregoire et al. 2012; Ma eR@D6a; 2007b; Mitani et al.
2009a; 2009b; Montpetit et al. 2012; Yamaji et al. 2008; 2009; 2012; 2013). Among
dicots, pumpkin (CmLsilCmLsi2), soybean (GmLsilGmLsi6), cucumber (CsLsjl
CsLsi2; CsLsi6), potato (StLsil; StLsi2) and strawberry (FalLsial $t2) have also

been found to havksi-like genes (Mitani et al. 2011a; 2011b; Deshmukh et al. 2013;
Wang et al. 2014; Vulavala et al. 2015; Ouellette et al. 28aid et al. 2018 Although

all the® transporters appear to be kéysplants to get beffie 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 L(olium perennel.), a dominant forage grasspecies in Southern Chile
belongs to th&i-accumulatinggroup specieqJarvis, 1987; Nanayakkara et al., 2008).
Even thoughour previous studies havdemonstrated thafi uptake reduced the
deleterious etfct of Al toxicity as well as soil acidity iryegrass (Pontigo et al, 2017;
RiberaFonsecaet al. 2018), little is known about threechanismsmplicated in the

uptake and transpodf Si in this crop. Moreoverihe transporters involved in such
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processedn ryegrasshave not beercharacterizedyet. Thus, this study aimedo
characterizeghe Si uptakesystem of ryegrass through the molecular cloning and gene

expression pattern of Si transporters genes.

3.2Material and Methods

3.2.1 Plant materials and growth conditions

Ryegrass eeds were soaked with 2% v/v sodium hypochlorite for 10 minutes, washed
repeatedly with distilled water and thgerminated in platesn moist filter paper in a
growth chamber at 21°@fter 10 days, sedlings were transferred intel9plastic 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 (I/d)
photoperiod at 20 °C and -8BD% relative humidity)During the growth period, the pH

of the solution was adjusted daily to 4.5 with dilute HCI and/or NaOH.

3.2.2 Kinetics of Si uptake

Two Si uptakehydroponicassays were performed loging ryegrass cultivarfumbo
and Nu). In both experiments, Sreatments were initiateby adding sodim silicate

(N&SiO;) as Si sourcé&0days after plants grown in nutrient solution.

To examine the concentratiaiependent kinetics of Si uptake, plants were cultivated
with five Si doses (0, 0.5, 1.0, 2.0 and 4.0 mM. &llant samplesvere harvested?24

hoursand 21 daysfter the initiatiorof treatments

To evaluate the timdependent kineticsf Si uptake, plants were grown under 0, 0.5 or

2 mM Si doses during 0, 3, 6, 9, 4ad 24 hours.
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The experimental design obth assaysconsidered three replicates per treatment in a
completely radomized design. At the end of thexperimend, shoots and roots
harvested andubsamples of fresh material were dried at 65°C fon &8 determine dry
weight (DW) and the mineral concentratiasf Si. In addition, plant samples were
collected from the timelependent kineticassay 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. Biefly, dried plant samples (0.1 g) were digested with 5 mL
concentrated nitric acid (HN{on a hot plate at 7€ for ~5 h. Samples were diluted
with 10mL distilled water, transferred into -8 plastic flasks to which 1mL
hydrofluoric acid (HF, 40%) waadded, and left overnight. At the next day, 5 mL 2%
(w/v) boric acid (HBOs3) 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 spectrophotometBAAS) 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 fromoots usinghe NucleoSpin® RNA Plant K{tMacherey
Nagel GmbH and CKG, Duren, Germany). First strand cDNA was synthesized from
1  eofgtotal RNA usingSu p e r Sc r iSpand SyrithiesissSystem for ®PCR
(Invitrogen, Carlsbad, California, USA) following the manufacturer's recommendations

Multiple sequence alignment tweeen thelsil gene QsLsil accession number
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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 forLsi2 gene were obtained by analyzingsequence
alignmentbetween QsLsi2 accession numbé&B222273.) andLsi2 from otherplants
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 s6ét %3

of annealing and 1 min at 72 °C of extension, followed by 5 min at 72 °C for a final
extension.The purificationand sequencing of PCR products were carried out through
Macrogen Inc. sequencing Servi@¢orean Biotechnology CompaphyA 556 bp and

579 bp amplicons corresponding to the internal position of putative ryegrass Si

transportergiened_sil andLsi2, respectively, were obtained.

In order to obtain the complete reading frame (ORRA)pifsil andLpLsi2 genes, both
3-0an d- rdpid amplification of cDNA ends (RACE) wasonducted using the
SMARTer RACE 506/ 3ddéboratdrids, Inc)RACE-RGRereattiens were
perf or medanudRACERea&lY cDNA according to the follomg thermal
cycling: 30 cycles of 30 s at 95°C of denaturation, 30 s at 68°C of annealing and 3 min
at 72°C of extension. Several control reactiomere included in the RAGECR
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
usi ng-atnhdeRAZZRBAReady cDNA made frormouse heart total RNA, and iv) a
negative control of PCR reactioAmplified fragments were purified and cloned into
the linearized pRACE vector with HRusion HD Cloning kit (Clontech Laboratories,

Inc.). The ligated plasmids were transformed into &eBompetent Cells (Clontech
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Laboratories, Inc,)and the transformants were selected on LBedrani (LB) agar
plates containing 100 pg rilof 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

LpLsilandLpLsi2

Name Sequence 50Y 30

Homolog screening

1-Fw AACAAACTCCAGGGCGAACTAC

1-Rv AAATTGCCCCTGCGAAGATGGA

2-Fw AACCTGGTCATCGCCTTCAATAGC

2-Rv GTACGTTTGATGCGAGGTTGGAGA

56/ 36 RACE procedure

GSRA506 RACE GATTACGCCAAGCTTGGAGCACTGCCTTGAGCACGAAGGAC
GSRA3 O RACE GATTACGCCAAGCTTTCGCCGTCTTCCGGCATTTCCCA
GSRC506 RACE GATTACGCCAAGCTTAGACGAGCAGCGAGTACGACACCTTCAC
GSRC3 06 RACE GATTACGCCAAGCTTGCGTCCCTCAAGAGCCCGCTCAA
PCR full-length cDNA

Lsilv-Fw CTAATACGACTCACTGTGTGCAAGTTCGTGGTCGGAAATG
Lsilv-Rv GATTACGCCAAGCTTACAGGCCAAGAGAGCGAGAGCAATC
Ls2v-Fw CTAATACGACTCACTTGGCCTTICGCGGIGTTCTGGATG
Lsi2v-Rv GATTACGCCAAGCTTATGCCTACGGCGGTGACGATGA
Expression analyses

LpLsil-Fw ACGCCCAGCATGTACTACAAC

LpLsil-Rv TCATGAACACCAGCAGGAAC

LpLsi2-Fw CTCTGCATGTACTGGAAGGAC

LpLsi2-Rv GTTGAGAGGGTTGAGAGTGTG

LpeEF1AFwW GGCTGATTGTGCTGTGCTTA

LpeEF1ARvV 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 tel and analyzedwith NCBI-BLAST (the National Center for
Biotechnology Information, USA, www.ncbi.nlm.nih.goBhylogenetic trees for Lsil

were constructed using MEGA v.6 software tool (Tamura et al. 2013). Protein and
nucleotide sequences were aligneddiystalWw and subjected to construct phylogenetic

tree using maximum likelihood method with 1000 bootstrap iterations. Functional
annotation of Lsil was performed with Conserved Domain Database (CDD,
https://www.ncbi.nlm.nih.gov/cdyl/ The transmembrane ohain profile was obtained

usingTMHMM Server v. 2.0

3.2.6 Gene expression analyses

The expression pattern of both putative Si transportgissil andLpLsi2 in ryegrass
tissues was examined Bgmiquantitative RTPCR PCR reactions werearried outas
describedaboveconsidering 60°C of annealingpeEF1Awas used aseference gene
The resulting PCR productsene checked by electrophoresis b2% agarose/EtBr
gels. In addition, giantitative reatime reverse transcription polymerase chain (gRT
PCR)reactions were conducted assess thexpressionpatternof LpLsil and LpLsi2
genes in rootsampleof ryegrassyv. Nui supplied with 0.5 and 2 mM 8uring 3, 6, 9,

12 and 24 hourdAll gRT-PCR reactions were performed using Brilliant 1| SYBR Green
gPCR Master mix (Stratagene, Cedar Creek, TX, USAn ABI 7300 Reallime PCR
System (Applied Biosystems, Foster City, California, USBycling conditions were
95 °C for 10 min, followedy 40 cycles at 95 °C for 30 s, 60 °C for 1 min, and 72 °C
for 30 s. The specific primers used in thiglysisare shown in Table 1. The primer sets

used forLpLsilandLpLsi2 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 #mabyticalreplicates.
Threshold values (Ct) were employed to quantify relative gene expression using the

comparative method desbed by Pfaffl (2001).

3.2.7Dataanalysis

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 levedl. dddition, the relationship between two

response variables was investigated by Pearson correlation.

3.3Results

3.3.1 Slicon uptake in two ryegrass cultivars

The concentrationlependent 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 after Si supplysimilar root Si concentration was
obseved between ryegrass cultivars (FigA-C). However, shoot Si concentration in
Jumbo was 1.4 and %.6ld higher than Nui at 24 h of exposition to 2 mM and 4 mM

Si, respectively Kig. 1 B). Both cultivars preferentially accumulatesi in the shoots
irrespective of the addesi dose Accordingly, over70% and 90%of thetotal Si taken

up by roots was accumulated in shoots after the expos@ié $i doses tested for 24 h

and 21 d, respectively.
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Figure 1. Silicon concentration imoots (AC) and shoots (B) of ryegrass cv. Jumbo
andcv. Nui grown in a nutrient solution supplemented with different Si doses during 24

h and 21 d. Data are means of three replicasgandard error.

Figure 2 shows that Si uptake was saturated att&mM Siin both ryegrass cultivars
Values of K, and V naxwere estimatedby LineweaverBurk linearization(1/v against
1/s, where v is net uptake and s is substrate concentratiggalue was estimated to
be 0.14 and 0.12 mg* DW h™*for Jumbo and\ui, respectively. The Kvalues were

0.17 mM for Jumbo and 0.06 mM for Nui.
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Figure 2. Silicon uptake by roots afegrass cvJumbo anav. Nui grown ina nutrient
solution supplemented with different Si doses during 24 h. Data are means of three

replicates’ standard error.

The timedependent kinetics assay showed thatdBicentration in the roots astioots

of both ryegrass cultivars increased with the t{iFig. 3 A-D). During the timecourse

of the experiment, root Si concentration increasech 0.98 + 0.34mg g* DW to 2.69

+ 0.43 mg g* 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 th@W to 1.30 + 0.04 mg

g* DW (Fig. 3 A). At 2 mM Si added, root Si concentration augmented from 1.59 +
0.19 mg ¢ DW to 3.33 + 0.50 mg §DW (cv. Jumbo) and from 0.37 + 0.03 mg g
DW to 2.90 + 0.04 mg §DW (cv. Nui) as shown in Figure G. Apparentdifferences

in Si uptake were obserd 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 antbld.3
greater in Jumbo than Nui when plants were supplied with 06 ZamM Si,

respectively (Fig3 A-C). Neverthelesdyoth ryegrass cultivars did not show differences
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in shoot Si concentration at 0.5 mM Si, and alight variationswere observedvhen2

mM Si was adde@Figure 3 BD).

o
o

»
o

Si concentration (mg gt DW)

o o
o o

»
o

Si concentration (mg g* DW)

0.0

w
o
.

N
o
.

=
(=}
.

3.0

2.0

1.0

— 5.0
mo S! Nui 05mMSi A | _ 0.5mMSi B
@0 Si Jumbo =
1 00.5 Si Nui 0 4.0
00.5 Si Jumbo ©
% E 30
P £ 20 e
J- 0 Q T
%,’/% --B8 8 ‘,::":‘ &
8 1.0 "i:“ E ; ;
a--- — P22 O N Y YT
T %] 28 ESPSS Sb
B,-:G’-'—-—g-»-—' --------------- ' 0.0 a“ §
5.0
WO Si Nui 2mMSi C | = 2mMmsi D
@0 Si Jumbo %
1 02 SiNui o 401 0
02 SiJumbo % g; %
T = 3.0 S
0 - 2 20 P
O £ g "
& S 1.0 ST e W ;
7] " K WS
" . A B ! oo . )
5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

30

Figure 3. Silicon concentration in roof\-C) and shoots () of ryegrasv. Jumbo

andcv. Nui grown in nutrient solutions supplemented wathwithout0.50r 2 mM Si at

different times (h). Data are means of three replicasandard error.

3.3.2 Isolation ofwo putativeSi transportergrom ryegrass

On the basis of the knowsequencesf Si transporters frommce andother plant species

in GenBankwo putative sequences codifying for Lsil and Lsi2 were identified from

ryegrass. Afull-lengthcDNA encodingto a putativeryegrassanflux Si transporter was

isolatedand namedas LpLsil (Accession numbeKY315994). As shown in kgure 4,

the full lengthcDNA of LpLsilwas1254 bpin sizewith an 888 bp open reading frame

(ORF). The sequence wagwedicted to encod® a protein 0f295 amino acidswith a

50



Chapterlll : Silicon uptake by ryegrass

molecular weight of the dedugg@roteinof 31.7835kDa, using thesoftware available at
http://web.expasy.org/protparamBLAST andysis showed that the amin@acid
sequencef LpLsil shared88% identity with a homologousequence frontHordeum
vulgare (HvLsil; accession numbeBAH24163.) and Triticum urartu (TuLsil;
accession numberADM47602.7). Likewise, close similarity was found between
LpLsil and either Aquaporin NIP21 from Zea mays (accession number:
NP_001105637)1 or Aquaporin NIP21 from Oryza sativa (accession numioe

XP_ 015626173

In addition, fylogenetic analysis clusterdglsil along with influx Si transporters
from other monocot speciesincluding barley, wheat, maize and ri¢€igure 5).
Similarly, protein sequence alignment a@pLsil with known influx Si transporters
reported in other plant specishowed conservedromatic/arginingAr/R) selectivity
filter, two AsnPro- Ala (NPA) motifs and the spacing between NPA domains (Figure
6). A single efflux (Lsi2) Sitransporter waslso obtained fronmnyegrass. However, it
was only partially recovered (accession numb€y315995. This partial coding
sequencecomprised951 bp. Despite it was not possible to deduce the amino acid
sequence of this clone, BLASTx search indicated tlsdtated 9% and388% of idertity

with Lsi2 efflux transporters ofHordeum vulgare (HvLsi2; accession number
BAH84976.11) and Brachypodium distachyon (BdLsi2; aaession number
XP_003559015 Jirespectively In addition,LpLsi2displayed81% and 82% oidentity
with Lsi2 from Oryzasativa (OsLsi2; accession numbeiCCH63884.] andZea mays

(ZmLsi2; accession numbefNP_001183945)1

51



Chapterlll : Silicon uptake by ryegrass

1 cctectecttccaagtaggaattctcactttgctagtgtgcaagttcgtggtcggaa

M 1
61  tcgaccaactcgagatcgaactccagggcgaacttctcgaacgagatccacgacatcgge
STNSRSNSRANFSNEIHDIG 21
121 gcggcgcegctccaccacgcccagceatgtactacaacgagaggtctatcgeggactacttc
AARSTTPSMYYNERSIADYF 41
181 ccgccccacctcctgaagaagatggtgtcggaagtggtgtcgacgttcctgctggtgttc
PPHLLKKMYVSE VVSTFLLVE 61
241 atgacctgcggggcggcggcegatcagcgcaagtgaccccacgcegceatate acagctggga
MTCGAAAISAS DPTRIS QL G 81
301 cagtcggtagccggeggtcetcatcgtgaccgtgatgatctactcegtcggacacatctce
QSVAGGLIVTVMIYSVG HIS 101
361 ggtgcgcacatgaaccctgccgtca sgctc tccttcgecgtcttccggeatttcccatgg
GAHM NPA VTLSFAVFRHFPW 121
421 attcaggtcccgttctactgggegtcgcagttcaccggcgegatctgegegtecttcgtg T T
IQVPFYWAS QF TGAICASFV 141
481 ctcaaggcgg tgctccaccccatcaccgagatcggcaccaccgtgccgcacggcccgcac 00
LKAVLHPITEIGTT VPHGPH 161
541 tggcactccctcgtcatcgaggtigtcgtcaccttcaacatgatgttcgtcacecteget T T
WHSLVIEVVVTFNMMEVTLA 181
601 gfcgcaacggacagtagagcggtgggtgagtiggccgggttagetgicggatectetgtt ™
VATD SRAVGELAGLAYV GSSV 201
661 t'g'cé'tth'c'g'téééfc'tfc'g'c'efggggégj(jt'g'téég(;éggéfégét'g?a'afdc'c'g'g'c'g'zi?géc'g """"""
CIT S IFAGAVSG G S MINPA R T 221
721 ctgggcccggegcetggecagcaaccacttcaccggectctggatctacticctcggtece
LGPALASNHEF TGLWIYFLGP 241
781 gtcctcggeacgctetccggagectggacctacaccttcatccgettcgaggacccgecc
VLGTLSG AWTYTEF IRFEDPP 261
841 aaggatgcgccgcagaagctctcctccttcaagctccgecggttgcagagecagtecgte
KDAPQKLSSFKLRRLQSQSYV 281
901 gctgccaccgacctcgaagacgacctcgaacatatccccate tcgecgttgegtegt
AATDLEDDLEHIP [ 295

961 cgtcgtcgctatctacatgtgtgegtgegtgtgtectgtgtgtgtgtgtgtgtcagttgt
1021 gacgatatgccggggagtacgcgcegtgcgtgggcacatgtggcagcetgtagattgcetcte

1081 gctctcttggectgtgcaaagttcagattttggctggggcetcttcagtcgat cgcaagcg
1141 tgtgtgcgtgcgcatgtgcaaagtgtatctctcctgcagttgcagtacataatacatcca
1201 t gctttcgtictagcaaaaaaaaaaaaaaaaaaaaaaaaaa 1241

Figure 4. Full-length cDNA ofLpLsil and its predictecamino acid sequence. Full

length cDNAof LpLsilis characterized by a total length of5#2op, including a 57 bp
untransl ated 56 region, an open reading fr a
region with the TGA stop codon and poly (A) tail of 26 Bphe ORF ofLpLsilencodes

to a deduced amino acid sequence of 295 residimsserved NPA dmains and the

Ar/R selectivity filter were indicated imlue and red letters, respectively. Predicted
transmembrane domains (TM) and the conserved 108 amino acid distance between

NPA domains were underlined Inlack 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 semiquantitative expression analysis showed that kgihsil and LpLsi2 were
expressedpecificallyin roots tissuegFigure 7). Additionally, the &pression of thee
geneswasexamined by gPCR in response to Si supply during the-¢omese(Figure

8). As result, continuous Si supply up to 24 h decreased the relative expression of both
LpLsil and LpLsi2 genes The expressionelel of LpLsil and LpLsi2 was down
regulatedup to 4.4 and 2.6-fold, respectively,in response t®.5 mM Si added.A

similar expression pattern was obserwdten plants were supplied with 2 mM Si, thus
reducing the transcript level dfpLsil and LpLsi2 by about 6.1 and 1.7-fold,
respectively A negative correlation between shoot Si concentration and the expression

levels of eithelsil (r =-0.817,p ¢ 0.01) or Lsi2  =-0.654,p ¢ 0.01) was also found.
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Figure 5. Phylogenetic relationship dfpLsil and influx Si transporters reported in

other plantspecies Amino acid sequences from ryegrass, barley, wheat, maize, rice,
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pumpkin, cucumber, potato and soybewre indicated with the prefixdgp, Hv, Ta,
Zm, Os,Cm, Cs, St, and GmespectivelyThe bar represents 0.1 estimated amino acid

changes per sequence position.

HvLsi6 ~ MSVTSNTPT

3 NYSIHgI®l STVQDGAPSLAPS 60
OsLsi6 - MASTTAP[X

NYSIREIB STVQSV- SAVPSV 57

ZmLsi6 - MAAASTT[R NYSIHEIBL STVQSG SVVPTL 57
OsLsil NYSIHEBLSTVONG TM PTM 54
ZmLsil 3 NFENNSEIBIGTAQNS- SMPPT- 52
LpLsil 3 52
HvLsil 54
Talsil 54
HvLsi6 120
OsLsi6 117
ZmLsi6 117
OsLsil 114
ZmLsil 112
LpLsil 112
HvLsil 114
Talsil 114
HvLsi6 180
OsLsi6 177
ZmLsi6 177
OsLsil 174
ZmLsil 172
LpLsil 172
HvLsil 174
TaLsil 174
HvLsi6 240
OsLsi6 237
ZmLsi6 237
OsLsil 234
ZmLsil 232
LpLsil 232
HvLsil 234
TaLsil 234
HvLsi6 296
OsLsi6 294
ZmLsi6 290
OsLsil 289
ZmLsil 292
LpLsil 286
HvLsil 287
Talsil 287
HvLsi6 --- FDHV- 300

OsLsi6 --- FDNV- 298

ZmLsi6 --- FDT\- 294

OsLsil VDEMENIQV 298

ZmLsil  DEDLDHIQV 301

LpLsil  EDDLEHIPI 295

HvLsil - DELDHIPV 295

Talsil - DELDHIPV 295

Figure 6. Sequence alignment afpLsil and influx Si transporters reported ather
plant species Identical amino acid residues were shaded in bl&@daserved NPA
domains and th&r/R selectivity filterformed from helix 2 (H), helix 5 (H;), and loop

E (LEiand LE) domainswere indicated iblueandredletters, respectively.
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LpLsil

LpLsi2

LpeEF1A

Figure 7. Gene &pression patterns afpLsilanLpLsi2in roots (R) andhoots (SH)

tissues of ryegrass determined by-RTR.LpeEF1Awas used aeference gene

1.2

0.8

0.6

04

Relative expression level ofpLsil

0.0

2.0 A1

1.0 4

Relative expression level of pLsil

0.0

LpLsil A
a
ab % bec
.. ¢
N c /__,Ai ---q,
cd ¢d cd\\\\ge
e
3 6 9 12 24
Time (h)
C
[ ]
%
. r=-0.817*
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 8. Expressionpatternof LpLsil (A)

Shoot Si concentration (mg g DW)

Relative expression level of pLsi2

0.0

5.0

Relative expression level of pLsi2

0.0

04

4.0 1

3.0

2.0 A

1.0 4

LpLsi2 -0-05 -®-2
ab  __o
(} h . be
: ~ cd
SR S
- Che SO, de
cde cde cde ~-
e
3 6 9 12 24
Time (h)

0.0

0.5 1.0 15
Shoot Si concentration (mg g DW)

2.0

andLpLsi2 (B) genes in roots of ryegrass

cv. Nui continuously supplied with either 0.5 n{dpen circlespr 2 mM(filled circles)

Sifor up to 24 h and its relationship with shoot Si accumulatiec®)CThe expression

levels were normalized in relation #ctin or eEF1A(m)gene expression. Data are

means of three replicatésstandard error.
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3.4Discussion

Sincethe beneftial effects provided by Si are closelglatedwith Si accumulation in
plant, the elucidation ofhe possible mechanisms of Si uptake and transport in plants is
crucial for exploitingthe Stinduced beneficial effecten agricultural systemdarly
kinetics studiesof Si uptakein rice (Tamai and Ma 2003; Ma et al. 20@dvidedthe

first evidenceof the presence of Si transporters in plahtsnce, it was suggested that

Si uptake in rice was mediated aykind ofproteintransporter showing low affity by

silicic acid (Tamai and Ma 2003). In this study, we assessed the Si uptake system by
means of kinetic studies itwo ryegrass cultivargFigs. 1 and 2). Theoncetration
dependent kineticshowed that in both ryegrass cultivars the Si concentratigoots

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 (2005ictéorBased

on classical enzyme kinetics (Epstein 1978).ax and K, values were estimated@he
estimatedK, values were0.17 mMfor cv. Jumbo and 0.06 mNbr cv. Nui. Ma et al.
(2004) and Mitani and Ma (2005) reporteanilar K., valuesfor rice (0.16 mM),
cucumber(0.15 mM)and tomatq0.16 mM). Although bothryegrasscultivars showed
similar Vmax  different values of K suggest that Jumbo and Nui mhgve different
affinities for silicic acid. In contrastMa et al. (20079 reportedsimilar K, values
between cultivars Nipponbare (0.33 mM and Kasalath(0.34 mM) indicating the
involvement of specific transporters in rice roots ofjenotypes In addition
dissimilarities in \haxvalues were related with a higher abundance of Si transporters in
cv. Nipponbarethan cv. Kasalath(Ma et al.2007a). For ryegrass, differences inpK

valuesbetween cultivarsgnight involve eitherthe differenial contribution of kown
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proteins responsible f&i uptake and transport or the involvement of undiscovered Si

trarsportersFurther studies are needed to support this assumption.

On the other handsignificant dissimilaritiesin shoot Si concentration were observed
between cv. Jumbo and cv. Nui exposed to a solution containing 2 mM or 4 (f\d.Si

1 B-D). However, hese variations in shoot Si concentration wamnly detected at the
shortterm. Indeed, the time kinetics experimesitowed differences in Si uptake
between ryegrassultivarsasearly as 3 h after the roots were exposed to the nutrient
solution containingSi (Fig. 3 A-C). Consequently, Si concentrations in roots were
higher in cv. Jumbo than cv. Nui either0.5mM 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.0®7a), sugarcane (Deren, 2001) and barley (Ma et al., 2003).
fact, differential gene expression patterns of Si transporters hbeebeen found
between genotypesf rice. Nevertheless the mechanisms responsible for such responses

remairs to be elucidatd (Ma et al., 2007a).

The recent discovery of specific Si transportersilhgsovedthe understanding of the
molecular mechanismsontrolling Siuptakein vascular plants. Two different types of
transporters, including Si permeable channel and effluxsp@ter, have been
implicated in the Si uptake process (Ma and Yamaji 2015). To further analyze the Si
uptake system of ryegrass, two cDI$Aquences potentially belonging to influsill)

and efflux (Lsi2) Si transportewereisolated (Fig4 and 5). ®se similarity (88%)and
phylogenetic relationship were fourietweenlLpLsil and homologous of Si influx
transportergeported in other plant speciéBig. 5). In addition, he predicted amino

acid sequence indicated thatplLsil is a membrane proteinpossessg high
conservation of Si transport domaidstermining the unctional selectivity forsilicic

acid (Fig. 6). Lsil is a NIP (nodulir26-like proteins) member in plant aguaporins 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 acidequenceof LpLsil presented six transmembrane
domains, whichis also well conserved in typical aquaporir(&ig.4). Slicic acid
selectivity in Lsil has been associated with two higldpservedAsn-Pro-Ala (NPA)

motifs and a GhSerGly-Arg (GSGR) ar/R filterJuxtaposition of asparagines in two
NPA madifs 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 NR domains isalso essential foiSi permeability in plantsOn the other

hand, he ar/R region is formed bipur residues from the helix 2 (H2), helix 5 (H5),

loop E1 (LE1) and loop E2 (LE2YNu and Beitz 2007; Liu and Zhu 201jtani et al.

2011c; Deshmuk and Bélanger, 2015}t 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. 201t). This region functions as a selectivity filter for the substrétas

acts a barrie determines the transport rate, and makes hydrogen and van der Waals
bounds §ui 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. 201GSGR ar/R filter
comprise small amino acids, forming a pori¢h a sufficiently largediameter to allow

the passage of silicic acid (Mitani et al. 2011c).

New insighs into the prediction of the activity and relative capacity of Si transport in
plants have been proposedased on sequence homology and availability of GSGR
filter, a phylogenetic analysperformed byatanseveet al. (2017)showedthat Lsils
formed three clusters as low, moderate and high Si accumulatkesvise, potein

modding of Lsil transporters in 17 plant species showed Azt 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
moderateSi accumulatorgVatanseveet al. 2017) This outcomessupportthe factthat
two Asn residues in twblPA motifs, and GSGR dhkSGRar/R selectivity filtersare of

crucial importancéor the silicic acid transport in plants.

Thus our findings indicate thatdLsil encodea membrane proteimelongng to NIP I
subgroupof aquaporinsaccording tothe definition proposed by Liu et al. (2009)
Moreover, based othe reported byatanseveet al. (2017),le conserved sequences
identified in LpLsil confirm the high Si accumulation capacity of ryegrass as previously

suggestedby Jarvis(1987 andNanayakkara et a{2008).

On the other hand, identified Lsi2 genevasculamplants encoded a membrane pnotei
of 472547 amino acid residues with conservedllOputative transmembrane domains
(Ma et al. 2007; Mitani et al 2009a; Vatansever et al. 2017). Different to Lsi2,
transporter homolog# different plant species showesequenceshighly conserved
even in low Staccumulators (Vatansever et al. 200\fe also found a partialoding
sequencéLpLsi?) showing high identity with knowhsi2 efflux transporter@mLsi2
HvLsi2 and OsLsi2 However, an exhaustive analysis lgbLsi2 sequencewvas na

possible since the full lengttDNA was na satisfactorilyachieved.

Consistent with previous reports performed on monocot sp@deet al] 2006; 2007b;
Mitani et al,2009a; 2009b; Chiba et, &009; Montpetit et al, 2012), we found that
LpLsilandLpLg2 were only expressed in roots (Fif. By contrast, the expression of
these Si transporters in dicot species have been detected inastibobot tissues
(Mitani et al 2011a; 2011b; Deshmukh et al, 2013; Wang e2@14; Vulavala et al

2015). The efect of Si supply on the expression IgpLsil and LpLsi2 was also
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investigated.As result, theexpressionlevel of both LpLsil and LpLsi2 was down
regulated in response tontinuousSi supplyfor 24 h(Fig. 8 A-B). These findings were

in concordance with w previous report for ryegrass (Pontigo et al. 2017). The
regulation of Si transporter expression differs with plant species. For example, the
expression oLsilin rice was dowsregulated by Si, but unaffected in barley, maize and
wheat Chiba et al 200; Mitani et al 2009 Montpetit et al 2012), whereas Si
decreased the expressiornLsi2in rice, barley and maizgMa et al., 2007; Mitani et al.,
2009a). A recent study hagroposedthat the Sinduced dowrregulation of Si
transporter genes iontrolled by Si accumulation ifé shoots of rice (Mitani et ,al
2016). Similarly, Hosseini et al. (2017) reported that barley Si transpdrtelrsil and
HvLsi2 correlated negatively with the accumulation of Si in the shobpdants grown

with sufficient potassium (K) supply, whereas under a K deficiecogditionsthis
relation was positive. In agreement with these researches, we also found a negative
correlation between shoot Si concentration and the expression ofLpb#hl and
LpLsi2 (Fig. 6 C-D) indicating that the expression of these ryegrass Si transporters was
negatively regulated by Si accumulationtive shoots. A recent study hiaentified a
candidate region of a eacting element in the upstream region of OsLsil, which is
probably involvel in the Si response of OsLsil expression in rice roots (Mitani et al.
2016). However,more studies are needed to advance in the understanding of the

mechanisms controlling the expressadrsi transporters genes pfants

Overall, ourfindings confirm he existenceof putative influx (LpLsil) and efflux
(LpLsi2) Si transporters in ryegrass with characteristics highly conserved among Si
transporters from different plant specigdfie assessment of Si uptakieeticsand the
identification of these Si trapsrters 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 (O and 0.2 mM) in

combindion 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
ryegrasswhich 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 geérsgk gnd

Lsi2) were dowrregulated in roots after Si or Al was applied alone; however, lsih

and Lsi2 were upregulated as a consequence of Si application ttredlted plants,
denoting that there is an increase in Si requirement in order to cope with Al stress in
ryegrass. Wheeas Al addition triggered lipid peroxidation, Si contributed to an
attenuation of Alnduced oxidative stress by increasing phenols concentration and
modulating the activities of superoxide dismutase (SOD), catalase, peroxidase, and
ascorbate peroxidaseteoxidant enzymes. Differential changes in gene expression of
SOD isoforms (MRSOD, Cu/ZRSOD and F&0OD) and the profile of peroxide £8,)
generation were also induced by Si in-sMessed plants. This, to the best of our
knowledge, is the first study fpresent 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 yidilahiting factors for crops in
acid soils (von Uexkull and Mutert, 1995). Under acidic conditions, large and toxic
amounts of Al* become available to plants, thereby affecting a wideeafighysical,

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 efl evall components (Horst

et al.2010), plasma memane properties (Yamamoto et 2001), nutrient homeostasis
(Delhakze and Ryan, 1995; Gupta et2013; Singh et ak017), and signal transduction
pathways (Matsumoto, 2000; Ma et 2002; Sivaguru eal. 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 damagfebiomolecules 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 exclusioo (aferred 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 andhenolic
compounds, which bind Al 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 ofROS (e.g., Barcelo and Posnrieder 2002; Kochian et a2005;
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 ® organic acid anions, including members of the ALMT
(aluminumactivated malate transporters) and MATE (multidrug and toxic compound
extrusion) families(Sasaki et al. 2004; Furukawa et 2007; Ryan et al. 2011). In
addition, a bacteridlype ATP bindingcassette (ABC) transporter (Huang et al. 2009)

and antioxidant defense genes (e.g., Milla et al. 2002; @iocahd 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, sdit (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 abiostress (Ma, 2004; Liang et al. 2007; Guntzer et al.
2012; Ma and Yamaj2015). 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 rmediated by both channglpe 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. 209; 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 Siptake. 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), chiom (Cr), copper (Cu), lead (Pb),

zinc (Zn), and Al, has been widely reported (Li et al. 2012; Vaculik @04R; Adrees

et al.2015; Pontigo et al. 2®; Liang et al2015; 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 externalefk plantd or internal {(n planta) mechanisms (Cocker et al.
1998a; Adreesteal. 2015; Pontig et al.2015; Liang et al2015; 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}i&luced increase in solution pHi(L
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et al. 1996; Cockeet al.1998a), (ii) formation of AGi complexes in the growth media
(Barcelo et al1993; Baylis et al. 1994; Ma et al. 1997; Cocker etl@bP8a) or/and
within the plant (Corrales et dl997; Cocker et al. 1998b; Britez ét 2002; Zsoldos et

al. 2003;Wang et al. 2004; Prabagar et al. 2011), (iii) exudation of organic acid anions
and phaolic compounds (Barcelo et dl993; Cocker et all998b; Kidd et al2001),

and (iv) increase in the chlorophyll and carotenoidtents of leaves (Singh et al.
2011) Activation of the plant antioxidant system has also been reported in response to
Si supplyunder Al stress (Shahnaz et al. 2011; Shen et al. 2014; Tripathi2€xa).
However, to our knowledge, there is a dearth of reports regarding the molecuts aspe

of the effect of Si on the genes involved in antioxidant defense.

Perennial ryegras&dlium perennd..) is a temperate pasture species supporting ferage
based intensive dairy and beef production systems in many parts of the world. Due to
elevated yiels 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), ascorb® 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 modulaon of Si/Al uptake and the antioxidant performance of ryegrass plants

subjected to Al toxicity.
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4.2 Material and Methods
4.2.1Plant material and growth conditions

Seeds of ryegrassé @lium perenne.. cultivar Nui) were soaked with 2% v/\odium
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 nutrientosohlgscribed by
Taylor and Foy (1985). After 10 d in nutrient solution, ryegrass plants were treated with
Al and Si. Aluminum (as AIGl Merck reagent) was added to the solution at doses of O
and 0.2 mM. The activity of free Alin the nutrient solutiongalculated by Geochem

EZ (Shaff et al. 2010), corresponded to @8l. Aluminum doses were added in
combination with 0, 0.5, and 2 mM Si (as JS&D;, Merck reagent) in a completely
randomized factorial design with three replicates per treatment. Duringrdueh
period, the pH of the solution was adjusted daily to 4.5 using dilute HCI| 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 temperatd&'8 h
(l'ight/dar k) ph dasdpghetasyntbelic phodob flux (PRRPand 70%n
80% relative humidity. Plants were harvested 10 days after the initiation of treatments,
and shoot and root samples were store@@tC or-80°C for subsequent evaluation of
biochemical and molecular parametdrsaddition, subsamples of fresh material were
dried at 65°C for 48 h in order to determinate the dry weight as well as Si and Al

concentrations.
4.2.2Determination of the mineral concentration of Al and Si in plant tissues

Aluminum analysis w&s performed on dried roots and shoots. Plant samples were ashed

at 500°C for 8 h and treated with 2 M HCI. 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 nmas 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 HN@D a hot plate at 70°C for approximately 5

h. Samples were dited 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/\¢BBs; was added

to eliminate excess HF and the volume of the solution was adjusted to 25 mL with
deionized water. The Si comatration 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.

4.2.3Biochemical analyses

4.2.3.1Lipid peroxidation assay

Lipid peroxidation was analyzed uginthe 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 TBARBgar complees.

4.2.3.2Determination of total phenols

Total soluble phenols were spectrophotometrically assayed at 765 nm using Folin
Ciocalteu reagent according to the method described by Slinkard and Singleton (1977)
with minor modifications (Ribera et ,al2013). Total phenol concentration was

calculated using chlorogenic acid as a phenolic compound standard.

4.2.3.3Antioxidant 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), anaiscorbate peroxidase (APX; EC. 1.11.1.11) enzyme activities
were evaluated from frozen samples store@@tC. Plant material was ground in liquid
nitrogen and macerated in 50 mM potassium phosphate buffeiP@i KH.PQ,; pH

7.0). The homogenate was cdniged at 11,000 x 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 thehoétdescribed 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 400L eM pootassium phosphate buffe
et hyl enedi aminetetraacetic acid (EDTA), 50
mM NBT, 170 €L of 130 €M riboflavin, and 3
tubes were illuminated for 15 min atite absorbance of samples was measured at 560

nm. Nonilluminated 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. 199

Catalase (CAT; EC. 1.11.1.6) activity was measured by monitoring the decomposition

of hydrogen peroxide (¥D,) at 240 nm for 120s. A1 L al i quot of enzym
was added to a reaction mixture co4 aining
(30% v/v). The enzyme activity was calculated using a molar extinction coefficient of

39.4 mM1 cml (Pinhero et all997).
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Peroxidase (POD; EC. 1.11.1.7) activity was determined by estimating the formation of

tetraguaiacol at 470 nm duringidin. A15¢e L v ol ume of enzyme extra
a reaction mixture contai ni j0g(30% vimlanddf ext r &
eL of guaiacol. A mol ar “ecrtwasnusaditocaculate e f f i ci

the engmatic activity (Pinhey 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 coar semewea r ract (
containing 1 mL of ef0.t(r3a0c% ivo/nv )b u fafnedr ,4 05 eelLL
ascorbic acid. Enzyme activity was calculated using a molar extinction coefficient of 2.8

mM™* em™.
4.2.4Gene expression analyses

Ryegrass tissues weselbjected to RNA extraction using a NucleoSpin® RNA Plant
Kit (MachereyNagel GmbH and Co., KG, Duren, Germany). Fatsand cDNA was
synthesized from 1 €g of total RNA using at
(Stratagene, Cedar Creek, TX, USA)ldwing the manufacturer's recommendations.
Quantitative reatime polymerase chain (QRFCR) reactions were conducted in order
to determinate the expression patterns of Si transporter desigsuifdLsi2) in roots, as

well as those of three SOD isofornerges Cu/ZnSOD Fe-SOD and Mn-SOD) in
shoots and roots. All qRIPCR reactions were performed using Brilliant Il SYBR
Green gPCR Master mix (Stratagene, Cedar Creek, TX, USA) in an ABI 7300 Real
Time PCR System (Applied Biosystems, Foster City, Califori&A). 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 faupLsil (GenBank accession number KY315994) &plsi2
(GenBank accession number KY315995) were designed using the Primer3 (v. 0.4.0)
and primer BLAST tools. Primers sequenceslip€u/ZnSODLpFe-SOD, andLpMn+

SOD were obtained from Ribera et al. (2013). Housekeeping gdrssctin 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 primerssequences used for quantitative +tgale polymerase chain

reaction (QR-PCR) analysis of Si transporters and SOD isoforms genes.

Gene name* Forward p¥i3nk&) Reverse pri3nder
Lsil ACGCCCAGCATGTACTACAAC TCATGAACACCAGCAGGAAC
Lsi2 CTCTGCATGTACTGGAAGGAC GTTGAGAGGGTTGAGAGTGTG

Fe-SOD GTTGCCAAGGGAAATCCTGAACCA AACCCCAGCCGTTTATCTTCAAGC

Cu/ZnSOD GTGTTGCTCCCATCAATGTTGT CCTGCCAAGATCATCAGCATC

Mn-SOD AATACGAAAATGTGGCTGTGTG AAAATCTGCATTGTGCATTACG
Actin CCTTTTCCAGCCATCTTTCA GAGGTCCTTCCTGATGTCCA
eEF1A (m) GGCTGATTGTGCTGTGCTTA CTCACTCCAAGGGTGAAAGC

*Gene namelsil, Low Si transporter 1isi2, Low Si transporter 2Fe-SOD iron
superoxide dismutaseCu/ZnSOD, copper/zinc superoxide dismutas®n-SOD
manganese superoxide dismutasetin, Actin; eEF1A(m) Eukaryotic elongation factor

1 alpha. Actinor eEF1A(m)were used as housekeeping genes

4.2.5Detection of HO, 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 x grfior & 4°C
and incubated with tdicldorodihydoofiuoresset ediadetatep r o b e

(H.DCFDA) to detect intracellular #D, using the method described by Maxwell et al.
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(1999) with modifications. kD, production was analyzed using flow cytome(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 protoplat s plus 100 &M H202) and negative

protoplasts without kD,) were used.

4.2.6 Confocal microscopy

A profile of H,O, generation in protoplast extracts was also examine€dyfocal

Laser Scanning Microscopy (CLSM). H2DCFDA flescence 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 FA\AISW v.0.2c; Arquined).

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 additidvg telationship between two

response variables was investigated by Pearson correlation.

4.3 Results

4.3.1Concentrations 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%,

respectivey, in Al-treated plants (Table 2). Interestingly, a negative correlation between
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Si concentration and Al concentration was observed in shoset9027p0 0. 01) and
roots f=0935p0 0. 01) of ryegrass grown weth Al
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% aeatedin

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 cultivatéwbut Al (Table 2).

However, root yield was improved by at least 51% when Si was appliedtteadéd

plants. Moreover, a positive correlation50.823,pO 0. 01) bet ween Si C
and dry weight was observed for the roots ofrghted plantsupplied 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 gelneissil and LpLsi2) in
roots was assessed inegrass subjected to different Al and Si supplementation. In
plants grown without Al, the expression levelLlgpi_silandLpLsi2was downrregulated

by approximately 42and 2.8fold, respectively, in response to Si addition to the
growth media (Figures 1/). A similar expression pattern was observed when Al was
applied alone, with the expression levels Lgfisil and LpLsi2 being reduced by
approximately 7.4and 2.9fold, respectively (Figures 1A, B). However, when Al was
added in combination with Si, thexpression level of these Si transporters was
significantly enhanced (Figures 1A, B). The highest Si dose appliedtteated plants

increased the expression level of LpLsil by approximatelyfddd (Figure 1A),
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whereas that ofpLsi2 was upregulated by at least 2f6ld irrespective of Si dosage

(Figure 1B).

1.8
16| —@—0Al -0 0.2Al LpLsil
1.4 -
1.2 1
1.0 -
0.8 -
0.6 -
0.4 -
0.2 1
0.0
1.8
1.6 -
1.4 -
1.2 -
1.0 -
0.8
0.6
0.4
0.2
0.0

Relative expression level

0 ' 0.5 ' 2
Si doses (mM)
Figure 1. Expression analysis afpLsil(A) andLpLsi2(B) genes determined by qRT
PCR in roots of ryegrass hydroponically cultivated under Al and Si treatments. The
expressiorlevels were normalized in relation fctin or eEF1A(m)gene expression.
Data are means of three replicates + standard error. Different letters indicate statistically

significant differencesfO 0. 05) among treatments.

75



Chapter 1V: Sicon-mediated alleviation of Al toxicity

Table 2.Concentration of Al and Si, and dry matter production of ryegrass plants hydroponically cultivated under different Akaha&its.

Values are means * standard error of three replicates. Different letters indicate statistically significant diffetencé . 0 5 )

among

Treatment Al concentration Si concentration Dry weight
(mM) (g kg* DW) (g kg* DW) (9)
Shoots Roots Shoots Roots Shoots Roots
OAIT OSi 0.02 N '016+002d 0. 31 N Oo.33 N 653+029bc 1.37+0.06ab
OAIT05Si 0.01 N '015+000d 5.85 N 6.42 N 7.04%2029abc 1.37+0.10ab
OAIlT 2Si 0.01 N '013+001d 13.78 N 13.47 NG®669+0.22abc 1.39+0.13a
02AIT0Si 0.07 N '384+024a 0.21 N 0.38 N 6.07+042c 0.98 +0.06 b
02AIT05Si 0. 04 N '268+010b 4.40 N 4.30 N 795+042ab 1.48+0.08a
02AIT2Si 0. 0@®. N6 169+011c 10.29 N 11.88 N B809+0.32a 1.61 +0.06 a
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Table3.Pear son6s correlation among plant growt h, chemical aferdnt bi och
Al and Si treatments.

Al Si Dry weight TBARS Total phenols SOD CAT POD APX
Shoots
Al 1.00
Si -0.927" 1.00
Dry weight ~ -0.849" 0.721 1.00
TBARS 0.946 -0.947" -0.757 1.00
Total phenols -0.904" 0.859" 0.756 -0.813 1.00
SOD 0.693 -0.827" -0.432 0.646 -0.721 1.00
CAT -0.099 0.076 -0.118 -0.023 0.418 -0.110 1.00
POD 0.863 -0.776 -0.781 0.715 -0.937" 0.666 -0.275 1.00
APX 0.823" -0.599 -0.745 0.657 -0.744 0.489 -0.073 0.836 1.00
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 1.00
SOD 0.883" -0.961" -0.778 0.787 -0.731 1.00
CAT -0.691 0.838" 0.524 -0.399 0.738 -0.795 1.00
POD -0.796 0.925 0.666 -0.509 0.690 -0.858" 0.956 1.00
APX -0.925 0.980" 0.806" -0.666 0.800 -0.930" 0.894" 0.967 1.00

Asterisks indicate significance as follows:p"O 0 . pdD1 ,0* 05
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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
accumulationwere observed among plants grown with only Si (Figures 2A, B).
However, Si at the highest concentration supplied diminished lipid peroxidation in Al
treated plants by approximately 32.6% and 27.7% in shoots and roots, respectively
(Figures 2A, B). Consequdy, lipid peroxidation was negatively correlated with Si

concentration in shoots € -0.947pO 0. 01) raMd34p0o®s0%), as shi

in Table 3.
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Figure 2. Lipid peroxidation 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 differencesO( 0. 0 5) among

treatmens.
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4.3.4Plant 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 high®stlose, with a further increase being observed

in plants treated with both Al and Si (Figures 3A, B).
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a d
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——O0Al -0 0.2 Al

0 ' 0.5 ' 2 0 ' 0.5 ' 2

Si doses (MM)
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 differeqr€s (0. 0 5)

among teatments.

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 4AH). Aluminum supplied alone significantly increased SOD activayy
approximately 37.2% in shoots and 27.5% in roots (Figure 4A, B). Likewise, the highest
Si dose activated SOD enzyme in pdintreated 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).

79



ChapterlV: Siliconmediated alleviation oAl toxicity in ryegrass

The application of Al alone increased CAT activity in shoots and roots by at least 4.2
and 4.7fold, respectively (Figures 4C, D). In plants grown in the absence of Al, Si
enhanced CATRctivity by approximately 3-@old (shoots) and 5-&ld (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 suppéd with the highest Si dose, which exhibited an approximate 60% increase

(Figures 4C, D).

Shoot POD activity increased by approximately 30% in tAdated plants compared
with nontreated plants, although no significant changes were observed in rapte-i

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-fold at the highest Si supply (Figure 4F). Likewise, ro@CPwas
activated by approximately :féld 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 2.4fold and 1.8fold 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 Z@d in the roots of plants receiving the combinedSAl
treatments (Figure 4H)Conversely, Si supply decreased shoot APX activity by

approximately 25.9% in Alreated plants (Figure 4G).
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SOD activity (U mg? protein)
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Figure 4. The activity of antioxidant enzyme SOD (A, B), CAT (C, D), POD (E, F) and
APX (G, H) in shoots and roots of ryegrass hydroponicalltivated under Al and Si
treatments. Data are means of three replicates + standard error. Different letters indicate

statistically significant differencep@©® 0. 05) among treat ments.
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The changes in antioxidant responses ofs#t¢ssed plants as a conseuee 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(=-0.827pO 0. 01) rafM@1pOod s0O I Jsely,f@onve

roots, we observed positive relationships between Si concentration and either total
phenols (=0.741pO 0. 05) or the antioxidant enzyme:

(CAT,r=0.838p0O 0. 01r=082mQ 0. 0 1r;=0.289,XQ .00).

4.3.5Analysis of SOD isoform gene expression in response to Al and Si treatments

Genes of SOD isoformsFé&SOD Cu/ZnSOD and Mn-SOD were differentially
expressed as a consequence of Si and Al supply (Figurég.58uminium supplied

alone educed the gene expressionFeFSOD and Cu/ZnSODin 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 M@ SODgene was wpegulated by
approximate) 1.7-fold in shoots and roots exposed to Al (Figures 5E, F). Increasing Si
doses lowered the gene expressiofr@SODby up to 1.9fold in the shoots and 2.2

fold in the roots of plants cultivated without Al (Figures 5A, B), whereas the transcript
levels of Mn-SOD were enhanced in shoots by approximatelyfald by Si addition
(Figure 5E). In contrast, in plants receiving Si alone, there was no significant changes in
the expression level of either sh&/ZnSODor rootMn-SODgenes (Figures 5C, F).
However, in roots, Cu/4s0OD was dowsregulated by at least 1f8ld 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 levelS®D

in shoots ad roots (Figures 5A, B). Although a similar expression patter@w¥n

SODwas observed in the shoots of-#¢ated plants under the different Si treatments
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(Figure 5C), the gene expression of this enzyme was -deguiated by up to 1-fbld
in roots (Figure 5D). Likewise, Si application to-théated plants significantly reduced
the transcript level oMn-SOD by at least 2.2 and 3.8fold in shoots and roots,

respectively (Figures 5E, F).
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Figure 5. Expression analysis of SOD isoform gehpse SOD(A, B), Cu/ZzZnSOD(C,
D) and Mn-SOD (E, F) determined by gRPCR in shoots and roots of ryegrass
hydroponically cultivated under Al and Si treatments. The exmeslevels were

normalized in relation tdé\ctin or eEF1A(m)gene expression. Data are means of three
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replicates + standard error. Different letters indicate statistically significant differences

(PO 0.05) among treatments.

4.3.6Hydrogen peroxide prodtion in shoot protoplasts exposed to Al and Si

Aluminum treatment augmented,®: generation by approximately 38% in shoot
protoplasts (Figure 6A). A progressive increase j@4production was also observed
when Si was added alone, and the accumulatioR,@f, 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 thedkaence of an I CFDA probe

generated by Si and Al application.
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Figure 6. Hydrogen peroxide (kD production in shoot protoplasts of ryegrass
hydroponically cultivated under Al and Si treatments. (A) Dot plot representation of

flow cytometry data. For h e
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4 .4 Discussion

Although several previous studies have reported that Si provide beneffeiels 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 Si
mediated amelioration of Al toxicity in terms of the regulation of Al and Sakep
systems (e.g., Britez et al. 2002; Wang et al. 2004; Dorneles et al. 2016) and plant
antioxidant performance (e.g., Shahnaz e2@l1; Shen et aR014). Likewise, to date,

the effect of Si on Al stress in ryegrass, a forage species belongingatocusnulator

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 tigslifor ryegrass (Cartes et 2010),

since t is well known that Al toxicity involves the rapid inhibition of root growth (e.g.,
Matsumoto, 2000; Kochn et al. 2005; Horst et &010; Singh et al. 2017). The role
played by Si in promoting plant growth under Al toxicity has been widely accepted
(eg., Hara et al.1999; Singh et al2011; Shen et al. 2014; Tripathi et al. 2016).
Correspondingly, Si application to Adeated 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 Siaahere
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 (ABi) complexes in the growth media, thus lowering Al
availablity (Barcelo et al1993; Baylis et al1994; Ma et al1997; Cocker et all998a),

with the consequent enhancement of root growth. Nevertheless, the formatioisiof Al
inside plant tissues could also be involved in the grgautimoting effect of Si undeXl

stress (Hodson anSangster, 1993; Cocker et al. 1998b; Wang €204l4). Indeed, it

has been demonstrated that Al toxicity may be decreased-tbgpasition of Al and Si

in the root epidermal walls of sorghum (Hodson and Sangster, 1993). SimilackgrC

et al. (1998b) and Wang et al. (2004) have also suggested that formatiorSof Al
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 cotre¢ion 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 varift#eent studies have shown that Si
accumulation in plants is controlled by influx and efflux Si transporters that could be
involved in the differential Sinduced responses to cope with different plant stress (e.g.
Ma et al. 2006; 2007; Mitani et al. 20992009b; 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 ssrewe assessed the gene expression of two Si
transportersl(sil andLsi2) in plants with different Al and Si supply (Figures 1A, B).
Lsil is a channelype transporter belonging to aquaporin NodulHhiRé intrinsic
protein (NIP) Il subfamily (Ma et al2006), whereas Lsi2 is an Si efflux transporter
belonging to the family of putatv anion transporters (Ma et &007). Efficient

coupling of Lsil with Lsi2 controls the uptake of Si in species such as rice, barley, and
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maize (Ma et al., 2006; 2007; Miteet al., 2009a; 2009b; Chiba et al., 2009). Our study
showed that in plants cultivated without Al, the mRNA expression levels ofLiphitil

and LpLsi2 were downregulated in plants supplied with Si (Figure 1A, B). Some
studies have shown that the accuatiolh of Lsil mMRNA in maize ZmLsi)), barley
(HvLsil), and wheatTaLsi]) is not affected by the addition of Si (Chiba et al. 2009;
Mitani et al.2009a; Montpetit et aR012). Nevertheless, Ma et al. (2006; 2007) found
that the gene expression of bddisLsiland OsLsi2was decreased by approximately
25% in rice, as a consequence of continuous Si application. A similar expression pattern
has been detected fbsil in maize ZmLsi) (Bokor et al. 2014) as well as fbsi2 in
barley HvLsi2 (Mitani et al.2009b) and maize (Bokor et 2014). Moreover, a recent
study has stated that the-iBduced dowrregulation of Si transporter genes is

controlled by Si accumulation indglshoots of rice (Mitani et &016).

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 downregulated the expression dinLsiland ZmLsi2in the roots of maize
subjectedto excess zinc (Zn). By contrast, it has been reported that Si increased the
expression level oOsLsiland OsLsi2under conditions of cadmium (Cd) and copper
(Cu) toxicity in rice plants (Kim et aR014). Likewise, Vulavala et al. (2016) found that

a pustive Si transporter in potat®tlsi) was upregulated in response to Si and
drought stress. Interestingly, we found that the transcript levels of Lytkil and
LpLsi2 were significantly dowsregulated by Al supply, but upegulated by 5-4old
(LpLsil) and 2.5fold (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 ofLpLsil andLpLsi2 (Figures 1A, B). This behavior might indicate an
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increased requirement for Si in ryegrass in order to cope wiimdliced toxicity.

Further studies are needed to confirm this assumption.

As a possible alternative mechanisoh Simediated 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 ohotive oxygen species (ROS), such as superoxide
radicals (QF) , hydr oxyl radical s ( A;OHdolecuasnd hydr
which cause oxidative damage to plant cells (e.g., Yamamoto et al. 2001; 2002; 2003;
Kochian et al2005; Singh et aR017).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\l-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 detectedtieatdd

plants (Table 3). Consistent with diimdings, 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 consequarsieapplication to plants subjected to different
environmental stresses (e.g. Liang e@D3; Zhu et al. 2004; Shi et al. 2005; Gunes et

al. 2007; 2008; Li et al2012; Khoshgoftarmanesh et al. 2014; Kim egall4; Habibi,

2015; Ziaur-Rehman et aR016).

Whereas Al toxicity enhanced plant phenols concentration (Figures 3A, B) and
augmented the activities of antioxidant enzymes (Figurebi}/si application induced
differential responses in the antioxidant system e$tessed plants (Figures 3B,and

Figures 4AH). It has been suggested that Si may enhance Al tolerance by increasing
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the production of phenolic compounds with-&lelating ability (Kdd et al. 2001,
Shahnaz et al2011). Furthermore, it has been reported that Si uptake by plants
suljected to certain stresses can lead to increased production of phenolics with
antioxidant and/or atictural function (Fleck et al2010; 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 shoba to
induced by Si (Liang et aR007; Shetty et al. 2011; Zhang et 2013; Song et al.
2016). Here, we found that Si addition (mainly at the highest dose) increased the total
phend 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 Alinduced 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 enzymatantioxidant responses by catalyzing the dismutation,dt®

H,O, and Q (Takahashi and Asada, 1983; Alscher et al., 2002). 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 supjgpifeantly
reduced the gene expression level of biogiCu/ZrSOD (1.9-fold) and LpMn-SOD
(3.8fold) in roots of plants exposed to Al toxicity (Figure 5D, Bimilarly, the
transcript level ofLpMn-SOD was decreased by at least-2f@d in shoots of plats
receiving Al in combination with SiFigures 5E)whereas no changes in teepression

of Fe-SOD were detected (Figures 5A, B). Consequently, our results indicated that

LpCu/ZrSOD and LpMn-SOD mainly contributed to the total SOD activity. The
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decreae inboth the totaSOD activity (Figure 4A, B) anthe gene expression pattern

of LpCu/ZrSOD and LpMn-SOD isoforms (Figures 5 DE, F) coincided with a
significant reduction in lipid peroxidation at the highest Si dose (Figures 2A, B),
denoting that 2 s Si can diminish the requirement for SOD enzyme intréated

plants.

It is noteworthy that theactivity of antioxidant enzymes responsible for.(d
scavenging (CAT, POD, and APM)asactivated by Si in the roots of Altressed plants
(Figures 4D, F, H)Moreover, a direct correlation between Si concentration and the
activitiesof 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 peroxidatio(Figures 2A, B), with a consequent reduction in the

oxidative damage of biological membranes induced by Al.

We also detected an apparent increase in intracelluj@y, lgroduction in shoot
protoplasts of plants simultaneously supplied with Al and Sguile 6A, B). It is
remarkable that there is so little information available regarding the role of SOn H
generation under either biotic or abiotic stress conditions. In this context, the only study
that has examined the relationship between Si a@ 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 incre#g3g in H
levels induced by Si in pistachio plants, which i:gistent with the findings of the
present study. This significant increase ipOR production might be related to the
reduction in PODactivity observed in the shoots of plants simultaneously treated with
Al and Si (Figure 4E). Indeed, B, 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 growdnd development (Foreman et al. 2003)0OH

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 Sdalation of HO, 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 nenzymatic atioxidant responses in ryegrass plants.
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5. General discussion, concluding remarks and future directions

5.1General discussion

Current scientist evidence demonstrateshieefits ofsilicon (Si) for vascular plarg
particularly in alleviating biotic and abiotic stressés mentioned in the previous
Chapters,hie beneficial role oS&i is closelyrelatedwith the ability of the plant species

to take up his elementfrom soil Hence some plant speciefoesnot respnd to Si
supply,andthis behaviooftencanbe 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 scientidigvertheless, theecent molecular advances
associated with the identification and characterization of Si transporteasiousplant
speciehave beemsefulto improve the understanding bénefitsthat plants can derive

from Si uptake.

Silicon is currently viewed assstainable 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 dieawedl in
ryegrassfirstly we dudied the Si uptake system atiaenthe impact of Si supplyon
plants grown under Al toxicitynflux transportergLsil and Lsi6)oelonging to théNIP

[l aquaporinssubgroupand efflux transporterglLsi2 and Lsi3),known as anion
transportes, have beemeported to be responsible for the uptake and transport of Si in
vascular plantg§Ma and Yamaji 2015; Deshmukh and Bélanger 20B&sed on the
sequence homology approadivo putative Si transporter gendgLsil and LpLsi2
were cloned andcharacterizedrom ryegrass (Chapter llisupporting informatiorof
Annex J). BLAST analysis showed that the amino acid sequence of LpLsil shigted

identity (88%) with a homologous sequence framarley and wheafTable S1.lof
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Annex 1) The aailable information about amino acid sequences and protein models of
influx Si transportersdhave revealed unique conserved attributes that deterthene
selectivity for silicic acid(Mitani et al. 2011c;Liu and Zhu 2010;Deshmukh and
Bélanger2015 Deshnukh et al. 2015Vatanseveet al. 2017 as shown inFigure S1.2

of Annex 1 Accordingly, it has been reported that two pteming regions in the
central channel (two highly conserved NPA(AsnPro-Ala) motifs and an
aromatic/arginine (ar/Rfilter) are associated to substrate selectivity of NIP members
(Wu and Beitz 2007) The NPA region is formed byuxtaposition of asparangines
(Asn), which make hydrogen bond with the transport molecules and may function in the
proton exclusion(Forrest and Bhave 20Q07Besides, 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). fltar/fr

silicic acid transport, only GhserGly-Arg (GSGR) residuesonfer specificity for
silicic acid (Mitani et al. 201X). Thus, onserved domains characterizibgth the
typical aquaporis and the Si transport activi(yWu and Beitz 2007; Maurel et al. 2008;
Mitani et al. 2011cPeshmukh and Bélang@015 Deshmukh et al. 2015; Vatansever

et al. 2017 were found in the predicted amino acid sequermfeLplLsil. Based on
sequence homology and availability of ar/R selectivity filter, a phylogenetic analysis
performed byVatanseveret al. (2017) showed that three clusteessociated to Si
accumulation ability were formed from Lsiltransporters Consequently protein
modeling of Lsilin different plant specieshowed that ar/R selectivity filt@ontaining
GSGRresidues were fowhin binding sites of the high Siccumulators (Vatansever et

al. 2017).Basedin this premisethe conserve@mino acid residueglentified in the
protein sequence dfpLsil confirm the high Si accumulation capacity of ryegrass as

previously suggesteby (Jarvis1987; Nanayakkara et al. 2008hylogenetic analyses
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also support thatpLsil belong to a welldefined aquaporins family of previously
identified Lsil genes (Chapter IlIPn the other handdentified Lsi2 genes in plants
encoded a polypeptide of 4B27 amino acid residudsaving conserved 101 putative
transmembrane domairisa et al. 2007Mitani et al 2009; Vatansever et al. 2017)
Different to Lsil, Lsi2 transporter homologsn 17 plant specieshowed highly
preservedsequencegven in lowSi-accumulatorgVatansever et al. 20177 partial
coding sequencef LpLsi2 showinghigh identity with knownLsi2 efflux transporters
HvLsi2 (90%), OsLsi2(82%), and ZmLsi2(81%)was also isolateftom ryegrasgTable
S1.2andFigure S1.1of Annex 1. However, an exhaustive analysislgiLsi2 sequence

was nad perfomedsince the full lengtltDNA was nd satisfactorilyachieved.

A gene expression analysis showed thaltsil and LpLsi2 were only expressed in
roots In addition, theexpressia level of both LpLsil andLpLsi2 wasdownregulated
by Si supplysuggesting that theses transporters can be silicic acid ind(Chudgter Il|
and V). Thesefindings agree withthe expression patteneportedby Ma etal. (2006;
2007b) and Mitani et al2009a) for bdt Lsil andLsi2in other planspeciesHowever,

it has been found that 8id not affectthe transcript level of Lsil in barley, maize and

wheat Chiba et al2009 Mitani et al 2009h Montpetit et al. 2012).

In order to assess the respotseéi supplyin two ryegrasscultivars with contrasting
Al- tolerance (Alsensitive, Jumbo; Asemttolerant, Nuj two kinetics experiments of
Si uptake were performed (Chapter IIl). In generathlthe concentrationandthetime
-dependent Si uptalexperimets showed thai accumulation ircv. Jumbo was higher
thancv. Nui. However,cultivar variation for Siconcentratiorwas mainly observedat
the shorterm (Chapter 1llI) Genotypic variationgn Si accumulationn rice rootshave
been associated wittifference in abundance of Si transporteflgla et al, 2007a).

However, the concentratieshependent kinetics assay in ryegrass showed similar values
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of Vmax between cultivarswhereasvariations in K, valuescould suggeseither the
differental contributionof the known proteins responsible for uptake and transport of Si
or the involvement of undiscovered Si transpor{@hkapter Ill). Anotherfactor that
could determinghe differences irsi accumulation between genotypeshs production

of root bionass. t is expected that high root growth improves Si uptake. Such effect
was not visualized in our study since the experiment was performed at th¢estmort
thus, ryegrass cultivars did not show any difference in root dry matter production
(Figure 2.1 of Annex 2). Likewise, it has been suggested tligsimilaities in Si
uptake ability betweenrice genotypesJaponicaand Indicd could result from the
difference in the expression of Si transporter gefpMa et al., 2007a)Thus, our
outcomes about the idefitiation and characterization of genes encoding for Si
transporters provide the bastsimprove the understanding of Si uptake mechanisms in

ryegrass and the benefits that this forage species can arise fnomnitgn.

The role of Sifor ryegrasscv. Nui subjected to Al toxicity was reviewed in the Chapter
IV and published in Frontiers in Plant Scier@@l7,8:642 In order to extend our
knowledge about Si/Al uptake under Al stress, studies involiagtgrowth, Si and Al
concentration, gene expremsi of S transporters and lipid peroxidationere also
performed irryegrass cv. Jumbgupplied withAl (0 or 0.2mM) in combination with Si

(0, 0.50r 2 mM Si) dosesat 21 days(Annex 3). Our outcomes demonstrated thiad
applicationof 0.2 mM Al significantly increased Alccumulatiorand lipid peroxidation

in roots of both ryegrass cultivarshus reducing theoot growth by about 28% and %8

in cv. Nui and cv. Jumbo, respectivé@hapter IV and-igures S3.1, S3.2 and S3.3 of
Annex 3). Nevertheless, Si applied to-atressed plants decreased Al concentration by
up to 56% in cv. Nui and 20% in cv. Jumbo. Moreover, Si supply diminished Al

induced 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 G)nsequently,
improvement of root dry weight was observed in plants of both cv. Nui (51%) and cv.
Jumbo (118%) receiving the combined @il treatmentsGhapter 1V and Figur&3.3 of
Annex 3. Our resultsalso 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 werévabgirelated (Table S3.1

of Annex 3).

Differences in root Si concentration between ryegrass cultivars were also observed
when plants were simultaneously supplied with Al andFgjure S3.4 of Annex 3).
Compared with plants cultivated with Si alone, a slight reduction of root Si
concentration was fouhin 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 3Bince our results showed that the expression level of
LpLsil and LpLsi2 was decreased by Si applicationboth cultivars(Chapter 11l and

I\V), the upregulation of LpLsil and LpLsi2 in the Alsemitolerant cv. Nui
simultaneously supplied with Al and Si was consistent with the reduction of Si
concentration at the same condition. In contrast, a degulation ofLpLsilin the Al
sensitive cv. Jumbo coincided with the increase of Si concentrations in ro@tsAlh

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
responseamongcultivars might result from either the involvement ohidenified Si
transporters or the existenokexternal signals, still unknown, regulating the expression
and/or activity of Si transporterRecent findings showing thahoot Si accumulation

inducesa downregulation of Si transporters genes, dhd presene of a cisacting
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element in the Lsil promoter reguladi the OsLsil expression in rice (Mitani et al.
2016)support our premisd-urther studies are needed to advance in the understanding

of the mechanisms controlling the expression of Si transportees ggvlants.

Despite both the root Si concentration and the expression levgilsil and LpLsi2
were dissimilar between ryegrass cultivars under Al stress, a reduction of Al
concentration in plant tissues of dyui andcv. Jumbowas observed as a s®guence

of Si application to nutrient solutiofFigure S3.1 of Annex 3)Decreaseof Al
accumulatiorinduced by Si has been also foundbgrneleset al. (2016) and Vega et
al. (2019; submitted). Consequently,a8ditionin presencef Al could begeneréing a
reductionof the Al accumulation as result dhe formation ofAl-Si complexesn the
solution thuslowering Al availabilityand improvingroot biomass productio(Barcelo

et al, 1993; Baylis et al, 1994; Ma et al, 1997; Cocker et al, 1998a).

As an alternative mechanisnmvolved on theSi-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., 2018)is regardthis

study showed molecular and biochemical evidence supporting the role of Si on the
improvement of the antioxidant performance of ryegcas®Nui subjected tdl toxicity

(Chapter IV) Consistent with our findingghere is increasing evidence showitigt
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., 2008t Z2hpu2004; Shi et

al., 2005; Gunes et al., 2007, 2008; Li et al., 2&I®yshgoftarmandset al., 2014; Kim

et al., 2014; Habibi, 201%Zia-ur-Rehman et al., 2016)nterestingly,Si uptake by

ryegrass enhanced total phenols concentratioplants grown under Al exposure
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(Chapter 1IV) It has been proposed that Si influences phenolics metaband
utilization by Sipol yphenol compl exation 20Drimgi gi c
addition, t hasalsobeen reported that Si may enhance Al tolerance by increasing the
production of phenolic compounds with antioxidant and/or structural functiook(Ete

al., 2010, 2015; Song et al., 2Qibera et al. 2008 Moreover,the activities and/or
geneexpression profiles of key enzymes involiadhe biosynthesis of either soluble
phenolics (e.g., flavonoids) or structural polyphenols (e.g., lignin) sedeen shown

to be induced by Sn plants subjected tearious stressed.iang et al., 2007; Shetty et

al., 2011; Zhang et al., 2013; Song et al., 2008) the other hand,nder Al stress, the
reduction of lipid peroxidation triggered by Si also coincided whih decrease of both

the totalSOD activity and thgeneexpression pattern &fppCu/ZrSODandLpMnSOD
isoforms (Chapter IV) suggestinghat Si supply can diminish ¢hrequirement for SOD
enzymein Al-treated plantsLikewise, enzymes belonging to the second defense line
against oxidative stres&€CAT, POD, and APX) werectivated as a response to Si
supply (Chapter V) in agreement with the earlier reports on vascplants sbjected

to Al (Ribera et al. 2018; Shen et al. 201#anganese (Shi et al. 2005), salt (Hashemi

et al. 2010) and boronr@l et al. 2009) toxicity.

Finally, the main results of thisesearchand the aspects thatill remain to be

investigatel are summarized in Figure 1.
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Figure 1. Overview of Si uptake and its role in ryegrass under Al toxidtgshed

\_

arrowsindicatethe aspects that still remain to be investigated.
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