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Zusammenfassung

Zusammenfassung

Silizium (Si) ist das zweithaufigste Element in dedkruste und ist als Kieselsaure in der
Bodenlésung nahezu Uberall pflanzenverfigbar. Aftanzen enthalten Si und kdnnen
anhand ihrer Si-Konzentration im Spross als Si-ARklatoren, intermediare Typen oder
Nicht-Akkumulatoren bzw. Si-Exkluder klassifizienerden. Si wird nicht als essentiell fur
hohere Pflanzen angesehen, ist aber nutzbringendPffanzen, indem es das Wachstum
fordert und unterschiedlichen abiotischen und babten Stress vermindert. Positive Si-
Effekte wurden vor allem in Si-Akkumulatoren wiei&aNeizen oder Rohrzucker beobachtet
und sind meistens auf den Spross beschrankt.

In dieser Arbeit wurde untersucht, welche Auswirdalie Si-Ernahrung auf die Wurzeln von
Reispflanzen hat. Von besonderem Interesse wapzhdiidie Ausbildung des Casparischen
Streifens und die Transkription von Genen, diedeit Synthese von Suberin und Lignin (den
Hauptbestandteilen des Casparischen Streifens)emieBung stehen. Zudem wurden die
Dosis-Wirkung von Si und die Si-Kinetik nach kurtigger Si-Applikation erforscht. Darlber
hinaus wurde untersucht, welche Wirkung Si auf \Warzeln anderer Si-Akkumulatoren
sowie intermediarer Typen und eines Si-Exkludesibtiund wo Silizium in Reis-, Mais-
und Zwiebelwurzeln abgelagert wird.

Reis kann grof3e Mengen Arsen (As) akkumulieren, waem einen an der hohen
Verfugbarkeit von Arsenit (As(lll)) unter den chestinen Bedingungen beim Nassanbau von
Reis liegt sowie an der effektiven Aufnahme von IRs(durch die Reiswurzeln. Es ist
bekannt, dass Si die As-Konzentration im Reisspredaziert, wobei der zugrunde liegende
Mechanismus ungeklart ist. Daher wurde untersughie sich die Gabe von Si zu
Nassreisboden auf die As-Konzentration in versamned Pflanzenteilen von Reis und die
As-Spezies im Weildreis auswirkt. AuBerdem wurdeAsi@lIl)-Aufnahme von Reiswurzeln

in Abhangigkeit von verschiedenen Si-BehandlungeNahrldsung ermittelt.
Zentrale Ergebnisse dieser Arbeit sind:

() Si verminderte die Diffusion von Sauerstoffsader Reiswurzel. Dies ging mit einer
verstarkten Ausbildung der Casparischen Streifedein Exodermis und Endodermis einher
sowie mit einer starkeren Lignifizierung des Skieteyms der Reiswurzel. Zudem erhohte Si

die Transkriptmenge von 12 Genen, die mit der S3gghvon Suberin und Lignin in
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Verbindung gebracht werden, sowie die eines Geas, fidk ein leucine-rich repeat (LRR)-
Protein kodiert, dem regulatorische Funktionen sagaeben werden.

(I) Die Bildung des Casparischen Streifens in Beiswurzel wurde mit zunehmender Si-
Versorgung geférdert bis hin zu einer Konzentratimm 12 mg Si [}, welche in der

Bodenl6sung vieler Mineral-Boden vorliegt. Die Mé@rgung des Casparischen Streifens in
der Reiswurzel wurde erst 48 Stunden nach Si-Appbk beobachtet, was darauf hindeutet,

dass Si die Genexpression nicht direkt beeinflusst.

(ll1) Si forderte die Entwicklung des Casparisci&reifens in der Exodermis nicht nur in den
Wurzeln von Reispflanzen, sondern auch in den Winraederer Pflanzenarten einschlief3lich
weiterer Si-Akkumulatoren sowie intermediarer Typew eines Si-Exkluders. Dies legt den
Schluss nahe, dass der zugrunde liegende Mechamnisimer chemischer als genetischer

Natur ist.

(IV) Si-Ablagerungen in den Wurzeln von Reis-, Maisid Zwiebelpflanzen wurden vor
allem in der Exodermis gefunden. Dies untermauertHpothese, dass Si chemisch mit
aromatischen Substanzen interagiert und so dieuBgdder Casparischen Streifen in der

Exodermis fordert.

(V) Die Gabe von Si zu Nassreisbéden erhéhte diezKotration von As in der Bodenldsung,
verminderte jedoch die As-Gehalte in Reisstroh,|Z&pdBraunreis und Weil3reis. Aul3erdem
reduzierte Si die Konzentration von As(lll) im Wesis, wahrend die Konzentration anderer
As-Spezies (Arsenat und Dimethylarsinsaure) uniflesst blieb. Dies deutet darauf hin, dass

Si nur die Aufnahme von As(lll) verminderte, jedaabht die anderer As-Spezies.

(VI) Die As(lll)-Aufnahme wurde durch ein kontinulehes Si-Angebot wéhrend der
Vorkultur vermindert, nicht aber durch ein Si-Angélwahrend der As(lll)-Exposition. Somit
kann eine kompetitive Hemmung des As(lll)-Transpattirch Kieselsaure nicht verifiziert
werden. Die Aufnahme von Strontium, das sich haigbtsch apoplastisch bewegt, wurde
durch die Si-Behandlungen nicht beeinflusst, wdshaé Grund fur eine verminderte As(lll)-
Aufnahme ein reduzierter apoplastischer Flux augdessen werden kann. Vielmehr scheint
die Ursache fur eine reduzierte As(lll)-Aufnahmenesiverminderte Anzahl der As(lll)-

Transporter Lsil und Lsi2 aufgrund der Si-Vorkultursein.
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Abstract

Silicon (Si) is the second most abundant elememthenearth’s crust and available for plants
nearly everywhere in form of silicic acid in theilssolution. All plants contain Si in their
tissue and can be classified as Si accumulataesmediate type plantsy non-accumulators
or excluders according to their shoot Si conceimmnatSi is not considered essential for higher
plants but it is beneficial to plants as it imprevwke growth and alleviates several abiotic and
biotic stresses such as metal toxicities or dised®eneficial effects were observed especially
in Si accumulators such as rice, wheat or sugag aad were usually restricted to the shoot.
In this work, the effect of Si nutrition on the taaf rice plants was studied. Special attention
was paid to the formation of the casparian bandthadranscription of genes related to the
synthesis of suberin and lignin, which are the n@mponents of the casparian band. Also,
the dose response of Si and the Si kinetic aftertsierm Si supply were investigated.
Furthermore, the effect of Si supply on the roofsother plant species including Si
accumulators, intermediate types and a Si excluder studied and the deposition of Si in
roots of rice, maize and onion was investigated.

Rice can accumulate high levels of arsenic (As) tugéhe high availability of arsenite
(As(Il)) under the chemical conditions in rice plgdsoils and the highly efficient uptake of
As(Il) by the rice root. It is known that Si redagcthe As concentration in rice shoots, but the
underlying mechanisms remain unclear. Thus, thecefif Si application to rice paddy soils
on the As level in different plant parts of ricedathe As speciation in polished rice was
investigated. Moreover, the As(lll) uptake of ripants grown in nutrient solution with
different Si treatment was studied.

Central results of this work are:

(I) Si supply reduced the diffusion of oxygen otitlee rice roots. This was accompanied by a
promoted formation of casparian bands in the exudemand endodermis and a stronger
lignification of the sclerenchyma in the rice robtoreover, Si increased the transcript level
of 12 rice genes related to the synthesis of sabemd lignin, and of a gene coding for a

leucine-rich repeat (LRR) protein that is suppasekave a regulatory function.
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(I The formation of casparian bands in the exadsrof rice roots was enhanced with
increasing Si supply up to 12 mg St Lwhich is a concentration present in the soil Sofu
of most soils. The effect on the casparian bancldgwment was visible not until 48 hours

after Si supply, suggesting that Si does not diredtect the gene expression.

(1l1) Si promoted the development of casparian tsanat only in the rice root but also in the
roots of other plant species including Si accunwufat intermediate type plants and Si

excluders. This indicates that the underlying mawma is rather chemical than genetic.

(IV) Si depositions in the roots of rice, maize asdon plants were found primarily in the
exodermis. This further supports the hypothesis 8iachemically interacts with aromatic

compounds to promote the formation of caspariam$®an

(V) Si application to rice paddy soils increased tloncentration of As in the soil solution but
decreased the As level in the rice straw, huskwhbroce and polished rice. Additionally, Si

reduced the As(lll) level in the polished rice, lghihe concentrations of other As species
(arsenate and dimethylarsinic acid) were not afficiThis indicates that Si decreases the

uptake only of As(lll), but not of other As species

(VI) The As(lll) uptake was decreased by continuSusupply during the preculture, but was
not affected by the presence of Si during the Asosxre. Thus, a competitive inhibition of
the arsenite uptake by silicic acid could not beifieel. The uptake of strontium, which
moves mainly in the apoplast, was not affectedhieySi treatments, and so the reason for the
reduced As(lll) uptake was not a decreased apaplast. Rather, the limited As(lll) uptake
likely was the result of a decreased abundancen@fAs(lll) transporters Lsil and Lsi2

because of the Si preculture.

Schlagworte: Silizium, Arsen, Casparischer Streifen

Keywords: Silicon, arsenic, Casparian band
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General Introduction

General Introduction

Silicon concentrations in soil and plant

The earth crust consists to 28-31 % of silicon {®ndering it the second most abundant
element in soils, exceeded only by oxygen in wemhbportion (Exley, 1998; Epstein, 1999).
The span of Si as soil constituent comprises < Xoug5 % of dry weight and the most
abundant minerals containing Si are quartz and dahleninosilicates alkali feldspar and
plagioclase (Exley, 1998; Sommet al, 2006). In soil solution at pH < 9, Si is presast
(ortho)silicic acid, Si(OHy) and the typical concentrations range betweena@d 1.4 mM
with an average of 0.5 to 0.7 mM, which is in tlang order of magnitude as major plant
nutrients like potassium or calcium (Epstein, 1994)soil solution of flooded soils even
higher Si concentrations up to 1.8 mM were measuvddch is near to the maximum
solubility of Si in water of about 2.0 mM (Sj6betf96; Bogdan and Schenk, 2008). Since Si
Is nearly ubiquitous in soil solution, it is notrpasing that all plants contain Si in different
amounts. Si concentrations in plants range from flean 0.5 to 100 mg’gshoot dry weight
(Epstein, 1999). In general, Si levels in leavesnon-woody plant parts are highest in
liverworts and horsetails, followed by mosses, asgérms, gymnosperms, and ferns (Ma and
Takahashi, 2002; Hodsoet al, 2005). Within the angiosperms, Si concentratioms
dicotyledons are generally lower than in monocatgtes and within the latter, tif@oaceae
exhibit the highest shoot Si concentration (Epstdi®99; Hodsoret al, 2005). Several
important crops like rice, maize, wheat, barley antghum belong to thRoaceae whereof
rice exhibits the highest concentration of up t6 &y Si g* shoot dry weight (Epstein, 1999;
Ma et al, 2002). According to their shoot Si concentratlants can be classified as Si
accumulators, intermediate types and non-accunrglatcexcluder species when they contain
more than 10, 5 — 10 or less than 5 mg Sshoot dry weight, respectively (Takahashal,
1990; Epstein, 1999).

Silicon uptake by plants

Plants can take up Si in form of silicic acid otlee roots. During the last years, several plant
Si transporters have been identified. Firstly, #97 a group of Si transporters were described
in diatoms, for those Si is essential and whicHdbtheir frustules from Si@(Hildebrandet

al., 1997). However, these transporters are absemgirer plants. Evidence for an active Si
uptake in rice, tomato and cucumber was given kyamiand Ma (2005). They demonstrated

that radial Si transport from the external solutioa root cortical cells towards xylem was

12
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mediated by a transport system with g ¥Walue of 0.15 mM. This value is several times
higher than that of transporters for other minesalsh as phosphorus (M&aal, 2004).

The first Si transporter in vascular plants washidied in rice plants by Mat al in 2006.
They used Germanium (Ge), which acts as a Si analagd is toxic to plants, to isolate a
rice mutant showing no symptoms of toxicity (brospots on the leaves) after Ge treatment
(Ma et al, 2002). The identified mutant was shown to besd@fe in taking up Si. Mapping
of the gene controlling the Si uptake led to idesdtion of the Si transporter Lsil (M al,
2006). This transporter belongs to the Nod26-likajan intrinsic proteins, a subgroup of
aquaporins (water channel proteins), and is perhaeatlsilicic acid in both directions.

A second Si transporter in rice, Lsi2, was ideatifone year later (Met al, 2007). Lsi2 is a
putative anion transporter that actively transpsitisic acid. Both transporters are located in
the plasma membrane of the exodermis and the enda&ef rice, but their subcellular
localization is different: Lsil is located on thestdl side and Lsi2 on the proximal side of
both, exodermis and endodermis (Fig.1) (Ma and Yia2@208).

LSil—-’“Q L Lsil
exodermis % endodermis
Lsi2
Lsi2—|
~ | ___—exodermis

sclerenchyma

cortex with aerenchyn

endodermis

| central cylinder

Fig. 1: Schematic overview of a cross section of an atitews rice root with the localization of Lsil ahgi2

in both exodermis and endodermis. The arrows itelitee transport direction of silicic acid.

13
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Lsi2 shows only efflux activity to silicic acid andctively transports silicic acid from
exodermal cells into the cortex, resulting in a I& concentration in the symplast of
exodermal cells. According to the Si concentragieadient Lsil is able to facilitate the influx
of silicic acid from the external solution into tlsymplast. The same takes place in the
endodermis, so Si is efficiently transported towsatde central cylinder by the combined
action of Lsil and Lsi2. Both genes are expresseddventitious roots and expression is
decreased by continuous Si supply (Ma and Yam@f32

A third transporter in rice, Lsi6, was identified 2008, and this transporter is a homolog of
the influx transporter Lsil (Yamajet al, 2008). However, Lsi6 does not contribute
significantly to Si uptake because it is only wgakixpressed in roots. Instead, Lsi6 is
expressed in the leaf sheath and leaf blade ameftine, it is supposed to unload Si from the
xylem. Moreover, Lsi6 is expressed in the nodehé (hode beneath the rice flag leaf) and
mediates the transfer of Si from large vasculardies) which come from the root, to diffuse
vascular bundles that direct to the panicles (Yaara Ma, 2009).

Homologous genes to the rice garsl were found in other Si accumulating plaritsil and
Lsi6 in maize (Mitaniet al, 2009a),Lsil in barley (Chibaet al, 2009) and_sil in wheat
(Montpetitet al, 2012). Also, for the first time in a dicotyledptant, a gene homologous to
the riceLsil was identified in pumpkin (Mitaret al, 2011). All these transporters function as
influx transporter for silicic acid, but the pumpkiLsil shows no polar subcellular
localization in the plasma membrane and the exjpress the maizd.sil andLsi6 as well as
the barleyLsil is not decreased by continuous Si supply (Clebal, 2009; Mitaniet al,
2009a). Also homologous gened &2 were found in maize and barley (Mitaetial., 2009b)

as well as in cucumber (Mitani-Uered al, 2011). They also show active efflux transport
activity for silicic acid but in contrast to ricesi2, maize and barldysi2 are localized only in
the in the plasma membrane of endodermal cellsowitipolar localization (Mitanet al.,
2009b).

Taken together, coupling of the distal localizedsgpee influx transporter Lsil and the
proximal localized active efflux transporter Lsi2 both, exodermis and endodermis, allows
the highly efficient Si uptake in rice, enablingeaito accumulate highest shoot Si levels
among crops (Mat al, 2011).

The Si concentration in the root however, is mualdr than in the shoot, because Si is
rapidly translocated to the xylem and hence, radel is not a suitable indicator for Si
accumulation (Epstein, 1999). Si in the root ispauged to be deposited in the cell walls of

the root tissue (Epstein, 1994) and was found asigtated silica in the exodermis and

14
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endodermis of rice roots as well as in the scldrgma (Shiet al, 2005; Gonget al, 2006;
Mooreet al 2011). Moreover, the deposition of silica wasvshao be inducible by lignim
vitro (Fang and Ma, 2006). Si also can form complexesxasoordinated Si with the phenol
catechol (Barnum, 1970, 1972).

Silicon effects on plants and animals

Despite its high concentration in plants, Si is oohsidered essential for plants except for
some algae, including diatoms, and horsetails @ps1999). According to the definition of
Arnon and Stout (1939) an element is essential Whaetteficiency of it makes it impossible
for the plant to complete the vegetative or repotige stage of its life cycle”. For Si, this
proof has not been provided, presumably becausengarly impossible to establish a Si-free
environment, where such experiments could be pmaddr Si is present in dust, it dissolves
from glass and when setting up a nutrient solutimpurities in the nutrient salts and residual
amounts of Si in demineralized water contributeo als a Si contamination, which is the
reason for Si to be denoted as an “ubiquitous coim@nt” (Epstein, 1994).

In contrast to plants, Si is considered essertiadhimals, including humans (Epstein, 1994;
Exley, 1998). Si is supposed to play an importasié rin the formation of bones and
connective tissues and Si deficiency in animalsilted in several diseases (Carlisle, 1972;
Schwarz and Milne, 1972). Although no direct eviteffor the essentiality of Si for humans
is existent, Si was shown to be involved in thetlsgsis of collagen and to increase bone
mineral density of humans, thus possibly reducimg risk of osteoporosis (Jugdaohsingh,
2007). Furthermore, an alleviating impact of Si Alzheimer’'s disease and dementia by
reducing aluminium absorption in the intestinalctrés discussed (Rondeaai al, 2009;
Domingoet al, 2011). The main Si sources for humans are bangneen bean and beer, but
absorption of Si from solid food is often poor, lpably because Si is present as polymerized
silica (Jugdaohsingkt al, 2002; Sripanyakoret al, 2009). In beer, Si is present as silicic
acid, which is well absorbed during digestion aneréfore moderate beer consumption was
recommended for high Si intake (Gonzalez-Muébal, 2008; Casey and Bamforth, 2010).
Although not proven to be essential for plantsisQionsidered to be a beneficial element and
was called “quasi-essential” (Epstein, 1999). Shastes growth and vyield, improves
mechanical strength and thus prevents lodgingoaf plants (Epstein, 1999; Ma and Yamaji,
2006). Si increased resistance against fungal getisin rice, wheat and cucumber (Fate
al., 1998; Kimet al, 2002; Rémus-Boradt al, 2005). In rice leaves, Si is deposited as silica

or opal and forms together with cutin a cuticleesildouble layer, and enhanced resistance
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against leaf pathogens was attributed to this @iged leaf fortification assigning a mainly
mechanical role to Si (Kimet al, 2002). In further studies, elevated productidn o
peroxidases, phytoalexins and antimicrobial compsuas well as increased activity of
chitinases and peroxidases were attributed to icdy allocating Si a more active role in
inducing resistance (Rodrigues al, 2004, 2005; Caet al, 2008). Si altered the expression
of nearly 4000 genes of which many were defensdeadlin Arabidopsis thalianaplants
infected with fungal pathogens while Si changedresgion only of 2 genes in non-infected
plants (Fauteuegt al, 2006). In contrast, Si supply resulted in difgial gene expression in
rice plants both infected or not with a fungal magan (Bruningset al, 2009). However, the
exact mechanisms how Si reduces leaf penetratiofurgdal organisms are still debated
(Hayasakaet al, 2008; Suret al, 2010).

Also biotic stress caused by herbivorous inseath sis stem borers or phloem feeders can be
reduced by Si, although it remains unclear whetthieris due to increased physical resistance
or enhanced chemical defense reactions (Reyratldd, 2009). Furthermore, Si enhances
resistance against abiotic stress. In several fl&itreduced metal toxicity of aluminium,
cadmium, manganese, and zinc as well as uptakesehia (Gucet al, 2005; Shet al, 2005;

Li et al, 2011; Singtet al, 2011; Songt al, 2011). Si was also effective against salinitgt an
drought stress in rice, wheat, barley, cucumbertanthto (Lianget al, 2007). The extent of
the beneficial effects differed between plant spe@nd was usually more visible in plants
with high Si accumulation in shoot (M al, 2001).

Rice cultivation and adaptation of the rice roofimoded soils

Rice belongs to the familpoaceaewithin the monocotyledons. The rice genome conegris
389 Mb, which is the smallest among the cereald, iartotally sequenced resulting in rice
being an ideal model plant for genomic researdh®imonocotyledons (Draat al, 2006).

Rice is the major food crop consumed by milliongebple contributing around 20 % to the
human calorie intake worldwide and actually 50 %Swutheast Asian, respectively (IRRI).
There are two domesticated rice species, the AganOryza satival..) and the African rice
(Oryza glaberrimal.) (Sweeney and McCouch, 2007). Within the Asrice, the two
subspecies Indica and Japonica are most commoarargtown either as upland (dryland) or
lowland (wetland / paddy) cultivation, whereof thaddy rice cultivation is the most used
form (DeDatta, 1981). Rice develops different kirafsroots: the radicle or seminal root,
which is the first root emerging from the seed, thesocotyl roots and the adventitious (or

nodal) roots, which account for the main part @ tature rice plant (Yoshida, 1981).
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Paddy rice is grown in flooded soils under usuahaerobic conditions (Ponnamperuma,
1984). Rice is adapted for growth in flooded fieltsthe development of an aerenchyma,
which is a gas filled tissue inside of the advémis roots that allows the diffusion of gases
within the root and hence, facilitates internalatien (Colmer, 2003a; Colmet al. 2006).
According to its concentration gradient, oxygenfudiés from the aerenchyma to the
anaerobic rhizosphere, a process called radialexygss (ROL). To prevent ROL and keep
the oxygen status in the roots constantly high, ribe root develops a barrier, which is
attributed to a suberized exodermis with caspabands and to a lignified sclerenchyma
(Armstrong, 1979; Armstrongt al, 2000; Kotula and Steudle, 2008). This barriesiast
ROL is present at the basal parts of the root wihideyounger, apical zone of the root is not
protected from ROL by this barrier (Armstrong, 19Zblmer, 2003b).

The barrier was shown to be inducible by saliniig drought stress (North and Nobel, 1995;
Schreiberet al, 1999). Moreover, rice roots grown in anaerohitrient solution contained
higher amounts of suberin and lignin in the outat parts forming a stronger barrier to ROL
(Kotula et al, 2009a, b). Root cross sections can be staintd berberine-aniline blue and
examined under UV-light to visualize suberin amphin (Brundretet al, 1988) (Figure 2).

casparian band

rhizodermi
exodermi
sclerenchyma

cortex

aerenchyma—

central cylindg

Fig. 2 Cross section of an adventitious rice root inc2® distance from the root tip stained with berberin
aniline blue and photographed under UV-light. Theparian bands in the exodermis and endodermisiezhi

white color and are marked with arrows. The ligrdfisclerenchyma has a yellow-green color.
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Lignin and suberin

Lignin is a biopolymer consisting of a complex nuisg of phenolic compounds that derive
mostly from the three monolignols p-coumaryl, ceryf and sinapyl alcohol. The
monolignols are synthesized in the symplast viaphenylpropanoid pathway starting from
phenylalanine and are released into the apopldstrermhey polymerize to lignin (Boerj&t
al., 2003; Goujoret al, 2003).

Suberin is a biopolymer that contains a polyalighaand a polyaromatic domain
(Kolattukudy, 1984). Like lignin, suberin is compealsof monomers, which are synthesized in
the symplast, released into the apoplast and foulmersn after polymerization. The
components of the suberin monomers are ferulic, adnich is delivered as intermediate from
the phenylpropanoid pathway, fatty acid derivated glycerol (Frankest al, 2005; Franke
and Schreiber, 2007). Figure 3 gives an overviewhef suberin and lignin synthesis and
involved enzymes and proteins. Table 1 includesntmaber of annotated genes in the rice
genome, which are coding for these proteins, afederces that assign them a role in suberin

and lignin synthesis.

Tab. 1: Enzymes and proteins involved in suberin anditigrtynthesis, references to protein involvement in

suberin and lignin synthesis and number of anndtgémes in the rice genome.

Number of

Abbreviation |Full name Reference annotated
genes in rice

4CL 4-coumarate-CoA ligase Goujenal, 2003 14

ABC o 36

transporter ATP binding cassette transportef  Franke and Scame®07

AT acyltransferase Franke and Schreiber, 2007 66

C3H coumaroyl-CoA-3-hydroxylase Boerjanal., 2003 1

C4H cinnamate 4-hydroxylase Boerjetnal, 2003 1

COMT caffeic acid O-methyltransferasg  Gougtral, 2003 10

FAD fatty acid desaturase Frangeal, 2005 1

FAE fatty acid elongase Frankeal, 2005 4

KCS B-ketoacyl-CoA synthase Franke and Schreiber, 2007 5

PAL phenylalanine ammonia-lyase Goujnal, 2003 9

P450 cytochrom P450 monooxygenase  Fraatlad, 2005 6

POD peroxidase Franke and Schreiber, 2( 047O (expresseq
in roots)
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Fig. 3. Schematic overview of suberin and lignin synteeBull names of the abbreviations are given in. Tab
Figure is adapted from Fle@k al, 2011 (Chapter I).

Casparian bands in the exodermis not only poseraebagainst ROL, but also reduce
apoplastic bypass flow. The development of caspdrands in rice roots correlated with a
reduced Na uptake and reduced salinity stress H{aimurthyet al, 2009, 2011). Also the

uptake of other minerals including As might be texdi by casparian bands in the exodermis.

Arsenic dynamics in flooded soils and arsenic ae i

When fields are flooded, as it normally is the cisegpaddy rice fields, they are subjected to
several chemical changes. The diffusion of oxygemwater is much slower than in air and
once the remaining oxygen is depleted by microdsgas and plant roots, microorganisms
are able to use other oxidized molecules as tetnetectron acceptor for respiration

(Ponnamperuma, 1984). The order of reduction i®raotg to the redox potential and the
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first molecules being reduced under anaerobic ¢mmdi are N@ and MnQ at positive
redox potential values, followed by Fe(lll), whi%)* and CQ are reduced at lower redox
values (Marschner, 2012). The reduction of iron-d amanganese-(hydr)oxides is
accompanied by a release of arsenate, phosphatsilencl acid into soil solution because
these were adsorbed to the (hydr)oxides beforeqiedl981; Sommaeat al, 2006).

The increased arsenic (As) concentration in sduitem after flooding exhibits a problem
especially for rice cultivation, since As is a toxand carcinogenic metalloid, which is
normally present in a much higher concentrationda than in other crops (Willianet al,
2007; Suet al, 2009). The As concentration in the grain is lothan in the leaves, however,
rice diet exhibits a major source of human As iatakd poses a serious health risk for the
population of Southeast Asia (Meharg, 2004; leilal, 2007).

The most abundant form of As in aerobic soil ieaege, As(V), which is present only in low
concentrations in soil solution (Inskeepal, 2001). However, after flooding As is released
into soil solution and As(V) is reduced to arsen#s(lll), that is even more mobile in soill
solution than As(V) (Garcia-Manyest al, 2002; Takahashet al, 2004). As can also be
methylated by microorganisms to monomethylarsoeid &MMA) or dimethylarsinic acid
(DMA), and these organic As forms are considerebetéess toxic to human than As(lll) and
As(V) (Zhaoet al, 2009).

Not only the high availability of As in flooded payl rice soils favors the high As level in
rice, but also the efficient uptake of As by ridants. As(lll) is taken up into the rice root and
transported to the xylem by the Si transporterd lasid Lsi2 and hence, Si and As share the
same uptake system in rice (Maal, 2008). Lsil also has the capability to transpokA
and DMA into rice roots (Let al, 2009a).

The beneficial effect of Si on rice in alleviatimgetal toxicity was demonstrated for many
metals. Si also reduced shoot and root As conderiraf rice grown in nutrient solution with
As(V) or As(lll) (Guoet al, 2005, 2009). Also, Si concentration in soil $ioin was negative
correlated with As concentration in polished ricel atraw when rice was grown on paddy
rice soils (Bogdan and Schenk, 2008). The supplyaddy rice soils with Si strongly
decreased As concentration in straw and husk, lbakly decreased the As concentration in
brown rice (Liet al, 2009b). This decrease was due to a reduced imarda level in brown
rice, while the DMA concentration was increasedwideer, this may not reflect the situation
in the polished rice, since the bran, which is reaabfrom the brown rice to get the polished
rice, contains more As than the endosperm (Loetbal, 2009). Moreover, the analytical

method used did not allow to distinguish betweenitiorganic As species As(lll) and As(V).
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Aims of this work

Although the beneficial effects of Si on rice amown for a long time, the underlying
mechanisms are not clear. To clarify the role ob®irice root development, the following
topics were experimentally examined in this work:

- Effect of Si on radial oxygen loss (ROL) and arformation against ROL in rice roots

- Si effect on expression of genes related to ggishof suberin and lignin

Although beneficial effects of Si were observedtbesplants with high Si accumulation in
shoot, Si could have an impact also on non-accuwrglar Si excluders, since roots are quasi
constantly exposed to media containing silicic aod the cell walls of the exodermal cells
are in contact with the external solution. Thus, fibllowing topic was studied:

- Sj effect on roots of Si accumulators and noryaadators
Sireduces As concentration in rice shoot, butithg how Si affects the As uptake remains to

be investigated. Thus, the following topic was exed:

- Si effect on the As uptake and on the As speamiat polished rice
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Abstract

The beneficial element silicon (Si) may affect eddoxygen loss (ROL) of rice root
depending on suberization of exodermis and ligaifan of sclerenchyma. Thus, the effect of
Si nutrition on oxidation power of rice root, sulzation and lignification was examined. In
addition, Si-induced alterations of transcript levef 265 genes related to suberin and lignin
synthesis were studied by custom-made microarrdygaantitative Real Time-PCR. Without
Si supply, oxidation zone of 12 cm long adventisiaoots extended along the entire root
length but with Si supply oxidation zone was restidl to 5 cm behind the root tip. This
pattern coincided with enhanced suberization ofdlexmis and lignification of sclerenchyma
by Si supply. Suberization of exodermis startedhamd without Si supply in 4-5 cm and 8-9
cm distance from the root tip, respectively. Shdigantly increased transcript abundance of
12 genes, while two genes had a reduced trandeript. A gene coding for a leucine-rich
repeat protein exhibited a 25-fold higher trandctgvel with Si nutrition. We present
physiological, histochemical and molecular-biol@jidata assigning Si an active impact on

rice root anatomy and gene transcription.
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Introduction

Silicon (Si) is the second most abundant elemensdils and nearly ubiquitously plant
available. In soil solution, Si is present as &iliacid, Si(OH), at pH < 9, at concentrations
between 0.1 and 2.0 mM, which is in the same aoflenagnitude as potassium, calcium, and
other major plant nutrients (Epstein, 1994; Bogdad Schenk, 2008).

Although all soil borne plants contain Si in th&@ssues with concentrations ranging from
0.1 % up to 10 % in dry matter, Si is not considegis an essential element according to the
definition by Arnon and Stout (1939). Albeit noseastial, Si is a beneficial element because
it supports the healthy development of many plaptgcies, in particular of graminaceae like
rice. Si enhances growth and yield, improves thehaeical strength and thus prevents
lodging, and increases the resistance to bioticamdtic stresses like diseases and pests as
well as salinity, drought stress and metal toxasitirespectively (Epstein, 1994, 1999; Ma and
Yamaji, 2006).

The view how Si affects plants has changed fronassipe manner to a more active way, as
the alleviative impact of silicic acid on rice ptaninfected by the rice blast fungus
Magnaporthe grisedas first been attributed to Si-induced cell iadtification of rice leaves
(Kim et al, 2002), while results from further studies suggleat Si enhances phytoalexin and
peroxidase transcript levels (Rodriguesal, 2004, 2005) in infected rice leaves. In cucumber
and wheat plants, Si increased resistance to thgafunfection powdery mildew has been
attributed to boosted production of phytoalexingnifected leaves, too (Fawet al, 1998;
Rémus-Borelet al, 2005). Moreover, Si nutrition increased ligniontent and enhanced
activities of peroxidase, polyphenol oxidase andrgfalanine ammonia-lyase (PAL) in rice
leaves exposed to rice blast (@hial, 2008). In maize plants, Si alleviated Al toxycthat
was attributed to mediated phenol metabolism ase@tment stimulated release of phenolic
compounds in roots of maize under Al stress (Kaddal, 2001). Generally, the beneficial
effects of Si are most obvious in plants encounggesiress situations.

Rice is often grown in flooded soils under usuadlgyaerobic and reducing conditions
(Ponnamperuma, 1984). Rice as well as other wettgmeties has adapted to low-oxygen
environment by internal aeration of root via theeaehyma — a tissue containing gas filled
spaces, which provides a low-resistance pathwaydfifusion of oxygen within the root
(Colmer, 2003a, Colmest al. 2006). To counteract the diffusion of oxygen frdme root to

the anaerobic rhizosphere, called radial oxygers #OL), rice root develops a barrier
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(Armstrong, 1979). This barrier against ROL is présat the basal parts of the root whereas
no barrier protects the apical zone of the rootnfiROL (Armstrong, 1971; Colmer, 2003b).
In general, densely packed cells, suberin depasitamd lignification in outer cell layers are
thought to serve barrier formation (Sorrell, 19%¢mstronget al, 2000). In rice roots,
barrier against ROL is attributed to suberized exods and lignified sclerenchyma cells
(Kotula and Steudle, 2008). One of the factors radintg barrier formation was found to be
the aeration of growth solution. Rice root growrd@nanaerobic conditions contained higher
amounts of suberin and lignin in the outer roottdorming a stronger barrier to ROL
(Kotulaet al, 2009a,b).

Lignin and suberin metabolism in plants share thenglpropanoid pathway resulting in
monolignols, which are secreted to the apoplast @sigmerized to lignin (Boerjaet al,
2003). Suberin monomers are composed of fatty @d@iyates, glycerol and ferulic acid, with
the latter being an intermediate of the phenylpnogh pathway (Franke and Schreiber,
2007). The suberin monomers are released to thelagiosia ATP-binding cassette (ABC)
transporter and polymerized by class Il peroxidg$80D) to suberin. Parts of this metabolic
pathway were enhanced by Si supply in plants erteong stress (Kidat al, 2001; Caiet

al., 2008). As early as 1961, Okuda and Takahashrteg that the addition of silicon to
nutrient solution increased the oxidation powerioé roots leading to an oxidation of e
and Mrf* and subsequent precipitation on the root surfadehence to a reduced Fe and Mn
uptake of the rice plant.

To further investigate the Si effect on rice roa wonducted experiments with rice plants
grown in nutrient solution either with (+Si) or Wdut silicic acid (-Si) and explored the
oxidation power of the root, the development ofdawmnis, endodermis and sclerenchyma as

well as the impact of Si on transcription of cardélgenes.
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Materials and Methods

Plant cultivation

Rice(Oryza sativa.. cv. Selenio) seeds were germinated in tap wWateseven days and then
placed between two layers of filter paper standinigp water for additional seven days.

Each five seedlings were transferred to 5 liteispmintaining non-aerated nutrient solution
(mM: 1.43 NHNO;, 0.32 NaHPO, x 2 H,0, 0.51 KkSQ,, 1 CaC} x 2 HO, 1.6 MgSQ x 7
H,O; uM: 1.82 MnS@ 0.03 (NH)sM07024, 9 HsBOs3, 0.3 ZnSQ x 7 HO, 0.15 CuS@and
35.81 Fe as sequestrene). Nutrient solution wasgdthevery seven days for the first 14
days, and then every four days. Plants were hadedter 28 days.

For determination of oxidation power, histochemiaahlysis and microarray experiments,
plants were supplied with Si in form ofL&iO; at concentrations 0 ppm Si (control) and 50
ppm Si (1.78 mM) and potassium in the control treait was balanced with,RO, supply.
For evaluation of microarray results by quantitatiReal Time-PCR (qRT-PCR), Si was
applied as silica gel yielding a concentrationhia tange of 30 to 40 ppm Si. The pH-value of
the nutrient solution was adjusted to 6.0 by additf 10 % (v/v) HSO, and 0.75 M KOH.
The plants were grown in a growth chamber (phoioged4 h light, 10 h dark; temperature
25°C day / 20°C night; relative humidity 75 %; ltghtensity 220 pmol fms?).

The oxygen concentration in the nutrient soluticaswneasured with an optical sensor using
the Fibox 3 system (Presens, Regensburg, Germ@rygen concentration was reduced to 3
to 4 mg L* O, within 24 hours after renewing nutrient solutioxdaemained at this level. To
determine root growth, adventitious roots were radrk cm behind the tip with a waterproof

marker and root length growth was measured aftdro2q4s.

Determination of silicon in plant material and nigint solution

Plant matter was dried at 60°C for four days anougd. Plant dry matter was digested
overnight in a mixture of 1 M HCI and 2.3 M HF (L:@Novozamskyet al, 1984). After
addition of 3.2 % boric acid, dye reagent (0.08 Mpburic acid and 2 % ammonium
heptamolybdate), 3.3 % tartaric acid and 0.4 % réscoacid, silicon concentration in

digested plant material and nutrient solution wastpmetrically determined at 811 nm.

Visualization of oxidation power in FeS medium
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To visualize the oxidation power, adventitious soatere embedded in semisolid agar
medium containing FeS. The medium was prepareditiyng 0.8 % agar to iron-free nutrient
solution and subsequent heating to solubilize tja.arhe solution was amended with 1.4 g
L FeSQ x 7 HO and 0.32 g I Na&S whereupon a black FeS precipitation developed
(Trolldenier, 1988). Finally, the solution was keréd by addition of 0.5 gt CaCQ and
adjusted to pH 6.0. Single adventitious root ofd&¥s old plants was placed between two
plastic plates (5 cm x 14 cm; 0.5 cm apart), whigre sealed with plasticine, while the rest
of the root system remained in nutrient solutiohe Thnedia was poured between the plastic
plates and the top was sealed with paraffin waxe plates were covered with black foil and
photos of the plates were taken 24 h and 48 h aftdéyedding in agar. For each treatment,

four roots were investigated.

Histochemical examination of adventitious roots

For quantification of suberin layers and detecwbignification, free hand cross sections of
adventitious rice roots of 42 days old plants waken at 1-2, 4-5, 8-9 and 12-13 cm distance
from root tip (drt) and stained with 0.1 % (w/v)rberine hemi-sulphate for 60 minutes and
with 0.5 % (w/v) aniline blue for further 30 minstéBrundrettet al, 1989§. Stained sections
were mounted in 0.1 % (w/v) Fedh 50 % (v/v) glycerine and viewed under an Axiogk
fluorescence microscope (Zeiss, Jena, Germany) Withllumination using excitation filter

G 365, chromatic beam splitter FT 395 and bariierfLP 420. Pictures were taken with the
AxioCam MRc (Zeiss) and picture recording softwédaioVision Ac, Version 4.4, Zeiss).
Under UV light, suberin exhibited a blue-white asl@nd lignin was yellowish-green.

Both, -Si and +Si treatments were replicated fames with each replicate consisting of 10
plants. Per plant, one root without lateral rootswut into four segments (1-2, 4-5, 8-9 and
12-13 cm drt), and from each segment one crossoeewtas taken. Under microscope, 10
cells per cross section were examined and the degfresuberization in the anticlinal cell
walls was determined and allocated to one of feages: 0 % (stage 1), 0-25 % (II), 25-50 %
(111) and 50-100 % (IV) suberization of the lengththe anticlinal cell wall.

Collection of genes if interest

To study an effect of Si nutrition on transcriptioh genes related to suberin and lignin
synthesis, a list of candidate genes was createshrdbined model of the suberin and lignin
synthesis pathways was drawn containing 12 prajedups (Fig. 5). These proteins were

used as search terms in the search for the puthtinaion of genes in the Rice Genome
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Annotation  Database of the |Institute of Genomic eResh (TIGR),
http://lwww.tigr.org/tdb/e2k1/osaResulting hits were gathered in the list of cdatk genes.

A hypothetical synthesis pathway for suberinAirabidopsis(Franke and Schreiber, 2007)
attributes key functions to acyltransferases (ANBC transporter, POD and 3-ketoacyl-CoA
synthases (KCS). A query in the TIGR database foraAd ABC transporter resulted in 62
and 36 hits, respectively. For POD, there is a igpedatabase available on
http://peroxibase.isb-sib.ctA search herein for genes that are expressadamnaots resulted

in 40 hits. Five genes were obtained from a list e KCS available on
http://www.izmb.de/schreiber/elogases.shtBérnardset al. (2004) suggested that NADPH
oxidases are involved in the suberin synthesis,aagdery in the TIGR database provided one
rice gene with corresponding annotation.

In the biosynthesis pathway of monolignols, thecprsors of lignin, major functions are
attributed to PAL, 4-coumarate-CoA ligases (4CLY araffeic acidO-methyltransferases
(COMT) (Goujonet al, 2003). A putative function search for rice genethworresponding
annotation in the TIGR database resulted in 8, idl B0 hits, respectively. Nine additional
genes were gathered from a list of candidate gdoedignin synthesis inArabidopsis
(Goujon et al, 2003). Sequences @frabidopsisgenes were compared to rice genome by
BLAST (Basic Local Alignment Search Tool) search hatp://www.tigr.org/tdb/e2k1/osal
The result with the highest score was chosen andtated function for the rice gene was
adopted.

Moreover, a SSH-library with genes differentiallypeessed in suberized tissue compared to
non suberized tissue iQuercus subeiprovided additional candidate geng3oler et al,
2007). Comparing gene sequences of the library mathgenome by BLAST search provided
additional 79 candidate genes. BLAST search regulin genes with unknown function
annotation were not used as candidate genes. ddieting duplicate genes from function

search and BLAST search, list of candidate genetacted 265 rice genes.

Microarray analysis

Adventitious roots were harvested at 0-2 cm andc#&rt and frozen immediately in liquid
nitrogen. For RNA isolation, roots were ground untiguid nitrogen and total RNA was

isolated using TRIsure® Reagent (Bioline, Luckermgal Germany) following the

instructions of the manufacturer. For cDNA syntlesid hybridization with chips, RNA had
to be concentrated. Therefore, RNA of each 10 biok replicates was pooled in equal

amounts and precipitated by addition of 0.1 volusnd NaCl and 2 volumes 96 % ethanol.
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Pooled samples were stored overnight at -70°C &ed tentrifuged for 10 minutes at
16,500 g. The pellet was washed with 500 pl 70 Baratl and centrifuged for 7 minutes at
16,500 g. The washed pellet was air-dried for 5utgig and dissolved in.B.

For each of the 265 candidate genes, a 50mer olgeotide with an aminolink-C6-
modification at 5-end was designed and synthesi@dimum Biosolutions, ljsselstein,
Netherlands). To minimize cross-hybridization witbn-target transcripts, the criteria used
for oligonucleotide designing were a maximum oMesahilarity to all other genes in rice
genome of 75 % and the exclusion of complementaguences with more than 15
contiguous bases (Kanet al, 2000). Synthetic 50mer oligonucleotides werettgploin
triplicates on aldehyde modified glass slides (V@S2EL Associates, Inc., Pearland, TX,
USA) using an Affymetrix 417 arrayer. During reversanscription 8 ug of purified total
RNA was copied into fluorescein (FI) and biotin (Bpeled cDNA. The Fl and B labeled
cDNA of both samples were hybridized simultaneouislpne experiment to the same array.
After hybridization, the unbound and unspecificdiked cDNA was removed from the array
by three stringent washing steps with sodium ctigodium citrate buffer in decreasing
concentrations. Specifically bound Fl and B labalBdNAs were sequentially detected with a
series of conjugate reporter molecules accordirthaedyramide signal amplification process,
ultimately with Tyramide-Cy3 and Tyramide-Cy5. Ejrthe DNA-chip was incubated with
Anti-FI-horseradish peroxidase (HRP) antibody-eneytonjugate, which specifically binds
to the hybridized Fl labeled cDNA probe. The enzymoetion of the conjugate, horseradish
peroxidase, catalyzes the deposition of Cy3 labé&yedmide amplification reagent. The
reaction results in the immediate deposition of atous Cy3 labels adjacent to immobilized
HRP. Thereby, the amount of tyramide (Cy3) is dyeamplified relative to cDNA hapten
(fluorescein). After inactivation of the residuaRR, the added streptavidin-HRP binds to
biotin labeled cDNA and catalyzes the depositionCyb labeled tyramide amplification
reagent. The array obtained through this process sudsequently scanned for the two
distinct fluorescent dyes (Cy3 and Cy5), of the éDdlerived from the +Si roots and the —Si
roots.

The scanning process of the hybridized chips whke #xon 4000B scanner (Axon
Instruments, Foster City, CA, USA) included a sidfscan of each chip at different settings,
both changing the photomultiplier tube and therlgs®ver settings. The following primary
analysis served as a quantification method andpsesrmed with the software tool Gene Pix
Pro 6.0™. Next, the secondary analysis was condugsing the data from the primary

analysis. Therefore, data from different scans iesenormalized by using the median of all
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background intensities, which were therefore chedke outliers. Three replicates for each
gene were tested for outliers. Outliers amongsgtree replicates were eliminated according
to the outlier test by Nalimov and the remainingadaere averaged. The ratio of the two
states for each individual gene was calculatedallyina t-test (5 % probability of error) was
applied in order to detect differentially expresggthes between the groups of samples. The
results of the microarray data are given as evigéacchanges in transcript abundance. The
microarray data have been submitted to the NCBIleG@e&xpression Omnibus (Edger al,
2002) and are accessible through GEO Series aonessiumber GSE23723
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?aGSE23723).

gRT-PCR

Total RNA (1 pg) and random hexamer primers weetdus synthesize first-strand cDNA
using the Revert A" H Minus Kit (Fermentas, St. Leon-Rot, Germany)ldaing
manufacturer’s instructions.

In qRT-PCR experiments, 80 ng cDNA was used as l@mpn a 25 pl reaction-mix
containing 2.5 ul 10x buffer, 3.6 mM Mg{l0.2 mM dNTPs mix (Fermentas), 0.25 pl
1.1000 diluted SYBR-Green (Invitrogen, Carlsbad, ,CB8SA), 0.75 U HotStart-Taqg-
Polymerase (DNA cloning service, Hamburg, Germam®y25 uM forward and 0.25 uM
reverse primers. The qRT-PCR runs were performedha CFX96 cycler (Bio-Rad,
Munchen, Germany), using an initial 95°C-step fomiin, followed by 40 cycles of 95°C for
15 seconds, 60°C for 30 seconds and 72°C for 30nss¢c and a final melting curve
procedure with a stepwise increment of 1°C randfiogn 60°C to 95°C.

Prior to primer design, sequences of genes ofastanvere blasted against rice genome on
http://rice.plantbiology.msu.edwand http://blast.ncbi.nlm.nih.gowo obtain gene families or
genes with similar sequences. For designing gemabeespecific primer suitable for gRT-
PCR assay, gene member specific alignments weratecrewith Vector NTI software
(Invitrogen). Heterologous parts of the gene mendaguence were used for primer design
using Primer 3 (Rozen and Skaletsky, 2000). Allmaris had to fulfil internal quality
standards, which included an amplicon size of 702@@ base pairs, a primer melting
temperature of 59 to 61°C, a primer size of 204m@dcleotides and a primer GC content of
45 to 65 %. Moreover, primer efficiencies were adstwith a 5-fold dilution series with 5
ng/ul cDNA as highest concentration and only primprs with efficiency of 90 % or above
were used for gRT-PCR. The sequences of forwardremerse primer pairs are shown in
table 1.
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The (eEF &)
(LOC_0s03g08010) was used as endogenous contrdbdtsestable transcript abundance in
rice (Jainet al, 2006; Jain, 2009). For each target in qRT-PQIReet technical and three

constitutively expressed eukaryotic elongatidactor 1-alpha

biological replicates were used. Relative quantigs calculated using the*2*" method
(Livak and Schmittgen, 2001).

Tab. 1: Sequences of primers used for qRT-PCR.

Gene ID forward primer (5 — 3’) reverse primer (5 — 3)
LOC_0s01g22230| CGGCCGTTGGATGCGAGTGATTT GATCGACACGACGACGACACT
LOC_0s01g24010| CCTTGCTACAGCCGGCACCT ACATGTTCGCGGGQIECTG
LOC_0s01g42410| GGACGCATTGAAAGAGAAGC TTGGTCAGCAATATEGACA
LOC_0s01g67540| TGAGGCAACCGGGTGCATACCTTA AAGCCACACGGCACTTTCTT
LOC_0s02g05630| GTGGTGGTCGTCGTCTTCTT CCCATAACTGAAQGTCGT
LOC_0s02g06250| TACCACTGTCGCCACCACTAACCA AACGACGGCREACCGTGGAAA
LOC_0s02g41680| TCACAAGCTCAAGCACCATC CTCACCAAGCTTCTGIGCAT
LOC_0s03g08010| TCAAGTTTGCTGAGCTGGTG AAAACGACCAAGAGRGGGT
LOC_0s05g20100| GCGACGGAGCTGTTGGGCTT GGCACCGGCTGCCETTT
LOC_0s06g16350| CAGCGCCATGGACAGCCACA ACGGTGTCGGCCGIAGTA
LOC_0s06g22080| GATCGCCAGGAACGTCGCCC TGCCCTGTTGGGAAAGCAC
LOC_0s06g32990| CGGCGAGCTTGTGCTGACCT GAGTCCAAGGGTGEECGT
LOC_0s06g39520| TGTGAAGAGCGCTGGGCTGCTA TCACCCCAGCAGSTAACGCT
LOC_0s07g44560| TGCAGCACAACGACAACGGCAT GCTGCAACAGCESAACGTCATA
LOC_0s08g02110| TCCTGAATTGCCCGCCTTAGCTCT  TCACAAAGACGGGCCACGAAA
LOC_0s09g32964| CGCTCTTCTTCGAGGCGTTCAAGG CTCCATGCTOTGGACTTGACTC
LOC_0s10g30610| ATCATCTAATGAGGCACGGC TCATTGTCTGGCTAGAAC
LOC_0s11g14050| ATCAGGCACCATACCAAGCCAGC| TGGGAGGAAT@GCCAGTGAAA
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Results

The Si concentration of Si treated plants was ntugher than of —Si plants. Si concentration
in root and shoot of +Si plants was 6 to 20 andd85 mg Si / g DW, while —Si plants
contained only 0.6 to 1.7 and 1.9 to 2.6 mg SDMJ in root and shoot, respectively.

Oxidation power

Adventitious roots of plants differentially supmievith silicic acid were embedded for 24

hours in semisolid agar medium containing FeS fsualization of oxidation power. Roots of

control (—=Si) plants developed a bright zone (@adi zone) in the surrounding medium over
the whole length of the root from tip to basal pd@-12 cm) (Fig. 1). In contrast, when plants
were supplied with Si, bleaching of the medium wesricted to the first 5 cm, while basal

parts of the root did not brighten the medium. dRelation pattern did not differ between the

four replicates, and was the same after 48 houledding in FeS agar.

-Si +Si

12 cm

Ocm

Fig. 1. Oxidation power of adventitious rice roots asaféd by silicic acid supply 24 hours after embeddn
FeS-agar medium. Plants were grown for 28 dayaitriemt solution without Si or with 50 ppm Si. Figuis
adapted from Nye (2009).
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Histochemical analysis of suberization and ligration

Suberization and lignification in adventitious reetere studied by staining root sections with
berberine-aniline blue and examination under arfélscence microscope. In 1-2 cm drt, no
suberin and lignin depositions could be detectethénouter parts of —Si and +Si roots (Fig.
2). In 4-5 cm drt, suberin and lignin deposits weigble in the exodermis of +Si plants, but
not in control plants. In 8-9 cm drt, suberin aigphin also occurred in -Si plants, but weaker
than in the same section of +Si plants. With insigdistance from the root tip, suberization
of exodermis and lignification of sclerenchyma wenehanced in both treatments. The
suberization of the anticlinal cell walls of theoelermis started from the proximal side, the
sclerenchyma. The length of suberized cell walls veded for quantification of suberization

of the exodermis.

+ Si distance from
root tip

12-13 cm

8-9cm

1-2cm

Fig. 2 Influence of silicic acid supply on suberizatiohexodermal cell layer and lignification of scleohlyma

of adventitious rice roots of plants grown in neitri solution without Si or with 50 ppm Si for 28yda Root
sections were stained with berberine-aniline blad axamined under fluorescence microscope. Sulgerize
anticlinal cell walls are blue-white-coloured anulicated by arrows, whereas lignified sclerenchymaa a
yellow colour. Scale bars = 20 um. Figure is adajtem Nye (2009).
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In =Si plants, the exodermal cell walls exhibitedsuberin layers (stage I) in 1-2 cm and 4-5
cm drt (Fig. 3). In 8-9 cm drt, nearly all cell walvere suberized to 25 % (stage Il) of cell
wall length, and in 12-13 cm drt, half of the alial cell wall was suberized (stage Ill) for
about 80 % of the cells. In contrast, in plantspdiep with silicic acid, suberization started
already in 4-5 cm drt and was more pronounced eénfélowing sections. In 12-13 cm drt,
nearly all anticlinal exodermal cell walls wereljusuberized (stage V). In the inner part of
the root, no suberin could be detected in rooti@ect-2 cm drt of —Si plants while in the
same root section of +Si plants, suberin in endodewas visible over the entire length of
anticlinal cell walls (Fig. 4). In the following od sections (4-5, 8-9, 12-13 cm drt) of both,
—Si and +Si plants, all anticlinal endodermal eedlls were fully suberized (data not shown).

Suberization stage |

T Suberization stage Il
. B3 Suberization stage llI .
-Si = suberization stagelv + Si

100

(o]
o
]

60 -

% of anticlinal cell walls
N
(@]
1

N
o
]

1-2 4-5 89 12-13 1-2 4-5 89 12-13
distance from root tip [cm] distance from root tip [cm]

Fig. 3: Suberization of anticlinal cell walls of exodernaitobng adventitious roots of rice plants as effedigd
silicic acid supply. Plants were grown in nutrisotution without or with 50 ppm Si for 28 days. &lohumber
of evaluated cell walls per treatment and secti@i®&. Suberization stages are: | = 0 %, Il = 0-231% 25-50

%, IV = 50-100 % suberization of the length of theiclinal cell wall. Data are adapted from Nye{2p
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distance from
root tip

4-5 cm

1-2cm

Fig. 4 Influence of silicic acid supply on suberizatioh endodermal cell layer of adventitious rice roofs
plants grown in nutrient solution without Si or Wib0 ppm Si for 28 days. Root sections were staimitd
berberine-aniline blue and examined under UV-lighiberin is blue-white-coloured and indicated bywas.

Scale bars = 20 um. Figure is adapted from NyeqR00

Transcription analysis

Relative transcription levels of 265 genes in nioets subjected to different Si treatments
were investigated by using custom-made microarirayhe root tip (0-2 cm drt), transcript
rate of eight genes was found to be regulated feignily by silicic acid supply (Table S1);
transcript abundance of four genes decreased agtarfof 1.4 to 1.9 while transcripts of four
genes were 1.4 to 2.5-fold up regulated. Amongdadtter, two genes are coding for AT, one
for an ABC-transporter and one for a POD.

In root segment 4-6 cm drt, 19 gene transcriptsvelosignificant regulation by Si treatment
(Table S2); transcripts of four genes were dowrulegd by a factor of 1.6 to 2.8, and
transcripts of 15 genes were up regulated fromfdidbto 2.9-fold. Among the genes with
elevated transcript level, four AT, four ABC-transier and two POD were found.

To gain independent biological replicates, furte&periments were undertaken. RNA was
isolated from root sections 0-2 cm and 4-6 cm ad aised for cDNA synthesis. For
confirmation of microarray results, cDNA from —Sica+Si roots was used in gqRT-PCR to
detect Si induced changes in transcript abundarfcdd9o genes. 12 genes exhibited
significantly increased transcript abundance higisibacid supply, whereas transcripts of two
genes were less abundant. The transcript levalvefgenes was not altered by Si treatment
(Table 2).

The tendency of gene regulation by silicic acid@y@s observed in the microarray analysis

could be verified for 13 of the 19 genes in gRT-P&Rysis. The highest Si-induced change
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in transcript ratio was detected for a gene codorga leucine-rich repeat family protein
(LRR), which was over 25-fold more abundant in 4r6 drt of +Si plants than in control

plants.

Tab. 2: Relative quantity (RQ) of transcripts in root segin@-2 cm and 4-6 cm distance from root tip (dgt) a
affected by silicic acid. Stars indicate significaegulation at < 0,05, t-testn = 3.

Gene ID RQ+SI/-S RQ+Si/-S Gene annotation

in0-2cmdrt | in 4-6 cm drt
LOC_0s02g41680| 2,10* 3,29* phenylalanine ammonéséy
LOC_0Os01g67540| 1,95* 2,24* 4-coumarate-CoA ligase
LOC_Os07g44560| 0,69 2,91* 4-coumarate-CoA ligase
LOC_0Os05g20100| 2,63* 2,71* glycerol-3-phosphatdteaysferase
LOC_0Os06g22080| 2,05* 2,00* diacylglycerol O-acyitséerase
LOC_0Os01g24010| 1,27 1,30 ABC transporter
LOC_0s01g42410| 1,56 1,19 ABC transporter
LOC_0s10g30610| 5,27* 3,68* ABC transporter
LOC_0s12g32814| 1,74* 1,57* ABC transporter
LOC_0s01g22230| 0,27* 0,25* class Il peroxidase
LOC_0Os06g16350| 4,08* 7,11* class Il peroxidase
LOC_0s06g32990| 1,05 1,95* class Ill peroxidase
LOC_0s08g02110| 3,40* 3,03* class Il peroxidase
LOC_0s09g32964 | 0,34* 0,52* class Il peroxidase
LOC_0s02g05630| 2,27* 1,55 protein phosphatase 2C
LOC_0s02g06250| 0,38 1,16 phytosulfokine receptor
LOC_0s06g39520| 1,13 1,10 myristoyl-acyl carriertpirothioesterase
LOC_0s09g23540( 0,81 1,39 dehydrogenase
LOC_0Os119g14050| 11,00* 25,40* leucine-rich repeatifa protein
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Discussion

Rice plants grown in nutrient solution with silicGecid for 28 days accumulated between 53
and 65 mg Si / g shoot DW, which was in the samgeaas reported for well supplied rice
plants (Epstein, 1994). Control plants grown withadditional silicic acid contained only

1.9-2.6 mg Si / g shoot DW, which was about 20Qdi®es less than in +Si plants.

Oxidation power, suberization and lignification

Adventitious roots of —Si and +Si plants showeauiedifferent pattern of oxidation power
in FeS agar (Fig. 1). Roots of —Si plants bleactie®l medium over the whole length
suggesting that the root along the entire axisaggld oxygen into the surrounding medium.
With roots of +Si plants, discolouration of agarswastricted to about 5 cm from the root tip
while basal parts of the root did not brighten thedium. This indicated a clearly reduced
ROL in older parts of roots supplied with silicicich and hence a reduced oxidation power,
which is in contrast to literature (Okuda and Tasah1964, cited in: Lewin and Reimann,
1969). Okuda and Takahasi observed an increaseasbitiep of iron and manganese oxides
on the root surface of Si supplied plants and aafed that Si promoted the oxidation power
of rice roots. Unfortunately, the original publicat was not accessible for detailed
discussion.

Generally, the low oxidation power in basal parftshe root is caused by a barrier to radial
oxygen loss (ROL) from aerenchyma to rhizodermisictv is due to densely packed
sclerenchyma cells with lignified secondary waligl ssuberized exodermis with casparian
bands (Kotula and Steudle, 2008). Silicic acid $yppearly enhanced the formation of
casparian bands in the exodermis and endoderngsZF4). Nearly all anticlinal cell walls of
the exodermis were suberized for 50 % of their flerfgtage Ill) in 8-9 cm drt in +Si plants,
while control plants reached this stage only in1B2em drt. In this stage, +Si plants had
already fully developed casparian bands (stageii\the exodermis. Similarly, lignification
of sclerenchyma was enhanced by silicic acid sugpbgh, formation of casparian bands in
exodermis and lignification of sclerenchyma cefiduce ROL, but the contribution of each
process is unclear (Kotu& al,, 2009a).

Suberin deposition in the exodermis was first obsgin 4-5 cm drt and 8-9 cm drt for plants
grown with and without Si, respectively, while eddomal suberin layers could be seen in 1-
2 cm drt and 4-5 cm drt in +Si roots and —Si roogspectively. This is comparable to

literature, as for adventitious roots of rice gromyaroponically without additional Si supply,
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initiation of exodermal casparian bands was foun@ em drt and well developed casparian
bands at 5 cm drt, while endodermal casparian barets observed already in 2 cm drt
(Ranathungeet al, 2003). In onion Allium cepa)roots, mature casparian bands in the
endodermis were observed already in 0.8 cm drt &t Peterson, 2003). For adventitious
roots of corn Zea maypsgrown in aerated nutrient solution, caspariandisan the exodermis
appeared first in 2-12 cm drt, with increasing idrblder roots, whereas casparian bands in
the endodermis already occurred in 1 cm drt, indéeet of root age. When the growth of
corn roots was slowed down by addition of polyethy glycol, casparian bands were
developed within 1 cm drt (Perumalla and Peterd®86). Other environmental factors
which reduce root growth such as salinity and dnbsiress were also shown to enhance the
suberization of roots (North and Nobel, 1995; Gehgl 2006; Schreibeet al, 2007). The
aeration of the nutrient solution is also a faatontrolling ROL of rice roots, as growth in
stagnant deoxygenated 0.1 % agar nutrient solugenlted in decreased ROL and elevated
levels of suberin in the exodermis and lignin ia ftlerenchyma compared to plants grown in
aerated nutrient solution (Colmer, 2003b; Kotefaal, 2009a). Enhancement of barrier
formation under anaerobic conditions was accomplabjeroot growth reduction (Kotulet

al., 2009a). The nutrient solution contained no Sot(Ha et al, 2009a) or only 2.8 ppm
(Colmer, 2003b), which was low compared to the &@icentration occurring in the soill
solution and in our experiments and rapid depletioe to uptake by plants was probable
since nutrient solution was renewed every severs.dBy contrast, our experiments were
conducted with high Si concentration under hypadnditions (3 to 4 mgt 0,). So it was
shown that anaerobic conditions and Si nutritiopasately induced a barrier against ROL.
How perfect anaerobic conditions and constant Bigtoncentrations as occurring under field
conditions act together remains to be investigated.

Since in our experiment the root growth rate waaffested by Si supply under hypoxic
conditions (=Si: 1.05 cm /24 h £ 0.05; +Si: 1.02 £24 h = 0.06) and no other environmental
stresses were present, the alteration in subednlignin formation can be attributed to a
direct effect of silicic acid.

Increased suberin content in the root may be usstlonly to reduce ROL, but also to
protect from biotic and abiotic stresses, sinceegnbwas associated with partial resistance
against fungal pathogens in roots (Thonedsal, 2007). Furthermore, stronger barriers to

ROL were correlated with higher salt toleranceide (Krishnamurthyet al., 2009).
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Gene regulation as affected by silicic acid

The biopolymer lignin is a complex mixture of pheaacompounds derived mainly from
three hydroxycinnamyl alcohol monomers (monolighotscoumaryl, coniferyl and sinapyl
alcohols. The synthesis of all monolignols startshwphenylalanine, which is initially
processed to cinnamic acid by PAL and to p-coumad by cinnamate 4-hydroxylase
(C4H) during the first steps of the phenylpropanpadhway (Fig. 5). Thereafter, p-coumaric
acid can be metabolized either by 4CL and furthmeaymes to the monolignol p-coumaryl
alcohol or by coumaroyl-CoA-3-hydroxylase (C3H) &8@MT to ferulic acid (Boerjaet al,
2003; Goujoret al, 2003). Ferulic acid can further be converteantanolignols by several
enzymes including 4CL. The monolignols are trantgabto the apoplast, probably via ABC
transporter, where POD are assumed to catalyzéoth®tion of lignin by dehydrogenative
polymerization of the monolignols (Boerjat al, 2003). We found that Si significantly
increased the transcript abundance of PAL and 4€&ding to enhanced synthesis of
monolignols. Increased transcript abundance of AB@sporter and POD might facilitate
transport to the apoplast and subsequent polyntiemzaf monolignols, which is in line with
the enhanced lignification.

Suberin is a biopolymer which consists of a popfaditic and a polyaromatic domain
(Kolattukudy, 1984). Similar to lignin formationyiserin evolves from suberin monomers that
polymerize in the apoplast under the catalyticéon€ POD (Fig. 5). The monomers are made
up of ferulic acid, glycerol and varying oxygenatéatty acid derivates, mainlyo-
hydroxyacids anda,o-dicarboxylic acids (Franke and Schreiber, 2007he Tatty acid
modifications are attributed to KCS, fatty acid alesases (FAD), fatty acid elongases (FAE)
and cytochrom P450 monooxygenases (P450) (Frabke, 2005; Franke and Schreiber,
2007). The monomers are assembled by AT in the wanpwhereupon ABC transporter

release the monomers into the apoplast.
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Fig. 5: Model of the suberin and lignin synthesis pathsvd3old nhames indicate Si-induced changes in trigtsc
abundance. Abbreviations of the proteins are: 4Gtoumarate-CoA ligase; ABC transporter: ATP bigdin
cassette transporter; AT: acyltransferase; C3Hmawoyl-CoA-3-hydroxylase; C4H: cinnamate 4-hydrasgd;
COMT: caffeic acid O-methyltransferase; FAD: fatigid desaturase; FAE: fatty acid elongase; K@S:
ketoacyl-CoA synthase; PAL: phenylalanine ammoy&sé; P450: cytochrom P450 monooxygenase; POD:

peroxidase.

Si enhanced transcript abundance of AT, ABC trarisp@and POD, indicating an increased
formation of suberin, which coincides with the bidtemical observations. None of the
examined genes involved in fatty acid metabolismwstd significant transcription changes as
effected by Si, suggesting that fatty acids deesaxhibit no bottleneck in suberin synthesis.
The gene with the most highly elevated transcegel by Si supply was a leucin-rich repeat
family protein (LRR). In 0-2 cm drt and in 4-6 cmt,dranscript rates were 11-fold and 25-
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fold higher in +Si roots than in —Si roots, respedy. The gene was selected from a SSH-
library that contained genes differentially expesbsn suberized tissue compared to non
suberized tissue iQuercus sube(Soleret al, 2007). LRR proteins belong to the receptor-
like kinases (RLK), a major gene family with molam 1100 members in rice (Morillo and
Tax, 2006). RLK are transmembrane proteins, whmhtain an extracellular domain that is
linked via a transmembrane domain to a cytoplasaime/threonine protein kinase domain
(Shiu et al, 2004). One of the motifs in the extracellularm@in is the LRR-motif, and the
LRR-RLKs form the biggest group of RLKs with 216 mmeers inArabidopsis where the
LRR-RLKs are best described (Diévart and Clark,300RR-RLKs are grouped into 13
subfamilies according to their LRR organizatiorthe extracytoplasmic domain. Homologue
Arabidopsisproteins to LOC_0s11g14050 are members of subyaxfill-1. Since details
about possible ligands for this LRR-group are nmbwn, it would be interesting to further
characterize this group and its involvement in simb@nd lignin synthesis.

In the root tip, transcript level of a gene codiaga protein phosphatase 2C was significantly
enhanced. Protein phosphatases are regulatingneotend the subgroup 2C is thought to be
involved in stress signal transduction (Luan, 2003yo genes had fewer transcript levels
under +Si conditions, both genes coding for PODs hust not necessarily conflict with the
other results due to the wide variability of thasd Ill peroxidase group in terms of encoded
genes and substrate specifities (Marjamtaal, 2009). Hence, it is not unlikely that the POD
exhibiting reduced transcript levels under +Si d¢bads might have functions different from

those in suberin and lignin synthesis.
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Conclusion

The effects of silicic acid on the rice root anayoamd on the transcription of genes related to
suberin and lignin synthesis are summarized in &igi nutrition of rice plants reduced the
oxidation power of roots and enhanced developmémasparian bands in exodermis and
endodermis, as well as lignin depositions in tHersachyma. These changes are likely the
reason for the reduced ROL and might be usefulhferplants to grow in anaerobic soils and
cope with unfavourable conditions. Increased sab&dn and lignification was accompanied
by silicic acid triggered transcription of genesated to lignin and suberin metabolism. In
addition, high impact of silicic acid supply onnezript level of a LRR-RLK gene could be
observed, highlighting the possibility that thiguéating protein plays a central role either in
perceiving a Si signal of up to now unknown natarein promoting suberin and lignin
synthesis or in both.

-Si +Si

Sclerenchyma

Area of ROL

8cm

si increased transcription of:

- ABC transporter

- Acyltransferases

4cm - Class Il peroxidases

- Coumarate-CoA ligases

- Leucine rich repeat protein

- Phenylalanine ammonia lyase
- Phosphatase

Si reduced transcription of:
- Class Il peroxidases

Fig. 6: Model of the rice root and transcript levels ehgs as affected by silicic acid. Si supply redused of
radial oxygen loss (ROL) to 5 cm distance from rbptand hence oxidation power. This coincided wéth
increased suberization of exodermis and lignifaratf sclerenchyma by Si treatment. Also, Si sugpiganced
suberization of endodermis. These changes indidaye8i supply were related to an increased trapseon of

genes associated with suberin and lignin synthesis.
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Supplementary material
Supplementary Tables S1 and S2 show the effecilioficsacid on relative quantity of

transcripts in root segment 0-2 cm and 4-6 cm degafrom root tip, respectively, as

measured by microarray analysis.
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Abstract

Silicon (Si) promotes the formation of caspariamdsin the exodermis and endodermis in
rice roots. Si is present in varying concentratiothe soil solution of all soils and therefore,
the effect of different concentrations of Si on ttevelopment of casparian bands in rice was
investigated. Also the kinetics of the Si uptakd affect of short term Si supply on casparian
band formation in rice were studied. Roots are t@orily exposed to Si in the soil solution
and hence, an effect of Si should be possible enrtlot independent from the ability of a
plant to accumulate Si. Thus, we studied the etd&i supply on casparian band formation
in the roots of different plant species with vagyi@i shoot concentration.

The Si concentration in rice plants increased up $ supply of 12 mgtand Si uptake was
performed by transporters with estimated &d \fnax values of 0.1 mM and 0.87 m{d goot
DW h, respectively. Casparian band formation was irs@avith increasing Si supply up to
12 mg Si I!. Casparian band formation in roots of Si-depleted plants was increased not
before 48 hours after Si supply:

Si supply of rice WT, rice mutaigil, maize, nug, tradescantia and onion increasedafitom

of casparian band in all plant species indepenfdent the Si concentration in the shoot.
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Introduction

Silicon (Si) is the second most abundant elemetiterearth crust with concentrations in soils
ranging from below 1 to 45 % on a dry weight bgdSismmeret al, 2006). The soluble and
plant available form of Si at pH-values below 9 asgtho-silicic acid, Si(OH) with
concentrations between 3.5 and 40 mg Si ib soil solution (Epstein, 1999), albeit
concentrations exceeding 50 mg SiWwere also found in flooded soils (Bogdan and Skhen
2008). Si concentration varies widely not only mil solution, but also in shoot tissue of
plants, where the span is from below 1 to 100 M@V (Epstein, 1999). Large amounts of
Si in the shoot are found in the famiguisetacea@and, among the monocotyledons, in the
Cyperaceaeand Poaceae the latter comprising riceOfyza sativq and maize {ea mayp
whereas most dicotyledons show low Si accumulafigpstein, 1999; Hodsoet al, 2005).
The different Si concentrations have been explaimgdictive, passive or rejective uptake
modes of Si and there is evidence for all modedliiferent plant species, which can be
divided into Si accumulators, intermediate typed ann-accumulators or excluder species
(Liang et al, 2006). The Si uptake in cucumber, tomato, maizé rice was shown to be
active and to be mediated by a radial transporSiofrom the external solution via root
cortical cells towards xylem (Mitani and Ma, 200&itani et al., 2009b).

Ma et al (2006, 2007) identified two Si transporters icetiLsil and Lsi2, which are located
in the exodermis and endodermis of rice roots ard@sponsible for the transport of silicic
acid from the rhizosphere to the stele. In ma®, homologous genes of Lsil and Lsi2 have
been found that also function as Si transportetgiMet al, 2009a, b).

Despite the large amount of Si in the shoots ofym@ants, Si is not considered essential for
higher plants. However, Si exhibits a beneficiadneént for plants, as it reduces several
abiotic and biotic stresses including drought,msgliand lodging as well as diseases caused
by fungi and bacteria (Epstein, 1999). The extdriemeficial effects of Si on plants differs
between species and is usually best visible intphaith high Si accumulation in shoot (Ma
al., 2001).

Paddy rice is grown in flooded fields under usuahaerobic and reducing conditions and
rice has adapted to this environment by developroétihe aerenchyma that exhibits a gas
filled space in the roots and facilitates the diftun of gases within the root (Ponnamperuma,
1984; Colmer, 2003a). The diffusion of oxygen frahe aerenchyma to the anaerobic
rhizosphere (called radial oxygen loss; ROL) isusdl by a barrier, which is attributed to a
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suberized exodermis with casparian bands and #ididnsclerenchyma (Armstrongt al,
2000; Kotula and Steudle, 2008).

In a study with rice grown in nutrient solution, R@as reduced and formation of casparian
bands in the exodermis was increased when Si wadied at a concentration of 30 to 50 mg
L™ (Flecket al, 2011). Furthermore, Si was shown to enhancesdription of genes related
to the synthesis of suberin and lignin, which dre main components of casparian bands
(Hoseet al., 2001). Although Si concentrations used in thislg are also found in paddy rice
soils, Si levels in soil solution of many soils dosver (Epstein, 1994; Bogdan and Schenk
2008). So, this study aimed at investigating tiectfof different doses of Si on rice root
development. In addition, the kinetics of Si uptale effect of short term Si supply on
formation of casparian bands in the exodermis \strdied.

Albeit Si concentration in shoot substantial variestween plant species, roots are
continuously exposed to silicic acid in soil sabuti Thus, the effect of Si on development of
casparian bands should in principle occur not amlyice or other Si accumulating species,
but also in low Si accumulators or even Si exclad&hus, we studied the effect of Si supply

on the roots of plant species with varying Si stamtcentrations.
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Material and methods

Plant material and growth conditions

Silicon dose response experiment (first experiment)

Rice(Oryza satival. cv. Selenio) seeds were germinated in tap wateseven days and then
placed between two layers of filter paper standinigp water for additional seven days.
Seedlings were transferred to a circulation systémon-aerated nutrient solution containing
in mM: 1.43 NHNO3, 0.32 NaHPQ, x H,O, 0.51 KSQ,, 1 CaC} x 2 HO, 1.6 MgSQ x 7
H,O; in uM: 1.82 MnSQ, 0.03 (NH)sM070.4, 9 HBO3, 0.3 ZnSQ x 7 H,0, 0.15 CuS®
and 35.81 Fe as sequestrene. Silicon concentratierss0, 2.5, 5, 10 and > 25 mg St &nd

Si was applied as silica gel. The pH-value was stdflito 6.0 by addition of 10 % (v/v)
H.SO, and 0.75 M KOH. Nutrient solution was controlledesy two days and pH and Si
concentration were adapted if necessary. Plante g&wn in a greenhouse with additional
assimilation light (photoperiod: 16 h light, 8 hrkiatemperature 26°C day / 20°C night; light
intensity ~ 180 pmol fis?) from April to May 2010.

For each Si treatment, 330 L nutrient solution warmped from a 210 L storage tank to four
30 L cultivation containers with a flow rate of 8 st and returned to the storage tank. In
each cultivation container, twelve rice plants wgrewn and reduced to ten plants after two

weeks. Plants were harvested after growing 22 hagsatrient solution.

Silicon kinetics experiment (second experiment)

Rice cultivar, germination procedure and compogitbnutrient solution were the same as in
the dose response experiment. Seedlings were aaitivior 25 days in nutrient solution
without Si. Nutrient solution was renewed aftel4,and 20 days and pH was adjusted daily
to 6.0 as described before. After 25 days in —Srient solution, half of the plants were
transferred to nutrient solution containing 40 md %, which was applied as silica gel, while
the other half remained in renewed Si-free nutrggiation. The treatments consisted of four
replicates with each 18 plants in 20 L pots. 6, 22,48 and 72 h after change of nutrient
solution, three plants per replicate were harvesidwe plants were grown in a growth
chamber (photoperiod: 14 h light, 10 h dark; terapee 25°C day / 20°C night; relative
humidity 75 %; light intensity 220 pmol frs™).
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Silicon effect on different plant species (thirgexment)

Plant species with different shoot Si concentratiovere screened for roots that have an
exodermis and are suitable for free hand crossosdng. The selected plants were rice, maize
(Zea may}p onion @Allium cepg, tradescantiaTradescantia virginianpand nug Guizotia
abyssinicd Rice wildtype (WT) cv. Selenio was describedréact upon Si supply with
enhanced formation of casparian bands in the rBlaick et al, 2011) and was used as
positive control. The rice mutaigil, which is defective in Si uptake, was includedhis
experiment, too. This mutant carries a loss-of-fismcmutation of the genksil that codes
for the Si transporter Lsil (Met al, 2006). Seeds d$il were kindly provided by Prof. Jian
Feng Ma, Okayama University, Japan.

Rice cultivars Selenio arldil were germinated as described in the dose respxpsgiment
and then cultivated in non-aerated nutrient sotutiMaize was germinated between two
layers of filter paper for 7 days and than culié¢htn aerated nutrient solution. Onion bulbs
and seeds of nug were cultivated in peat subdivaté and 14 days, respectively, roots were
washed with tap water and plants were then tramsfemto aerated nutrient solution.
Tradescantia was taken from a garden in Hannowets rwere washed with tap water and
plants were transferred into aerated nutrient swlut

Composition of nutrient solution and pH correctwwere the same as described above. Si was
supplied as silica gel to the high Si treatmenti;(26 - 41 mg L), while no Si was applied to
the control treatment (—Si) (Supplementary Fig.The treatments consisted of four replicates
with each 10-12 plants in 5 L pots. The plants wgoavn in a growth chamber (photoperiod:
14 h light, 10 h dark; temperature 25°C day / 20fight; relative humidity 75 %, light
intensity 220 pmol f s%). Since root growth differed between the plant cigme
(Supplementary Fig. 8), plants were cultivated utrient solution for 12 (tradescantia), 16

(maize, nug, onion), 21 (rice WT) and 30 days (Lisd), respectively.

Determination of root length growth and silicon centration

To measure root length growth, three roots pericat@ were marked with a permanent
marker 2 cm behind the root tip. After 48 h, disefrom mark to root tip was measured and
root growth was calculated.

Plant matter was dried at 60°C for four days, gtband digested overnight in a mixture of 1
M HCl and 2.3 M HF (1:2) (Novozamslat al, 1984). After addition of 3.2 % (w/v) boric
acid, dye reagent (0.08 M sulphuric acid and 2 %) \wmmonium heptamolybdate), 3.3 %
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(w/v) tartaric acid and 0.4 % (w/v) ascorbic acsl,concentration in digested plant material

and nutrient solution was photometrically deterrdia€811 nm.

Determination of silicon uptake rate
Root growth was assumed to be linear during platiivation and the Si uptake rate in the
dose response and the kinetic experiment was asdcbaccording to Claassen, 1990:
_Si,=Sij, N 2

t,-t, DW_ +DW,
whereUp = uptake rate [mgfroot DW H']; Si.» = Si content in shoot [mg plafjtat start

Up

(1) and end (2) of cultivation in nutrient solutjddW; » = root dry weight at start (1) and end
(2) of cultivation in nutrient solution [g plafit t;, = time at start (1) and end (2) of

cultivation in nutrient solution [h].

Histochemical examination of adventitious roots

For detection of casparian bands, free hand cedssas of roots without lateral roots were
taken at two different distances from the root(tpt). In the dose response and the kinetic
experiment, sections of adventitious rice rootsenteken at 0-2 and 4-6 cm drt.

Prior to harvest in the third experiment, root et along the whole root were taken and
checked for casparian bands. The 2 cm-zone whematmn of casparian bands started was
defined as root zone A and the 2 cm-zone 2 cm bdehsnroot zone B and both zones were
harvested for determination of casparian bandsiti®osf root zones A and B for each
species are described in results.

Root cross sections were stained with 0.1 % (wérbérine hemi-sulphate for 60 minutes and
with 0.5 % (w/v) aniline blue for further 30 mingtéBrundrettet al, 1988). Stained sections
were mounted in 0.1 % (w/v) Fedh 50 % (v/v) glycerine and viewed under an Axiogk
fluorescence microscope (Zeiss, Jena, Germany) Withllumination using excitation filter

G 365, chromatic beam splitter FT 395 and bariiearfLP 420. Pictures were taken with the
AxioCam MRc (Zeiss) and picture recording softwédaioVision Ac, Version 4.4, Zeiss).
Under UV light, suberin exhibited a blue-white amoThe development of casparian bands
in the anticlinal exodermal cell walls was deteretirand allocated to one of four stages: 0 %
(stage 1), 0-25 % (II), 25-50 % (1ll) and 50-100(%¢) development of casparian bands in the
anticlinal cell wall of the exodermis. The degreedevelopment of casparian bands was
calculated using the arithmetic mean. For this psepthe number of cells of each stage were

multiplied by their respective stage (stage | 31 & 2, lll = 3, IV = 4), the products were
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summed and the sum was divided by the total numbeells. The degree of development of
casparian bands was minimum 1 and maximum 4, mglad no or full development of
casparian bands, respectively.

From each replicate in the dose response experin@mtroots without lateral roots were
taken for cross sectioning and each ten cells fremcross sections were examined. In the
second and third experiment, ten roots withoutr#hteoots per replicate were taken for cross
sectioning and each 20 cells from five cross sestiwere used for microscopic examination.
In all experiments, degree of development of cagparands was calculated on basis of 400

cell walls per treatment.

Statistical analysis

In all experiments, treatments were replicated fiomes and mean of the treatments were
compared with t-test or tukey-test after ANOVA with < 0.05 using R software (R
Development Core Team, 2011).
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Results

Silicon dose response

Si concentration in nutrient solution was consthuring the cultivation period for all Si levels
except the highest Si treatment, where it increasedinuously (Supplementary Fig. 1). The
Si concentrations were on average 0.7, 2.5, 4.9, 42d 25.9 mg t for the Si 0, 2.5, 5, 10
and >25 treatments, respectively. From day 8 taS2tpncentration in the highest treatment
was between 25 and 35 mg.LShoot and root yield of rice plants after 22 ddijferential Si
treatment was not significantly affected by Si dygfupplementary Fig. 2).

The Si concentration in root was lowest for thenfdavithout Si supply and increased up to
the 5 mg Si [* treatment, but this change was not significang.(E). Shoot Si concentration
was more than one order of magnitude higher thanahand increased from 14 mg pW

in the Si 0 treatment up to 100 mg BW in the second highest Si treatment, while higbie
supply was not effective. When drawing a nonlinesgression between Si supply and Si
uptake, the estimated.<and Vinax values were 2.83 mg“L(equivalent to 0.1 mM) and 0.87
mg g* root DW K, respectively (Fig. 2).

a a
100 | ™=EE Shoot
Root
80 - b
b
60 -
40 -
? i
A
A A

2 A

A
) %‘
O - T T T T T

0 25 5 10

Si supply [mg L ]

-1 DW]

Si concentration [mg g

> 25

Fig. 1: Si concentration in shoot and root of rice plardsafiected by Si supply in nutrient solution. Data
mean + SE, n = 4. Different capital and small Isttedicate significant difference between Si tneatts in
shoot or root, respectively; tukey-test with p 83).Data are adapted from Pri3 (2010).
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Fig. 2: Silicon uptake of rice roots grown in nutrient gau with different Si concentrations. Data are [atdd

from PruR3 (2010).

Development of casparian bands in the exodermdés6nem distance from root tip (drt) was
lowest in the Si 0 treatment and increased up ¢03H0 treatment, while the highest Si
supply was not further effective (Fig. 3). Caspaii@nds in the exodermis in 0-2 cm drt were
not observed in the 0 and 2.5 mg Si treatments and were only marginal in the higher Si

concentrations (data not shown).
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Fig. 3: Development of casparian bands in exodermis of mtiti@is rice root in 4-6 cm distance from root tip
as affected by Si supply in nutrient solution.

Anticlinal cell walls were determined under micrope and classified in 0, 0-25, 25-50 or > 50 % tsed
casparian band. Shown at the x-axis is the ariicrnatan of 400 examined cell walls (1 = no caspabiand; 4

= fully developed casparian band). Data are me&Dx£n = 4. Different letters indicate significarifference
between Si treatments; tukey-test with p < 0.05aRae adapted from Pruf3 (2010).

Silicon kinetics

Si concentration in nutrient solution of the —Siatment was permanently below 2 mg L
(SupplementaryFig. 3). At day 25, half of the plants were tramsfd into +Si nutrient
solution, which initially contained 40 mg Si'lbut contained only 7 mg Si'Lafter 72 h.
Shoot and root dry weight was not affected by $psu(SupplementariFig. 4) and also root
growth did not differ between Si treatments (-S032+ 0.13 cm 24 f; +Si: 1.98 + 0.03 cm
24 hY).

Si concentration in root was between 1 and 2 th@W/ in both Si treatments and unaffected
by Si supply (Fig. 4). Shoot Si concentration afittol plants was constant at around 4 rifg g
DW while plants supplied with Si rapidly accumulhté&i in their shoots. Shoot Si
concentration was doubled compared to control diredter 6 h Si treatment.
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Fig. 4: Si concentration in shoot and root of rice plargsatiected by short term Si supply in nutrient §olu
Data are mean * SE, n = 4. Asterisks indicate Sogmit difference between Si treatments in shoabot; t-test
with p < 0.05.

Status of casparian bands in the exodermis wagndeed in 0-2 and 4-6 cm drt and
generally, casparian bands were stronger developeldler root zones than near the root tip
(Fig. 5). Within 24 h after starting the Si treatihedevelopment of casparian bands was not
altered in both root zones. However, 48 h aftettsamere supplied with Si, formation of
casparian bands was clearly enhanced in both mwszof +Si plants and increased further

during the course of the experiment.
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Fig. 5: Development of casparian bands in exodermis of rttti@is rice root in 0-2 and 4-6 cm distance from
root tip as affected by short term Si supply inrieut solution.

Anticlinal cell walls were determined under micrope and classified in 0, 0-25, 25-50 or > 50 % e
casparian band. Shown at the x-axis is the ariicrnatan of 400 examined cell walls (1 = no caspabiand; 4

= fully developed casparian band). Data are me&D;tn = 4. Asterisks indicate significant differerzetween

Si treatments in a root section; t-test with p 850.

Silicon effect on silicon accumulators and non-amalators

Six plant species and cultivars differing in thsitoot Si concentration were cultivated in
nutrient solution either with or without Si. In tre@ntrol treatment without additional Si
supply, Si concentration in nutrient solution wasolw 1 mg L*, while it was on average 32
mg L™ in +Si treatment (Supplementary Fig. 5).

Shoot DW of rice WT, rice mutaril, maize, nug and tradescantia was unaffected by Si
treatment, while onion shoot DW was increased bysgiply (Supplementary Fig. 6). Si
supply also increased root DW of onion but decreédbkat of tradescantia (Supplementary
Fig. 7). Root DW of the other plant species wasatifacted by Si supply.

The root growth rates differed widely between thenpspecies and was lowest for onion (6
mm 24 i) and highest for nug (32 mm 2Z)hbut root growth of all plants was not affected
by Si supply (Supplementary Fig. 8).

Shoot Si concentration of all species grown with8usupply was similar and ranged from
0.3 to 0.5 mg § DW (Fig. 6A). With Si supply, shoot Si concenteats in all plants were
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clearly enhanced except for onion, where Si comagah in shoot was on the same level like
in control plants. Root Si concentration of thenpdain the —Si treatment differed between the
species and ranged from 0.3 in onion to 2.7 mg W in tradescantia (Fig. 6B). With Si

supply, concentration of Si in root increased Irphdnts.
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Formation of casparian bands started in the plaetiss in different distances from the root
tip. This zone A was in 0-2 cm drt for both ricdtars and onion, in 2-4 cm drt for maize
and tradescantia and in 8-10 cm drt for nug. Inp#dint species, casparian bands were
stronger developed in older parts of the root tharyounger ones (Fig. 7). Si treatment
significantly increased casparian band formatiomaat zone A in all plant species except
tradescantia and onion, while in root zone B, Siagited formation of casparian bands in all

plant species.
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Fig. 7: Development of casparian bands in exodermis opkirt species and cultivars as affected by Si suppl
in nutrient solution.

Root zone where formation of casparian bands stavies defined as root zone A. This was in 0-2 ctrfair
rice wildtype, ricesil and onion, in 2-4 cm drt for maize and tradeseaatid in 8-10 cm drt for nug. Root zone
B started 2 cm behind end of root zone A. Antidlicell walls were determined under microscope dadsified

in 0, 0-25, 25-50 or > 50 % developed caspariardb&tnown at the x-axis is the arithmetic mean dd 40
examined cell walls (1 = no casparian band; 4 #yfdéveloped casparian band). Data are mean + Sb4n
Different letters indicate significant differencettveen Si treatments and root sections of a spetiksy-test
with p < 0.05. Data are adapted from Schulze (2011)
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Discussion

Silicon in nutrient solution and effect of silicon plant growth

In all three experiments, the Si concentrationhie hutrient solution was around 1 mg L
when no Si was supplied (Supplementary Fig. 1,)3Tbis is still several times higher than
the concentration of micronutrients like manganbeseon or zinc in the nutrient solution. The
high Si concentration in the —Si treatments mightlbe to residual amounts of Si even in the
demineralized water that was used for setting upemt solution. It is a long known problem
to get nutrient solutions completely purged frome§pecially when evaluating the essentiality
of Si for plants (Lewin and Reimann, 1969; Epsted94). However the application of silica
gel clearly enhanced the Si concentration in theient solution in all cases compared to the
control.

In the dose response experiment, the five Si treatsndiffered from each other in their Si
concentration in nutrient solution during the wholétivation period. Moreover, except for
the highest Si treatment, where the Si concentrafi@s continuously increasing, the Si
concentration within a treatment remained on a teonidevel, which is a prerequisite for
investigating the dose response of a chemical. Wass possible by using a large volume of
nutrient solution since rice plants efficiently ¢éaldp Si and rapidly deprive the solution of Si
(Ma and Yamaji, 2008) (Supplementary Fig. 3). lIneaperiments, shoot and root dry weight
of rice plants was not significantly affected bys8pply (Supplementary Fig. 2, 4, 6, 7). Si is
known to enhance the growth of rice grown in paddy fields as well as of other Si
accumulating plant species such as wheat and sagar(Lewin and Reimann, 1969; Cheng,
1982; Maet al., 1989; Epstein, 1999). However, cultivation cdrgk in nutrient solution in a
green house or a growth chamber exhibits a lovwsstemvironment and under these near-
optimum conditions, positive effects of Si may notur.

In the third experiment, shoot and root dry weighgll plant species was not altered by Si
supply except for onion and tradescantia (Suppléangri-ig. 6, 7). Root and shoot yield of
onion was increased by Si supply, what is in cattta literature (Lewin and Reimann,
1969). An explanation for the observed yield enleament can not be given. On the other
hand, tradescantia root dry weight was lower wh&wg in +Si nutrient solution compared
to control. It is assumed, that the initial rootsmavas higher for the plants cultivated in —Si
than in +Si nutrient solution, sindeadescantia plants taken from a garden were riyt fu
homogeneous. However, root growth rate of all glamtas unaffected by Si supply

(Supplementary Fig. 8).
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Silicon concentration in rice plants and silicontale

The Si concentration in the rice roots was simitaall experiments when no Si was applied
to the nutrient solution (Fig. 1, 4, 6B). The r@tconcentration increased with continuous Si
supply, while it was not altered within 72 h afarsupply in the kinetic experiment. The Si
concentration in the shoot was an order of magaitudher in rice plants grown in the Si 0
treatment in the first experiment than in plantsvgr without Si supply in the second and
third experiment (Fig. 1, 4, 6A). This differencancbe explained by the rapid depletion of
residual Si in the —Si treatments in the secondthind experiment, where plants were grown
in 5 L pots, while plant in the dose response drpant were cultivated in large volumes of
nutrient solution, where Si was not completely d&gd and plants could constantly take up
Si. With Si supply, the Si concentration in the @hof rice plants were highest in the Si 10
treatment in the first experiment with values 001Ag g* DW (Fig. 1), which were reported
as maximum concentrations for rice plants (Epsted®4). With higher Si supply, there were
no higher Si shoot levels, because Si uptake waady saturated at about 12 mg Sidnd

Km and Vnax Values were estimated to be 0.1 mM and 0.87 thgpgt DW H?, respectively
(Fig. 2).

The Si uptake of rice has previously been showoltow Michaelis-Menten kinetics with an
estimated K, value of 0.32 mM and a\ of 6.2 mg g root DW h' (Tamai and Ma, 2003).
In a study usin§®Germanium as a tracer for SinKalue of Si transport in rice was 0.35 mM
and Vinax was 8.7 mg g root DW h* (Nikolic et al, 2007). Mitani and Ma (2005) determined
Si transport in rice, cucumber and tomato and foairkg, value of 0.15 mM in all the three
species, whereasy\xwas different.

While the K, value determined in the dose response experinseim the same order of
magnitude as reported in literature, thg,Walue in our study is lower compared to literature
reports. Reason might be different experimentatitams, since in these studies plants were
young (5-11 days) and Si uptake experiments wenewtied for a short time (6-8 h), while
in our study plants were grown with different Srdés for 22 days, implying the exposure to
day and night cycles with the accompanying charigeemperature, light intensity and
transpiration. Moreover, plants in the dose resp@axperiment were continuously exposed to
Si, while in the mentioned studies plants were &pleted because they were grown in
nutrient solution without Si prior to Si uptake exippnents. Therefore the transcription level
of the Si transportelsil andLsi2 likely was lower in our experiment compared teritture
studies, since Mat al (2006, 2007) demonstrated that the expressidheofSi transporters

was decreased after continuous Si supply for 3.days
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Rice shoot Si levels in the kinetic experiment dapincreased with Si supply and were twice
as high in +Si plants compared to control already &ter differential Si treatment (Fig. 4).
The estimated uptake rate of the rice plants wiirh of Si supply is 4.5 + 0.21 md goot
DW h. This is similar to the May values reported in literature presumably becawth, b
plants in the kinetic experiments and literatureen®@i-depleted before Si uptake experiment
(Tamai and Ma, 2003; Nikoliet al, 2007).

Silicon concentration and uptake in different plapecies

In the third experiment, all plants exhibited senishoot Si concentration when grown in —Si
nutrient solution (Fig. 6A). However when Si wapglied, all plant species except onion had
clearly enhanced shoot Si levels with the highesbS8centration in rice WT, followed by the
rice mutantsil, maize, nug and tradescantia. Si concentrati@mion shoot was not elevated
when grown with Si, what is consistent with litena reports that describe onion as Si non-
accumulator (Lewin and Reimann, 1969). Furthermtre family Amaryllidaceagto which
onion belongs, has a very low ranking in the extenist about the mean relative shoot Si
concentration of 735 plant species presented bysétodt al. (2005). Also the shoot Si
concentration of the plant species grown with $ipdyiin our study is in accordance with the
ranking of the species (or the respective famuiesrders) in this list.

The high shoot Si level in rice can be explainedhgySi transporters Lsil and Lsi2 (Mdgal
2008). The second highest Si concentration in floetsis found in the rice mutalsil, where
the genelsil is non-functional. However, the transporter Lsihich actively transports Si
from exodermal cells towards the cortex and fromioglermal cells towards the xylem, is still
functioning and enables the rice mutant to accutaut in the shoot. Also in maize, two Si
transporters have been identified that facilitataceumulation of maize (Mitart al.,, 2009a,

b). For nug and tradescantia, no Si transporter&m@own but shoot Si concentration could be
explained solely by passive Si transport via tramsipn stream. The amount of Si that makes
the difference between —Si and +Si shoot for a and) tradescantia plant is contained in 66
and 24 ml nutrient solution (with average 30 mg LSi), respectively. According to
transpiration coefficient values between 200 anf 80 H,O g* shoot DW reported for
several plant species (van der Vorm, 1980), themastd volume transpired by nug and
tradescantia during the cultivation was at leadd bl per plant and thus, sufficient to
passively transport Si into the shoot. Howevels itot known whether the mobility of silicic

acid in the root is similar to that of water.
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Taken together, the plant species can be classifse®i accumulators (both rice cultivars,
maize), intermediate type (nug, tradescantia) atwduder plants (onion) according to their
shoot Si accumulation ability as suggested by Taghitet al (1990). The disability of onion

to accumulate Si in the shoot did not hinder that to accumulate a certain amount of Si,

since the root Si concentration of all plants iasexl with Si supply (Fig. 6B).

Effect of silicon concentration and dynamics oneligyment of casparian bands in rice roots
Continuous Si supply enhanced development of cespdrands in the exodermis of rice
plants (Fig. 3, 7), what confirms the observatiomsde previously (Fleckt al, 2011). The
strongest promotion of casparian bands in the desponse experiment was in the Si 10
treatment, where the average Si concentration @ rthtrient solution was 12 mg™L
(Supplementary Fig. 1). Hence, Si is supposed teffective in most soils, since the Si
concentration in soil solution normally ranges besw 3 and 20 mgL.(Epstein, 1994, 1999).
Moreover, paddy rice is grown in flooded fields angnaerobic and reducing conditions,
which favor the release of Si into the soil solntiand so higher concentrations even
exceeding 50 mg Sitare also reported (Ponnamperuma, 1984; BogdarSeinenk, 2008).
However, other environmental factors like anaerabieditions or salinity were also shown to
enhance formation of casparian bands, so situatmater field conditions is more complex
(Colmer, 2003b; Schreibest al, 2007; Kotulaet al, 2009a). In the kinetic experiment
promoted development of casparian bands in theroots was observed not before 48 hours

after Si supply (Fig. 5), suggesting that Si doatsdirectly induce casparian band formation.

Effect of silicon on development of casparian bandiifferent plant species

In all experiments and all plant species, formatdrcasparian bands in the exodermis was
stronger in older parts of the root than in youngaerts (Fig. 3, 5, 7), what is in line with
literature reports (Schreibet al,, 1999; Ranathunget al, 2003, 2011; Fleckt al, 2011).
Without Si supply, casparian bands appeared inWde rice mutantsil and onion close to
the root tip, in few cm from the root tip in maizend tradescantia, while formation of
casparian bands started in more basal parts afothte in nug (root section A) (Fig. 7). An
early development of casparian bands coincided avitbw root growth rate (Supplementary
Fig. 8), which is in accordance with reports thateduced root growth resulted in earlier
development of casparian bands in maize and riesi(Ralla and Peterson, 1986; Gatal,
2006; Schreibeet al, 2007).
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Si supply increased formation of casparian bandsénexodermis of all plant species (Fig.
7). For rice, this is in line with the dose respomasd the kinetic experiment and a previous
study (Flecket al, 2011). However, for the other plants comprisi8p accumulators,
intermediate type plants, and a Si excluder, thsrot been shown before.

Recently, Vakulicet al. (2012) reported that treatment of maize seedlings 5 mM Si
resulted in the development of exodermal suberelkae in older root parts compared to —Si
plants. However, Vakuliet al. used primary roots and we investigated advenstimots.

In rice, suberization of the root exodermis comtiméth lignification of the sclerenchyma
reduces the radial oxygen loss from the aerenchgntfae surrounding medium by forming a
physical barrier against gas movement (Armstrory}91 Kotula and Steudle, 2008). In
general, the casparian band in the exodermis limgsplastic flow and allows for the
controlled flux of solutes into the cortex (Hosteal, 1999). Furthermore, colonization of the
cortex by fungal or bacterial organisms may be @néed by this barrier (Enstoret al,
2003). Thus, promoted development of casparian $aondld pose an advantage for plants
and this might contribute to the reported bendfieffects of Si on plant growth (Epstein,
1999; Maet al, 2001).

Possible mechanisms of silicon-enhanced developofeasparian band

Si might induce precipitation or cross-linking abmatic compounds such as suberin, which
contains a polyaliphatic and a polyaromatic dom#&alattukudy, 1984), or lignin that is a
complex mixture of phenolic compounds that derivestly from the three monolignols p-
coumaryl, coniferyl and sinapyl alcohol (Boerjahal, 2003; Goujoret al, 2003). It was
shown that silica gel or colloidal silica can fooomplexes with the phenol catechol as six-
coordinated Si (Barnum 1970, 1972). There is alddemce that lignin can induce silica
deposition (Fang and Ma, 2006). Inanagaal (1995) proposed that Si is associated with
phenolic acids and is involved in cross-linkingvieegn lignin and carbohydrates in the cell
walls of rice. Furthermore, the hemi-cellulose asdl was shown to induce precipitation of
silica in horsetail Equisetum arven3ewhere Si is found along with callose in the eedills
(Currie and Perry, 2009; Law and Exley, 2011). @uand Perry (2007) suggested that
precipitated silica particles have a negative s@rfeharge and therefore may interact with the
plant cell wall.

In rice, Si was found as deposited silica in thegétial and in the radial cell walls of the
endodermis (Parry and Soni, 1972; 8hal, 2005). Gonget al (2006) showed that silica is

deposited not only in the endodermis but also emdkodermis. More recently, Mooeg al
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(2011) confirmed that silica is deposited in th# walls mainly of the endodermis but found
also Si depositions in the cell walls of the sabefeyma and the exodermis.

A direct effect of Si on gene expression leadingatstimulated metabolism towards the
synthesis of suberin and lignin seems questionaBlentinuous Si supply enhanced
transcription of genes related to suberin and figsyinthesis (Fleckt al, 2011). However,
this could be a secondary effect due to fewer ansoohsuberin monomers and monolignols
after their transport into the apoplast and subsegpolymerization. Furthermore, Si supply
was effective on casparian band formation not leef& hours (Fig. 5), whereas regulation of
gene expression upon external changes can be aetya$ observed in salt stressed rice
plants, where transcription of several genes waseal within 15 minutes after onset of stress
(Kawasakiet al,, 2001).

Moreover, it can be concluded from the Si exclugl@on, that a Si signal from shoot-to-root
is not involved as it is known for the regulatioinsalfate and phosphate uptake (Rouackted
al., 2011), since Si promoted formation of caspabands independent from the shoot Si
level (Fig. 6A, 7). Instead, Si has to be effectivehe root and a chemical mechanism of Si
seems rather plausible than a direct impact onSjene expression because Si was effective
in a range of various plant species with differgeetic backgrounds.

Condensed, we hypothesize that silicon in the walls of the exodermis and endodermis
induces precipitation of aromatic compounds onigived in cross-linking between the cell
wall and aromatic compounds leading to an enharfoechation of casparian bands.
Furthermore, this mechanism should take place nbt im the roots of rice and other Si
accumulators, but also in the roots of plants thek the ability to actively take up Si and

accumulate it in the shoot.
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Abstract

Silicon (Si) was shown to reduce arsenic (As) level rice shoot and grain, however,
underlying mechanisms remain unclear. In this studg examined the effect of Si
application to three rice paddy soils on the dyr@nm the soil solution, As accumulation in
rice straw, flag leaf, husk, brown rice and polihiee, also on As speciation in polished rice.
Silicon application to soil increased the conceiure of Si, iron, As, and phosphorus in the
soil solution, while the redox potential was uneféel. Arsenic concentration of straw, flag
leaf and husk were reduced by half by Si applicatighile As concentration in brown and
polished rice was decreased by 22%. The main Asiepeén polished rice was arsenite,
As(Ill), with a fraction of 70%, followed by dimegtarsinic acid (DMA) and arsenate, As(V),
with 24 and 6%, respectively. Silicon applicatianthe soil did not affect DMA or As(V)
concentration in polished rice, while As(lll) comteation was reduced by 33%. These results
confirm that Si reduces As(lll) uptake and tranatamn into the shoot. Furthermore, data
indicate that decrease of As concentration in pelisrice is due to decreased As(lll)

transport into grain. Possible underlying mechasisne discussed.
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Introduction

Rice can contain high levels of the non-threshadcinogen arsenic (As), exceeding the
amounts in other crops (Willianet al, 2007; Swet al, 2009). Although As concentration in
the grain is lower than in the leaves, rice didtilits a relevant source of human As intake
(Kile et al, 2007). The high As levels in rice are causedhegycultivation of paddy rice in
flooded fields under reducing conditions, which dedo the mobilization of As
(Ponnamperuma, 1984). Arsenic is present in aeratils mostly as arsenate, As(V), which
is bound to iron (Fe), aluminum (Al) and mangandbgdr)oxides and hence, As
concentration in the soil solution is low (Inskestal, 2001). In flooded fields after depletion
of oxygen, iron (hydr)oxides are reduced td*Fand As is released into the soil solution.
Furthermore, As(V) is reduced to arsenite, As(Mhich exhibits the dominant As species in
flooded fields and is more mobile in the soil smntthan As(V) (Garcia-Manyest al, 2002;
Takahashi et al, 2004). Arsenic can also be methylated by migaoisms to
monomethylarsonic acid (MMA) or dimethylarsinic @¢DMA), but the inorganic As forms
are the prevailing As species in the soil solufioomaxet al, 2012). In general, the organic
As forms are considered less toxic to humans theg(filpand As(V) (Zhacet al, 2009).
Besides the high availability of As in flooded sah efficient uptake of As by rice plants
contributes to the large As amounts in rice. A¥(Id taken up into the rice root and
transported to the xylem by the transporters Lsid Bsi2, that were initially identified as
transporters of silicic acid (Met al, 2008). Lsil is an influx transporter and is kechat the
distal side of both exodermis and endodermis, wihiéeefflux transporter Lsi2 is located at
the proximal side of exodermis and endodermis. ladsb has the capability of transporting
MMA and DMA into rice roots (Liet al, 2009a).

Silicon (Si) is the second most abundant elemesbils and is present in the soil solution as
silicic acid at concentrations ranging between @il 2.0 mM (Epstein, 1994; Bogdan and
Schenk, 2008). Silicon is beneficial to plants tasnproves growth and yield and enhances
the resistance to biotic and abiotic stresses, asgbests or diseases and salinity or drought
stress (Epstein, 1994, 1999; Ma and Yamaji, 2088icon also reduces the toxicity in rice
against several metals including Al, As, cadmiurd)(@nd zinc (Guet al, 2005; Shet al.,
2005; Singhet al, 2011; Songet al, 2011). Silicon was also shown to reduce the As
concentration in rice root and shoot when growa mutrient solution containing either As(V)
or As(Ill) (Guoet al, 2005, 2009). When rice was grown in six différece paddy soils, the

Si concentration in the soil solution was negativebrrelated with the As concentration in
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straw and polished rice (Bogdan and Schenk, 208Bicon application to soil strongly
decreased the As concentration in straw and husie whe decrease of brown rice As
concentration was only small (et al, 2009b). The latter was due to a reduced inorgAsic
level in brown rice, while the DMA concentration svancreased. However, this may not
reflect the situation in the polished rice, singe bran, which is removed from the brown rice
to get the polished rice, contains more As tharetidospermL(ombiet al., 2009). Moreover,
the analytical method used did not allow to distisg between the inorganic As species
As(Ill) and As(V). The decreased As concentratisrsupposed to be due to a competitive
inhibition of the uptake of As(lll), which is presteas arsenious acid, by silicic acid (Geto
al., 2009; Liet al, 2009b; Zhacet al, 2009). Moreover, the expressionLsil andLsi2 was
reduced by the Si supply and this could also hawdributed to a decreased As uptake by Si
(Maet al, 2008).

This study aimed at investigating the effect ob@oply to three different rice paddy soils on
the As concentration in rice straw, flag leaf, hustown rice, and polished rice. In addition,
the concentration of As(lll), As(V), DMA, and MMAuipolished rice was determined.
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Material and Methods

Soil

Pot experiments in the greenhouse were conductdd tiviee Italian rice paddy soils that
originated from the Po area in Northern Italy. Hoéls D and L have a loamy and soil G a
sandy-loamy soil texture (according to US soil taxmy). The soils differ in their aqua regia
soluble As concentrations ranging from 5.0 (soilt@pugh 6.5 (soil D) to 15.1 mg As/kg
(soil L). Detailed soil characteristics are givenBogdan and Schenk (2008). The soils were
supplied with 10 g silicagel/kg for +Si treatmentile the control soils (-Si) were not treated
with Si. The soils were mixed thoroughly and 16 fLeach soil was placed in a 20 L pot
(diameter 36 cm, height 30 cm) to reflect rootimgpith under field conditions. The soils were

flooded seven days before rice cultivation.

Cultivation and harvest

Seeds of rice@ryza satival.., cv. Selenio) were germinated in tap water ®ren days and
55 seedlings were transplanted in a pot and lathraed to 35. The soils were fertilized three
times with urea (1 g N/pot) (Sigma-Aldrich, St. i&uMO, USA). The experiment was
conducted in the greenhouse from April to Augughvéaverage temperatures around 28°C.
The water level was 1 cm above the soil for thst f80 days and increased to 3 cm for the
remainder of the experiment.

The plants were harvested at maturity after 14%&dahe stems were cut 3 cm above the
ground and the plants were separated into strag,|faf and grain. The straw, husk and flag
leaf were dried at 60°C for five days and milletheTrice grains were dried at 40°C overnight
and processed to polished rice and husk by the Research Institute (Castello d’Agogna,
Italy).

Soil solution and redox potential

The soil solution was collected weekly using suttmups (ecoTech, Bonn, GER) with a
porous polyamide membrane (5 cm length, 0.45 pune pae). Three suction cups per pot
were embedded in 20 cm depth and the soil solwtias collected by using a syringe. Each
7 ml from the syringes were transferred to a vetizal contained 250 ul 65% HNOThe
acidified soil solution was filtered (2.5 um, CRbth, Karlsruhe, Germany) and analyzed for
Si, As, iron (Fe), and phosphorus (P). The pH wassured in the remaining non-acidified

soil solution.
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The redox potential of the soils was measured weeing a Pt electrode embedded at a 20
cm depth. A calomel electrode (B 2810 Schott Imegnts, Mainz, GER) was used as

reference. The redox potential values were adjusieithe standard hydrogen electrode by
adding 244 mV.

Chemical analysis

Silicic acid in the soil solution was determinedmmetrically at 811 nm after the addition of
3.2% boric acid, dye reagent (0.08 M sulfuric aandl 2% ammonium heptamolybdate), 3.3%
tartaric acid, and 0.4% ascorbic acid (Novozamekyl, 1984). Silicon in the straw was
extracted by digesting dried plant matter overnigh& mixture of 1 M HCI and 2.3 M HF
(1:2) (Novozamsket al, 1984) and determined similar to the Si in thié s@ution. Arsenic,
Fe and P in the soil solution were measured witR-MS 7500c (Agilent Technologies,
Waldbronn, Germany). Dried and milled straw, flagfl husk, brown rice, and polished rice
were digested in a microwave (ETHOSplus, MLS Gmddrmany) at 190°C with 4 mL
HNO; (65%) and 1.5 mL kD, (30%) for 20 and 15 min, respectively, and analyfo total
As with ICP-MS 7500c. A certified rice referenceteral (NCS ZC73008, China National
Analysis Center, Beijing, China) was used to chisekaccuracy of the As measurement, and
the As measured was 97.2 + 3.5% of the referenice (a = 4).

Arsenic for speciation in polished rice was exwdcby digesting dried and milled plant
matter in 0.28 M HN@ for 90 min at 90° C (Huangt al, 2010). Arsenic species were
analyzed using HPLC-ICP-MS. The chromatographicasspn was performed with a
mixed-mode column lonPac AS7/AG7 using a nitricdagiadient (Mattusch and Wennrich,
1998). The chromatographic equipment used consistesl HPLC Series 1100 quaternary
pump, degasser and thermostated autosampler (Agésmnologies) and was online coupled
to an ICP-MS PQExcell (Thermo Scientific, WalthamA, USA). The element As was
measured om/z 75 with a dwell time of 1 s in transition mode.elmain parameters were
tuned daily. Chloride as potential interference Bs@as chromatographically separated from
the target analytes. An arsenic species specificraion was performed with a LOD of 1 ug
As/L for quantification. The linear dynamic rangemore than three orders of magnitude.
The sum of As species in polished rice was on @eB01.4 + 2.9% of the total As in
polished rice.
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Statistical analysis

All soils and treatments were replicated four tiraad all pots were arranged in a randomized
block design. Generalized additive mixed modelssiit solution parameters were created
and compared with a likelihood ratio test (Wood)&0) and mean values of plant parameters
were compared with Tukey's test after ANOVA with 9 0.05 using R software (R
Development Core Team, 2011).
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Results

Dynamics in soil solution

The redox potential was firstly measured seven @dtgs the soils were flooded. The redox
potential was already negative in soils G and Dfanither decreased within 14 days to below
-200 mV, whilst the redox potential in soil L wasstive at the first measurement and
decreased comparatively slowly (Fig. 1A). Howewvitle redox conditions were strongly
reducing in all soils during the second half oftimaltion resulting in a slight pH increase in
the soil solution in all soils from 6.8 to 7.4 ioilsL and from 7.0 to 7.4 in soils G and D (data
not shown).

The Fe concentration in the soil solution of s@sand D was already high at day 0 and,
while the redox potential strongly decreased withi@ next 14 days, the Fe concentration in
the solil solution strongly increased and then dedicontinuously until the end of cultivation
(Fig. 1B). The Fe concentration in the soil solntiof soil L was very low at the first
measurement and increased up to a maximum betwagsn 40 and 70 and decreased
subsequently, but stayed on higher levels comparsdils G and D.

The course of the As concentration in the soil sofuwas similar to that of the Fe
concentration for the first 60 days (Fig. 1C). Feeconcentration in the soil solution of soils
G and D was around 75 pg/L at the first measuremedtmore than doubled within 14 days,
but decreased successively to initial values dutliegnext six weeks, and then remained at
the same level. Soil L had clearly different As dgmcs compared to soils G and D, as the As
concentration was only 4 ug/L soil solution at i@t and increased continuously up to 250
png/L with the +Si treatment after 100 days. Thig final As concentration in the soil
solution was three times higher in soil L than ailssG and D. The development of the P
concentration in the soil solution showed similagtwith those of As (data not shown). The
initial P concentration in soil L was very low amgreased only slowly over time, while the P
concentration in the soil solution of soils G anddpidly increased to a maximum after 7 and
28 days, respectively, and decreased afterwardsetkr, the pattern was different in soil G
+Si after day 80. Silicon application significandghanced the As and P concentrations in the

soil solution in all three soils.
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Fig. 1: Redox potential (A), Fe (B) and As (C) concentmatin soil solution of three paddy rice soils afeetied

by Si supply during the cultivation period. Stamdicate significant difference between Si treatraafta soil;
likelihood ratio test with p < 0.05.
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The initial Si concentration in the soil solutioeven days after flooding was twice as high in
soils G and D compared to soil L without Si apgdima (Fig. 2A). Over the next 21 days, the
Si concentration slightly increased in all —Si sddut decreased afterwards and was on
average 6 mg/L in soil L and below 4 mg/L in sddsand D from day 42 until the end of
cultivation.

The Si concentration was above 20 mg/L at the firsasurement in soils with Si supply and
rapidly increased during the first 14 days to ab88emg/L and did not differ between the
soils. The average Si concentration in the +Ssseds between 30 and 33 mg/L and clearly

higher than in —Si soils.

Yield and concentration of Si and As in plant

Silicon supply increased straw and grain yield gerage by 21% and 17%, respectively, in
all three soils (data not shown). The Si conceilatnain straw of the —Si soils was on average
15 mg/g d.m., while silica gel application signémtly enhanced the Si concentration in all

soils to on average 40 mg/g d.m. (Fig. 2B).
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Fig. 2: Silicon concentration in soil solution (A) andrine straw (B) grown in three paddy rice soils tiscied
by Si supply during the cultivation period. Starsdadifferent capital letters indicate significanfference
between Si treatments of a soil, different smatelhs indicate differences between the soils of aeatment;
likelihood ratio test (A) and tukey-test (B) with<p0.05. Bars are SE.

The As concentration in straw was similar in all s8ils after 34 days and increased during
the cultivation period. The As concentration inastrat day 147 was more than two times
higher in soil L than in soils G and D (Fig. 3A)usk As concentration was an order of
magnitude smaller than in straw (data not showh)leiflag leaf As concentration was higher
compared to straw (Fig. 3B), but the pattern ofcAscentration between the soils was similar

to straw As. Silicon application to soil decreasleel As concentration of straw and flag leaf
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as well as husk by half in all soils, although Aslevel in the soil solution was increased by

Si application (Fig. 1C).
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Fig. 3: As concentration in rice straw (A) after 34, 781dd7 days of cultivation and flag leaf (B) afté71days
grown in three paddy rice soils as affected byupipsy. Different capital and small letters indicaignificant
difference between Si treatments of a soil at avdsirand between soils of a Si treatment at a barve

respectively; tukey-test with p < 0.05. Bars are SE

The As concentration in brown rice was an ordemafjnitude smaller than in straw, and the
polished rice As concentration was around one tlowder than in brown rice (Fig. 4A).
Silicon decreased the As level in brown rice antished rice by 23 and 22%, respectively.
As(Ill) was the main As species in polished ricéhwa fraction of 61-83% of total As, while
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DMA contributed 12-34% and As(V) only 4-7% (Fig. #Br'he total As concentration in
polished rice did not differ between the soils, iwlthe DMA concentration in polished rice
was lower in soil L than in soils G and D (Fig. 4Bjlicon application did not affect the
DMA and As(V) concentration in polished rice, bbetconcentration of As(lll) was clearly

reduced by Si supply in all soils.
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Fig. 4: Total arsenic concentration in brown rice and gy rice (A) and As species concentration in petis

rice (B) grown in three paddy rice soils as affdcbkyy Si supply. Different capital and small letténglicate
significant difference between Si treatments obihand between soils of a Si treatment, respelgtivakey-test
with p < 0.05. Bars are SE.
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Discussion

Dynamics in soil solution after flooding

After flooding, the soil was subjected to drastitasges as the redox potential decreased,
while concentrations of Fe, As, Si, and P in thésmution increased, with the changes being
more rapid in soils G and D compared to soil L (g, B, C, 2A). The changes in the
chemical composition of the soil solution after fleding of an aerated soil are caused by
changes in the redox potential (DeDatta, 1981).derydiffuses in water at much slower
rates than in air and, once depleted by microosyasiand plant roots, microorganisms firstly
reduce N@ and MnQ at positive redox potential values, followed byuetion of Fe(lll),
while SQ* and CQ are reduced at negative redox values (Marschoég)2

The soils in this study were used previously fanplcultivation and root residues offered an
easily available carbon source for microorganisrasuylting in a rapid depletion of oxygen
and a subsequent rapid decrease of the redox @biéiifie decrease of the redox potential
was slower in soil L than in soils G and D, preshiyalue to higher amounts of Mp@nd
thus a higher redox buffer capacity in soil L comggbto soils G and D (Fig. 1A).

The rapid decrease of the redox potential was idfected in the fast increase of the Fe
concentration in the soil solution of soils G angvihereas an increased Fe concentration in
soil L was delayed since the redox potential droppeore slowly (Fig. 1A, B). The Fe
concentration declined after 14 days in soils D @nahd after 70 days in soil L, which might
be the result of FeS precipitation because thexrgudential was low enough for sulfate
reduction (Inskeept al, 2001; Marschner, 2012).

The As concentration in the soil solution increasethe same pattern as the Fe concentration
(Fig. 1B, C). This is in line with previous repqgrishere As and Fe release into the soll
solution were closely related since As(V) is bouad-e (hydr)oxides and released into the
soil solution when the Fe (hydr)oxides are redugaken and Hossner, 1996; Bogdan and
Schenk, 2008; Yamagucht al, 2011). The As concentration in the soil solutairsoils G
and D dropped after having reached a maximum sindathe Fe concentration but less
pronounced, whereas the As concentration in tHesehition of soil L remained more or less
constant (Fig. 1C). Presumably, As precipitatethanform of As(lll) sulfide (Bosticlet al,
2004), since the prevailing As form in the soilwmn was probably As(lll), as reported in
several studies with flooded soils (Takahashial, 2004; Xuet al, 2008; Bogdan and
Schenk, 2008; Let al, 2009b). Sulfide might have had a higher affifay Fe(ll) than for

As(Ill) and so precipitation decreased rather thiecentration of Fe than As. The highest As
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concentrations in the soil solution were around 2&fL in soil L+ and hence slightly
exceeded the toxicity threshold of As(lll) for rio€180 pg/L that was reported by Hoffmann
and Schenk (2011). However, the As concentrationghé other soils were continuously
below this level and no plants in any soils showgedkcity symptoms (Fig. 1C).

Similar to As(V), silicic acid and phosphate ars@tbed to Fe (hydr)oxides and released into
the soil solution in the course of reduction, whishy explain the increasing Si concentration
in the soil solution in the first 14 days, as wadl the development of the P concentration in
the soil solution (Fig. 1A, C, 2A) (Sommet al.,, 2006).

The decrease of the Si concentration in the saitism after 40 days was probably the result
of high Si uptake by plants since the vegetativwn was highest in this period, while, with
onset of the generative growth with flowering abuard day 70, the Si concentration in +Si
soils recovered. The Si concentration in the soiliteon of —Si soils was low, presumably
because Si uptake exceeded the rate of dissolofigilicic acid from easily available Si
sources. The Si concentration in Si-treated soiés \wnostly above 30 mg/L during the
cultivation period that is in the upper range régorfor other soils and not far from the
solubility maximum of Si at about 56 mg/L (Epstel®999).

The reason for the low P concentration in soil mpared to soils G and D is that soil L had
not received any P fertilization for many yearscontrast to soils G and D (Bogdan and
Schenk, 2008). Decline of the P concentration aftand 28 days in the soil solution of soils
G and D, respectively, may be due to the formatdnron phosphate (vivianite), and
relatively constant P concentration after 40 dagssiply reflects an equilibrium between
dissolution and precipitation processes. The pighdly increased in soils after flooding,
which is known from other studies and is relategbitoton depletion during reduction (Liu,
1985; Xuet al, 2008).

Effect of Si application on soil solution, planbgrth and Si concentration in plants

Soils with Si application exhibited higher concatitins of Si, Fe, As, and P in the soill
solution than —Si soils (Fig. 1B, C, 2A). kt al. (2009b) also reported that Si fertilization
increased the As concentration in the soil solutidre higher As and P concentrations in +Si
soils are probably the result of substitution o{\M)sand phosphate by silicic acid because
they compete for the same adsorption sites (WaltwaanEick, 2002).

The straw and grain yield increased with Si supplall three soils (data not shown). It is
well known that Si may enhance the growth of Siuamglating plant species, such as rice,
wheat and sugar cane (Lewin and Reimann, 196%t\ah, 1989; Epstein 1999).
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The Si concentration in straw was enhanced fromratd5 mg/g d.m. in the —Si plants to on
average 40 mg/g d.m. in the plants grown on sails i application (Fig. 2B). The latter is
in the range reported for well-supplied rice plaatgl a high Si accumulation (Bogdan and
Schenk, 2008; Tamai and Ma, 2008).

The Si uptake of rice is driven by a transporteystvith a K, value of 0.15-0.32 mM that is
equivalent to 4.2-9 mg Si/L (Tamai and Ma, 2003tdvli and Ma, 2005; Nikoliet al, 2007).
Since the Si concentration in the soil solution8f soils was on average above 30 mg/L and
hence, several times greater than thevKlue of the transporter, it can be assumed hieatt
transport process in the rice root was near sabaram the +Si soils (Fig. 2A). However,
higher Si concentrations in rice shoots were regbit other studies (lat al., 2009b; Norton
et al, 2010). This may be due to rice cultivar or eonmental conditions leading to higher
transpiration rates and hence, better translocaifo8i, since Si transport is driven by the

transpiration stream.

As in plant parts

The As concentrations in plant parts at the enduttivation were highest in the flag leaf,
followed by straw, husk, brown rice, and polishe& ((Fig. 3A, B, 4A). This distribution was
also observed in other studies and the highestohsemtrations are to be expected in the
roots (Abediret al, 2002a; Liuet al, 2006; Rahmast al, 2007; Xuet al, 2008). During the
cultivation period, the straw As concentration @ased in all soils (Fig. 3A). This is
consistent with a study of Zherg al (2011) who reported that the As concentratiostiaw
increased for rice plants grown under flooded coonls after flowering.

The As concentration in straw after 34 days wasilaimin all soils without Si supply,
although the As concentration in the soil solutieas higher in soils G and D than in soil L
during the first weeks (Fig. 1C, 3A). This indicaithat the As uptake of the young plants was
already saturated at the relatively low concerdrabf As in the soil solution of soil L. This
did not seem to be the case in older plants, simeé\s concentration in straw after 147 days
was highest in soil L without Si supply, which coihed with the high final As concentration
in the soil solution of soil L (Fig. 1C).

The flag leaf As concentrations were higher thastiaw, which is in contrast to observations
that flag leaves contain less As than older legZbsnget al, 2011). However, the course of
the soil parameters in that study are not knowd,adecreasing As level in the soil solution
during the cultivation could be the reason for aparatively low As concentration in the

youngest leaves.

80



Chapter IlI

The As concentration in polished and brown rice aa®rder of magnitude smaller than in
straw, which is in accordance with previous studieg. 4A) (Bogdan and Schenk, 2008; Xu
et al, 2008). The As concentration in polished rice wasind one third lower than in brown
rice, which can be attributed to the removal of thhan, which contains more As than the
endosperm (Fig. 4A) (Lomlgt al, 2009).

Effect of silicic acid on As uptake and distribatio plant

The Si supply decreased straw As levels in alksailthe three different harvest dates, except
in soil L after 34 days (Fig. 3A). The Si supplyueed the As concentration in both straw
and husk in all soils by half at final harvest. (e other hand, Si application reduced the As
concentration in brown rice and polished rice bly@&3 and 22%, respectively (Fig. 4A). The
Si effects observed on the As concentration inmsttad grain are in line with other studies
(Guo et al, 2005; Liet al, 2009b). Bogdan and Schenk (2008) showed thatSihe
concentration in the soil solution was negativatyrelated with straw and grain As for rice
grown in different rice paddy soils. ket al (2009b) observed that the As levels in straw and
husk in pot experiments were reduced by 78 and 5@%fectively, when rice plants were
grown with additional Si, while grain As concentoats were decreased by only 16%.

The As species in the soil solution were not deiteech but it is likely that As(lll) was the
predominant form, as reported in several studigh flooded soils (Takahaskt al, 2004;

Xu et al, 2008; Bogdan and Schenk, 2008gLial, 2009b). Moreover, any As(V) in the soill
solution would have been taken up into the rice koa phosphate-transporters and rapidly
reduced to As(lll) inside the root (Xet al, 2007). Accordingly, Zhaet al (2009) reported
the main As species in the xylem being As(lll), aetiess whether As(lll) or As(V) was
supplied to rice plants. Thus, in our study, thenm#ss species transported to the shoot was
most likely As(1l1).

As(Ill) is taken up by the rice root via the trangprs Lsil and Lsi2 (Mat al, 2008). These
transporters are located in the exodermis and esrdos of rice roots and were initially
identified as transporters of silicic acid (Mgaal, 2006, 2007). Lsil is an aquaporin and acts
as a passive influx-transporter, while Lsi2 is amon-channel that serves as an energy-
dependent efflux-transporter. Lsil is located omdistal side and Lsi2 on the proximal side
of both exodermis and endodermis, and couplingnese transporters due to their subcellular
localization allows for the highly efficient uptaké As and Si by rice roots (Ma and Yamaji,
2008). After release from endodermis into stelgllIAss translocated into the shoot via the

xylem following the transpiration stream.
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Ma et al (2006, 2007) showed that the expressiohsit andLsi2 is decreased by Si supply
and this may cause a lower uptake of As(lll). Saméhors suggest that the reason for a
decreased uptake of As(lll) under Si supply is tua competitive inhibition of As(lIl) by
silicic acid (Guoet al, 2009; Liet al, 2009b; Zhacet al, 2009). This could not be verified
for Lsil since no competition for the uptake of $(and silicic acid could be observed in
experiments with yeast cells aenopusoocytes expressingsil (Bienertet al, 2008;
unpublished data of Ma and Mitani in: ¢i al, 2009a).

At Lsi2, however, which is an anion-channel, a cetitwe inhibition of As(lll) transport by

Si could take place, and Lsi2 is supposed to beiardor As transport to the shoot in
mediating As(lIl) efflux towards the xylem (let al, 2009a; Zhaet al, 2009).

As species in polished rice

The As species in polished rice were analyzed wWRh.C-ICP-MS (Mattusch and Wennrich,
1998) after HNQ@ extraction. This method has the advantage of prege not only the
organic As forms DMA and MMA, but also the inorgaforms As(lll) and As(V) (Huangt

al., 2010, 2012), the latter exhibiting a problem whising other methods, such as extraction
with trifluoroacetic acid (TFA) (Heitkempeat al, 2001; Liuet al, 2006; Liet al, 2009b).
Therefore, no information about inorganic As spedre the grain is available in literature.
The sum of As species in polished rice was on geeB01.4 £ 2.9% of the total As in
polished rice determined by ICP-MS.

The dominant As species in polished rice was As(lith a fraction of 70%, followed by
DMA with 24% and As(V) with 6% (Fig. 4B), while oth As species were not detected.
Silicon supply did not alter DMA or As(V) concenicn, while As(lll) concentration was
reduced by one third, so decrease of polishedAsceoncentration can be attributed solely to
a reduced As(lll) concentration.

As(Ill) transport into rice grain occurs nearly kisively via the phloem, since the grain As
level was reduced by 90 to 97% when phloem at #3e lof the panicle was destroyed (Carey
et al, 2010; Zhaoet al, 2012). As(lll) may be loaded into the phloem the leaves,
especially the flag leaf, as well as in the stendesoby xylem-to-phloem transfer. The
transportation of As(lll) from the flag leaf to tlygeain is disputed in literature. Carey al
(2011) fed excised flag leaves with As(lll), andifidl As in the flag leaf, while no As was
detected in the grain. In contrast, Zlea@l (2012) exposed excised flag leaves to radioactive
As-labelled As(lll) and found 2-3% of the total alfsed As was transported to the grain.
The different results between the studies wereaixgdl by the higher sensitivity of théAs
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method. Furthermore, the high As concentration usgdCareyet al (2011) might have
caused phytotoxicity (Hoffmann and Schenk, 2011).

Stem nodes are a place of high xylem-to-phloensteainas shown for potassium and amino
acids (Marschner, 2012). Recently, Fujimakial. (2010) reported that Cd in rice coming
from the root via the xylem is also transferreditite nodes from xylem to phloem prior to
transport to the grain.

It is likely that Si application reduced the As|lttansfer from xylem to phloem, since As(lII)
is the main As form in the xylef@haoet al, 2009) and As concentration in shoot dry matter
was decreased by about 50% by Si application GAY. Additionally, the Si transporter Lsi6
might be involved in the transport processes innibdes. Lsi6 is supposed to unload Si from
the xylem in the node beneath the flag leaf of plants (Yamaji and Ma, 2009). Moreover,
expression ofsi6 in yeast and in oocytes demonstrated that Lsi6 falsilitates the transport
of arsenic acid (Bienedt al, 2008; Maet al, 2008).

In this study, Si supply reduced the As(lll) concation in grain while DMA was not
affected (Fig. 4B). DMA is synthesized in the sslution from soil microorganisms, while
plants are not able to methylate inorganic As (Leonea al, 2012). Hence, the DMA
concentration in the grain is related to the DMx»ellen the soil solution.

DMA is taken up by Lsil, but, in contrast to As)JILsi2 does not show transport activity for
DMA (Li et al, 2009a). A reduced As(lll) uptake by Si applioatiis either due to the
decreased expression of transporters or to conveetithibition at Lsi2. The uptake of DMA
is rather limited compared to As(lll), since the BMoncentration in the soil solution is
much lower(Bogdan and Schenk, 2008; X al, 2008) and the affinity of transporters for
DMA is less (Abediret al, 2002b).

Higher DMA concentrations in the grain with mor@anh85% of the total As were found in
other studies with paddy rice (Sm#hal, 2008; Liet al, 2009b). The higher DMA fractions
in grain in these studies compared to our study beague to a different composition of the
microbial flora with more As methylating species due to different soil conditions that
favored the growth and activity of microorganisns.our study, DMA concentrations in
polished rice were lower in plants grown in soitHan in soils G and D, possibly because of
less microbial activity (Fig. 4B). Let al (2009b) found that the DMA concentration in grain
was even increased by 33% when Si was appliedil®. #oreason might be an enhanced
methylation of inorganic As in the soil solutiorteafSi supply.

In conclusion, we showed that Si application toeripaddy soils decreased the As

concentration in rice straw and polished rice, @itth the As concentration in the soil
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solution was enhanced by Si. The decreased As laveblished rice relied solely on a
decreased As(lll) concentration while As(V) and DMMere unaffected by Si. The reduced
As(Ill) translocation to the shoot was the restileher reduced transporter density due to
decreased expression lo$il andLsi2, or competitive inhibition of As(lll) uptake by Sit
Lsi2, or a combination of both effects. This redit@nslocation also explains the decreased
As(Ill) concentration in polished rice when plamtsre grown on soils with Si application,
while the DMA concentration was not reduced becaosepetitive inhibition did not occur at
the DMA transporting aquaporin Lsil, and a redutadsporter expression would not have

been effective for DMA due to its low external centration.
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Mechanism of silicon-mediated decrease of arsenitgptake in rice

and distribution of silicon in roots of rice, maize and onion
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Introduction

Silicon (Si) is a beneficial element to many plapécies by increasing growth and yield and
alleviating several biotic and abiotic stressesuiding metal toxicities (Epstein, 1999). The Si
concentration in the soil solution of six floodedils was negatively correlated with the
arsenic (As) level in straw and polished rice (Bagdind Schenk, 2008). Si application to
flooded soils reduced the As concentration in tice shoot and polished rice, the latter
caused by a decreased concentration of arseniggp(@hlll). The prevailing As species in the
soil solution of flooded soils is arsenite, As(l([jakahashiet al, 2004; Xuet al, 2008),
which is taken up into the rice root by the tramggrs Lsil and Lsi2 that were initially
identified as transporters of silicic acid (Mtal, 2008).

It was hypothesized that Si reduces the As conagoitr in rice by competitively inhibiting
the uptake of As(lll), which exists as arseniouisl §Guoet al, 2009; Liet al, 2009b; Zhao
et al, 2009). While for Lsil, a competitive inhibitiaaf As(lll) uptake by Si could not be
verified (Bienertet al, 2008), this effect could take place at Lsi2.

Moreover, Si could limit the As(lll) uptake by redog the transporter abundance, since
continuous Si supply reduces the transcript le¥élsil andLsi2 (Ma et al, 2006, 2007). Si
also increases the formation of casparian bandkerrice root (Fleclet al, 2011) which
could lead to a limited apoplastic flow (Krishnarttiyret al, 2009) and hence, decrease the
uptake of As(lll).

To clarify the mode of action of Si, rice plantdtimated in nutrient solution with different Si
treatments were exposed to As(lll) and strontium) €hd uptake rates were determined.
Strontium was used, since it is an indicator of apeplastic movement (Storey and Leigh,
2004).

Si promotes the development of casparian band migtio adventitious roots of rice (Fleek

al., 2011) but also in the roots of other plant spedéncluding maize and the Si excluder
onion (Chapter Il). Si increases the transcriptibrgenes related to the synthesis of suberin
and lignin, which are components of the caspariandb(Flecket al, 2011). However,
whether Si directly affects gene transcription seeguestionable, since the reaction of
casparian band formation upon Si supply was delayetl Si was effective in several plant
species with different genetic backgrounds (Chaperinstead, the effect of Si on gene
transcription could be secondary. Si could increeagparian band formation rather in a
chemical way by inducing the precipitation of ardimaompounds or cross-linking these

with the cell wall, because Si was shown to redtt wromatic compounds such as catechol
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or lignin (Barnum, 1970; Fang and Ma, 2006). Moro\si was found as precipitated silica
in the exodermis and endodermis of rice roots, wliee casparian bands are located (Gaing
al., 2006; Mooreet al,, 2011).

To further study the Si deposition, root cross isest of rice, maize and onion plants
cultivated in nutrient solution with Si were invigstted using laser ablation-inductively
coupled plasma-mass spectroscopy (LA-ICP-MS). Maegorice root cross sections were
investigated with a scanning electron microscopergyzdispersive X-ray microanalysis
(SEM-EDX).
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Material and methods

Plant material and growth conditions

Rice(Oryza satival. cv. Selenio) seeds were germinated in tap wateseven days and then
placed between two layers of filter paper standmgap water for additional seven days.
Seedlings were transferred in 5 L pots with norater nutrient solution containing in mM:
1.43 NHINOg3, 0.32 NaHPO, x H,0, 0.51 KSQO,, 1 CaC} x 2 H0, 1.6 MgSQ x 7 HO; in
HM: 1.82 MnSQ, 0.03 (NH)sM07024, 9 HBO3, 0.3 ZnSQ x 7 H,0, 0.15 CuS@and 35.81
Fe as sequestrene. Silicon concentrations wergipaad 30 mg L (+Si) and Si was applied
as silica gel. The pH-value was adjusted to 6.@dition of 10 % (v/v) HSO, and 0.75 M
KOH. The plants were cultivated in a growth chamfgrotoperiod: 14 h light, 10 h dark;
temperature 25°C day / 20°C night; relative hurgidis %; light intensity 220 pmol ts™).
After 7 days in nutrient solution seminal roots &gegmoved and only adventitious roots were
left.

For determination of Si depositions in the roaterplants were germinated and cultivated in
+Si nutrient solution as described above. Maizelseeere germinated between two layers of
filter paper standing in tap water for 5 days ahdnt transferred to aerated +Si nutrient
solution. Onion bulbs were cultivated in peat stdistfor 5 days, roots were washed with tap
water and plants were then transferred into aera8dutrient solution. The composition of
the nutrient solution was the same as describedeafiod the Si concentration was 30 my L
Roots of rice, maize and onion were harvested &ledays in nutrient solution and root
zones 4-6 cm (rice, onion) and 6-8 cm (maize) dstdrom root tip (drt) were stored in 70 %
ethanol at 4°C.

Arsenic and strontium uptake experiments

After 18 days in nutrient solution whole plants wersed for As and strontium (Sr) uptake
experiments. Each two plants per replicate wenesfeared into 3 L pots with new nutrient
solution with 0 (-Si) or 30 mg Sit.(+Si) generating the following treatments: -Siquiéure,
transfer to -Si: -Si/-Si; -Si preculture, transfer+Si: -Si/+Si; +Si preculture, transfer to —Si:
+Si/-Si. NaAsQ and SrCJ were added to the nutrient solution of each treatrgielding final
concentrations of 2 uM As and 1 mM Sr. Shoots audsrwere harvested after exposure of
As and Sr for 48 hours.

Uptake rates of As and Sr were determined also siftert term Si supply of excised roots in

rhizotrons. Rhizotrons were built according to Klugd Horst (2010) with modified measures
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(Fig. 1). 1.5 mm thick acrylic glass plates weraegl with liquid glue for plastics (Revell
GmbH & Co. KG, Binde, Germany).

2cm 4 cm 4 cm 4 cm

< > <

v
A
v
A
A

4.7 cm 2-6 cm 6-10 cm

A
v

14 cm

Fig. 1: Design of a rhizotron. As and Sr were added tazthees 2-6 and 6-10 cm. Roots are indicated in.grey

After 31 to 34 days in -Si or +Si nutrient solutiadventitious rice roots were excised from
plants cultivated either in -Si or +Si nutrientigadn and 8 adventitious roots with a length of
11 cm were set into a rhizotron containing minimatrient solution (1 mM Cagl 2 pM
HsBOs) with 0 or 30 mg Si L' generating the same Si treatments as above. Laterts
initiated at about 6 cm behind the root tip.

To avoid movement of the nutrient solution betwdlea compartments, the borders were
sealed with low-melting (melting point 42-44°C) afiin (Merck KGaA, Darmstadt,
Germany). NaAs@and SrCl were added to the zones 2-6 cm or 6-10 cm yieldimaj
concentrations of 2 uM As and 1 mM Sr and rootsewadlowed to take up As and Sr for 4
hours. Then samples of the nutrient solution waken to assure that the compartments were
sealed properly. The amount of As and Sr in thepaotments next to the application zone
was on average 3.1 and 3.0 % of the total appledmd Sr, respectively. Finally, whole roots

were carefully taken out of the rhizotron and tadttry.

Chemical analysis

Plant matter was dried at 60°C for 4 days, groumdidigested overnight in 65 % (v/v) HNO
Samples were heated for 30 min to 65°C, diluted0 1with ddHO and filtered.
Concentrations of As and Sr in digested plant maitel nutrient solution were detected with
ICP-MS 7500c (Agilent Technologies, Waldbronn, Gany). For determination of the As
and Sr uptake rate, the root growth was assumbd timear during As and Sr application and

uptake rates were calculated according to Claagd$90);
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_As,—As N 2
t,-t, DW,+DW,

Up

whereUp = uptake rate [mg§root DW h']; As, > = As content in shoot [mg plafjtat start
(1) and end (2) of cultivation in nutrient solutjddW; , = root dry weight at start (1) and end
(2) of cultivation in nutrient solution [g plafit t;, = time at start (1) and end (2) of
cultivation in nutrient solution [h]. Sr uptake waalculated similar to the As uptake. To
calculate the uptake rate per root surface in Hieotron experiment, root length and root
surface of the root sections 2-6 and 6-10 cm drevmeasured using a flat bed scanner and
WinRhizo software (Regent Instruments Inc., Quel@anada). The surface:length ratio was
0.223 (£ 0.018) in 2-6 cm drt and 0.122 (+ 0.0@%)6-10 cm drt.

For determination of the Si concentration in thee moot, 200 mg of dried and ground root
matter was digested in 3 ml 65 % H{HQ ml HO and 2 ml 30 % bD- in a microwave for
12 minutes at 190°C and then diluted with 20 mI%ANaOH and neutralized with HNO
(Haysomet al, 2006). Si concentration was determined photdoadly at 811 nm after
addition of 3.2 % boric acid, dye reagent (0.08 Mpbkuric acid and 2 % ammonium
heptamolybdate), 3.3 % tartaric acid and 0.4 %réscacid (Novozamsket al, 1984).

gRT-PCR

Adventitious roots were harvested at 2-6 cm an@ 6+t drt and frozen immediately in liquid
nitrogen. Roots were ground under liquid nitrogerd @otal RNA was isolated using
TRIsure® Reagent (Bioline, Luckenwalde, Germanylpfeng manufacturer’s instructions.
Total RNA (600 ng) and random hexamer primers wsiel to synthesize first-strand cDNA
using the Revert Ai' H Minus Kit (Fermentas, St. Leon-Rot, Germany)idaing the
instructions of the manufacturer.

In gRT-PCR experiments, 100 ng cDNA was used a9lem in a 25 ul reaction-mix
containing 2.5 ul 10x buffer, 3.6 mM Mg{l0.2 mM dNTPs mix (Fermentas), 0.25 pl
1:1000 diluted SYBR-Green (Invitrogen, Carlsbad, ,CB8SA), 0.75 U HotStart-Tag-
Polymerase (DNA cloning service, Hamburg, Germam®y25 uM forward and 0.25 uM
reverse primers. The gRT-PCR runs were performedhan CFX96 cycler (Bio-Rad,
Munchen, Germany), using an initial 95°C-step fomiin, followed by 35 cycles of 95°C for
15 seconds, 60°C for 30 seconds and 72°C for 30nse¢ and a final melting curve

procedure with a stepwise increment of 1°C randfiogn 60°C to 95°C.
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Forward and reverse primers of Lsil and Lsi2 weseduas described in studies of btaal,

(2007, 2011). The eukaryotic elongation factor dhal (eEF lz) was used as endogenous
control due to its stable transcript abundanceda (Jainet al, 2006; Jain, 2009). For each
target in qRT-PCR, three technical and three biokigreplicates were used. Relative

quantity was calculated using thé“2™ method (Livak and Schmittgen, 2001).

Histochemical examination of roots

For detection of casparian bands, free hand cressoas of adventitious rice, maize and
onion roots without lateral roots were taken at dr6 (rice, onion) and 6-8 cm (maize) drt.
Root cross sections were stained with 0.1 % (wérbérine hemi-sulphate for 60 minutes and
with 0.5 % (w/v) aniline blue for further 30 minstéBrundrettet al, 1988). Stained sections
were mounted in 0.1 % (w/v) Fedh 50 % (v/v) glycerine and viewed under an Axiogk
fluorescence microscope (Zeiss, Jena, Germany) Withllumination using excitation filter

G 365, chromatic beam splitter FT 395 and barrikerf LP 420. The development of
casparian bands in the anticlinal exodermal cellsna a plant species was compared under

UV-light between -Si and +Si plants.

Embedding and sectioning of roots

Root zone 4-6 cm of rice and onion and 6-8 cm drtnaize were embedded using the
Steedman’'s wax protocol (Gomet al, 2009) in a modified form. Roots were fixed in
freshly prepared Farmer’s fixative (3 parts ethahdl part acetic acid) at 4°C overnight.
Roots were then dehydrated at RT under rotatioredah 2 hours in 75 %, 85 %, 95 % and
100 % ethanol, respectively. Molten Steedmans’s @xparts poly (ethylene glycol)
distearate (SigmaAldrich, St. Louis, USA) + 1 parhexadecanol (SigmaAldrich)) was
mixed 1:1 with ethanol and roots were incubatethenmixture at 38°C overnight. Roots were
then incubated three times at 38°C for each 2 houpure Steedman’s wax. Afterwards,
roots were divided in 3 mm pieces and embeddedaadtnan’s wax in TurbOflowll molds
and cassettes (McCormick Scientific, St. Louis, USA)e wax was allowed to solidify
overnight at RT. The wax blocks were cut with a &kyM55 rotary microtome (Zeiss, Jeny,
Germany) into 20, 50 and 100 um slices. Wax shgese dissolved by addition of ethanol

and root sections were washed several times byaexgihg ethanol.
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Laser ablation-inductively coupled plasma-mass spscopy (LA-ICP-MS)

Tin (Sn) foils (Elementar Analysensysteme GmbH, &danGermany) were placed on
microscopy glass slides and root sections floatmgthanol were transferred to Sn foils.
Evaporation of the ethanol led to a fixation of thet sections to the foil, which allowed the
use of a laser for ablation. For rice and maiz®, Lth thick root sections were used and for
onion, 50 um thick slices were used. Root tissug aldated with the solid state NYAG-laser
UP193 SS (New Wave Research Co. Ltd., CambridgglaBd). The laser beam was adjusted
to a diameter of 75 um and energy of 2.5 J éon rice and maize and to a diameter of 50 pm
and energy of 4.0 J ¢hfor onion. The ablation chamber was coupled tol@®-MS torch
with a tygon& tube and was filled with carrier gas at a floneraf 0.25 L mift. After the
chamber was passed the flow rate was increasedmwekeup gas to 1.2 L min*3C and®®si
signals were detected using the quadropole ICP-BI® TX (Agilent Technologies, Santa
Clara, USA). Table 1 summarizes further ICP-MSiisg$t

Tab. 1: LA-ICP-MS parameters
ICP-MS conditions

RF power 1300 W
Carrier gas (Ar) 0.25 L mih
Makeup gas (Ar) 0.95 L mih

Dwell time / isotope 10 ms

LA conditions

Pulse length 1 s (rice, maize); 2 s (onion)

Pulse frequency 10 Hz

For calibration, four root samples of rice plantsvgn with or without Si supply were used as
standards. Ground plant matter from the same raoipkes was compressed to pellets and
each 10 spots from the pellets were analyzed*®mnd?®Si signals using LA-ICP-MS. The
85i:13C signal ratios of the four samples were correlatét their Si concentrations using R
software (R Development Core Team, 2011) and theatespn of the linear regression
(correlation coefficient R= 0.96) was used to calculate the Si concentratipom the

285j:13C signal ratios for all root cross sections.
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Scanning electron microscope energy-dispersivey{arecroanalysis (SEM-EDX)

20 um thick root sections of rice, maize and onmmre transferred to polished aluminium
sample holders (Hoffmann Group, Minchen, Germang)sputtered with gold for 60 s at 30
mA using a Sputter Coater (Cressington 108 autanbes were analyzed using a scanning
electron microscope (JSM-6610 LV, JEOL, Eching, rzamy). Energy-dispersive X-ray
microanalysis (EDX) was done with XFlash Detect@0-M (Bruker Nano GmbH, Berlin,

Germany) using Quantax Esprit 1.9 software (Brulgif) 20 kV acceleration voltage.

Statistical analysis

All Si treatments in the As and Sr uptake experitmevere replicated four times and all pots
were arranged in a randomized block design. Uptates were compared with Tukey's test
after ANOVA with p < 0.05 and gRT-PCR data were panmed with a mixed model analysis
(Steibelet al, 2009)using R software.
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Results

Arsenic and strontium uptake rates of whole plants

The As uptake rate of whole rice plants that werewg without Si supply during the
preculture was not affected by Si supply for 48rsdifrig. 2A). However, when plants were
pretreated with Si for 18 days, the As uptake veds clearly decreased. On the other hand,
the Sr uptake rate was not affected by the short & supply or during the preculture (Fig.
2B).

—>

As uptake rate [ug g -1 o0t DW 24 h '1]
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0 .
-Si/ -Si +Si/-Si -Si/ +Si

Fig. 2: As (A) and Sr (B) uptake rate of rice plants dsaéd by Si supply during the preculture for 1§sdand
by Si supply of whole plants for 48 h. Differenttégs indicate significant differences betweenr8atments.
Bars are SE, n=4.
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To detect the effect of the Si treatments on thdrassporters Lsil and Lsi2, the transcript
levels of both genes coding for the transporterseweeasured in two root zones after the
preculture and after 48 hours of differential Spgly. Continuous Si supply during the
preculture decreased the transcript levelssif andLsi2 in both root zones, 2-6 cm (Fig. 3A,
C) and 6-10 cm drt (Fig. 4A, C). Also after 48 hmoif Si supply (-Si/+Si), the transcription
of Lsil andLsi2 was already reduced, while the transcript level®oth root zones of Si
deprived plants (+Si/-Si) did not recover within®&urs (Fig. 3B, D, 4B, D).
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Fig. 3: Transcript levels ofsil (A, B) andLsi2 (C, D) in root zone 2-6 cm behind the root tipaffected by the
Si supply during the preculture (A, C) and afterhtfurs of differential Si supply. Different capitahd small
letters indicate significant differences betweea 8i treatments during the preculture and aftehd@rs of

differential Si supply, respectively. Bars are 8E3.
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Fig. 4: Transcript levels oEsil (A, B) andLsi2 (C, D) in root zone 6-10 cm behind the root tipaffected by
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Arsenic and strontium uptake rates of excised roots

The As uptake rate of excised roots mounted intmotions was not affected by short term Si

supply for 4 hours, while Si supply during the pigéare halved the As uptake rate compared
to the control treatment (-Si/-Si) (Fig. 5A). Inntmast, the Sr uptake rates were not influenced
by the Si treatments (Fig. 5B). The effects of $i¢reatments on the As and Sr uptake rates
were the same in both root zones, although thenisSa uptake rates in the root zone 6-10

cm drt were two times higher than in 2-6 cm drt.
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as affected by Si supply during the preculturelfdrdays and by short term Si supply of excisedsréat 4 h.
Different letters indicate significant differendestween Si treatments. Bars are SE, n=4.

The effect of the Si treatments on the transcepel of Lsil andLsi2 in excised roots was
similar to the experiment with whole plants, sincentinuous Si supply decreased the
transcription ofLsil andLsi2 in 2-6 and 6-10 cm drt (Fig. 6A, C, 7A, C). Moreoythe
transcript levels in excised roots had not beeowei@d after 4 hours of Si deprivation (Fig.
6B, D, 7B, D). On the other hand, short term Sipdypf excised roots clearly decreased the
transcript levels of both genes in 2-6 cm drt (BB, D) and the trend was similar in 6-10 cm
drt (Fig. 7 B, D).
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Silicon depositions in the roots of rice, maizeg anion

The distribution of Si was analyzed with LA-ICP-Mfd the position of the ablation spots
was set on one hand to cover the different cekbrsyf the root and on the other hand, to
keep the integrity of the root. As a consequenctheflatter, the spot density in the rice root
had to be lower than in maize and onion becausecithgs section of the rice root was
relatively labile.

The Si concentration in the adventitious rice ra@is highest in the outer part of the root
comprising the exodermis and the sclerenchymagwhé Si concentration around the central
cylinder was low (Fig. 8A, B). High Si concentrat®owere found also punctual in the cortex

tissue.
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cortex tissue

aerenchyma

central cylinder

600
540
480
420
360

300

Sifugg 1]

240

180

120

60

i . o ; 0
Fig. 8: Cross section of an adventitious rice root in 4m drt (A) and corresponding Si concentration as
measured by LA-ICP-MS (B). The diameter of the abtaspots is 75 um. The Si distribution is chagastic

for three rice roots analyzed.

These findings were supported by SEM-EDX analyslsgre the Si signals are illustrated as
white dots. In the adventitious rice root, Si signaere detected in the outer part of the root

comprising the exodermis and the sclerenchyma @AgB).
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Fig. 9: Scanning electron micrograph (A) of a cross sactibrice root in 4-6 cm drt and corresponding EDX

analysis mapping of the silicon signal (B). Siliagerindicated as white dots. White bars indicaté uén.

600
540
480
420
360

300

Sifug g 1

240

180

120

60

0
Fig. 10: Cross section of a maize root in 6-8 cm drt (AJ anrresponding Si concentration as measured by LA-
ICP-MS (B). The diameter of the ablation spotsSspif. The Si distribution is characteristic forethrmaize

roots analyzed.
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In the maize root, Si depositions were found nearglusively in the outer part of the root,
where the exodermis is located (Fig. 10A, B). Sameas of the cortex tissue were collapsed
after the air-drying of the cross section.

The distribution of Si in the onion root was similto maize, since the highest Si
concentrations were found in the outer part of ihet, while the Si concentration in the
cortex cells, the endodermis, and the central dglirwas low (Fig. 11A, B).

The distribution of Si in the maize and onion r@ould not be recognized by SEM-EDX

analysis because the background signal superpbsesi signals of the root.
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Fig. 11: Cross section of an onion root in 4-6 cm drt (Afl@&orresponding Si concentration as measured by
LA-ICP-MS (B). The diameter of the ablation spats50 pum. The Si distribution is characteristic floree

onion roots analyzed.
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Discussion

Effect of silicon supply on arsenite uptake

In the rhizotron experiment with excised roots, timtake rate of As and Sr per surface was
nearly twice as high in 6-10 cm drt compared toythenger root zone (Fig. 5A, B). This can
be attributed to the development of lateral rodtsctv emerged at around 6 cm drt and led to
a nearly halved surface:length ratio in the old mmme compared to 2-6 cm drt.

The As and Sr uptake rates were determined in ffferent experimental systems because
both have advantages and disadvantages. The nigakrion experiment allowed the usage
of whole plants but needed to be carried out fothd8rs to accumulate enough As in the
plant for analytical measurements. On the othedhdifferent root zones can be treated with
As in the rhizotrons, but the experimental condisi@re quite artificial since excised roots are
used. However, in both systems a non-toxic conagatr of As(lll) was used (Hoffmann and
Schenk, 2011) avoiding possible toxicity-relatetbseffects.

Finally, the results of both experiments were saamiénd clearly demonstrated that the As
uptake rate of rice roots was not affected by atsteom Si supply (Fig. 2A, 5A). These
findings contradict the hypothesis, that a redugsa@oncentration in rice plants by Si supply
is due to a competitive inhibition of the As(lllptake by silicic acid (Guet al, 2009; Liet

al., 2009b; Zhaocet al, 2009). In contrast, the As uptake rate was bjleaduced by a
continuous Si supply for a long time (Fig. 2A, 5A).

A continuous Si supply was shown to increase tlspar@an band formation in the exodermis
of rice roots (Fleclet al, 2011), what could be observed in this study,(ttaia not shown).
The casparian bands might limit the apoplastic fle&ishnamurthyet al, 2009) and thus,
the uptake rate of the apoplastic tracer Sr wassared. However, the Si treatments did not
affect the Sr uptake rate (Fig. 2B, 5B) and thuasinhibition of the apoplastic movement was
not the reason for the reduced As uptake.

Rather, the uptake of As(lll) might be limited byraduced abundance of the As(lIl)
transporters Lsil and Lsi2, since Si supply fore¢hdays was shown to decrease the
transcription ofLsil andLsi2 (Ma et al, 2006, 2007). This could be observed in this tud
too, since the transcript levelsldadil andLsi2 were decreased by continuous Si supply during
the preculture (Fig. 3A, C, 4A, C, 6A, C, 7A, C).

However, the transcript levels were reduced als@alshort term Si supply both of whole
plants for 48 hours (Fig. 3B, D, 4B, D) and of esexl roots for only 4 hours (Fig. 6B, D, 7B,
D). A reason for this contrast to the literaturegghtibe that Maet al (2006, 2007) used rice
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seedlings without adventitious roots by and in addj it is not clear what root sections were
examined.

The decreased transcript level Iil and Lsi2 already after short term Si supply did not
result in a reduced As uptake rate and this careXjained by the abundance of the
transporter proteins that were not yet considerdblyreased. An altered transcription leads to
altered protein abundance depending mainly on poretethesis rate and protein degradation
rate. In a study with 8Arabidopsiscell culture proteins the degradation rate rangechfless
than 2 to 116 % day(Li et al, 2012). Among these proteins, there were tworanfeannels
that had degradation rates of 17 and 19 %'dAgsuming a mean degradation rate of 18 %
day* for Lsi2, which is an anion transporter, the antafrprotein left after 48 hours would
still be 67 % of the initial amount. Moreover, thalue is still too low considering that the
protein synthesis rate was not 0. Thus, the deede&mnscript rate most likely did not
considerably decrease the transporter protein amagdwithin 48 hours to limit the As(lIl)
uptake.

The transcript level after short term Si deprivat{gSi/-Si) was still lower compared to the
control, presumably because the reaction upon @ivdgion was delayed since the Si in the

root firstly had to be depleted.

Silicon depositions in the roots of rice, maizeg anion

Si supply increased the formation of the caspapemds in the exodermis of rice, maize, and
onion roots (Chapter 1), which could be observésb an this study (data not shown). Si
might chemically interact with cell wall componerdad aromatic compounds to promote
casparian band formation, and if so, Si should dy@odited in the exodermis. Therefore, the
deposition of Si was investigated in those rootezpnvhere the promotion of casparian band
formation was strongest, which was in 4-6 cm dnticé and onion roots and in 6-8 cm drt of
maize roots (Chapter II).

Silicon depositions were found in the outer parttlted adventitious rice root, where the
exodermis and the sclerenchyma are located, anck$loéts were the same in LA-ICP-MS as
well as in SEM-EDX analysis (Fig. 8A, B, 9A, B). iShs in line with reports from Gonet

al. (2006), who found silica depositions in the exoas of rice roots. Moreover, Mooet al
(2011) reported that silica was deposited in tHevealls of sclerenchyma and exodermis in
rice roots. However, in both studies silica deogiere found also in the endodermis, what is
in contrast to this study, where Si deposits inghdodermis could be observed neither in the
LA-ICP-MS nor in the SEM-EDX analysis. However, @oat al. (2006) used seminal rice
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roots and in the study of Moogtal. (2011), it is not clear what kind of rice roetsre used
and which root zones were investigated.

The cortex tissue of the maize root was partiabftapsed and compressed probably as a
result of the air-drying (Fig. 10A). However, thengpressed cortex tissue could still be
analyzed using LA-ICP-MS, because the calculatibthe Si concentration is based on the
ratio of the?®Si:**C signals and thus, is independent from the amofitissue ablated by the
laser. Si deposits in the maize root were foundhe outer part of the root, where the
exodermis is located, while the cortex tissue dral dentral cylinder contained only very
small concentrations of Si (Fig. 10A, B).

In onion roots, Si depositions were found also Iyeaxclusively along the exodermis (Fig.
11A, B), which was not reported before.

Si might promote the formation of casparian bangébucing the precipitation of aromatic
compounds in the cell walls of exodermis and enduade or by cross-linking aromatic
compounds with the cell wall. Silicon supply proedtthe formation of casparian bands in
the exodermis of rice plants (Fleek al, 2011) and also in roots of other plants inclgdin
maize and onion (Chapter Il, p. 56). In rice, tt@nscription of genes related to the synthesis
of suberin and lignin, which are components of easp bands, was increased by Si supply
(Fleck et al, 2011). However, whether Si directly affects senption or whether this is a
secondary effect remained unclear.

The mode of action of Si could rather be chemisgl¢ce Si was shown to form complexes
with catechol as six-coordinated Si (Barnum, 191/®72). Moreover, silica deposition was
induced by lignin and by callose and Si was foutah@ with the latter in cell walls of
horsetail Equisetum arven3dFang and Ma, 2006, Currie and Perry, 2009; Lad Bxley,
2011).

The combination of both, the reactivity of Si walomatic compounds and the deposition of
Si in the exodermis of rice, maize, and onion sugpthe hypothesis, that Si chemically
promotes the casparian band formation. Assumirgytiipothesis proving true, Si would be

effective on a broad range of plant species.
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General Discussion

Arsenic dynamics in flooded soils

Rice plants can accumulate large amounts of arg@sicin the shoot and high As levels in
the rice grain expose a serious health risk fordmutreings (Kileet al, 2007; Swet al, 2009).

A reason for the high As concentration in the mtant is the high availability of arsenite,
As(lll), in the soil solution of flooded soils, wheepaddy rice is grown. Another reason for
the high As levels in rice is the highly efficiamptake of As(lll) by the rice root. Silicon (Si)
was shown to reduce As concentrations in straw laungk of rice plants, while the As
concentration in the grain was decreased les=i(lal, 2009b). However, the underlying
mechanisms remained unclear. Thus, the effect application to three paddy rice soils on
soil solution conditions as well as As concentratesmd speciation in rice was investigated
(Chapter 111).

After the soils were flooded, the redox potentigcreased and caused radical chemical
changes in the soil solution. The Fe concentratidhe soil solution rapidly increased up to a
maximum and decreased afterwards and the As caatientfollowed a similar pattern. This
is because arsenate, As(V), the predominant Asiespéc aerobic soils, is bound to Fe-
(hydr)oxides and released into the soil solutioremithe (hydr)oxides are reduced at a low
redox potential (Fig. 4) (Onken and Hossner, 1®fjdan and Schenk, 2008; Yamaguehi
al., 2011). The subsequent decrease of the Fe ammbreentration is due to the very low
redox potential, where sulfate reduction occurslitegto the precipitation of iron sulfide and
As(V) sulfide (Inskeept al,, 2001; Bosticlet al, 2004). Si application to soils increased the
concentration of Si, Fe, and As in the soil solutizhile the redox potential was not altered.
The observed increase of As concentrations wasrafsarted in literature (Let al, 2009b)
and can be explained by a substitution of As(V)shigic acid since both compete for the
same adsorption sites (Waltham and Eick, 2002pn ktw redox potential, As(V) is reduced
to As(lll), which exhibits the predominant As forim the soil solution of flooded soils like
reported in several studies (Takahastal, 2004; Bogdan and Schenk, 2008; efwal, 2008;

Li et al, 2009b).
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Fig. 4: Schematic overview of As dynamics in soil solutaomd As uptake as affected by Si. As(lll): arsenite
As(V): arsenate; DMA: dimethylarsinic acid.
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Uptake and translocation of As in rice

As(lll) is taken up into the rice root by the trposters Lsil and Lsi2 that also facilitate the
transport of As(lll) towards the xylem, while DMA transported only by Lsil (Fig. 4). In the
xylem, As(lll) and DMA are translocated to the shaad the As concentration in rice was
highest in the flag leaf, followed by straw, huskown rice and polished rice, which is in
accordance with other studies (Abeéinal, 2002a; Liuet al, 2006; Rahmaset al, 2007).
The grain As concentration was an order of mageitiagver than in straw, which is also in
line with literature (Bogdan and Schenk, 2008; efwal, 2008). The main As species in the
polished rice was As(lll), followed by DMA and As|V

As(lll) is transported into the grain almost exchady via the phloem (Caregt al, 2010;
Zhaoet al, 2012), which may be loaded with As(lll) eitharthe leaves, particularly the flag
leaf, or in the stem nodes by xylem-to-phloem ti@ns/Nhether As(lll) is transported from
the flag leaf to the grain is not certain, sincer¢hare contrary reports in literature (Caety
al., 2011; Zhacet al, 2012). On the other side, intensive xylem-tosphh transfer occurs in
the stem nodes as shown for potassium and amirds gdMarschner, 2012). Moreover,
cadmium coming from the root via the xylem is tfengd from xylem to phloem in the
nodes of rice plants before it is transported &oghrain (Fujimaket al, 2010).

The Si transporter Lsi6, a homolog of Lsil, miglg imvolved in the xylem-to-phloem
transfer in the nodes (Fig. 4), since Lsi6 is s@ggpioto unload Si from the xylem in the rice
node (Yamaji and Ma, 2009). In addition, Lsi6 faated the transport of As(lll) when
expressed in yeast andXenopusocytes (Bieneret al, 2008; Maet al, 2008).

Effect of Si on As uptake

Although the levels of As(lll) in the soil solutiomere increased by Si, the As concentration
in the flag leaf, straw, and husk were decrease&ilgpplication to the soils (Chapter Iil),
what is in agreement with previous studies (@tal, 2005; Liet al, 2009b). In the polished
rice, concentration of As(lll) was reduced by Shiw DMA and As(V) were not affected by
Si supply and hence, the decreased As concentratipalished rice was caused solely by a
reduced As(lll) concentration. The decreased Asfitincentration in the rice grain and the
rice leaves is very likely the consequence of atdéich As(lll) uptake by the rice root. A
decreased uptake of As(lll) by Si supply might lteex due to a competitive inhibition of
As(Il) by silicic acid (Guoet al, 2009; Liet al, 2009b; Zhacet al, 2009) or a decreased
expression otsil andLsi2 (Ma et al, 2006, 2007). For Lsil, a competitive inhibitiohthe

As(lll) uptake by silicic acid could not be verifiein experiments with yeast cells and
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Xenopusoocytes expressingsil (Bienertet al, 2008; unpublished data of Ma and Mitani in:
Li et al, 2009a). However, a competitive inhibition of Ag(transport could take place at
Lsi2 that is supposed to be crucial for As transporthe shoot by actively mediating the
As(Ill) efflux towards the xylem (Let al, 2009a; Zhaet al., 2009).

To clarify how Si decreases the As(lll) uptake,eriplants cultivated with different Si
treatments were exposed to As(lll) and the uptatesr were examined (Chapter 1V). A
continuous preculture of rice plants with Si resdlin a clearly reduced As(lll) uptake rate
compared to a -Si control, while the presence afusing As(lIl) exposure did not affect the
As(lll) uptake rate. The results were the same Xpeements both with whole plants in
nutrient solution as well as with excised advewoti$ rice roots in rhizotrons. Thus, a
competitive inhibition of As(lll) uptake by siliciacid could not be verified. Instead, the
reduced As(lll) uptake was the result of the Scpteire.

A possible reason could be a limited apoplastie/fad As(lll), since formation of casparian
bands was promoted by Si supply (Chapter I). Howedte uptake rate of strontium, which is
taken up similar to calcium (Ca) and is an indicatbthe apoplastic movement (Storey and
Leigh, 2004), was not affected by the Si treatmantshence, a change of the apoplastic flow
was not observed in this experiment (Chapter Rather, the reduced As(lll) uptake rate
might be a consequence of a reduced abundance tfatisporters, since the transcription of
Lsil andLsi2 was decreased by the Si preculture, which is i@ Vuith literature reports (Ma
et al, 2006, 2007).

In contrast to As(lll), the DMA concentration inl@hed rice was not affected by Si supply
(Chapter Ill). A reason might be the DMA level imetsoil solution that generally is much
lower than the As(lll) level (Bogdan and Schenkp&0Xu et al, 2008) and therefore a
reduced transporter expression would rather lih@& tiptake of As(lll) than of DMA.
Elevated DMA levels in rice grain after Si suppbuhd by Liet al (2009b) could be the
result of an enhanced methylation of inorganic vdhe soil solution after Si supply, since
microorganisms in soil solution are able to synttee®MA, while plants are not (Lomaat
al., 2012) and hence, the DMA level in the grainglted to the DMA concentration in the

soil solution.

Effect of silicon supply on radial oxygen loss @edelopment of casparian bands in rice
The beneficial effects of Si on the shoot of figldwn rice in terms of reducing abiotic and
biotic stress and enhancement of yield are knowraftong time (Epstein, 1994, 1999; Ma

and Yamaji, 2006). However, an effect of Si on nioets was not described before. In this
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study, rice plants cultivated in nutrient solutiath Si supply exhibited a reduced radial
oxygen loss (ROL) in adventitious roots comparedptants grown without Si supply
(Chapter I). The ROL of +Si roots was restrictedhe root tip and the first 5 cm of the root,
while ROL was observed over the whole length of reBts. The diffusion of oxygen can be
prevented by a barrier, which is related to denpelgked sclerenchyma cells with lignified
secondary walls and suberized exodermis with caspéands (Kotula and Steudle, 2008).
Suberin, lignin and casparian bands can be vis@limder the UV-microscope after staining
free-hand root cross sections with berberine aatitue (Brundrettet al, 1988). It was
shown that Si enhanced the formation of casparaari$ in adventitious rice roots, and also
the lignification of the sclerenchyma was increasg&®i supply (Chapter I). The formation of
casparian bands started in 4-6 cm distance fromrdbietip in +Si roots and this coincided
with the restricted ROL in this area. While it isdwn that both, casparian bands in the
exodermis and lignification of the sclerenchymauee ROL, it is not clear how each process
contributes to the reduction (Kotukt al, 2009a). However, the main components of
casparian bands are supposed to be suberin amd (lgoseet al, 2001). Thus, the effect of
Si on suberin and lignin synthesis was investigated

Lignin is mainly built of the three monolignols pumaryl, coniferyl and sinapyl alcohol,
which are synthesized in the symplast during thenglpropanoid pathway and then released
into the apoplast, where they polymerize to ligfBoerjanet al, 2003; Goujoret al, 2003).
Similarly, the biopolymer suberin is generatedhe aapoplast by polymerization of suberin
monomers that are synthesized in the symplast ddfeng released into the apoplast. The
suberin monomers are composed of fatty acid desvajlycerol and ferulic acid, the latter
being delivered as intermediate from the phenylanmiod pathway (Franket al, 2005;
Franke and Schreiber, 2007).

The rice genome was sequenced completely in 2008 @8 al, 2002; Yuet al, 2002) and
thus, candidate genes being potentially involveduberin and lignin synthesis were known.
The transcription of 265 genes as affected by Bplsuwas investigated by use of a custom-
made microarray and the results were confirmeduantitative Real Time-PCR (Chapter I).

Si increased the transcript level of 12 genes wealin the biosynthesis of monolignols and
suberin monomers such as phenylalanine ammonia-ly@8L), 4-coumarate-CoA ligase
(4CL) and acyltransferase (AT) (Chapter I). Aldwe transcription of ABC transporters and
peroxidases was enhanced in adventitious rootcefgrown with Si supply. Interestingly,
the transcription of genes involved in fatty aciétabolism was not affected by Si supply,

suggesting that Si does not affect synthesis ofathghatic suberin domain. The strongest

109



General Discussion

impact of Si supply on transcript level was meaducg a leucine-rich repeat family protein
(LRR), that exhibited a 25-fold higher transcrigtél in +Si roots than in —Si roots. The LRR
proteins belong to the receptor-like kinases (Ruk)ich are transmembrane proteins with an
extracellular domain that is linked via a transmesnke domain to a cytoplasmic
serine/threonine protein kinase domain (Setual, 2004). Recently, Huangt al (2012)
reported about a LRR-RLK that might be an importeegulator of genes involved in the
development of epidermis, exodermis and sclerenahpmice roots.

To further characterize the effect of Si on ricetsp Si dose response and Si kinetic
experiments were conducted (Chapter Il). The foionadf casparian bands in rice roots was
enhanced with increasing Si supply up to 12 nig Referring to this value, Si should be
effective in most soils, since Si concentratiohi@ soil solution is usually in the range of 3 to
20 mg L* (Epstein, 1994, 1999) and is even higher undeerahic and reducing conditions
in flooded paddy rice fields (Ponnamperuma, 198dgdan and Schenk, 2008). However,
formation of casparian bands is affected also meroenvironmental factors like aeration or
salinity, that have to be considered under fieldditions (Colmer, 2003; Schreibet al,
2007; Kotulaet al, 2009).

The development of casparian bands in rice rootsneé affected within 24 h after Si supply,
but was increased 48 h after addition of Si to iantrsolution (Chapter 1l). Beyond this
delayed reaction upon Si supply, a direct impacsib€ic acid on gene expression seems
unlikely, since transcription can be affected véagt by external signals as shown in rice
plants, where transcription of several genes wiseal within 15 minutes after onset of salt

stress (Kawasaldt al., 2001).

Effect of silicon supply on development of caspabiands in several plant species

Although plants widely differ in their shoot Si aantration (Epstein, 1999; Chapter II), the
roots are quasi constantly exposed to silicic acithe soil solution and thus, Si might affect
development of casparian bands independent fromlére’s ability to accumulate Si. So the
effect of Si supply on casparian band formatiomaats of Si accumulators (rice WT, rice

mutantlsil, maize), intermediate type (nug, tradescantia) Sinelxcluder plants (onion) was

studied (Chapter II).

Si supply led to an enhanced development of campdrands in the exodermis of all plants
irrespective of shoot Si concentration. Thus, aaigrom shoot-to-root - as known for the
regulation of sulfate and phosphate uptake (Rouhehal, 2011) - can be excluded for Si,

since onion had increased casparian bands by Blyswithout accumulating additional Si in
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the shoot. Instead, Si presence in the root seeutwsat for the fortification of casparian
bands. The exact underlying mechanism remains anbigt it can be speculated that Si does
not directly affect gene expression, since Si wiectve in a range of various plant species
with different genetic backgrounds. It seems ragilausible that the mode of action of Si is
chemical and that Si might induce the cross-linlangrecipitation of suberin, lignin or other
aromatic compounds leading to a promoted formaifazasparian bands.

In plants, Si is deposited as silica and more #@rnyears ago, silica was shown to form
complexes with the phenol catechol as six-coordmatSi (Barnum, 1970, 1972).
Furthermore, Inanagat al (1995) suggested that Si might be associated ptignolic acids
and leads to cross-linking between lignin and clayldeates in cell walls of rice. There are
also reports that lignin and callose can induceddgosition of silica (Fang and Ma, 2006;
Law and Exley, 2011). Currie and Perry (2007) pegubthat the surface of silica particles
has a negative charge, leading to an interacti@iio& with the plant cell wall.

To localize silica depositions in the root, riceaine, and onion plants were cultivated in
nutrient solution containing Si and root cross isest were analyzed using laser ablation-
inductively coupled plasma-mass spectroscopy (LR-MS) (Chapter IV). In all three plant
species, Si depositions were detected mainly irother part of the root, where the exodermis
is located. Moreover, scanning electron microscepergy-dispersive X-ray microanalysis
(SEM-EDX) confirmed the deposition of Si in thegimot exodermis and sclerenchyma. This
is in line with literature reports, where silicapdsitions were found in the cell walls of the
exodermis (Parry and Soni, 1972; &hal, 2005; Gonget al, 2006) and also in cell walls of
the rice sclerenchyma (Mooet¢ al, 2011).

In the high Si-accumulator horsetaddquisetum arven$geSi was found in the cell walls along
with the hemi-cellulose callose (Currie and Pe2g09).

Considering these reports and the results from wosk (Chapter I, 1, 1V), it can be
hypothesized that Si either promotes cross-linkbeween the cell wall and aromatic
compounds or induces the precipitation of aromabmpounds in the cell walls of the
exodermis and endodermis leading to an enhanceelapement of casparian bands.
Furthermore, this mechanism is not restricted rtots of rice or other Si accumulators but
is possible in plant roots in general. Caspariamdban the exodermis and endodermis limit
the apoplastic flow and regulate the flux of saduiteto the cortex (Hoset al, 1999). Also,
they expose a barrier to fungal or bacterial caaton of the cortex (Marschner, 2012).
Therefore, a promoted development of casparian féydSi supply can contribute to the
beneficial effects of Si on plants (Epstein, 1998 et al, 2001).
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Outlook

Arsenic and rice

The present work shows that Si limited the As(Uptake of rice plants most probably by
decreasing the protein abundance of the transgor®fi and Lsi2. The As(lll) uptake was
not decreased by a short time Si supply, althoughttanscript level of both genes was
decreased within hours after Si supply. This isbphdy because the protein abundance was
not yet affected, which could be proved by quairiythe proteins. For this purpose, proteins
could be extracted and separated via a two-dimeakigel-electrophoresis and then spots
would be scanned followed by mass spectrometrideproanalysis. Another possibility
exhibits the use of specific antibodies to idenpipteins and a subsequent quantification
with a reporter enzyme, which is bound to the amib(Enzyme Linked Immunosorbent
Assay, ELISA).

In general, the As(lll) uptake might also be linditey casparian bands, since they provide a
barrier against apoplastic flux. Thus, the As(libtake of rice plants should be studied under
salinity or drought stress, because these factsosiaduce the formation of casparian bands,
but likely do not affect the transcription loil andLsi2.

Si reduced the As(lll) concentration in the graijch is loaded with As(lll) mostly over the
phloem. It is likely that As(lll) is transportedtinthe phloem by a xylem-to-phloem transfer,
which might be mediated by the transporter Lsif¢siit is capable of transporting As(l11)
and is located in the node, where xylem-to-phloeamdfer (of other solutes) occurs. To
clarify the role of Lsi6, the As(lll) concentratiom the xylem-sap and the phloem-sap

between a knockout-mutant of Lsi6 and its corredpanwild type should be investigated.

Casparian bands and candidate genes for suberinlignth synthesis

Si promoted the formation of casparian bands inrite root and also in the root of other
plant species like maize and onion. The chemicalpmsition of the casparian bands in the
different species as affected by Si supply sholdd &e the subject of investigation. This
might contribute to understand how Si interactdhie plant root.

Si increased the transcription of genes that dedegk to suberin and lignin synthesis. The
functional characterization of these candidate gese very interesting issue, which can be

handled by reverse genetic approaches. Possibdhmitees compass the knockdown of a
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gene, for example with virus induced gene silenciag well as the knockout or the
overexpression of a gene by use of mutants likeNR[nsertion lines. Especially the use of
overexpression mutants seems promising, sinceoidavthe problems sometimes occurring
with knockout mutants such as lethal phenotypemasking of the (knocked out) gene’s

function due to redundant genes.
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Supplementary Data

Chapter |

Table S1:Effect of silicic acid on relative quantity (RQj toanscripts in root segment 0-2 cm distance froot
tip as measured by microarray analysis. Stars septesignificance: for p < 0.1,” for p < 0.05 and”~ for p <
0.01. Genes not significantly regulated are notxsho

Gene ID RQ +Si/-Si Gene Annotation

LOC_0s01g42410 1,4151** PDR5-like ABC transporter
LOC_0s01g67540 -1,704** 4-coumarate-CoA ligase
LOC_0s05g20100 1,4422** glycerol-3-phosphate aayltferase
LOC_0s06916350 2,4665** Class Ill peroxidase
LOC_0s069g39520 -1,3866** myristoyl-acyl carrier {n thioesterase
LOC_0s07g44560 -1,8572%** 4-coumarate-CoA ligase
LOC_0s08g02110 -1,3777* Class Il peroxidase
LOC_0s10g01930 1,813*** Acyltransferase

Table S2:Effect of silicic acid on relative quantity (RQ) wanscripts in root segment 4-6 cm distance froat r
tip as measured by microarray analysis. Stars septesignificance: for p < 0.1,” for p < 0.05 and”~ for p <
0.01. Genes not significantly regulated are notxsho

Gene ID RQ +Si/-Si Gene Annotation

LOC_0s01g22230 -2,8029** Class Il peroxidase
LOC_0s01g22560 2,1559** glycerol-3-phosphate aayltferase
LOC_0s01g24010 1,535** PDR5-like ABC transporter
LOC_0s01g42410 2,1958** PDR5-like ABC transporter
LOC_0s02g05630 2,4823** protein phosphatase 2Qyladgr protein
LOC_0s02g06250 -1,7841* phytosulfokine receptor
LOC_0s02g41680 1,9074** phenylalanine ammonia-lyase
LOC_0s02g57760 -2,2158** caffeic acid 3-O-methyisterase
LOC_0s049g59160 2,3224* Class Ill peroxidase
LOC_0s05g20100 2,1526*** glycerol-3-phosphate aeaylsferase
LOC_0s06g22080 1,8152** diacylglycerol O-acyltraarsise
LOC_0s06g32990 2,9286** Class Il peroxidase
LOC_0s08g03700 1,943*** glycerol-3-phosphate aeyisferase
LOC_0s09g23540 1,9898*** dehydrogenase

LOC_0s09g32964 -1,5739%** Class Il peroxidase
LOC_0s10g30610 2,057** ABC-2 type transporter fangitotein
LOC_0s11g14050 1,8668*** leucine-rich repeat (LR&nily protein
LOC_0s12g25870 2,2423** caffeic acid O-methyltramnate (COMT)
LOC_0s12g32814 1,9379** PDR-like ABC transporter
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Supplementary Data

Chapter Il
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Supplementary Fig. 1: Si concentration in nutrient solution during plantltivation of the dose response

experiment. Data are adapted from Praf3 (2010).
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Supplementary Fig. 2:Shoot and root yield of rice plants as affectedSbgupply in nutrient solution. Data are
mean * SE, n = 4. Different capital and small ksttmdicate significant difference between Si tneants in

shoot or root; tukey-test with p < 0.05. Data ateped from Pruf3 (2010).
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Supplementary Fig. 3:Si concentration in nutrient solution during planttivation of the kinetic experiment.
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Supplementary Fig. 4: Shoot and root yield of rice plants as affectedshgrt term Si supply in nutrient

solution. Data are mean + SE, n = 4; t-test with(p05.
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Supplementary Fig. 6:Shoot dry weight of six plant species and cultivassaffected by Si supply in nutrient
species; t-test with p < 0.05. Data are adapted f8chulze (2011).
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Supplementary Fig. 7:Root dry weight of six plant species and cultivassaffected by Si supply in nutrient
solution. Data are mean + SE, n = 4. Differentelattindicate significant difference between Sitiremts of a
species; t-test with p < 0.05. Data are adapted f8chulze (2011).
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