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Chapter 1 Generahtroduction

1. General introduction

1.1 Cadmium

Cadmium (Cd) is an atomic number 48 chemical element which belongs to period 5 in the
periodic table. Its boiling point is 767 °C and melting point is 321 °C with a 112.4 standard
atomic weight(Wuana and Okieimen 2011The atomic weight o€d is a mixture of eight
different stable isotopes consisting BfCd, 1.25%;'%%Cd, 0.89%:;'°Cd, 12.49%;'*'Cd,
12.80%;43Cd, 24.13%;%Cd, 12.22%;*“Cd, 28.73% and*®Cd, 7.49% with corresponding
natural abundancéMeija et al. 2015 As a noressential element, Cd is toxic for plants and
thereby interruphg plant growth, photosynthesis, respiration andrienthomeostasis and
other metabolic processésagajyoti et al. 201,0ang et al. 201)7 After taking up by plants,
Cd will accumulate in different organs of plants including edilboégus, which could result in
Cd entry into human bodies via food chdidasan et al. 2009Satarug et al. 20}7
Gastrointestinal, pulmonary and dermabkorption of Cavill damage human health including
kidney, lung and bond&odtet al. 2009. Therefore, it is urgent to study strategies to reduce
Cd toxicity in plants.

1.1.1 Cadmium sources

Although Cd is a detrimental element, it is widely used in solders as an alloying metal, in
electroplating as an antorrosion, in platics as a stabilizer, in nickel (NQd batteries, or in
pigment. Thus, it isinavoidable to introduce Cd into air, water and §0ibquet et al. 2006
Generally, main sources of Cd are anthropogenic activitiesnliking, smelting ad fossil
fuel combustiorand phosphate fertilizer application, and natural sourcesvidaghering and
erosionof Cd-containing rocks ovolcanic activity(Bi et al.2009 Pruvot et al. 2006 Hutton
(1983 quantified the relative significance of different sources ofc@atributed to air, water
and land respectively in thBuropean CommunityThey found atmospheric Cd mostly
originated from steel industry, zinc (Zn) production and volcanic action, vhitsphate
fertilizer manufacture and zinc producti@accounted fora large emission int@quatic
systems The largest contribution of Cd to land was waste dispdsiaitton 1983.
Considering the longerm consumption of cereals and legumeshbynans, JECFA (joint
FAO/WHO Expert Committee on Food Additives) and CCFAC (Codex Committee on Food
Additives and Contaminants) suggestsimit of 0.1 mg kg for Cdin crops(Commission;
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2002. European Communitgroposes limit of 0.2 mg kg for Cd inwheat grainEuropean
Commission 2001 while FAO/WHO has a limit of maximun? 0 Gd glay" persof' (Ryan
et al. 1982Wagner 1993

1.1.2 Cadmium uptake, translocation and ctribution

In Cd-polluted agricultural sadl plant rootscontactwith Cd directly. Bioavailability of Cd
plays a vital role in determining Cd uptake by plants which includes forms Bf Cd
inorganic compounds like CdChnd CdOH, and Cdorganic compuonds like Ceorganic
acids and Cdhumate.Once Cd entry onto the surface of roots, Cd will enter into plants
through apoplastic, symplastic and coupled teglkilar pathways (Fig. 1A). Apoplast of
roots consist of cell walls and extracellular spae@siCd is absdvedthrough mass flow and
diffusion in the apoplastVazquez et al. 2007White 2013. Mass fbw is driven by
transpiration, while diffusion is determined by a multitude of factors sudiffasive layer
thickness, transporter density, root exudates concentration gradie(@egryse et al. 2012
White 2013. Structurally, apoplasti@absorptionis interupted by endodermis because
Casparian bands and suberin lameiltaendodermis are low permeatéewater and solutes
(Barberon 201y, thus Cd willonly be taken ughroughsymplastic pathway or traseellular
pathway (Fig. 1B)It is always difficult to distinguish symplastic pathway ancddreellular
pathwaytechnically thus tanscellular pathway is alstegarded as symplastic pathw&d is
norressential element for plants watlit specifictransporter for Cd uptake, but Cd can share
transporters with other essential nutrie(®@emens et al. ZIP). For example, iron (Fe)
regulated transportdike protein,IRT1 for Fe uptakgVert et al. 200, low-affinity cation
transporter LCT1 for calcium (Ca) uptakdClemens et al. 1998or natural resistanee
associated macrophage proteMramp5 for manganese (Mn) locate in roots and have
function of taking up Cdby roots in plantgSasaki et al. 2032 Curie et al. (200palso
reported that Cd can be takenioghe form of Cechelator througlyellow strip-1 like protein
(YSL) asthe same function on Fe uptalédter reaching into central cylinder in roots, Cd will
be tranported into shoots via xylem loading.ebdvy metal P1BATPasefamily has been
discovered to be responsible for &topetatransport. For example, AtHMA2 and AtHMA4
(heavy metal P1B\TPase 2and 4) which are transporters for zinc (Zn) aetabtransport,
have functiorof loading Cd into xylem. AtHMA3heavy metal -ATPase 3has function of

sequestering Cd into vacuol@@omeé et al. 20106 Cd transport from roots into shoots via
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xylem loading, and then Cdill be taken upby leaf cells or tranmortinto grains via xylem
to-phloem pathwayTanakaet al. (2007 showed that 9400% of Cd in grains of ricéOryza
sativa L.) originated from phloem. émolog of wheatlow-affinity cation transporterl,

OsLCT1, a geneelated toCd transport in phloem has been identified in {ldeaguchi et al.

2011).

A Coupled trans-cellular
pathway
Apoplastic
pathway

Symplastic
pathway

Plasma membrane
Plasmodesmata
Apoplast

Influx carrier

Efflux carrier
Casparian strip
Xylem pole

Apoplast

Short symplastic pathway

Single trans-cellular pathway
Casparian strip

Fig. 1 Models of nutrients uptake by roots in plants. (A), Overview of apoplastic, symplastic
and coupled traresellular pathways taking up nutrients fmots; (B),Magnificationof white
circled areas in Fig. 1A. Ep, epidermis; Co, cortex; En, endodermis; Pe, pe(Bsdberon

and Geldner 2004

1.1.3Adverse effects of cadmium in plants
As a nonressential element, Cd is toxic to planbgth, even at very low concentration due

to its high solubility and mobilitGallego et al. 2012 Although Cd could replace the
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function of Zn to keepa marine diatom Thalassiosira weissflogiigrowth when Zn is
lacking, norbeneficial function of Cd is discovered in higher plajitsne et al. 2006 It is

well documented that Cd inhibits plant growth. As discussed in Section 1.1.2, Cd shares
transporters with other essential nutrientsistied could affect other mineral nutrients uptake
and interrupt nutrient homeostagBarwar et al. 2000 For example, Cd entry into leaves
through calcium (Ca) channel disturbs phamtter relationship resulting inahatal closure

and thereby decreag transpiration ratéGothberg et al. 2004 erfusBarbeochet al. 2002

In addition, chemical similarity of Cd with Zn, Ca or Fe, Cd is easy to replace those cations
from active sites such as enzymes or signaling comporBoth et al. 2006 When Cd
accumulates in chloroplasts, photosynthesis apparatus will be darragezhi et al. (2000
showed hat Cd reducedntenna proteins of PSkhile PSII proteins were less affected; and
ATP-synthase compleand cytochrome b6/fwere unchanged by Cd toxicityy analyzing
proteomis of thylakoid membrane. Except those detrimental effects of Cd toxicity, <&d al
induces production of reactive oxygen species (ROS) inclugdinglet oxygen Q)
superoxide anionO{f‘), hydroxyl radical OH’S) and hydrogen peroxide ¢B,) (Wu et al.

2013. As a norredox element, although Gibes not involve in Fentoand HaberWeiss
reactions directly, Cd can still produce ROS indirectly. In general, three pathways are related
to ROS prodction by Cd: (1) replacement of redagtive element such as Fe resulting in
more ROS produced by more redactive element; (2) increase of NADPH oxidase which
leads to electron released fraWADPH, and thereby genenag) o, from O, through using

the electron; (3) binding Cd withi SH group such as glutathione (GSH) leadingeduced
antioxidant capacityCuypers et al. 2000When wer-production of ROSyy Cd, proteins,
nucleic acidsand lipidsin plantswill be damagedesulting indisrupton of plant metabolism

(RomerePuertas et al. 2007

1.2 Silicon

Sl icon (Si) is the second most abundant el €
from 3.5to 40 mg Si L* in soils(Broadley et al. 2012 However the majority of Si in soils is
in the form of SiQ containing 5670% of Sj followed by theform of silicates or alumum
silicate (Ma and Yamaji 2006 Through weathering processes Si could be released into soil
solution or surface water in the form of silicic acid@tD,) when pH is below 9. BiO,, an

uncharged monosilicic acid, which is the only available form of Si for plants, ranging from
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0.1 to 0.6 mM in natural soil solutiq®ommer et al. 2006Whenconcentration of F5iO,is
more than 2 mM, Si will be polymoriz¢&pstein 1999Wu et al. 2013

1.2.1 Silicon in plants

Epstein (1994 found a wide range of Si concentrations in ghoof different species
ranging from 0.1% to 10% dry weight in tissues. According to the varieties of Si contents,
plants are classified into high, intermediate and low Si accumsildkpstein 1999
Regarding Si uptake by roots, active, passivaepective models arecorrelated with Si
accumulationn plants. More specifically, active wgite of Si represents that Si concentrations
in shoots are higher than that derived from transpiration stream; passive uptake indicates that
Si concentrations in shoots are equal to that derived from transpiration stream; and rejective
uptake means that $oncentrations in shoots are lower than that derived from transpiration
stream(Epstein 1994Epstein 1999 Generally, monocots involvedlith active uptake of Si
have higher Si accumulationthan dicots involvedwith passive or rejective uptake of Si
(Debona et al. 2037 Rice, a typical lygh Staccumulator, deploys polar distribution of Si
transporters consisting of low silicon 1 (OsLsil) influx transporter and low silicon 2 (OsLsi2)
efflux transporter located at distal and proximal sides of exodermis and endodermis
respectively. ldmologs of OsLsil have also been characterized in maiZea( maysL.)
(ZmLsil ZmLsig, in barley Hordeum vulgard..) (HvLsil, HvLsi6), in pumpkin Cucurbita
moschata..) (CmLsi), in wheat TaLsil), in cucumberCucumis sativug.) (CSiT-1, CSiT-
2) and in soybea (Glycine mak (GmLsi]) (Ma and Yamaji 2016

1.2.2 Alleviation of cadmium toxicity by silicon

As discussedn section 1.1.3, agricultural $siare contaminated by Cd unavoidably due to
mining, sewage sludge, phosphate fertilizer application, and thereby Cd will enter into plants
(Sarwar et al. 2000 As a result, plants growth is damaged by Cd toxicity,neGsl
accumulates into human bodies via food chain and threatens human (t&aitpean
Commission 2001 It has been well documented that Si playsvatal role in alleviatingCd
toxicity in plants(Adrees et al. 2013Vu et al. 2013

It is widely accepted that Si suppigversegetardation of plant grothi induced by heavy
metal stress including Cd toxicifjRizwan et al. 2016aWu et al. 2018 For example, Si
addiion considerably increasalry weight of shoots and roota winter wheat under Cd
stresgqWu et al. 201pand durum whegfTriticum turgidumL.) (Rizwan et al. 2012 Similar
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benefical effects of Si were also reported in other species such aJirigieal. 201Y, tomato
(Wu et al. 2015 cucumbe(Feng et al. 2000 maize(Vaculik et al. 2009 alfalfa (Medicago
satival.) (Kabir et al. 201pand pakchoiBrassica chinensik.) (Song et al. 200under Cd
toxicity. In agreement with Cd stress, Si also reverses the decreased biomass induced by Cu
toxicity (Keller et al. 201) Al (aluminum) toxicity (Dorneles et al. 2036 Cr (chromium)
toxicity (Huda et al. 201)7 Zn toxicity (Song et al. 20D)1and As (arsenichoxicity (Sanglard
et al. 201%. NeverthelessMasarovic et al. (20)2showed that Ssupply decreased dry
weight of shoots and roots in sorgh8orghum bicololL.) under Zn stress when ropared
with Zn treatment aloneBokor et al. (2014 also showed that Si accelerated adverse
physiological stress induced by Zn toxiceych aslecrease of biomass in maiBakor et al.
(2019 reasoned the negative effect of Si under Zn stress was that Si supply disrupted mineral
homeostasis in plants. Taken together, Si supplementation alleviates heavy meiyl toxi
including Cd toxicity induced plant growth retardation, but this positive effect of st
under someertainunfavorable conditions such as under high level of Zn stress.

Si alleviates reduced biomass induced by Cd toxi€iterefore, givingaiseto a question,
why could Si increas biomass of plants under Cd stred4any studies havadicatedthat Si
reduces Cd concentrations in plants such as in (8&i et al. 200p in peanut(Shi et al.
2017, in maize(Liang et al. 200pand in field bearfPisum sativunt..) (Rahman et al. 2037
is the consequence of increasing biomdssgeneral, reduction of Cd as affected by Si in
plants & positively related to enhanpbotosynthesis and antioxidant capacity due to less Cd
toxicity in Si-supplied plants, and thus improving plant growth and increasing biomass of
plants In accordance with thisheory Malcovska et al. (2004repoted that Si addition
increased chlorophyll concentrations of leaves and photosynthesis rate, and also alleviated
oxidative stress in maize under Cd toxiciywugo and Huerta (200&lso showed that Si
recovered Cdnhibited plant growth and photosynthesis, especially improved light use
efficiencyin low levelCd stressed plantsloreover Silva et al. (201yindicated thaspectral
emission and the HredfluorescenciFfr (far red fluorescencehptio responses to alleviation
of Cd stress by Si were faster than chlorophyll concentrations and biomass changes, which
were recommended to detect amelioration of Cd toxicity byasSia marker Regarding
enhancement of antioxidant capacity Cd-stressed plants by Si supply, it has been well
reviewed by Kim et al. (2017. In plants, antioxidant system consists of enzymatic

antioxidants such as superoxide dismutase, peroxidase, catalase, glutathione reductase, and
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ascorbate peroxidase, and remeymatic antioxidants such as glutathiomscorbate and
carotenoids(Cuypers et al. 2000 A multitude of studieshave showed that Si supply
mitigatesCd toxicity through improving of antioxidant capiy (Farooq et al. 201 35hi et al.
201Q Wu et al. 201) but whether Si involves in enhancement of antioxidant capacity in
plants directly is still unclear.

Comparatively,Vaculik et al. (2009 reported that Si adgon substantially increased
biomass of maize plants under Cd toxiciyt Cd concentrations in shoots and roots were
also increased by Si, and they explainea improved Cd concentrations in plants was
attributed to longer distance of suberin lamell@pasition from root apex induced by Si
under Cd stressincethedelayedsuberin development decreased apoplastic blocking capacity
of Cd. Later,Vaculik et al.(2012 showedthat Si affected Cd accumulation maize was Cd
concentratiordependent, and it was assumed that apoplastic barriers development in roots
was only partially ascribed to different Cd uptake under low and high Cd conditions, and
reduction ofavailability of Cd in shoots by sequestering Cd in cell walls was the reason for
alleviation of Cd toxicity by Si. Based on those findings, it seems thiaie8iated reduction
of Cd uptake reaching alleviation of Cd toxicity is not the only strategy toowe Cd
stressed plant growth. By compartmentalizing Cd into less active organelles such as cell walls
or vacuoles without decreasing Cd accumulation might also be the mechanistigation
of Cd toxicity by Siin plants. For exampléa et al. (201pillustratedthat Stincreased Cd
accumulation in cell walls of rice existing in the form [@i-hemicellulosematrix]Cd
complexes by usinguspension cellsultivation. Williams and Vlamis (195yalso indicated
that Si ameliorated Mn toxicity mhout affecting Mn concentrations in leaves, but Mn was
homogenously distributed in leaves ofsbipplied barley rather than concentrated Mn in
leaves of nofBi-treated barley. Nevertheless, recent research reported different results that Si
addition redaed Cd accumulation in cell walls of rice by suppressing expression of genes
relaed to Cd uptake(Shao et al. 20197 They reasoned the different findings in rice a
affected by Si under Cd strasghe way ofdifferent plantlevel cultivation(Shao et al. 2007
suspension cell cultivatiofMa et al. 201p and whole plant cultivatiofShao et al. 2037
respectively Therefore, underlying mecham regarding alleviation of Cd toxicity by Si is

still needed to be discovered.
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1.3 Sulfur

Sulfur (S) is one of macronutrients in plants ranging from 0.1% to 0.5% based on dry
weight in plant§Hawkesford et al. 20)2As a constituent of methionine and cysteine, sulfur
plays an important role in plant life cycle because those two amino acids are the precursors of
S-containing coenzymes and secondary compoybdsux 2004. For example, glutathione
(GSH) comprises glutamate, cysteine and glycine, naméhglutamylL-cysteinylglycine
which accounts for more than 90% of water soluble thiol contents. Glycine coupled in GSH is

replaced by alanine in some legume plg8tsvalli and Khanng&Chopra 2008

1.3.1 Sulfur assimilation in plants

Although plants can absorb atmospheric sulfur dioxide;Y®@d utilizethemby above
grourd plants, major source of sulfur ®ill from root uptake in the form of sulfate
(Hawkesford et al. 2032As can be seen in Fig. A)ifate is taken up by plants via sulfate
transporters, and then sulfate is activdtgdATP via ATP sulfurylase (ATHS). Afterwards,
t he pr eadeoytylsulfate 3A®S) is reduced to sulfite, and sulfite is further reduced to
sulfide via sulfite reductase. Sulfide is incorporateth O-acetyserine to form cysteine via
O-acety(thiol)lyase. Subsequently, cysteine is coupled with glycine and glutamate to
synthesize glutathion(GSH)vi a f or mat i on odutamhyltysteingRauselr me d i a
and Wachter 2005 As the precursor of phytochelatin (PC), GSHbadymerized tgporoduce
PC via PGsynthasdBrunetti et al. 2011
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Fig. 2 Schematic illustration of sulfur assimilation in pladissulfate transporter; 2, ATP
sulfurylase; 3, APS reductase; 4, sulfite reductase;sdsine acetyltransferase; &-
acet yl ser i n eglutahyicysteiheyspnthetase; &, glutathione synthetase; 9, APS
kinase; 10, sulfotransferase. Dashed lines represent multiple reaction steps; dotted lines
indicate unconfirmed transport ste@lue box represents vacuoles; gmebox indicates

plastids; brown box shows mitochondfi€opriva 2006.

1.3.2 Effects of sulfur on Cd stress in plants

Some studies haweportedthat metal exposure could affect sulfur assimilation in plants.
Nussbaum et al. (1988howed thatAPS reductasend ATRsulfurylase (ATPS) enzymes
activities were increased by Cd toxicity in maiZ@kahashi et al. (200@&lsoreported that
after several hours Cdelatment, Sultrl;1 and Sultr2;fenes encodingulfate transpost

expression levels were upgulated Sulfur assimilation reduces inorganic sulfate into organic

10
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cysteine (Cys) and GSH which are precursors of phytochelatins (PCs). PCs comsSluef (
Cys)nGly (n = 211), andCysrich peptides in PCare from GSH via phytochelatin synthase
(PCS)in plants (Wojcik and Tukiendorf 2004 It is well documented thaCd stimulates
production of PCs, and @C LMW (low molecular weight) complexes are formed rapidly in
the cytosol, and then G@C LMW is transported intthe vacuole visABC-type transporters
and synthesized GEC HMW (high molecular weight) complexes.-€€ HMW complexes
are more stable than @GdC LMW complexes, and thereby Cd is detoxified through
sequestering Cd into the vacué¥ang and Chu 20)XFig. 3).

£ ; Glutathione e
@ ° [ ® O lPCS LMW Cytosol
@ .—.-v o Cd-complex ATp ngh metal
o o o PO
o == ca® @
°® . * ADP + Pi’] /3»'
& @ T MT 93 HMW Cdls-comple)d
) So—e¢’ >
. ._.. ’ e . Cdz ‘l . '||
Vacuole
o4 . -d ,"v'
@0 ) .:0
MTP £

L ®
- Samp- ® ~ NRAMP~ |
\\_ © 00 Low metal / |

Fig. 3 Detoxification of Cd toxicity by phytochelatins (PCs) in cells. zZiR¢/ironregulated
transporters; MT, metallothionein; CAX, cation/proton exchanger; MTP, metal tolerance
protein NRAMP, natural resistance associated macrophage protein. LMW, low molecular

weight; HMW, high molecular weiglftrang and Chu 20)1

However, in recent yearsrqgressive processhave achieved to reduce sulfur compounds
emission into environment arapplying refined fertilizer without sulfur like urea and-di
ammonium phosphate resalj in sulfur deficiency stress for plan{astolfi et al. 2010.

Thus, question is raised that how sulfur supply affects Cd toxicity in plants. To datts effec
sulfur on Cd accumulatiom plants are conflictingHassan et al. (2005ound that sulfur
decreased Cd concentrations in both roots and shoots of rice as a result of increased growth

parameters by sulfuwhichpe r f or me d a s .Bad ethlu20i0also@poreeditHate c t

11
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excessive sulfur reduced Cd accumulatiomgiiains ofbrown riceat expense olosing rice

yield. But, opposite results were reported McLaughlin et al. (1998showed that sulfur
enhanced Cd contents in shoots of Swiss chBeda(vulgarisL.) because of increased Cd
availability in the growth medium, andépezChuken and Young (20)@&Iso reported that
sulfate increased Cd accumulation in maizea mayd..). However, studies on how sulfate
supply affects subcellular accumulation of Cd and wheswacelular accumulationof
essential nutrients contributes to Cd tolerance as affected by sulfate in plants are still lacking.
On the other handseveral studies have indicated thetogenousapplication of sulfur
alleviates Cd toxicity by improving antioxidantapacity in plants. For exampl&njum et al.
(2008 reportedthatenhancement of AsA and GSH contentsniastard Brassica campestris

L.) by sulfur additioncontributed to alleviation of Cd toxicity and thus impnog plant
growth.Liang et al. (201palso reported that improvement of A€2SH cycle and promotion

of PCs synthesias affected by sulfisupply resulted in suppression of Cd toxicity due to
repression of oxidative stress in pakcHdigssica chinensik.). Similar functionof sulfur on

Cd toxicity regarding enhancement of antioxidant capacity were also found insptwes,

like wheat(Khan et al. 201f rice (Hassan et al. 2005and micoalgae Chlamydomonas
moewusii (Mera et al. 2016 Except wellknown antioxidants, GSH and AsAshenolic
compoundsare also known as antioxidants in plantsivdbse structurs of phenolic
compounds havthe ability to denote electron agents or hydrogen atoms which could reduce
the production obxidant radical specigdlartini et al. 2017 Sgherri et al. 2003 Thus, it is
interesting to study whether phenolic compounds involve in alleviating oxidative stress as

affected by sulfur supplementation.

1.4 Objectives

FacingCd pollution all over the world, strategies for alleviation of Cd toxicity in plants are
urgent to be studiedNutrients application is regarded as ecofriendly and coseffective
strategy to counteract Cd stress. In thissis we focused onssessingffects of Si or sulfate
on Cd toxicity in plants.

1.4.1 Effects of Si on Cd toxicity in wheat
Wheat has been recognized as intermedsat@ccumulatorAlthough, some studghave
showed that SSupplyreduce Cd concentrations in wheat plarfidussain et al. 2031&Rizwan

et al. 2016} the underlying mechanism is still unclear.

12
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To confirm whether Siugpply decreases Cd accumulatisnCd concentraticnependent
1, 5, 25¢& MCdCL were applied in the presence or absence ofinSiwheat plants
hydroponically. Subcellular distribution of Cd as affected by Si was also determined. To test
whether Si decreases Cd accumulation by modulating root exudation, exudation of low
molecublr weight organic acids under Cd with or without Si addition was studied (Chapter 2).
To evaluatehow Si affects timalependent Cd stress in wheapoplatic and symplatic
Cd uptake, cell wall properties and suberin lamellae developmwerd investigatedn Si
supplied and nosi-supplied plantsinder shortand longterm Cd exposurg€hapter 3).

1.4.2 Effects of sulfur on Cd toxicity in faba bean\(icia fabal.)

It is well documented that sulfur application alleviates Cd toxicity by enhancing
antioxdant capacityn plants(Anjum et al. 2008Khan et al. 201p Phenolic compounds are
well studied antioxidants, dracetylated and neacylated kaempferol glycosides account for
the majority of phenolic compounds in faba bean leafidsugart et al. 2005 To date,
information on if sulfur mitigate oxidative stress induced by Cd through modulating phenolic
compounds is still lacking. On the other hand, how excess supply sulfate affects Cd
accumulation in plants is also unclear.

To fill the gap whether phenolic compoungsrform as antioxidants toreeliorate Cd
toxicity as affected by sulfate in faba bean, effects of sulfate on oxidative stress, Cd
distribution and phenolic compounds were determined (Chapter 4).

To testhow excesssulfate supply affect€Cd accumulation at flowering stage, stable
isotope of Cd was used to trace Cd from flower bud stage to flowering Stagevestigate
whether mineral nutrients and-c®ntaining compounds are related to Cd accumulation,
correlations of Cd with nutrients, sulfate and +ootein thiol were also determad (Chapter
5).

13
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ABSTRACT

Cadmium (Cd) contamination is a threat to agricultural plant production. Silicon (Si) supply to
Cd-stressed plants is known to ameliorate growth by decreasing the concentrations of Cd in plant tissues.
To elucidate the underlying mechanism in wheat, hydroponic experiments were conducted under Cd
stressed conditions in the presence or absence of Si, with special emphasis on root morphology, root
exudation of oxalate and Cd allocation. We found that Si supply decreased Cd accumulation in plant,
which resulted in better plant growth. Further studies of subcellular distribution showed that Si did not
accelerate Cd accumulation into cell walls or vacuoles. Since acropetal translocation of Cd was not
affected regardless of Si addition as well, we reason the Si-related decrease in leaf Cd concentrations was
based on exclusion at the root side. This effect can be traced back to oxalate exudation by roots. [n this
study, the ability to exude oxalate through the root apex in Cd-stressed plants was weakened, while Si
addition recovered the ability, thus reducing Cd uptake by roots. To our knowledge, we showed the first
time that Si decreases Cd uptake by the increase of root oxalate exudation as an avoidance mechanism.
Meanwhile, we also found Si supply increased total number of root tips which might facilitate root

oxalate exudation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Increased concern about cadmium (Cd) entering the human
food chain, especially by agricultural practice, was addressed in
recent years. Of all heavy metals, Cd attracted a considerable
interest due to its high solubility and mobility in agricultural soils
(Bingham, 1979), which not only has implications on yield and
quality of plant-based foods, but also it is potentially harmful to
human health (Mortvedt, 1996). Consumption of Cd-loaded food is
threatening human health, e.g., leading to renal dysfunction, bone
demineralization, and cancer (Bernard, 2008; Godt et al., 2006). On
the plant level, Cd toxicity, even at very low concentration, disturbs
metabolic key processes such as photosynthesis, transpiration,
respiration or nutrients homeostasis (Ali et al., 2014; Stohs and
Bagchi, 1995). As a consequence, Cd toxicity induces plant growth
retardation resulting in yield losses (Aery and Rana, 2003; Lux
et al.,, 2011). Thus, it is urgent to decipher strategies that help the
plant to reduce Cd uptake and its accumulation.

* Corresponding author.
E-mail address: khmuehling@plantnutrition.uni-kiel.de (K.-H. Miihling).

http://dx.doi.org/10.1016/j.envexpbot.2016.06.012
0098-8472j© 2016 Elsevier B.V. All rights reserved.

In this regard, silicon (Si) was reported to alleviate Cd stress
(Adrees et al., 2015; Wu et al,, 2013). It is widely accepted that
Si-related mitigation of Cd toxicity is based on a decrease of Cd
accumulation in plants such as rice (Oryza sativa L.) (Kim et al,,
2014), durum wheat (Triticum turgidum L.) (Naeem et al.,, 2015),
maize (Zea mays L.) (Cunha et al, 2008), tomato (Solanum
lycopersicum L.) (Wu et al., 2015), peanut (Arachis hypogaea L.)
(Shi et al., 2010), and cotton (Gossypium hirsutum L.) (Farooq et al.,
2013). Taken together, previous studies showed that Si mainly
decreased root Cd uptake and/or restricted root-to-shoot Cd
translocation. Ma et al. (2015) have already demonstrated, by using
suspension cells of rice, that negatively charged Si-hemicellulose is
formed that is able to bind Cd cations which ultimately prevents
the cellular uptake of Cd. For protoplasts, Greger et al. (2016)
indicated that Si-caused decreases in Cd uptake in wheat are
related to, e.g., down-regulation of LCT1 (low affinity cation
transporter 1) and HMA2 (heavy metal ATPase 2), as well as up-
regulation of PCS1 (phytochelatin synthase 1) and IRT1 (iron-
regulated transporter 1).

Beside this, avoidance mechanism that is based on the root
exudation of low molecular weight organic acids (LMWOA)
contributes tremendously to decrease Cd uptake into plants
(Clemens et al., 2002). For example, Pinto et al. (2008) showed that
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under Cd stress sorghum mainly exuded malate, while maize
preferably released citrate to resist Cd toxicity. This is in line with
findings of Zhu et al. (2011) who concluded that root oxalate
exudation is the key factor to exclude Cd from entering roots in
tomato. Taken together, it seems that root exudation is correlated
to amelioration of Cd toxicity, but is species-dependent. Up to date,
it is still unknown whether Si contributes to the reduction of Cd
uptake that is based on the release of root exudation.

Thus, the aim of this study is to test whether root oxalate
exudation facilitates Si-mediated amelioration of Cd toxicity in
wheat (Triticum aestivum L.). According to our preliminary
experimental data, the amount of root oxalate exudation is much
higher than citrate and malate in wheat, thus we choose oxalate as
a target in the present study. Besides, we also examined acropetal
translocation and subcellular distribution of Cd as affected by Si.

2. Materials and methods
2.1. Plant material and cultivation

Seeds of wheat (T. aestivum L. cv. ]B Asano) were surface
sterilized and soaked in aerated deionized water for 6h.
Afterwards, seeds were sown into quartz sand and germinated
for 10 d. Uniform wheat seedlings were selected and 4 plants per
pot were transferred into 5L nutrient solution including macro-
nutrients {(mM: KH2PO4, 0.2; K2S04, 1.0; Ca(NO3)5, 2.0; MgS0y4, 0.5)
and micronutrients (uM: Fe-EDTA, 200; H3BOs, 5; MnSOy4, 2;
ZnS0g4, 0.5; CuSOy4, 0.3; (NH4)2Mo07024, 0.01). To avoid osmotic
stress, the strength of nutrient solution was gradually increased
from 1/4 strength (for 3 d) to 1/2 strength (for 4 d) and to full
strength at day 8. The pH was adjusted to 6=+ 0.1 with HCl and
NaOH and renewed every 3 d. Wheat seedlings were cultivated
under controlled conditions in the greenhouse of Kiel University
(54°20'50.4"N, 10°06'59.9"E) at 20/15°C (day/night) and 14 hd '
photoperiod from 6:00 to 20:00 with 250 pmol photon m2s~!
light intensity recorded by a light meter (Li-189, Lincoln, USA).

2.2. Experimental treatments

2.2.1. Experiment 1: Cd allocation in plants as affected by Si

The first experiment is to analyze Cd concentrations in the
shoot and root, and subcellular Cd distribution in different organs.
The experimental design was as follows: after 10 d germination,
uniform seedlings were pre-cultivated with or without Si addition
for 7 d. Then seedlings were subjected to Cd treatments for 14 d.
Na,SiO5; and CdCl,, served as the source of Si and Cd, respectively.
Additional NaCl was supplemented to treatments without added Si
to compensate the extra Na* induced by Na»SiOs. In this
experiment, two levels of Si (0 and 1 mM) and four levels of Cd
(0,1, 5, 25 M) were conducted. This resulted in eight treatments:
control, Si, Cd1, Si+ Cd1, Cd5, Si+Cd5, Cd25, and Si+ Cd25. After 14
d Cd treatment, plants were harvested. To remove adhering
nutrients on plant material, plants were rinsed with deionized
water at least three times. Plants were divided into shoots and
roots and fresh weight was recorded.

For dry weight determination, shoots and roots were dried at
65 °C until constant weight. Another set of fresh plants was divided
into old leaves (the oldest 2 leaves), middle-aged leaves (the rest of
leaves), young leaves (the youngest 2 leaves), sheaths +stems and
roots, subsequently frozen in liquid nitrogen and stored at —80°C.

2.2.2. Experiment 2: effects of Si on root morphology and oxalate
exudation under Cd stress

In this second experiment, plants cultivation was the same as
described in experiment 1 (Section 2.2.1). After 7 d pre-cultivation,
plants were stressed with 5 uM Cd with or without Si. This resulted

in four treatments: control, Si, Cd (5 .M Cd), Si+Cd (1 mM Si and
5 M Cd). After 14 d Cd treatment, one set of intact plants was
taken for collection of root oxalate exudation while another set of
plants was harvested for determination of root morphology.

2.2.3. Experiment 3: effects of oxalate supply on Cd concentrations in
plants

In order to test the effect of exogenous oxalate supply on Cd
concentrations in wheat, a third experiment was implemented.
Germination was the same as described above (see Section 2.1).
After 10 d germination, seedlings were cultivated for 7 d with only
nutrient solution as mentioned above (see Section 2.1). After 7 d
cultivation, plants supplied with 5 M Cd were subjected to
different exogenous oxalate concentrations (0, 2.5, 5, 25 wM). The
molar ratios of Cd to oxalate were 1:0,1:0.5,1:1, and 1:5. The pH of
the solution was adjusted to 6 + 0.1 with HCl and NaOH. After 30 h
Cd treatment, plants were divided into shoots and roots, and dried
at 65 °C until constant weight.

2.3. Translocation factor and root morphology

Cd translocation capacity from organ A to organ B was
estimated by the translocation factor (TF). The Cd-TF was
calculated according to Shi et al. (2010) as follows:

TF(%) A t0 ) = Cd(s)/Cda) * 100%. (1)

Root samples from experiment 2 were harvested and scanned
by a high resolution scanner (V700 photo, Epson Perfection,
Amsterdam, the Netherlands), then the pictures were analyzed by
imaging software (WinRHIZO, Pro2009a) to obtain different root
parameters, e.g., root surface area, total root length, total root tip
amount and average root diameter.

2.4. Subcellular distribution of Cd

Tissues were separated into cell walls, organelle and soluble
fractions based on their different settling after centrifugation
according to the method of Weigel and Jager (1980). Briefly,
different plant tissues (old leaves, middle-aged leaves, young
leaves and roots) were homogenized in grinding medium [0.25M
sucrose, 50 mM Tris-HCI buffer (pH 7.5), 1 mM dithioerythritol].
The homogenized solution was filtered through cheesecloth and
the residue on the cheesecloth was washed at least three times
with grinding medium. To obtain the total cell wall, the filtrate was
centrifuged at 300g for 30s. The gained pellet together with the
washed plant residues was regarded as cell wall. The filtrate was
then further centrifuged at 20,000g for 45 min, and the obtained
pellet was regarded as organelle fraction, while the supernatant
was taken as soluble faction. All the steps were conducted at 4°C.
Cd concentration in the soluble fraction was determined directly
after dilution whereas solid materials of organelle and cell wall
fractions were digested with pure HNO5 first and then determined

after dilution (see Section 2.6 in details).

2.5. Collection of root exudates and oxalate analysis

As described in experiment 2 (see Section 2.2.2), after
treatment, seedlings were removed from pots, and roots were
rinsed with deionized water three times. To collect root exudates,
plants were subsequently immersed into aluminum foil wrapped
beakers containing 250 mL deionized water (one plant per beaker)
and placed in the greenhouse under light conditions at 20 °C. After
6 h, one drop 0.02% sodium azide was added into solution to avoid
microbial degradation. Then, the solution was filtered through
0.45-pm membrane filter and concentrated to 2mL by using a
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rotary evaporator (Biichi, R-114, Germany) at 40°C with 0.1 kPa.
The concentrated solution was filtered through a 0.22-pm
membrane filter again and then stored at —20°C until analysis
of organic acids (Xie et al., 2013).

Oxalate was determined by ion chromatography (Dionex ICS-
5000, Sunnyvale, USA).The mobile phase was 100 mM NaOH at a
flow rate of 1 mLmin ' and the total run time was 28 min. The
injection volume was 10 pL.

2.6. Determination of Cd concentration

Finely ground samples were digested with pure HNO; at 190°C
for 45 min (10 min pre-heating, 15 min heating, 20 min cooling) in a
microwave oven (Mars 6, CEM Corporation, USA) with the settings
described in details by Jezek et al. (2015a). Samples were diluted
with 2% HNO3 and determined by inductively coupled plasma mass
spectroscopy (ICP-MS; Agilent 7700, Agilent Technologies Inc.,
USA) as described by Jezek et al. (2015b).

2.7. Statistical analysis

The statistical analysis was achieved using SPSS 16.0 software.
Values were subjected to student's t-test or one-way ANOVA
according to Duncan’s Multiple Range Test at the 5% significance.

3. Results
3.1. Plant growth

After 14 d Cd treatment, all Cd stressed plants, especially old
leaves showed leaf chlorosis, regardless of low (1M Cd),
intermediate (5uM Cd) or high (25 uM) Cd level. However, Si
supply obviously counteracted the Cd stressed symptoms.

As shown in Table 1, Si supply did not change plant biomass as
compared with control. Also, low Cd supply had no significant
effect on biomass as well. Under intermediate (Cd5) or high (Cd25)
Cd stress, the biomass was significantly reduced in comparison
with control, and Si addition significantly increased biomass
compared with the corresponding Cd-stress except for root dry
weight (Table 1).

3.2. Cd concentrations and contents in shoots and roots

In wheat seedlings, Cd concentrations in roots were about
14-20 times of that in shoots (Fig. 1A, C). The increase of Cd
concentrations in nutrient solution from 1 to 25 uM was followed
by increasing Cd concentrations and contents in shoots and roots
as well (Fig. 1). Compared with the corresponding Cd treatment, Si
addition significantly decreased Cd concentrations in both shoots
and roots regardless of low, intermediate or high Cd level (Fig. 1A,

Table 1
Effects of Si on biomass in wheat under Cd stress.

Treatment Fresh weight (g) Dry weight (g)
Shoot Root Shoot Root

Control 7.38 +1.01a 3.94+0.73a 0.95 +0.13a 0.23 +0.03a
Si 6.71+ 142a 3.57 +0.96a 0.92 +0.25ab 0.21 +0.07ab
cd1 7.19+0.89a 3.48 + 1.08a 0.92 +0.10ab 0.20 + 0.06ab
Si+Cd1 6.92 £ 0.92a 3.99+0.94a 0.92 -+ 0.11ab 0.24 -+ 0.06a
cds 3.88+0.59¢ 2.54+0.43b 0.55 + 0.06¢ 0.17 +£0.02b
Si+Ccd5 5.49+0.91b 3.38-+0.84a 0.77 +0.16b 0.20 +0.03ab
Cd25 1.91+0.21d 1.20+0.30c 0.32+0.03d 0.11 +0.02¢
Si+Cd25 2.05+0.32d 1.58 +0.22¢ 0.33+0.05d 0.12 +0.02¢

Different letters in the same column represent significant differences at P<0.05.
Values are means +SD (n=5). Cd1, 1 uM Cd: Si+Cd1, 1 mM Si with 1 uM Cd: Cd5,
5 M Cd; Si+Cd5, 1 mM Si with 5 uM Cd; Cd25, 25 uM Cd: Si+Cd25, 1 mM Si with
25 M Cd.

C). The same trend was observed for Cd contents with the
exception of high Cd stress; here, Si supply had no significant
effects on Cd contents in shoots and roots (Fig. 1B, D).

3.3. Subcellular distribution of Cd

Under low Cd stress (1 M Cd), Si supply significantly decreased
total Cd concentrations in young leaves, middle-aged leaves, old
leaves, and roots (Fig. 2A-D). Within the different leaves, Si
addition significantly decreased Cd concentrations in cell walls, the
organelle and soluble fractions of both young- and middle-aged
leaves (Fig. 2A, B). In old leaves, Si supplement only decreased Cd
concentrations in the soluble fractions, whereas Si did not change
Cd concentrations in cell walls and the organelle fractions (Fig. 2C).
In roots, Si supply remarkably reduced Cd concentrations in the
organelle and soluble fractions, while it had no effect on Cd
concentrations in cell walls. (Fig. 2D)

Under intermediate Cd stress (Cd5), in young leaves Si addition
significantly decreased Cd concentrations in cell walls, the
organelle and soluble fractions which was reflected by a decrease
in total Cd concentration (Fig. 2E). In middle-aged leaves, Si supply
did not affect Cd concentrations in cell walls, but obviously reduced
Cd concentrations in both organelle- and soluble fractions
resulting in a decrease of total Cd concentrations (Fig. 2F). In
old leaves, decrease of Cd concentrations in soluble fractions by Si
contributed to decreased total Cd concentrations when no
different Cd concentrations were shown in cell walls and organelle
fractions regardless of Si supply or not (Fig. 2G). In roots, Si addition
significantly decreased total-, cell wall- and soluble fraction- Cd
concentrations while Si did not significantly affect organelle
fraction Cd concentrations (Fig. 2H).

Under high Cd stress (25 uM Cd), Si supplementation reduced
organelle and soluble fractions, as well as total Cd concentrations,
while Si addition had no effect on cell wall Cd concentrations in
both young- and old leaves (Fig. 21, K). In middle-aged leaves, Cd
concentrations in cell walls, soluble fractions, even total leaves
were not considerably changed with added Si, but organelle
fraction Cd concentrations were decreased (Fig. 2]). In roots, Si
addition did not significantly affect Cd concentrations in organelle
fractions whereas it remarkably decreased total Cd concentrations
including cell walls and soluble fractions Cd (Fig. 2L).

With regard to subcellular distribution proportion, soluble
fraction of Cd (mainly consists of vacuolar compartment)
accounted for the largest one, ranging from 59% to 80% in the
leaf and root differently. Cell wall of Cd occupied 19-36% while
organelle fraction had the minimum percentage with 1-5% in
different organs (Table 2). Nevertheless, compared with corre-
sponding Cd stress, Si addition had no significant impact on
subcellular distribution percentage irrespective of low, intermedi-
ate or high Cd stress (Table 2).

3.4. Translocation factor

Cd translocation from roots to shoots was not affected by Si
addition at the condition of low and intermediate Cd levels
(Fig. 3A). At high Cd level, Si supplementation even facilitated Cd
root-to-shoot translocation, which was correlated with enhanced
Cd roots to sheaths + stems translocation by Si (Fig. 3B). At low Cd
level, Si addition did not change TF of root-to-shoot and root-to-
(sheath +stem) (Fig. 3A, B), but Si supply inhibited Cd translocation
from sheaths+stems to middle-aged leaves (Fig. 3D). At the
intermediate Cd level, TF values were not significantly affected by
Si supply (Fig. 3). At high Cd level, Si addition accelerated Cd
translocation from root-to-(sheath+stem) without affecting
sheaths +stems to leaves translocation (Fig. 3B-E).
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3.5. Root morphology

With the treatment of 5 M Cd for 14 d, Si supply increased root
biomass, but did not reach significant level in root dry weight
(Table 1). Compared with control, Cd stress did not change root
surface area, total root length and average root diameter, but
significantly decreased total number of root tips. Si supplementa-
tion remarkably increased the total number of root tips, as well as
root surface area under Cd stress, while it had no effect on total root
length and average root diameter (Table 3).

3.6. Root oxalate exudation

In comparison to the non-stressed control, Cd toxicity markedly
decreased oxalate exudation to a level that was below the
detection limit. The addition of Si to Cd-stressed plants increased
root oxalate exudation to 192 pg per plant and 46 ng per root tip,
respectively (Fig. 4).

3.7. Exogenous oxalate supply under Cd stress

Under conditions of short-term (30 h) exposure to Cd stress,
exogenous oxalate addition did not change plant biomass in shoots
and roots (Fig. 5A, B). Nevertheless, exogenous oxalate significantly
decreased Cd concentrations in shoots and roots compared with
non-oxalate addition under Cd stress. The higher the oxalate
concentrations, the less Cd was in shoots or roots (Fig. 5C, D).

4. Discussion
4.1. Effects of Si on biomass and Cd accumulation in plants

Cd accumulates in soils as a result of industrial pollution,
phosphate fertilizer application, sewage sludge and wastewater
usage etc. (Mortvedt, 1996). In agreement with previous studies
(Kim et al., 2014; Adrees et al., 2015; Hussain et al., 2015), we here
reported in bread wheat (T. gestivum L.) that Cd toxicity impaired

indicates significant difference at p < 0.01

shoot and root biomass formation especially with high Cd stress,
and Si ameliorated these adverse effects on growth (Table 1). We
also found that Si addition significantly depressed Cd concen-
trations in both shoots and roots under all Cd doses (low,
intermediate and high), and suppressed Cd contents as well
(Fig. 1), which is consistent with previous studies in other plants
(Farooq et al., 2013; Nwugo and Huerta, 2008). In this study, under
high Cd stress, Si addition decreased Cd concentrations (pgg ') in
roots and shoots and did not affect Cd contents (ugplant—')
(Fig. 1D). This might be explained by a dilution effect of Si: Si
addition, to some extent, increased biomass, though it did not
reach significant level (Table 1). This phenomenon was previously
observed by Rizwan et al. (2012) in durum wheat, which showed
that amorphous Si supply significantly decreased Cd concen-
trations but did not change Cd contents in shoots.

4.2. Effects of Si on subcellular Cd distribution in plants

In general, plants employ two strategies to resist heavy metal
toxicity including Cd: tolerance and avoidance (Clemens, 2006).
The former is to compartment heavy metal into less metabolically
active tissues such as cell wall or vacuole whereas the latter
represents inhibiting heavy metal to enter into plants (Clemens,
2006; Clemens et al., 2013). Although it is well known that Si is able
to ameliorate Cd stress in plants (Adrees et al., 2015; Wu et al.,
2013), information on Si involved in tolerance and/or avoidance
mechanism to mitigate Cd toxicity in wheat is still lacking. In this
study, we reported the effect of Si-addition on the Cd concen-
trations in different subcellular fractions (soluble fractions, cell
walls, organelle fractions) of organs (root and leaves), with leaves
in different developmental stages (young, middle-aged and old
leaves). The order of Cd concentrations in the different organs was:
roots >old leaves > middle-aged leaves > young leaves. The order of
Cd concentrations in the different subcellular fractions was:
soluble fractions > cell walls > organelle fraction (Fig. 2). Regardless
of Si addition or not, the proportions of Cd in different subcellular
fractions were not affected (Table 2). Unlike in other plants, in
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Table 2
Effects of Si on subcellular distribution proportions of Cd in wheat.
Treatment Young leaves (%) Middle-aged leaves (%) 0ld leaves (%) Roots (%)
SF OF w SF OF w SF OF w SE OF w
Cd1 65+6 540 30+5 7345 1+0 26+5 80+2 1+1 1943 72+12 442 24+11
Si+Cd1 71+2 5+0 24+2 67 +3 2+0 31+3 74+3 1+0 2543 60 +2 4+0 36+2
Ccd5 73+1 3+0 24+2 72+4 1+0 27+4 771 1+0 22+0 78 +2 22 20+3
Si+Cd5 70+3 541 25+3 73+1 1+0 26+1 75+2 1+0 2442 76 +4 3+1 21+4
Cd25 614 5+1 34+4 59+4 7+2 34+3 71+2 241 27+3 77 +3 1+0 22+3
Si+Cd25 61+3 342 36+5 61+6 31 36+5 71+1 240 27+1 79+1 1+0 20+1

Values are means + SD (n=4). Cd1,1 puM Cd; Si+Cd1,1mM Siwith 1 uM Cd; Cd5, 5 wM Cd; Si+ Cd5, 1 mM Si with 5 M Cd; Cd25, 25 pM Cd: Si+Cd25,1 mM Si with 25 pM Cd.
SF, soluble fraction; OF, organelle fraction: CW, cell wall. No significant difference is found between Cd and corresponding Si+Cd treatments according to student t-test at
p<0.05 or p<0.01.
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Table 3
Effects of Si on root morphology under Cd stress grown hydroponically.

Treatment Root surface area (cm?) Total root length (cm) Total root tip amount Average root diameter (mm)
Control 1.45 + 0.2ab 3394 123ab 4931 + 1910a 0.066 -+ 0.02a
Si 1.52 + 0.6ab 366 + 119a 4174 +1513a 0.056+0.01a
cd 1.05+0.3b 236 +121b 2556 +-1218b 0.101 +0.10a
Si+Cd 223+ 16a 355+ 139ab 4212 +1307a 0.062 4+ 0.03a

Different letters in the same column represent significant differences at P< 0.05. Values are means -+ SD (n= 10). Control, without Si and Cd; Si, 1 mM Si; Cd, 5 uwM Cd; Si+Cd,

1mM Si with 5 M Cd.
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Fig. 4. Effects of Si on oxalate exudation by roots under Cd stress in wheat. Values are means + SD (n = 5). CK, control; Si, 1 mM Si; Cd, 5 M Cd; Si+Cd, 1 mM Si with 5 pM Cd.
A, oxalate exudation content per plant; B, oxalate exudation content per root tip. ND, not detected.
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which Si facilitates Cd to accumulate in cell walls (Vaculik et al.,
2012; Ye et al., 2012) or vacuoles (Ma et al., 2016) to enhance Cd
tolerance, it seems that Si prefers to modulate avoidance
mechanism to alleviate Cd toxicity in wheat rather than tolerance
in planta.

4.3. Effects of Si on Cd translocation

As reported in previous studies, Cd hyper-accumulators prefer
to transport more Cd into shoots (Clemens et al., 2013) while Cd-

sensitive plants including wheat tend to accumulate Cd into roots
(Berkelaar and Hale, 2000). Whether Si inhibits Cd translocation in
wheat to alleviate Cd stress is also studied here. The translocation
factor (TF) is used to evaluate the translocation capability of Cd
from one organ to another organ (Lukacova et al., 2013; Nouri et al.,
2009). We found at low and intermediate Cd levels, Si addition had
no significant influence on TF values of root-to-shoot. At a high Cd
level, Si supplementation facilitated root-to-shoot Cd translocation
(Fig. 3), even though it was observed that Si addition decreased the
Cd concentrations in the shoot. This means that other physiological
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factors than the translocation of Cd must be the reason for the
amelioration of Cd stress by Si. We assume it is likely that Si
decreases the Cd uptake via effects exerted on the root rather than
lowering the acropetal translocation of Cd.

4.4. Effects of Si on Cd uptake regarding to root oxalate exudation

Since Si supply reduced Cd accumulation in wheat in this study
without affecting tolerance mechanism (See Section 4.2) and Cd
acropetal translocation (See Section 4.3), we speculated that an
avoidance mechanism plays a pivotal role in Si-mediated reduction
of Cd uptake. Root exudates, especially LMWOA, are suggested to
be efficient ligands to alleviate Cd toxicity in plants as they can
reduce the bioavailability of Cd (Cieslinski et al., 1998; Nigam et al.,
2001; Pinto et al., 2008). Zhu et al. (2011) demonstrated that a Cd-
resistant tomato cultivar accumulated less Cd as a result of
increased oxalate exudation, by which Cd was excluded from
entering the roots. Previous studies have shown Si-mediated
alleviation of Cd toxicity is associated with decreased Cd uptake by
roots (Hussain et al., 2015; Liu et al.,, 2013), but the underlying
mechanism of Si-mediated decrease of Cd uptake with involve-
ment of LMWOA is poorly understood. Because our preliminary
experimental data showed the amount of oxalate exudation by
roots is higher than citrate and malate in wheat, so we only studied
oxalate exudation in the present study. We found, after 14 d of Cd
treatment alone, oxalate exudation was reduced, but this effect
was ameliorated by Si supply, leading to increased oxalate
exudation (Fig. 4). As we know, this is new information that
exogenous addition of Si improves the capacity to exude oxalate
under conditions of Cd stress. Since oxalate exudation is a
well-established mechanism for Cd-sensitive plants to exclude
excessive uptake of Cd (Cieslinski et al.,, 1998), we reason that
wheat is using the same mechanism to avoid Cd toxicity.
Surprisingly, Si is promoting this effect. Based on this we reason
that the application of Si has the potential to improve growth
under conditions of Cd toxicity via effects exerted on the exudation
of oxalate. However, it is not clear that Si restored oxalate
exudation in the presence of Cd directly (like through up-
regulation genes of oxalate production and exudation) or indirectly
(like increase of root tip number as the reason that oxalate is
mainly exuded by root apex).

In a follow-up experiment, different molar ratios of Cd to
oxalate were added into the nutrient solution to study whether
increasing oxalate concentrations in the root medium can reduce
uptake of Cd in wheat. As a result, the exogenous supply of oxalate
significantly inhibited root Cd uptake in a dose dependent manner,
and Cd concentrations were decreased with increasing external
oxalate (Fig. 5). As it is shown Cd-stress alone depressed the
exudation of oxalate in wheat (Fig. 4) while simultaneous Si-
application increased it, and combined with those results that
exogenously supplied oxalate inhibited Cd uptake, we could
conclude the increase of root oxalate exudation is favorable for
keeping Cd from entering into wheat.

In addition, silicon supply considerably increased the root
surface area and total number of root tips under Cd stress
compared with non-Si-supplied plants (Table 3). Oxalate is mainly
secreted from root apex via anion channels (Zhu et al., 2011).
Accordingly, in this study, an increased total number of root tips
may contribute to enhanced root oxalate exudation. In contrast,
Berkelaar and Hale (2000) reported that larger root surface area
and number of root tips is positively correlated with higher Cd
accumulation. In this study, however, plants with a larger amount
of root tips had less Cd accumulation over 14 d Cd treatment which
further supports the higher root oxalate exudation is the
consequence of lower Cd uptake and increased total number of
root tips may be the reason of increased root oxalate exudation. On

the other hand, Cd stress alone without Si application declined
oxalate exudation. This resulted in higher Cd accumulation (Fig. 1,
4; Table 3), which further indicates that enhanced root oxalate
production is a promising mechanism to lower Cd uptake in wheat.
In the present study, it seems that Cd-stressed plants promoted
oxalate exudation is the second response as affected by Si
indirectly as a result of increased root tip number. Nevertheless,
whether Si executes molecular modulation to increase oxalate
exudation under Cd stress directly still needs study.

In regard to avoidance mechanism, it is noteworthy that the
phenomenon of metal detoxification by Si in culture medium
exists which is well documented in aluminum (Al), such as
formation of Al-Si complexes in culture solution or hydroxyalu-
minumsilicates (HAS) in the apoplast of maize root apex (Wang
et al., 2004). In this study, Cd®* activity percentages were not
affected regardless of Si addition ranging from 71.54% (1 and 5 uM
Cd application) to 71.51% (25 wM Cd application) in the growth
medium calculated by Visual MINTEQ 3.1 software, showing no
external amelioration mechanism exists here. However, whether Si
(or silicic acid) reacts with Cd resulting in less phytotoxic Cd
complexes (such as formation HAS under Al toxicity) in the root
apoplast to detoxify Cd toxicity remains to be elucidated.

5. Conclusion

We demonstrated that Si supply achieved better plant growth is
related to the decrease of total Cd concentrations in shoots and
roots. Although Si decreased Cd accumulation in plants, the
subcellular distribution pattern of Cd was not affected which
indicates that Si did not facilitate Cd accumulation into cell walls or
vacuoles. Since the translocation factor was not decreased by Si as
well, we reason that the decreased leaf Cd concentrations were
based on exclusion at the root side rather than the reduced
acropetal translocation. The increase of root oxalate exudation as
mediated by Si under Cd stress contributes to decreased Cd uptake
by roots, and increased total root tips probably causes enhanced
root oxalate exudation.
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Abstract

Silicon (Si) alleviates cadmium (Cd) toxicity in plants, but knowledge on mitigation ofshort
term Cd stress by Si is still lacking. In this study, effects of Si on Cd toxicity under both short
and longterm exposures in wheat were investigated. Generally, Si considerably reduced Cd
accumulation, which is ascribed to decreased root Cd absomatioer than acropetal Cd
translocation. Under shetrm stress, Si significantly decreased apoplastic and symplastic Cd
in roots, although symplastic uptake transporters of Cd expression remained unaffected,
reflected by unchanged expressionNwamp§ LCT1, TM20 andHMAZ2. Since transpiration

rate was not altered regardless of Si or Cd addition showing that apoplastic mass flow was
unaffected, and no changes occurred in cell wall Cd absorption undeteshorgtress, we
reason that decreased symplasticd<Cithe consequence of limitation in apoplastic diffusion of

Cd induced by Si. Compared with Cd treatment, Si supply delayed suberin lamellae
deposition in roots under shdadgrm Cd exposure. We assume that longer distance of suberin
lamellae from root apeby Si+Cd treatment than Cd treatment resulted in larger apoplastic
space, which could be the reason for decrease of apoplastieCfluidoncentration.
Contrastingly, under lorterm stress, Si did not affect apoplastic fid@d, but Si decreased

cell wal bound and symplastic Cd. Nevertheless, cell wall properties and transcript levels of
transporters related to Cd influx and transport were not affected by Si under Cd toxicity. After
the longterm treatment, Si enhanced suberization of roots. The teatihpoplastic fluieCd

only accounted for 3.8% of Cd after 7 d Cd treatment implies that to less extent suberization
reduced Cd accumulation through blocking apoplastic pathway. Taken together, we reason
that lower Cd concentration under shimtm treament by Si supply contributes to less Cd

toxicity in longterm Cd stresseglants.

Key words: Apoplast, cadmium, diffusion, oxalate, silicon, suberin
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Introduction

Cadmium (Cd), a nomssential element, pollutes a large scale of agricultural soils
worldwide, which mainly originates from industry, mining, sewage sludge, phosphorus
fertilizers (Nagajyoti et al. 2010)When plants are cultivated in Galluted soils, Cd will
enter into plants leading to plant growth retardation, inhibition of photosynthesis timhtnu
imbalances, resulting in negative effects on human health when entering treh&ootAery
and Rana 2003; Lux et al. 201The characteristics of high solubility, mobility and toxicity
of Cd render it urgat to figure out strategies to ameliorate Cd toxicity.

One of the most cosffective and efficient methods for preventing adverse effects of Cd is
to supply beneficial nutrientRizwan et al. 2016a)n this regard, silicon (Si) appears as a
good candidate, because a broad settudiss have shown that Si is able to successfully
mitigate various biotic and abiotic stresses including Cd toxjéitiyees et al. 2015; Wu et al.
2013) A multitude of studies regarding alleviation of stressesSbgupply focus on rice
(Oryza satival..) plants due to the high Si demand and accumulation. Generally, mechanisms
of Si-mediated alleviation of Cd toxicity are as follows: (1) Si supplementation traps more Cd
into cell walls and exists in the form of [haxalluloseSi matrix}Cd complexes in rice cell
walls to detoxify Cd toxicity(Ma et al. 2015) Similar findings, that Si facilitated Cd
accumulation into cell walls, resulting in reduction of the 4toeshoot Cd translocation, were
also reported for cabbagBréssica campestrik.) (Wu et al. 2016bjand Kandelia obovata
(Ye et al. 2012)(2) suppression of gene expression related to Cd uptake and transport by Si
addition(Kim et al. 2014; Shao et al027) (3) Stmodulated metabolic activities enhance Cd
tolerance, i.e., by improving photosynthe@isvugo and Huerta 2008altering the levels of
organic acidsn planta (Wu et al. 2015)r readjusting the cell redox stat(lsarooq et al.
2016)

Although, Rizwan et al. (2016bjeported that in dwm wheat Triticum turgidumL.), an
intermediate Si accumulator, Si supply reduced Cd accumulation, thee@pitation of Si
and Cd was not found either in the shoot or in the root, suggesting that, unlike rice, the
formation of SiCd complexes is nohe underlying mechanism for the-i§duced alleviation
of Cd toxicity in wheat. In accordance with our previous studies which showed that Si supply
attenuates Cd accumulation in bread whe&ati¢um aestivuni.) by suppressing Cd uptake
by roots rather @ acropetal translocation of Cd, and we further indicated that@oved

oxalate exudation by roots contributes to reduced Cd ujtslhest al. 2016a)However, the
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underlying mechnism(s) of alleviating Cd toxicity by Si in wheat is still poorly understood.

Similar to other essential cations, Cd is taken up by roots through apoplastic and
symplastic pathway&lemens et al. 2002; White 2012)s a noressential element for plants,

Cd has no exclusive transporters for uptake and is taken up vispeoiiic cation
transporters, such as for zinc, iron, or calcigome et al. 2016)Nramp (natural resistance
associated macrophage proteins) familgype heavy metal ATPases family, and ZIP (Zinc
regulated transporter/lreregulated transportdike protan) family are all known to be
involved in Cd uptake, sequestration and translocgt@lamens et al. 2002for example,
Nramp5 (Natural resistan@ssociated macrophage protein (Bhimaru et al. 2012and
LCT1 (Low-affinity Cation Transporter 1)Uraguchi et al. 2011)which are both localized in

the root plasma membrane and responsible for Cd influx; TM20 (Transmembrane 20), which
was reported to have efflux Cd activity and to hinder root Cd uptakeheat(Kim et al.
2008) HMA3 (Heavy Metal ATPase 3), which is characterized to sequester Cd into the
vacuole, and HMA2 (Heavy Metal ATPase 2), which is able to load Cd into Xyé#mens

et al. 2013)

In order to address how Si affects Cd absorption through apoplastic and symplastic
pathways, in the present study;rediated Cd absorption thrdugpoplastic mass flow and
diffusion as well as symplastic uptake were determined under both ahdrtongterm Cd
treatments. To distinguish effects of Si on apoplastic {flardcell wall boundCd, cell wall
properties such as adsorption, cation exgbkartapacity (CEC) and Cd in different
components of cell walls were investigated. Additionally, suberin lamellae was determined
under both shortand longterm Cd exposure to assess whether Si altered apoplastic diffusion
barriers in roots is related tdaliation of Cd toxicity in plants. Expression of genes related to
Cd uptake and transport were determined, includimgmp5 LCT1, TM20 HMA3, and
HMA2 To compare with our previous studies, which indicated enhanced oxalate exudation
prevents root Cd upkea under longerm Cd stres¢Wu et al. 20163)oxalate exudation was
analyzed under shetérm Cd stress, thus testing whether Si executes a direct function to

mitigate Cd toxicity ly promotion of root oxalate exudation.

Materials and methods

Plant material and cultivation

Seeds of wheafl( aestivunL. cv. JB Asano) were surface sterilized and then thoroughly
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washed with deionized water, followed by soaking in teekad.5 mM CaGl for 6 h.
Subsequently, seeds were germinated until seedlings were about 9 cm and uniform seedlings

were transferred to pots containing the following hydroponic solution: macronutrients [mM:

K2SQy, 1.0 KH,PO,, 0.2; MgSQ, 0.5and Ca(Ng2,2 . 0] and mi cr &DTAL ri ent

200; ZnSQ, 0.5; CuSQ, 0.3; HBO3, 5; MnSQ, 2 and (NH),Mo070,4, 0.01]. The strength
was raised stepwise from ofmurth- to full-nutrient solution in 7 d to avoid osmotic stress.
All plants were grown under contretl conditions in the greenhouse (day/night, 20/15 °C)
with a photoperiod from 6:00 to 20:00.
Experimental treatments

After 7 d of hydroponic cultivation with or without 1 mM Si (MRO;) pretreatment,
wheat seedlings wer e Jsitthepressreaor absehck of Si addivbn,C d
which resulted in four treatments: (1) Control, (2) Si, (3) Cd, and (4) Si+Cd. Treatments
without Si application were supplied with NaCl to compensate for extraoNa supplied by
N&SiOs. The pH of solution wasdgusted to 6 + 0.1 with NaOH and HCI. Both Cd speciation
and Cd activity (C8 accounts for 71.5% of total Cd) were not affected by Si supply under
our experimental conditions based on the calculation of Visual MINTEQ 3.1, a chemical
equilibrium model. Plats were harvested at different time points after Cd exposure: 1 h, 6 h,
1d (24 h), 7d (168 h) or 14 d (336 h).
In vitro intact-roots cultivation

After 7 d precultivation, shoots of plants were decapitated and the roots were still
remained in the culter solution. Subsequently, the culture solution was changed to the
corresponding treatment solution (namely Control, Si, Cd, and Si+Cd treatment solution).
After 24 h treatment, roots were washed with deionized water, dried, andigestied to
measure Cdconcentrations by IGRIS (inductively coupled plasma mass spectroscopy;
Agilent 7700, Agilent Technologies Inc., USA).
Cd accumulation and apoplastic fluid, cell wall-bound and symplastic Cd in roots

After germination, uniform seedlings were transfered-L plastic pots (four plants per
pot) for 7 d cultivation, and then plants were treated with or without Cd/Si. Four biological
replicates were designed and one pot was regarded as one biological replicate. Finally, Cd
stressed plants were divided intbosts and roots after 1 h, 6 h, 1 d, 7 d, and 14 d Cd
exposure, respectively. The shoots and roots were dried at 65°C for 4 d and ground into
powder with a grinding miller (Retsch, MM400, Germany) for Cd determination. The
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translocation factor (TF) of Cdag calculated as the percentage of Cd concentration of the
shoot to the Cd concentration of the r{fhi et al. 201Q)

After 1 h, 6 h, 1 d, 7 d, and 14 d Cd exposure with or without Si addition, roots of
seedlingfplants were rinsed with deionized water and gently dried with tissue paper.
Subsequently, the roots were desorbed based on the mett®edgdla et al. (20113ndYin
et al. (2015)Briefly, two roots of individual treatments were desorbed in 200 mL 5 mM ice
cold CaCj for 20 min and the desorption solution was renewed every 10 min. Cd
concentration in the péing desorption solution was measured and regarded as Cd in root
apoplastic fluid. Subsequently, the roots were frozen in liquid nitrogen for 2 min to destroy
the membrane integrity, and then the roots were desorbed in newly changed 500 mL 5 mM
CaCl at room temperature for another 40 min. The Cd concentration in the solution after 40
min desorption represents symplastic Cd, while the remaining Cd in the residues of roots is
regarded as cell wablound Cd.

Isolation and fractionation of cell wall, cell wall adsorption, and cation exchange
capacity (CEC) of cell wall

Cell wall isolation Plants roots with or without Si treatment after 6 h and 7 d Cd stress were
harvested, frozen in liquid nitrogen, and then stored8®°C for cell wall extraction.
Accordng to Zhong and Lauchli (1993)oots wee ground into powder in liquid nitrogen and
then incubated with iceold 75% ethanol for 20 min. The supernatant was discarded after
centrifugation at 100@ for 10 min. Subsequently, the pellets were washed witfcade
acetone, mixed methanol and clafferm (1:1, v/v), and methanol, successively, and each
washing step was repeated at least three times and incubated innateicbath for 10 min.
Eventually, the remaining pellets were vacuum fredead and stored aR0°C until further
analysis.

Cell wall adsorption Si- and norSi treated plants without Cd treatment were harvested at
different time points (6 h and 7 d) to measure the capacities of celCdadidsorption
according toZhu et al. (2012)About 20 mg driedcell wall materials from each treatment
were transferred to 2 mL Eppendorf tubes with 1.8 mL adsorption solution consisting of 5 or
50 eM,iR0.8 MMM CaCl at pH 4.5. The tubes were shaken overnight and then
centrifuged at 12,009 for 10 mn. Cd concentration in the supernatant was determined and
the difference of Cd concentration in the supernatant before and after Cd adsorption
represents capability of Cd adsorption in the cell wall.
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CEC (Cation Exchange Capacity) of cell waBased on tb method ofDr agi ¢gi |
Maksi movi | with mimol modifica@idng, 2e)l walls were incubated with 50 mM
BaChkat pH 5.0 in an icevater bath for 2 h. Afterwards, the samples were centrifuged at 2000
g for 15 min and the pellets were repetitively incubated wigsif 50 mM BaGlfor another
two times as described above. After incubation, the pellets were thoroughly washed with
deionized water and frozedried. The Ba (barium) concentrations in the pellets were
determined by ICRMS after acid digestion. The amowftBa in cell walls represents CEC of
cell wall for the reason that Ba ion could replace other cations in cell walls. Thus, the unit of
CEC was shown as cation charge equivalents substituted by Ba.

Fractionation of cell wall Cd concentrations in differembmponents of cell walls were
determined by extracting cell wall components sequentially. Pectin was isolated by hot water
twice in 1 h and the resulting pellets were regarded as without pectirP{Ctdllowed by
washing the CWP pellets with 4% KOH coaining 0.1% NaBH in triplicate in 24 h. The
resulting pellets were recognized to remove pectin and partial hemicellulos®-(GV1).
Subsequently, the CAR-HC1 pellets were continued to be triply extracted by 24% KOH
containing 0.1% NaBklin 24 h. After entrifugation, the pellets were regarded to be without
pectin and hemicellulose (CWHC1-HC2) (Yang et al. 2011; Zhong and Lauchli 1998)
the pellets from each step were adidested and measured for Cd cortcaions by ICPMS.

As a result, we determined Cd concentrations in cell walls-( Wy Cd concentrations in
pectin components (EW) through subtracting CMWZd with CWP, Cd concentrations in
hemicelluloses 1 components (HCH) through subtracting C\W with CW-P-HC1, and Cd
concentrations in hemicelluloses 2 components (8P through subtracting C\R-HC1
with CW-P-HC1-HC2.

Transpiration rate

After germination, uniform seedlings were transferred to 1 L pots (25 seedlings per pot).
Four biological reptates were designed and one pot was regarded as one biological replicate.
The nutrient solution was refreshed twice every day and pH was adjusted to 6 + 0.1 with
NaOH and HCI.

Transpiration rate was gravimetrically measured and calculated based onghégsbf
plants before and after treatment revised by subtracting water loss of evaporation. After 6 h, 1
d,2d,3d,4d,5d, 6d, and 7 d treatment, transpiration rates of plants in four treatments
(Control, Si, Cd, and Si+Cd) were determined.
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Determination of suberin lamellae deposition in roots

After 6 h or 7 d treatment-8.5 cm and 8.0 cm root segments from root apex were fixed
with 4% (w/v) paraformaldehyde for 2 h under vacuum. After fixation, samples were washed
twice with 1x PBS for 1 mimand cleared with Clearsee solution for 5 weeks at room
temperature. Clearsee solution consisted of 10% (w/v) xylitol powder, 15% (w/v) sodium
deoxycholate and 25% (w/v) ur@éurihara et al. 2015)

After clearing,root segments were incubated in 0.01% (w/v) Fluorol Yellow 088 dissolved
in lactic acid at 70 °C for 30 min. Fluorol Yellow 088 should be freshly prepared.
Subsequently, samples were rinsed with deionized water three times and 5 min for each time,
followed by incubating into 0.5% (w/v) aniline blue for 30 min in the dark at room
temperature. Afterwards, samples were rinsed with deionized water three times again and 10
min for each time. Confocal laser scanning microscopy (CL&M)ppedwith standard GFP
filter was used to observe suberin lamellae of the root segthemtst al. 2005)

Oxalate exudation

The method of root exudation collection and oxalate analysis are ba¥eel enal. (2013)
with small modifications. Briefly, five roots of plants were immersed in 250 mL 0.5 mM
CaClb for 6 h, and then solutions were filtered and concentrated for oxalate measurement.
Oxalate concentrations were determined by ion chromatography (Dionex50E5
Sunnyvale, USA). Oxalate exudation of roots was determined after plants treated with or
without Cd n the presence or absence of Si for 6 h.

Gene expression

After 6 h or 7 d treatment, total RNA of roots was extracted using TRIzol (Invitrogen)
according to manufacturero6s instructions,
Verso cDNA synthesis kit(Thermo Fisher Scientific) including DNa$é treatment.
Quantitative RTIPCR (qRTPCR) was conducted by using Powet¥)8YBR™ green master
mix (Applied Biosystems) with specific primers shown in Table 2. The-B&R was run
with conditions as follows: 10 miat 95°C; 40 cycles of 15 s at 95°C, 30 s at 59°C, 30 s at
72°C, and followed by establishment of melting curves with 10 s at 95°C, and continuous
increment from 65°C to 95°C in a CFX96 Touch-RTR detection system (BiRad). Four
biological replicatesrad two technical replicates were performed for individual treatments.
Transcript levels of genes were normalized with endogenous control (Actin) as used by

Greger et al. (2018ndKovacs et al. (2014h wheataccording to the method of*2“".
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Statistical analysis
All the values in this study were subjecteddneWay ANOVA according to
or student-test analysis gt < 0.05 orp < 0.01 by using SPSS software (SPSS Inc. 16.0).

Results
Effects of Si on biomass, Cd accumulation in plants, and apoplastic and symplastic
distribution in roots

To test whether Si executes distinct mechanisms to alleviate Cd toxicity under asmbrt
long-term Cd treatments, Cd accumulation as affected by Si addition from 1 h to 14 d was
investigated in this study. As shown in Fig. 1, Cd stress did not affect drytve¢ighoots in
wheat after 6 h and 1 d Cd stress, but after 7 d and 14 d Cd stress, shoot dry weight was
significantly decreased by Cd compared with corresponding control. When compared with Cd
treatment alone, Si supply did not considerably alleviatestfédsed decrease of shoot dry
weight after 7 d Cd treatment, whereas Si recovered shoot dry weight induced by Cd toxicity
after 14 d Cd treatment (Fig. 1A). In regard to dry weight of roots, after 6 h, 1 d and 7 d Cd
stress, no significant difference wamihd among treatments regardless of Si or Cd addition.
However, after 14 d Cd toxicity, Cd considerably damaged plant growth shown by decreased
root dry weight, and Si application mitigated the reduced dry weight of roots induced by Cd
toxicity (Fig. 1B).

Further study on Cd concentration, it was observed that under less than 6 h Cd exposure, Si
supplementation significantly decreased Cd concentrations in roots rather than in shoots. In
contrast, Si supply reduced Cd concentrations in both roots and dftetlonger than 6 h
(until 14 d in this study) Cd exposure (Fig. 2). Intriguingly, the translocation capacity of Cd
was not affected by Si irrespective of shant longtime Cd stress (Fig. 2C). Under less than
1 d Cd stress, Si supply decreased Quteatrations in the apoplastic fluid and the symplast
when compared with Cd treatment alone, whereas celthwaihd Cd was not significantly
affected by Si with the exception that Si reduced cell-aailind Cd concentration after 1 d
Cd exposure (Fig. 3lUnder longterm Cd exposure (7 d and 14 d), the concentrations of cell
wall-bound Cd and symplastic Cd in roots treated with Si were lower than that in the
corresponding Cd treatments without Si. No significant difference was found in apoplastic
fluid-Cd as affected by Si after lortgrm Cd exposure (Fig. 3).

As shown in Table 1, after 1 h Cd treatment, most Cd accumulated in the apoplastic fluid
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of roots which comprised 52.4% of total Cd, followed by symplastic Cd with 36.1%, and the
resulting 11.5% Cd psented in the form of cell wabound Cd. In contrast, when plants were
treated with Cd for longer than 1 d, the proportions of Cd distribution were reversed to:
symplastic Cd (521%8.4%) > cell walbound Cd (36.i7137.8%) > apoplastic fluiCd (3.8
10.899. On the other hand, when-Sipplied and nosupplied plants were compared after
shortterm Cd treatment (1 h and 6 h), it was found that Si addition significantly suppressed
the percentages of Cd in apoplastic fluid and promoted the percentages aissyn@d with

no effects on cell wall bour@d proportions (Table 1). Under lotgrm Cd treatment (> 1 d),

Si supplementation had no impacts on Cd distribution in roots with the exception that Si
sparingly increased the proportions of apoplastic flte{ Table 1).

Effects of Si on Cd toxicity under shortterm treatment

To study how Si modulates symplastic uptake of Cd, expression levels of genes related to
Cd uptake, sequestration and translocation were investigated. Undetesimo@d exposure
(6 h), ranscript levels of all target genes were not affected by either Cd stress or Si addition
when compared with control, with the exceptionHM A3 which was dowrregulated by Si
under Cd stress (Fig. 4B).

Regarding the apoplast, cell walls of roots c@tuwith and without Si were isolated for
analyzing cell wall properties. Under shtetm Cd stress (6 h), Cd treatment significantly
increased root CEC of cell walls compared with control, and Si addition did not affect CEC
irrespective of Cd stress (Fi§A). Detailed analysis of Cd in different components of cell
walls, it was found that Si supply did not affect Cd accumulation in any components of cell
walls, but Cd concentrations in pectin components were higher than thernioelluloses 1
and hemicdluloses 2 components (Fig. 5B). Study on Cd adsorption of cell walls cultured
with or without Si showed that Si supply did not affect capacity of cell walls to absairb Cd
the incubation solutionwite i t her 5 e M €Eid.5@®.r 50 &M Cd

In vitro Cd adsorption by intact roots and milled powdery roots was also investigated to
test how Si affects Cd absorption. The results showed tistppiied plants had no effects on

Cd adsorption by powderyroats t he 1 ncubation solution with

but it significantly decreased Cd adsorption by intact roots when compared wH8i-non
supplied plants (Fig. 5D).
To assess whether Si supply affects apoplastic uptake of Cd through maswélow,

determined transpiration rate since transpiration provides force for apoplastic mass flow. We
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found that transpiration rates of plants were not affected regardless of Cd or Si supply (Fig.
5E). However, apoplastic diffusion barrier, suberin lamellae [dpuweent was accelerated to

be closer to root apex by Cd stress when compared with control after aeshor€d
treatment (6 h), but Si addition promoted longer distance of suberin to root apex under Cd
toxicity (Fig. 6A, B). Yellow colour represented suimedeposition in root segments-{®

mm from root apex) showed that suberin deposition of sole Cd treatment was closer to root
apex than Si+Cd treatment (Fig. 6B).

Under shorterm Cd treatment (6 h), root exudation of planested with or without Si
was collected to analyze oxalate concentrations. Regardless of Si or Cd addition,
concentrations of oxalate exudation were not changed (Fig. 7A). As to Cd concentrations
under Cd stress in the presence or absence of Si, Si supply had no effects on Cd
concentations under shoterm Cd treatment in shoots, but Si addition significantly reduced
Cd concentrations in roots (Fig. 7B).

Effects of Si on Cd toxicity under longterm treatment

By contrast with shofterm treatment, after prolonged exposure to treatsnéhd), the
expression levels of genes related to Cd uptake, sequestration and translocation were also
determined. The expression levels Mfamp5 LCT1 and HMA3 were significantly up
regulated by Cd regardless of Si supply (Fig. 8A, B and D). Compaiteédcentrol, the
expression offTM20 was dowrregulated by Si. But Si upegulated the expression level of
TM20under Cd stress when compared with Cd stress alone (Fig. 8C). The expression level of
HMA2 was not affected regardless of Cd or Si (Fig. 8E).

Regarding the apoplast, under lotegm Cd stress (7 d), CEC of cell walls was not
affected by either Cd or Si supply (Fig. 9A). With regard to Cd in fractionated components,
Cd concentrations in pectin components were much higher than thamicellulosed and
hemicelluloses 2 components. Si supplementation significantly decreased Cd concentrations
in pectin components and total cell walls, and Si did not affect Cd concentrations in
hemicelluloses Andhemicelluloses 2 components (Fig. 9B). After prokehgultivation with
Si, Cd adsorption of cell walls was not changed b $ihe incubation solution witkither 5
eM Cd or 50 €M Cd (Fig. 9C) .

Under longterm treatment (7 d), Cd stress did not affected suberin deposition when
compared with control. However, Si addition considerably shortened the distance of suberin

lamellae deposition to root apex redjass of Cd addition (Fig. 10C). Root segments e8@5
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mm from root apex clearly showed that yellow deposition (suberin lamellae) was closer to
root apex in Si and Si+Culeated plants when compared with control anetr@dted plants
(Fig. 10D).

Discussion
Effects of Si on Cd absorption by roots and accumulation in plants

Beneficial effect of Si on improving biomass of plants under Cd toxicity has been well
documentedqGuntzer et al. 2012; Wu et &013) However, when we investigated effects of
Si on dry weight of wheat plants after 6 h to 7 d Cd treatment here, and we found that Si only
increased dry weight of plants after letegm Cd stress (Fig. 1). We also found that Si supply
considerably deeased Cd concentrations in shoots of wheat aftertiermg Cd stress (Fig.
2A), which is in accordance with previous studies, e.g. in (fleugo and Huerta 2008)
pakchoi Brassica chinensig.) (Song et al. 2009)durum wheafRizwan et al. 2016bxnd
cabbage(Wu et al. 2016h) In cabbaggWu et al. 2016band pakchoi(Song et al. 2009)
plants, they reason that reduction of shoot Cd accumulation by Si supply is associated with
repressed acropetal Cd translocation, becausefilied plants preferred to sequester more
Cd in cell walls of roots instélaof transporting Cd into shoots. In ridda et al. (2015plso
showedthat Stenhanced Cd in cell walls combining with Si and hemicelluloses components
by using suspension cells, whereédsao et al. (2017eported that Si decreased Cd in cell
walls of rice. In the presg study, a timeourse Cd exposure experiment showed that Si
addition significantly decreased Cd concentrations in both shoots and roots without affecting
the translocation factor in wheat (Fig. 2), suggesting that restrained Cd absorption by roots is
the reason for decreased Cd accumulation rather than reduced acropetal Cd translocation in
Si-treated wheat plants.

Question gives raise for how Si reduces Cd absorption by roots in wheat. To answer this
guestion, apoplastic and symplastic uptake of Cd festatl by Si was investigated here.
Under shorterm Cd treatment Si supplementation significantly suppressed Cd concentrations
in the apoplastic fluid and symplast without affecting cell veallind Cd, whereas under
long-term Cd treatment, Si additionmarkably decreased cell wddbund Cd and symplastic
Cd without affecting apoplastic fllil@d (Fig. 3). These results indicate that Si mediated
distinct mechanisms to ameliorate Cd toxicity under slaod longterm Cd exposure.

Alleviation of Cd toxicity by Si under shortterm Cd stress
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Previous studies on amelioration of Cd toxicity by Si in plants focused on several days or
even several m(G&ardodies &. 204.6; Zhang etal. 2608us $rformabn on
shortterm effects of Si on Cd stress is limitdda et al. (2016)eported that Si decreased Cd
toxicity after 12 h stress through modifying cell walls and increasing more Cd in cell walls of
rice. In the pesent study, we did not find any effects of Si on cell wall properties after 6 h Cd
stress (Fig. 5), but we found Si significantly decreased Cd in apoplastic fluid and the symplast
(Fig. 3). We reason that using single cells and longer Cd stress timeretesh treatment by
Ma et al. (2016)resulted in different findings from ours. To distinguish Si decreased
symplastic Cd through dowregulation of gene expression related to Cd uptake and transport
or because reated Cd in apoplastic fluid, thereby decreasing symplastic uptake of Cd, we
determined expression levels Wfamp5 (Ishimaru et al. 2012and LCT1 (Uraguchi et al.
2011)(function of Cd influx),TM20(Kim et al. 2008)function of Cd efflux) HMA3 (Kim et
al. 2014) (function of sequestering Cd into vacuoles) afilA2 (Clemens et al. 2013)
(function of loading Cd into xylem). Si addition had no significant effects on expression
levels of Nramp5 LCT1, TM20andHMAZ2 (Fig. 4), suggesting that Si decreased symplastic
Cd is due to decreased Cd in apoplastic fluid rather than -degutation of tansporters
related to Cd uptake. Based on those results, we conclude that Si reduced apopla&it fluid
is the consequence of decreased Cd concentrations undetesho@d exposure.

Apoplastic absorption is driven by diffusion and mass flow in rootasdViflow is
supported by transpiration, while diffusion depends on diffusive layer thickness, concentration
gradient, cell wall structure or root exudates, among oflbergryse et al. 2012; White 2012)
Transpiraton rates were not affected by Si under Cd toxicity in this study (Fig. 5E), which
implies that Sidecreased Cd absorption is not through effects on mass flow. Combined the
results of unchanged cell wall properties, unchanged expression of genes reGdatptake
and unchanged mass flow absorption, we conclude that Si decreased apoplastic diffusion of
Cd resulting in decreased Cd concentrations in roots undertehortreatment. Interestingly,

a shoriterm Cd absorption experiment with excised intacttspin which transpiration of
shoots were eliminated, showed that Si supply substantially decreased Cd absorption by roots
(Fig. 5D), further reinforcing that mass flow was not the reason for mitigation of Cd by Si.
However, another Cd absorption expeneith milled powdery roots showed no effects of

Si on Cd adsorption (Fig. 5D), implying that-&ipplied plants deployed some barriers to

restrain Cd entry into roots. As apoplastic diffusion barriers, suberin lamellae development
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was determined here, dirwe found that Si was able to lengthen the distance of suberin
deposition from root apex under Cd stress compared with Cd treatment alone (Fig. 6), which
indicates that Si addition increased larger apoplastic diffusion space longitudinally. It is
generaly considered that acceleration of suberin lamellae reduces Cd uptake biLosxots
al. 2011) However, our results showed that Si delayed suberin lamellae deposition decreased
Cd. Vaculik et al. (2009also found that Si delayed suberin lamellae development from root
apex under Cd toxicity, but they showed Si increased Cd in roots and shoots which is not in
agreement with the majority of studies that Si decreased Cd aationuin plants.
Considering thaCd mostly accumulated in the apoplasider shorterm Cd exposurand
gradually decreased as prolonged Cd treatment time (Table 1), we reason that Si increased
apoplastic space is the result of decreased apoplastiefidid | i ke t he o6dil uti c
shortt er m Cd exposur e. To confirm if this 6dil
nutrients, Fe and Zn in the apoplastic fluid, the cell wall and symplastic fluid as affected by Si
were also determined. Weuind that Fe and Zn in the apoplastic fluid and the percentages of
apoplastic Fe and Zn distribution were not affected by Si under Cd stress regardless of Cd
exposure time (Fig. S1 and Table S1). Because plants wecellfxated for 7 d with noiCd
nutrient solution before Cd treatment, thus apoplastic fkedand-Zn were already steady
after 7 d precultivation. Those results indicated thatdgicreased apoplastic fludd through
increasing apoplastic space could only be effective under-mortCd $&ess. It is well
documented that suberin lamellae development varied with environmental conditions
(Enstone and Peterson 200%juberin lamellae development are differently affected by
different nutrient deficiency, for example deficiencies of Mn, Zn, Fe nutrients delay
development of suberin lamellae and deficienae$ and K or salt stress enhance suberin
lamellae development, which could happen in several h@@mgberon et al. 2016)The
plasticity of suberin lamellae deposition is negatively regulated by stress horrhgltenet
and positively regulated by abscisic acid (ABA) Amabidopsis (Barberon et al. 2016)
However, further studies are needed to decipher whetheg8iated stress hormone such as
ethylene or ABA for alleviain of Cd toxicity through modulating plasticity of suberin
development in wheat.

In addition, it is widely accepted that tolerance and avoidance are two strategies for plants
to resist Cd toxicityfClemens 2006)In our previous study, we showed that Si stimulated an
avoidance rather than tolerance mechanismheat to mitigate Cd toxicity by promoting root
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oxalate exudation after lotgrm Cd treatmen{Wu et al. 2016a)However, it remained
unclear whether Si also modulates a similaoidance mechanism under shttm Cd
exposure (6 h). In the present study, we found that Si addition had no significant effects on
oxalate exudation by roots under skemm Cd stress (Fig. 7A), but significantly decreased
Cd concentration in roots (FigB). Thus, we suggest that oxalate exudation involved in
suppression of root Cd uptake, but Si did not regulate this process unddeshd@id stress,
implying enhancement of oxalate exudation is not the direct mechanism for alleviation of Cd
toxicity.
Alleviation of Cd toxicity by Si under long-term Cd stress

By contrast with shorterm Cd exposure, Si significantly reduced Cd in cell walls (Fig.
3B), which is consistent with result reported ®lyao et al. (2017)They reason that reduced
Cd by Si supply in rice is associated with deregulation of OsHMA2 and OsNramp5
However, we found neohanged expression 6fMA2 by Si (Fig. 8E), which confirmed that
effects of Si on acropet&d translocaon is not the reason for mitigation of Cd toxicity as
shown by norchanged translocation factor (Fig. 2&)m et al. (2014)also indicated that Si
reduced Cd by decreasi@sHMA2and OsHMA3expression in rice. BuCui et al. (2017)
found that silica nanoparticles wpgulated expression @sHMAS in cells of rice. By using
protoplast of wheat cell$;reger et al. (201&howed that silicate dowregulated_.CT1 and
up-regulatedPCS1lexpression. In the present stu@g upregulated expression dframp§
LCT1, andHMAS3, but Si did not affect the upegulated expression of those genes induced by
Cd toxicity (Fig. 8A, B and D). Based on those findings, it seems that -degutation of
transporter related to Cd uptake and transporter is not responsible for decreasing Cd
accumulation in wheat plants. Interestingly, compared with Cd stress alone;r&julpted
the expression ofM20 (Fig. 8C) which was reported to have the function of Cd efflux from
roots, thus reducing the Cd accumulation in roots of w{i€at et al. 2008) However, the
detailed function offaTM20is still needed to be discovered. When we further analyzed cell
wall properties, we found that although CEC of cell wall and Cd adsorption of cell wall were
not affected ¥ Si supply, Cd in pectin components was considerably decreasedup@ied
plants (Fig. 9)Ma et al. (2015yeported most of Cd in hemicelluloses components of cell
walls, and Si enhanced Cd accumulation in hemicelluloses components in rice cells. The
different findings could be explained by different plants, and roots samgle cells used.
Therefore, to answer how Si decreases Cd in cell walls of wheat unddetam@d exposure,
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we also determined suberin lamellae development. Si supply enhanced suberin lamellae
development regardless of Cd toxicity under lbaign treatment (Fig. 10). This is in
agreement with previous findings tHaeck et al. (2011indicated that Si supply accelerated
suberization of the exodermis and endodermis in rice roots, but the underlying mechanism is
still unclear. Wheat plants are nerodermis specig@aleisnik et al. 1999)0 we just found
that Si addition accelerated endodermal suberization of roots in wheat (Fig. 10). The
suberization of roots by $epressed apoplastic pathway which could result in reduction of Cd.
However, after longerm Cd exposure, changeable apoplastic Cd showed by Cd in apoplastic
fluid only accounted for a minor percentage of total Cd, suggesting that blocking apoplastic
absaption after longterm Cd exposure could not play a dominant role in decreasing Cd.
However, in our previous published paper, we found thsgn8anced oxalate exudation
contributes to reduction of Cd after loteym Cd stress in whe@tVu et al. 2016a)Therefore,
we conclude that Si decreased Cd concentrations undertsimortCd exposure lays a
foundation for higher Cd resistance ofssipplied wheat plants under letggm Cd expose.
Conclusion

Reduction of Cd accumulation as affected by Si is attributed to reduce root Cd absorption
rather than acropetal Cd translocation regardless of Cd exposure tideer&sed apoplastic
fluid-Cd plays a crucial role in decrease of Cd accutimiaunder shorterm Cd stress. The
increase of apoplastic space longitudinally through delaying suberin lamellae development as
affected by Si contributes to the decreased apoplastic@udld per f or med as o6di |
Under longterm Cd exposure, iSenhanced suberization of roots which could repress
apoplastic pathway of absorption, but apoplastic pathway accounted for a minor percentage of
Cd adsorption. Although, Si did not change expressiddramp5 LCT1, HMA2 andHMA3,
Si upregulated expressin of TM20 which involves in Cd efflux from roots under lotgrm
Cd exposure. Overall, Si supply decreases Cd in roots through regulating suberin lamellae
development under sheterm Cd exposure, which is correlated with less Cd toxicity +n Si
supplied pants under longerm Cd exposure. Therefore,-Sipplied plants have higher

resistance than ne@i-supplied plants under lortgrm Cd treatment.
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Table 1Effects of Si on timalependent subcellular Cd distribution in roots of wheat.

Percentage (%)  Treatment 1h 6 h 1d 7d 14d
Apoplastic fluidCd Cd 52.4+4** 34.5+3* 10.8+£2** 3.8+0* 5.2+1*
Si+Cd 34.4+2 14.4+3 6.0+1 5.2+1 7.8+2
CW boundCd Cd 11.54° 25.9+2*¢ 36.7+2° 37.8+2° 37.6x4°
Si+Cd 15.6+1 31.9+3 38.8+10 32.9+3 32.615
Symplastic Cd Cd 36.1+5** 39.7+4** 52.5+1° 58.4+2" 57.2+4°
Si+Cd 50.0+2 53.845 55.2+10 61.8+4 59.6+3
Values are means SD (n=4). According td-t e st , asterisk 6**06 represents si (
treatmentsgdb< 0. 01 whil e asteripk 00.*005 ;s htormssd ,s imgo i sfii gcrainfciec aant
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Table2 Sequences of specifirimers used for qRPCR.

Gene Accession number Primer sequences Product size (bp)

Nrampb KX165386.1 Forward:5-TCTGGGTGATTCTGATTGGC3' 118
Reverse: 5SGGCTTTGGATACTCGGTCTT3'

LCT1 AF015523.2 Forward: ACCATACCAGGACGGTGAGG3' 121
Reverse: SCGGCGAAACGGAAGAACG3!

TM20 DQ323065.1 For wa-CGGATCCNECTTGCACAACTAS Nj 77
Re v e r-AT&EGACBGILATGAAGCTCAG3 N;

HMAS3 KF683298.1 For wa-C@GTCTENFAGTCCCGTATTE N 156
Reverse5 -BiIGAGCCACCTGAAGGAAGAG3 N;

HMA2 JF489141.1 For wa-GEGCAECRGCTTATTTGG3 N;j 100
Rev er-FECCACTGECTTTCTCCCTE3 Nj

Actin GQ339780.1 Forward: 5GTGGACGCACAACAGGTAS3' 110

Reverse: SAGCGAGGTCAAGACGAAG3'
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Figure Legends:

Fig.1 Effects of Si on tim&ependent (6 h to 14 d) dry weight in shoots (A), in roots (B) of
wheat. Values are means + SD (n = 4). Different letters represent significant differpnce at
0.05 among four treatments determined by Dun

Fig.2 Effecs of Si on timedependent (1 h to 14 d) Cd concentrations in shoots (A), in roots

(B) and rootto-shoot Cd translocation (C) of wheat. Values are means + SD (n = 4).

According tott est , doubl e asterisks 6**6 represen
treatments ap< 0. 01, while single asp<er0.s&5;06*®n sb,
significance.

Fig. 3 Effects of Si on timeependent (1 h to 14 d) apoplastic fhk@d (A), cell wall bound
Cd (B) and symplastic Cd (C) in roots. Values are meand f1S= 4). Statistical analysis is
the same as described in Fig. 2.

Fig. 4 Effects of Si on expression of different genes related to Cd uptake and transport under
shortterm Cd exposure. Values are means = SD (n = 4). Different letters indicate sigeifican
atp< 0. 05 determined by Duncanéts test.

Fig. 5 Effects of Si on CEC (cation exchange capacity) of cell walls (A), Cd concentrations in
different components of cell walls (B) and Cd adsorption by cell walls (C) undertehart

Cd exposure, anid vitro Cd adsorption experiments with intact roots or milled powdery roots

in the presence or absence of Si (D), and 4umegrse transpiration rates as affected by Si

under Cd stress (E). Values are means = SD (n = 4). Different letters indicate signifigance at

< 0.05 determined by Dunc an 0 st-testedsuble asterisksi g . 5
0**0 represepd G.i@h, fwiktialne esiarigl e apt0ds i sk 0
in Fig. 5C and D; oOns06, ctio HGL hgmidelfulosesalnHC?2,; CW,

hemicelluloses 2.
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Fig. 6 Effects of Si on suberin lamellae development under-gont Cd exposure. Values
are means + SD (n = 4). Different letters indicate significange <at0.05 determined by
Duncanos toww showsYhe tliepositron af suberin lamellae in Fig. 6B.

Fig. 7 Effects of Si on root oxalate exudation (A) and Cd concentrations in shoots (B) under
shortterm Cd treatment. Values are means + SD (n = 4). Different letters indicate significance
atp<0.05 determined by Duncanbds test i n Fi

significanceap< 0. 01, and Onsd showsttestinFig.i7TBini fi canc

Fig. 8 Effects of Si on expression of different genes related to Cd uptake and transieort
long-term Cd exposure. Values are means = SD (n = 4). Different letters indicate significance

atp< 0. 05 determined by Duncanés test.

Fig. 9 Effects of Si on CEC (cation exchange capacity) of cell walls (A), Cd concentrations in
different componets of cell walls (B) and Cd adsorption by cell walls (C) under -temgn

Cd exposure. Values are means + SD (n = 4). Different letters indicate significgnc® &5
determined by Duncands test in Fi g. nefBby, B. T
t-test in Fig. 9C.

Fig. 10 Effects of Si on suberin lamellae development undertlenmg Cd exposure. Values
are means + SD (n = 4). Different letters indicate significange «at0.05 determined by

Duncanods test. Yel | owofsauletindamellaesniFg.vi@B. t he depos

Fig. S1Effects of Si on timalependentq h to 14 d) apoplastic fluife and Zn(A, D), cell

wall boundFe and Zn(B, E) and symplasti€&e and Zr(C, F) in roots. Values are means + SD

(n = 4). According to ttest, du bl e asterisks o6**06 represent
Si+Cd treatmentsgg< 0. 01, whil e singl e ap<t elr.iOs5k; 066*nés s

significance.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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