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Summary

Silicon (Si) is notclassified as an essential plant nutrjemd yet, numerous reports have shown
its beneficial effects in a variety of species and environmental circumstances. This has created
much confusien in the scientific community with respedtddiological roles. Herave link
molecular‘and‘phenotypic data to better classify Si transportraivally summarize the current
state of understanding of the roles of Si in higher plants. We argue that much of theaémpir
evidence, particularly that derived from recent functional genomics, is atattidsiany of the
mechanistic.assertions surralimg silicon’s role. In essence, these data do not support reports
that Si affects.a wide range of molecudgnetic, biochemical, and physiological processes. A
major reinterpretation of silicon’s role is therefore needed, which is critical to guide futur
studies anduinform agricultural practice. We propose a working model, which we term the
‘apoplastic obstruction hypothesithat attempt$o unify the various observations on silicon’s

beneficial influences on plant growth and yield. This model argues for a fundameniafl %ol
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as an extracellular prophylactic agent against biotic and abiotic stresses (as opposed to an active

cellular agent), with important cascading effects on plant form and function.

Key words: abiatic stress, apoplast, biotic stress, membrane transport, plant nutititon, s
(Si).

l. Introduction
Nearly 25%years ago, the seminal review by EpgtE®94), “The anomaly of silicon in plant
biology’, becamea turning point oficceleratedhterest in silicon’s properties and benefits to
plants.Beforethat, the bulk of research efforts and discoveries had been pioneered by Japanese
scientists whose reports, originally published in Japanese, were summarizecbgN2001).
Apart from hese major works, there is a dearth of research in the@gewed literaturdefore
1994, withc. 200papers dealing with silicon (Si) effects in plants, as opposed  &0®
articles focusing on various aspectsititon’s potential in plants thdtave been published since
(Fig. 1). Asrarresult, many important discoveries, such as the identification of Picirizns,
have impaeted‘our understanding of Si in plants, and mounting evidence supporting the
advantages,of Si fertilization has finally, in 2015, led the International Plantidlutnstitute
(IPNI) to.upgrade Si from complete omission to the statubesfeficial substante
(www..ipni.net/nutrifacts)

The chemistry of Si is complex and difficult to master even in simple labonatactice
(ller, 1979;7Evered & O’Connor, 1986; Voogt & Sonneveld, 2001), and many features intrinsic
to Si have hampered its widespread application in agricukorane the silicate salts typically
used to supply Si in growth media (epgtassium sitateandsodiumsilicate are highly
alkaline and can cause precipitation issues if not carefully handled (Voogt &&ahriz001).
Moreover,othosilicic acid (Si(OH); pKa1 = 9.84, pKy, = 13.2, at 25 °C), the form of Si
accessible to plan{€aseyet al, 2004) is soluble in wateonly up toc. 2 mM at 25 °C, above
which polymerization into silica (Si£) gel begins to occur (Mat al, 2001).From a
biochemicalperspectiv&i(OH), is largely uncharged and unreactive at physiologicalAsH.
Pace(2001) notes, unlike carbd@®), Si cannot engage in as many cheminaids with as many
other atoms, and is thus largely ‘monotoridt@ming mostly silicates an8iO, polymers),

compared to the vast combinations of organic macromole@ses result, in spite of the
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impressive body of Si research now in the literature, the precise role of Si in plants remains
largely unknevn, and in particular the potential for its practical application largeéxploited.

In essence, there are four main areas of contention surrounding Si in higher(p)atsts
absorption (or lack thereof), (% essentiality,J) its nutritional role ice. as a fertilizer)and (9
the mechanism(s) by which it condgarotections against biotic and abiotic stresses.

One of.theimost puzzling properties of Si is its differential absorption by plamendieg
on theplantspecies, soil propertieSi source andSi amount,in-plantaSi contents can vary
from 0.1%(near the detection limit) to 10% (on a-asgight basisEpstein, 1994). This gives
rise to additional confusion, since the beneficial properties of Si are tgtiakaed to the
amount absorbed by the plant (Ma, 20@Jnsequently, some plant species benafiimally
from Si fertilization compared to others, a distinction that is often overlooked in experiments,
which can leadto faulty conclusions and unrealistic expectations. Previous bdes
attempted to phenotype and classify plants according to their ability to absorb Sir{ldbdk
2005; TrembatiReichertet al, 2015), a difficult endeavor considering the numerous factors that
can influeneesthe data. With novel experimental techniques, the advancement ottgeanchi
developmentsssuch as the discovery of Si transporters, new opportunities atdetail
characterize_ accumulator and raccumulator plants on the basis of specific molecular features
(Section )«

Theessentialityof Sifor plantshas been the subjectmiuch debatand manyeviews
(Epstein, 1994, 1999, 20QPatnoffet al, 2001;Y. Liang et al, 2015),and will not be revisited
in detailherem™*@cethe pioneering works of Sprengel and von Lighithe early to mid-1800s
(van der Ploegt al, 1999), and the refinements by Arnon and Stout (1988t nutritionists
have maintained the exclusion off@im the list of essential mineral elements for higher plants
(i.e. with the exception of horsetatquisetum arven$eGregoireet d., 2012; Vivancogt al,
2016). Epstein (1994, 2001) argued that the essentiality of Si is experimentallygihglken
assess since Si is one of the most abundant elements in Earthancrastibiquitous
contaminantyand thus difficult to exclude from plant growth media entirely. Cognizans of thi
reality, our‘review will specifically focus on the tangible, measurable benefits associated with Si
amendment in excess of the background contamination found in various growth media, both

natural and artificial.
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Consideringthat plantcannot grow in an environment completely devoid of Si, the more
realistically important question is whether plants will benefit from Si through addition to
experimental growth solutions or soil fertilization. A few reports have claimed that Si
fertilization can enhance plant growth and yield, while others have refuted sumk. clais
review will cast a critical eye on the widanging results in the literature on Si effects, in an
effort to bring consensus to the deb@ection III)

One areaof Si biology that is settled involtesalleviation of stresse(g.the decreases in
growth rate;"Grime2001), both biotic and abioti&éctions IV and V, respectivelygnd
numerous studiesver the years have attempted to decipher the mechanisms by which Si confers
such protegtion. These efforts have proven challenging on many levels, however, perhaps most
fundamentallybecause athe discrepancy between thiew of Si(OH), as abiochemicallyinert
substance and thimerous andide-ranging mechanistiassertionge.g.genetic, biochemical,
and physiological) gt forth in the literaturelt is our opinion that it is highly improbable that Si
is asbiologically versatile, and, consequently, its protective role, regardless sife¢lse, more
likely stemssfram a common mechanism. Through comparative analysis of tatitie
describingsilicon’s alleviation of different stressesoth biotic (e.g. microbial pathogens,
herbivorous,arthropods) and abiotic (e.g. salinity, heavy metal, nutrient defigiemqoposea
working medelof silicon’s role in higher plantsermed the ‘apoplastic obstruction hypothésis
(Section VI).

Il. Silicon transport in plants: to absorb or notto absorb

Plants will'absorb Si in the form of Si(OHyom soil or nutrient solutions.HE maximum
solubility af SI(OH), in solutionis c. 2mM, and its concentration in soil solutioasually varies
between 0.1 and 0.6 mM (Raven, 1983; Epstein, 1994der similar conditions, plant species
have different abilities to accumulate Sreality that has been known, if poorly understood, for
a long time.

HandreeckandJones (1967proposed a classification of plant species based on their Si
content anduidentified three groups: low, intermediate, and high accumuksttirs.time,
however, his classificatiorcould not take into account the fact that specific biological
mechanisms could explain the inspecies variatianyears later, Takahaset al. (1990) refined
the classification system by categorizing plants basdzhsic mechanistic understandiraisSi
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uptake. The authors described three mechanisms, active, passive, and rejective, that associate,
quite closely, with the highintermediate and lowaccumulator plants, respectivelctive
accumulators hae a shoot Si content ranging from 1.5 to 10% and include monocots such as rice
(Oryza sativa, wheat Triticum aestivur)) and sorghumSorghum bicoldr. The passive
accumulators.encompass mostly dryland Gramineae with a shoot Si content of 0.5-1.5%.
Finally, the rejective classification apgi plants withSi content of <0.2%, and, at the time,

was associated with most dicots.

With moredataavailable on Si content in plants, Hodsral. (2005) conducted an
exhaustive analysis of 735 plant species from 125 studies and normalized the database
measurementsyfrom at least two independent studies for each species, in order to classify plants
ontheir ability to accumulate Si. At a time when Si transporters had not been identified, this
dataset provided a valuable resource on the phylogenetic distribution of Si conterglamthe
kingdom.

Classificationsaside, the mechanisms by which plantsasb Si had long been elusive.
Transpirationwas believed to be one of the main factors determining Si uptaletg\hile
translocation of Si(OH)from the xylem to the aerial part of the plant is certainly facilitated by
transpiration, the idea thttis process alone dictates the amount of Si found in a plant has been
shown to.be"erroneous. Maal. (2001) first showed that transpiration had little influence on the
Si content in rice plants. Additionally, transpiration alone could not explain thewariation in
Si content observed among plants by Bélaegeat. (2016) who offered evidence that much of
the variationimySi content could be explained by Si transport in roots. By using so§hgang
max cultivarssthat differed markedly in their ability to absorb Si, the authors grafted
interchangeably the rootstock of one cultivar with the scion of anahdsupplied the plants
with Si. Their results showed that the Si content fourldameswas diretly associated with the
rootstock while.the measures of evapotranspiration between the plants remahretyeddFig.

2). This provided strong evidentieat the mechanisms influencing Si uptake were inherent to the
roots.

The seminal discoveries of Si transporters in razgs byMa et al. (2006, 2007) have laid
the foundation for our understanding of how plants can accumulate the element, and which
plants do so. At theame time, these findingdfer the opportunity to classify plants on the basis
of precisely defined molecular mechanisms rather slodely onempirical observations. In
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essence, Si enters the plant from the external environment in the form of Si(@idyh
specific influx chanals (termed Lsil), while efflux transporters (termed Lsi2) mediate
loading ofSiinto the xylem and thus facilitate rot-shoot translocatigrwhich, in turn, moves
Sito the aerial parts of the plant where it deposits as amorphou$f@i@eview,see Ma &
Yamaji, 2015).

Lsil, providing primary entry of $DH), into plant root cell§and to a lesser extent,
arsenious acid(As(OH) and boric acid (B(OH); Mitani-Uenoet al, 2011), belongs to the
supefamily of'major intrinsic proteins (MIPs, alémown as aquaporins (AQP#)Ja et al,

2006) AQPs are a class of chanfiefming proteins that facilitate the transport of water and
many other small solutes across cell memlsahieey have a characteristic hourgltike

structure made up of six transmembrane (TM) domains, and two half TM helices pigtrudi
from opposite sides towards the center of the (idigataet al, 2000) The two halfTM helices
form a constriction hosting two NPA (asparagine-proffaine)domains. The pore forms
another constrigin, often referred to abe selectivity filter, and is composed of four amino
acids (AAs)The AAs at theselectivity filterare usually highly conserved and involved in the
solute specificity of a given AQfove & Bhave, 2011). Interestingly, the phylogenetic
distribution.ofall known Si-influx transporters identified in crops, including monocots and
dicots, shewed a specific clustering within the NodulirliRé-intrinsic protein 11l (NIRIII)
subgroup of AQPs. Moreovdhese transportetsave aselectivity filtercomposed of a

conseved GSGRglycineserineglycine-arginine) motif In a recent studypeshmukkhet al.
(2015)were abé to further establish that the distance between the NPA domains was another
selective feature for Si transport. They showed that, among other plants, tomatpaeasSi
accumulator because it contained 109 AAs between the NPA domains, instead of the conserved
108 AAs among high accumulators. Therefore, plant AQPs belonging to thié ISLRgroup

with a GSGRselectivity filterand two NPAdomainsseparated by 108 AAs can be categorized
as being permeable to Si(OHJFig. 3.

On the.basis of the precise molecular characteristicgerringSi permeability to certain
AQPs(Mitani & Ma, 2005; Maet al, 2006; Deshmukkt al, 2015) and of the direct
association established between a plant’s ability to absorb Si and the presence of those AQPs, we
suggest that molecular criteria should be adopted to classify plants for Si uptake. As such, plants
could be categorized as accumulatars@n-accumulators as per the presence of-NIIP
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channe$ possessing the necessary features for Si permeabilityBFilfith the availability of
genomic data increasing daily, one could, in essence, predict whether a planbcarsabs not
by simply aligning sequences indicative of functional NIP-Ills. Among accumulators
guantitative differences remain a fascinating subjectnaigtit be explained by agronomic traits
such as root.architecture, presence of leaf silica @@lisvaret al, 2017b) leaf sizeand
development (e.@s is the case witktrawberry(Fragaria x ananassg Ouelletteet al, 2017),
growth eonditiongparticularly with respect to the rooting medéag(.soil properties,
hydroponics;pH, plargvailable S), or the functionality of downstrea8i transportersuch as
Lsi2 (Mitani et al, 2009) or shoot (nodéddcalizedLsi3 and Lsi6(Ma & Yamaji, 2015; Yamaji
et al, 2015).

Although understanding of Si transpbes come a long wayhere remais much to
investigateRegardingLsi2, the fundamental issue of the mechanism of transport remains
obscure. It Is held that Lsi2 belongs to a class of putative anion transporters, skiowlaity
with the arsenitefflux transporter ArsB from bacteria and Archaarad functions as a
Si(OH)4/H 7antiporter(Ma et al, 2007). Howeverirectevidence for this transport process is
currently lacking If such a mechanism exisexperimentamethodghat elucidatedhe
mechanism,of transporters likkHX1 and SOSINa’/H" antiportersApseet al, 1999; Qiuet
al., 2002)sshould, hypothetically, shed light on Lii@ctionality. The mechanism of Si
deposition and accumulatiam alsounclear buhas recently garnered increased atten(iiorey,
2015; Guerrieret al, 2016; Kumaet al, 2017b). Once the solubility of Si(OlHis exceeded
(i.e. >2 mM);"SiQ polymerizationoccurs, andfor cells, this can btoxic (ller, 1979 see also
Montpetitetaly2012; Exley, 2015); thus, it stands to reason tH&ri, transported through
healthy root cellgvia Lsil and Lsi2must maintain @ytosolicconcentration 2 mM, although
direct cytasoliomeasurements are currently lackifigpe majority of Si is found polymerized in
the apoplastg.g. around exodermal and endodermal root celldeaicpidermal cellsSangster
et al, 2001;.Gonget al, 2006), anctell-wall constituents such as (hemi)cellulose, callose,
pectin, anddignirhave been demonstrated to interact with Si(£Oa$ftemplatesor
‘scaffolding*for. silicification (Guerrieroet al, 2016,and references thereirgi can also
polymerizein specializectellsand cellular structures of some species (particularly grasses), such

as leaf silica and long cells, and spikelet hairs and papiaget al, 1997), andnteresting
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preliminaryevidence for biological control of this process bBasergedKumaret al, 2017a;
Kumaret al, 2017b; Kumar & Elbaum, 2018).

lll. The rale of silicon in plants: not just a matter of semantics

Although there.is no doubt that Si can be beneficial in protecting plants agaast btith biotic
and abiotic. (see Sections IV and V, respectively), the mechanistic underpinningh of s
protections‘remain elusive. More fundamentally, however, the question of siliotaia the
absence of stress remains a contentious issue, as some studies havegrepatiednd yield-
promoting effects under such conditions, in contradiction with other redaibée 1) It is

important to reiteratehough that Si is not an essential element for higher plants (see Section I),
failing to fulfill the criteria laid out byArnon and Stout (1939), namely: (1) deficiency in the
element makesiitnpossible for the plant to complete its life cycle, (2) deficiency symptoms are
specific to the element in question and can only be corrected by supplying the elech€dy), a

the element is directly involved in the nutrition of the plant and not meoetgcting some
unfavourableseondition of the growth regime. Here, we make the case that it is specifically the
third criterion‘that is confounding much of the research oth&i,is,there is a conflation of Si-
induced alleviation of stress with the pdate of a nutritional role in plantds we shall see, the
preponderance of the evidence suggestsifar sedoes not promote plant growth, function,

or metabolic activityput rather prevents or mitigates the strains imposed by stress, and this
ultimately,is reflected in improvements in plant growth, function, and metabolic actiViy.
believe thisfistan important distinction to make, and not just a matter of semantics.

At the ‘physiological level, most studies suggest thahe absence of stressi
supplementation has littler no effect. For instance, M al. (2002) wvereamong the first to
compare the photosynthetic activity of rice plants with and without Si suppldroardad could
not find any.differences. As Table 1 shows, the majority of studies demonstratech@efeon
measures such as biomass, enzyme activity, membrane potential, ion and water transport,
respirationgand photosynthesis. By contrast, Si effects are quite gergbraider conditionsf
stress, andimportantly, such effects often return physiological measukes loaatrol levels,
rather than surpassing basel{fég. 4a).

The advent ofomics technologies has offered the opportunity to investigate with
unprecedented precisionwidi supplementatioaffects a plant. Watanale¢ al. (2004)first
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demonstrated that Si supplementation had essentially no effects on gene expregsomwith
only one out ot. 9000 genes analyzed being significantly altered in its expression. Similarly, a
proteomic analysis by Nwugo ahktlierta(2011) showed Si supplementatiarrice resulted in
statistically significant changes in the abundance of only four proteins, and amotyengh
rice could net.identify distinct metabolic pathways influenced by Si in controlgp{Bniinings
et al, 2009) Fautuxet al. (2006)reported the first complete transcriptomic analysis of a plant
under Si supply'and demonstrated that Si had no significant effect on the expression of any but
two of the€."28500 genes analyzed in Arabidopgisapidopsis thaliana In wheatChainet al.
(2009) observed that, of tlke55000 transcripts analyzed, only 47 were significantly altered by
Si supplementation and most were downregulated stress-related genes. Intgrastingl
pathogenneculatedplants, 8000 genes were differentially expressed and the authors observed
a nearly perfectireversal in the transcript profile when Si was supplied, sngdbati rather
than directly being involved in regulating gene expression, Si prevented or sdtetheeffects
on transcription imposed by the stress. More recently, an analysis of soybean showed Si
supplemeptation had no effect gane expression relatedday distinct metabolic pathwayjth
only 50 genessaltered (falling into categories of streked or hypothetical protein’put ofc.
55000 analyzed under control conditions (Rasoolizadet, 2018. Similar to the case with
wheat, the-differentially expressed genes (DEGS) iporese to a pathogen challenge3000)
reverted to a pattern of expression observed insti@ssed plants when Sipplementation
occurred, ‘once again supporting the notion that Si did not alter gene exppessserbut rather
interfered withwstrainfeading to gene-expression alterations) induced by stress (Fig. 4b).
Interestinglyssif'transcriptomic studies showed little/no effect of Si on ggpeession in control
plants, similar analyses with essential elements yielded much larger effects. Rptegxhae
response to a 2 deficiency in nitrogen (N), phosphorus (P), and potassiume@jted in
1946, 382,.and.814 DEGs (out®f27,000 loci analyzed), respectively, in rice (Takebisal.,
2013). Taken together, these results reinforce theepdiicat Si has a very limited direct role on
unstressedplants.

Although the majority of the studies we surveyed demonstrated a lack of a Suafiec
stressfree conditions, there were someceptions (Table 1). For example, Gatal. (2006)
and Flam-Shepheret al (2018)did observe statistically significaggins in biomass with Si
supplementation when NaCl supply was minimal in hydroponicatbyvn rice seedlings. It was
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clear, however, that the beneficial effects of Si were maximal when salt stress was highest.
Detmannret al (2012) observed many benefitgwSi supplementatiom mature rice, including
increases in crop yield, G@ssimilation, and mesophyll conductance, in contradiction to other
studies with rice (Table 1). It is unknown whether the fluctuating environnmeoridltions over
thec. 90-d experimental period, coupled with the apparent lack of aeration of the nutrient
solution, imposed unintended stresses on the plants. In transcriptomic analyseanonly
Bockhaveretal'(2015)claimed a large effect @i on gene expression in strésee rice in stark
contrast with"previous studies (Watanabal, 2004 Fauteuxet al, 2006; Bruning®t al, 2009
Chainet al, 2009 Rasoolizadelet al, 2018; J.F. Ma et al, unpublished). Surprisingly, the
number of DEGs reported (nearly 2,000) even exceeds that found elsewhere under stress (e.g.
Bruningsetal,,”2009), suggesting an influence of unaccounted stress under their experimental
conditions. Nevertheless, taken as a whole, the results indicate thastheneproducible
systemic change naire thereeascading effecte(g.with genes part of clear metabolic or
signaling pathways) associated with Si fertilization.

IV. Silicon‘andbiotic stress beyondmechanical barriers anddefencepriming
While the*benefits of Si fertilization on unstressed plants remain contentious, the same cannot be
said for the"expanding evidence supporting the positive role of Si in stressad Pleninitial
theory concerning the mode of action of Si in plant prophylaxis involved the establighfraent
mechanical barrier impeding fungal progress. This stemmed from Wagner (1940), wied show
that Si offers"protection against powdery mild&pliaerotheca fuligingan different host
plants and'was the first to suggest that the increased silicification of the host cell wall prevented
penetration of the pathogen. This work laid the foundation for the mechanical-barrier Bigothe
that is still_ being conveyei this day despite the fact that, as early as 198&da and
Takahash({1965), citing Yoshi (1941), who measured leaf toughness, reported: ‘From this result
it seemed that Si protected the rice plagdiast blast disease, but the increase in mechanical
toughness.of'the plant tissue resulting from absorbed Si is not sufficient tonakplai
mechanismof protection’. Indeed, no observations have directly linkedakleinforcement
with penetration failure by the fungus.

The possibility that Si played a role other than a mechanical barrier in the resistance process
was first suggested yamuelset al. (1991) andChérifet al. (1992), who observed that plants
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reacted more promptly to infection by accumulating pheniddecmaterial that hindered ¢h
propagation of the parasite. Corroborating evidence that Si played more than a mechanica
barrierrole in plantawas provided when the interaction between cucuntbecymis sativys
and powdery mildew was further analyzed at the chemical (Eagleet al, 1998) The authors
detected and.identified flavonoids and phenolic acids that were specificallyramglysinduced
in a pattern typical of phytoalexins, as a result of Si treatment. Thus, Si was Isygedte play
an active role’in disease resistance hystatingdefencemechanismsSubsequently, through
electron microscopy studies and chemical analyses oRadrjgueset al. (2003, 2004) showed
that plants treated with Si fended off Hikast infection through production of electrdanse
material campesed of momilactones, which agitagoalexingn rice. At the same time, similar
results were obtained for wheadwdery mildew interactions on plants supphgth Si
(Bélangeret al, 2003; Rému®orel et al, 2009) Thereafter, numerous papers have associated
theprophylactic role of Si against diseases with some form of defespense by the plant (
Lianget al;, 2015, and references therein).

For thesmaost part, studies that have shown heighteeiethceresponses in the presence of
Si have speculated on the role of Si in the praddgpotheses that soluble Si can act as a
secondarysmessenger, a modulatadefenceresponses, or a priming ag¢Raweet al, 2001,
Fauteuxet-al, 2005; Van Bockhaveet al, 2013) have never been fully tested in thespnee of
a proper genetic model, until recently. Indeed, by exploiting Arabidopsis mutants ablsorb
larger quantities of Si, but deficient in theiaation of the salicylicacid (SA) pathway,
Vivancosetal®(2015)directly testedf the protective effect of Si became null or significantly
altered, givensthe presumed inability of the plant to mdefeénceeactions against powdery
mildews. It was quite surprising to observe that plants transformed for hedfs&@ption and
supplied with St displayed resistant phenotypes in spite of having lost the abilibdtacp
defencereactions involving the SA pathwaphis meanthat Si, in the form of Si(OH) did not
replaceSA as.asurrogate secondary messemgtre induction otlefencereactionsas
previously. propose(Faweet al, 2001) These observations strongly suggest that other factors
are at play‘inithe Si-mediated protection of plants against fungal eseas

If the above results appear conflicting at first, they open the way to an altetmginthesis
that would unify the modes of action behind the observed phenomena. The prophylactic role of

Si is overwhelmingly associated with pathogens that have a biotrophic phase (e.g. powdery
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mildews, oomycetes, and rice blaBable 3. For instance, powdery mildews (strict biotrophs),
are paticularly well controlled by Si. Among hemibiotrophs, rice blast, caused by the fungus
Magnaporthe griseas arguably the most commonly reported disease to be controlledAy Si.
such, the suggestion that Si can conlfieoadspectrum disease resistanféan Bockhaveret

al., 2013), netwithstanding the fact that it does not apply toasmoinulator species, ignores the
overwhelming.evidence of field and experimefaia associating the benefits primarily against
biotrophic'and"hemibiotrophic pathogens and overlooks the negative reports withapds.otr
For instance;"Rodger&ray & Shaw(2004) could not observe any effects agdtsarium
culmorum while reporting protection against powdery mildew on wheat. Other necrotrophs,
such agCercospora sojingPythium aphanidermaturBipolaris oryzaeandSclerotinia
homeocarpéave been reported to be unaffected by Si treatment (Malvick & Percich, 1993;
RodgersGray &)Shaw, 2004; Heine et al, 2006; Nascnentoet al, 2014).Also, the literature

is obviously biased against reporting negative results, and our own experiencenras sho
repeatedly.that Si had no effect against typical necrotrophs sidirgiis cinereaand
SclerotiniasselerotiorumBipolaris oryzaaemains an interesting intermediate model, because it
is among the ‘pathogens controlled by Si, albeit with less frequency and efficiend. than
griseg andswhile being considered a necrotroph, it producessetettive toxinand its
genome_codes for effector proteins, features not typically observed for opbso{Condoret

al., 2013). In the last few years, the annotation of plant pathogen genomes has highlighted the
presence and importance of effector proteins, most notably in the case of biotrophs and
hemibiotrophsyin a compatible host-pathogen interaction. Effectors modify hostuoetiis,
metabolismyand function, and interfere with the signaling pathways required fam\asson or
triggering host resistan¢&iraldo & Valent, 2013)Fungal effectors are firs¢leased into the
apoplast and can be translocated into the cytoplasm through the cell membrane or the
extrahaustorial. matrix (EHMBozkurtet al, 2012). Interestingly, Si©deposition in plants is
frequentlylocated in the apoplast and, more precisely, at the interface of the plasma membrane
with the celkwall(Baueret al, 2011; Zhangpt al, 2013) In a recent reviewyang andVang
(2018) highlighted how the apoplast is a site of intense interactions of many effetigptant
targetsindeed theappressorimm and the haustorium of powdery-mildew fungi are structures of
active release of effecto(&iraldo & Valent, 2013)the appressorium releases effectors into the

apoplasto prewent the action of plant proteases, and the haustorium rekféesgsrsinto the
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cytoplasm through thEHM to alter plantdefences. Given that the apoplast and the EHM are
within the confines of Si depositighanmiet al, 2004) and based on our observations, it

seems not only plausible but logical that Si could interfere with effectors reaching their targets or
plant signals being recognized by the pathogen. This would prevent the invading fungus from
inhibiting plart,defencs, which results in the expression of the complete arralefance
mechanisms, or alternatively from recognizing the plant as a compatibigliobgd & Cooper,

2004; Nuernberger & Lipka, 2005). Considering the superior prophylactic role of Si against
biotrophs,"the"heavy reliance of biotrophs on effectors to maintain their virulendbeasitk of

Si deposition cairiding with effector release, a link between Si and effectors is strongly
supported.

In an effort'to test thikypothesis, Rasoolizadehal (2018) looked at the expression of
effectors otthe hemibiotropiPhytophthora sojaanddefencereactions of soybean plants grown
in the absence and presence of Si. Their data clearly show a protective effect of Si in,soybean
accompanied by a significant reduction of effector expression in Si-supplied plentsttie
biotrophicphase d?. sojag together with a similarly reduced expression of plant receptors. The
results support'the concept that Si interferes with effeetmptor expression, which, in turn,
confers resistance to the plant. As the role and localization of effectors releasadt by p
pathogenssbecome better defined, it should become possible to investigate meakarfisinc
how Si interacts with them and affects their compatibility with the plant.

Research on Shduced protections against herbivorous insects has followiedlars
trajectory to'that of fungal pathogens. For example, improved gédenceagainst arthropods
under Si supplementatidras alsdong suggested a mechanical form of protection (Reyredlds
al., 2009, 2016). As early as 193bereduction of damage to rice plants by the chewing
herbivoreChilo simplexvaspostulated to be due bocreased strength of the rice stem following
Si accumulatioffSasamoto, 1955). More recently, a study of another chewing herbivore
Spodoptera.exemptirectly showed that Si acts as a physical deféoicthree grasses,
increasing.the abrasiveness of the leaard|eading to increased wear of mandibles (Massey &
Hartley 2009;.cf Kvedara& Keeping 2007).

Also n line with fungal studies (Fauteex al, 2005),molecularbased defens®of Si-
treated plants against inse(ts particularpiercingsucking types) have been proposédmes
et al, 2005) Goussairet al. (2005) showed that stylet penetratiowdfeat aphid$chizaphis
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graminum) was not impeded by Si in wheat plants; however, the stylet was withdrawn more
often resulting in a reduction of probing time, leadihg author$o conclude that chemical
changeslue to Si absorption by the plant were likely responsible. Recerstiydg in rice
suggested th&i provision led ta higher level of jasmonateediateddefences againsthe rice
ledffolder, Chaphalocrocis medinaliére et al, 2013).

It has been proposed that plant-insect interactions involve alaygtied plantefence
responsenediated by herbivorgssociated molecular patteHWXMP)- and effectoitriggered
immunity (Hegenhout & Bos, 2011nsed (Hemipteran) effectors are reportedly recagdiby
similar classes of immune receptors as those by pathogen virulence effectors (Smith & Clement,
2012; Kaloshian & Walling, 2016a)his is in line with predictios that phloenfeeding insects
cause only'minor tissue damage and induce defence-signalling pathways resembling those
activated against biotrophic and hemibiotrophic pathogens (Walling, Rd8hjerczyket al,

2007) Recent evidence indicates thatrbivore-associated endosymbionts (Wanhgl, 2017)
and the constituents ofal secretions, saliva, egg®( oviposition fluids), and frass, notably
effectors, play=an important role in manipulating direct and indirect gifethcegHilfiker et

al., 2014), dramatically reshaping pldranscriptomes, proteomeand metabolomg§Vu &
Baldwin,2010) Insect effectors have been identified across a range of species, feeding guilds
and for boeth'specialists and generalists, includingiggsian fly Mayetiola destructgrZhaoet
al., 2015), brown planthoppeN{laparvata lugensJi et al, 2017), tobacco hawk moth
(Manducta.sextaHalitschkeet d., 2001), corn earwornHglicoverpa zeaMusseret al, 2012),
cricket (Teleogryllus taiwanemm& oshinagaet al, 2007) vinegar fly Drosophila
melanogasteryoshinageet al, 2007), and several aphid species, including pea aphid
(Acyrthosiphon pisupCarolaret al, 2011) and green peach apHullygus persicgeMugford et
al., 2016)..As these herbivoessociated effectors are derived from the insect or its microbial
inhabitants,.they are expected to be diverse in structure, function, and possiblgraeget
identity (Kaloshian & Walling 2016b).

Until reeently there was no direct evidence that insect effectors are transported into specific
plant tissues and cellstugford et al (2016) demonstratedr the first time that insect (aphid)
effectors are delivered into the cytosol of plant cells during probing in the gativase, and
other effectors are embedded within the sheaths that surround stylets in the apoplastic space of
mesophyll tissue. Therefore, we might surmise that Si deposited within the apogpast
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interferes withsuch feeding styles. This couddplain at least in partyhy, in Si-treated plants,
we often observe piercing and sucking insects showing reduced probing time, although not
necessarily increased mortal{fgoussairet al, 2005; Costa&t al, 2011). Thussimilar tothe
case proposed faathogens, effectors released by inseotdd betrapped within the
extracellular.Si matrixpreventinghemfrom impeding the plardefenceresponse, or from
recognising.the plant as a suitable Hékigenhout & Bos, 2011).

V. Silicon and abiotic stress:a proliferation of proposed mechanisms
Remarkably, Si has been reported to alleviate a wide range of abiotic stresses, including radiation
(Shenet alg:2020) lodging (Savanet al, 1997) wounding(Kim et al, 2014) temperature
(Muneeretal, 2017), hypoxigFlecket al, 2011) salinity (FlamShepherdt al, 2018),
drought(Liu et al, 2014), nutrient deficiency, such as thairoh (Fe; Pavlovicet al, 2016) P
(Kosticet al, 2017), ad K (Chenet al, 2016), and heavwretal toxicity(e.g. cadmium@d),
Shaoet al, 2017 manganeséMn), Cheetal., 2016;arseniqAs), Sanglarcet al, 2014;
aluminum(Al)sWanget al, 2004; and coppefC{), MateosNaranjoet al, 2015). Although
some of thesesstresses are related, this is a diverse and largely disparate set of scenarios, and so it
stands toreason that Si is providing some fundamental protection to plants thist aanfie
range of benefits. Perplexingly, a surveylaf relevant literature appears to suggest otherwise,
with Si seemingly involved in a plethora of processes and functions, including gene expressi
(Manivannan & Ahn, 2017), redox homeostasis and oxidative giresg) et al, 2003; Zhuet
al., 2004; Faroogt al, 2016) nitrogen assimilation (Pereieaal., 2013), carbohydrate
metabolismZhu et al, 2016), cell signaling (Detmaret al, 2012, 2013), transmembrane ion
and water fluxegLianget al, 2006; Liuet al, 2014), hormone regulation (X. Liang et al,
2015; Markovichet al, 2017), root exudatiofKidd et al, 2001; Wuet al, 2016), heavyrnetal
chelation(\Wanget al, 2004; Maet al, 2015) root architecturéGonget al, 2006; Fleclet al,
2011) transpiratior(Gaoet al, 2006), and photosynthegB8henet al, 2010; Detmanet al,
2012)(for reviews, se&pstein, 1999; Ma, 2004; Liargg al, 2007; Meharg & Meharg, 2015;
Cooke & Leishman, 2016; Coskenal,, 2016; Debonat al, 2017 Frewetal., 2018).

Oxidative stress is a hallmark feature of st{déistler, 2002; Apel & Hirt, 2004; Gill &
Tuteja, 2010) and its reduction by Si, by upregulating antioxidant activity, is a proposed maj
mode of action (Liang, 1999; Liareg al, 2003, 2006Zhuet al, 2004; Gonget al, 2005; Gunes
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et al, 2007; Farooet al, 2016; Hasanuzzamat al, 2017; Kimet al, 2017 cf Mateos
Naranjoet al, 2015). Consequently, several studies have linked Si with elevated shoot and root
activities of antioxidants, both enzymated. superoxide dismutageeroxidase, catalase,
ascorbate peroxidase, and glutathione rechécand norenzymatic €.g. ascorbate, glutathione,
phenolic compounds, ejcas well as changes in the concentrations of common markers of
oxidative stress, including malondialdehyde, hydrogen peroxig@{kand proline, under
various‘abiotic'stresses (for review see Liahgl, 2007; Cooke & Leishman, 2016; Kiet al,
2017). Once"again, however, one must be cognizant of the points of reference and the
distinctions between direct and indirect effects. Indeed, compared tocstnesons without Si
supplementation, Si does appear to alleviate oxidative stress, which, however tdoneamthat
Si is directly'involved in antioxidant activity, and, in fact, no such evidprnesently exists
Moreover, as with other biochemical processes (see Sélt}iddi has no clear or caistent
effect on antioxidant activity in the absence of stress (Table 1). Thus, a mangoparas
explanation is that Si is preventing or mitigating the strains imposed by, stiesk is, then,
reflected ipra=reduced indumn of oxidative stress (Figtg. This is perhaps most clearly
supported by the fact that Si suppbnsistently reduces the retmkshoot translocation of
toxicants'€:g.Na, As, Mn, and Cd) and, thukeir cellular accumulation in leaf tissug&eo et
al., 1999;.Gonget al, 2006; Sanglarét al, 2014; Cheet al, 2016; Shaet al, 2017;Flam
Shephereet al, 2018; cfRogalla & Fomheld, 2002; Blamegt al, 2018) A reduction in
toxicant accumulation will obviously reduce the strains imposed on shoot tiseltsia be
reflected insreduced oxidative stress.

Reactive.oxygen speci€ROS) are central to cell signaling and influence a wide range of
critical and cascading processes, including the expression of genes, growth, devglopme
programmed cell death, and a suite of stress responses (Mittler, 2002; Apel & Hirt, 2004; Gill &
Tuteja, 2010. . Thus, it is no surprise that reductions in ROS witpr8vision, under stress
conditions, result in numerous downstream changekiéng et al, 2003, 2005, 2015; Zhet
al., 2004; Yinet al, 2016; Markovictet al, 2017); however, this should not be confused with an
‘active role"of,Si. For example, Si supplementation has been claimed to influence many
physiological parameters based on correlations with elevated polyamine éegekpéermidine,
spermine, and putrescine) and reduced ethylene signaling in salt-stressed g¥igletral,

2016) but such observations are far from conclusive in terms of mechanistic evidence. Likewise,

This article is protected by copyright. All rights reserved



claims that Si alleviates 'Kdeficiencyinduced leaf chlorosis by decreasing the accumulation of
putrescine is unsubstantiat@henet al, 2016) A similar conclusion can be drawn from a
recent analysis of silicamrole in promoting cytokinitiosynthesis and its relationship with
delaying senescence in Arabidopsisl orghun{Markovichet al, 2017) Another common
claim is that.Si.can influence the transport of water and ions across membranes. For example, in
the context.of hyperosmotic stress, increases in hydraulic conductivity withv&ipnohave
been ascribedto increased expression of gerwesley AQPYLiu et al, 2014) Similarly, with
salinity (NaCl)'stress, some studies have suggested that Si can promote the vacuolar
sequestration of Naand, thusprotect vital cytoplasmic functions (Liarmg al, 2007, and
references:therein). This is largely based on observations of increagdiPse activities with
Si provision‘(Liang, 1999; Liangt al, 2005, 2006and speculations on downstream effects on
H*-dependent Nafluxes (e.gtonoplast (NHX) or plasmamembrane (SOShntiporters).
Again, these results are correlative anty@bserved under stress, as opposed to control
conditions; suggesting that, rather than stimulating AQP functiori-#&TiPase activity, Si is
simply mitigating their decrease (Fi¢g). As far as we are aware, the only attempts to directly
measure the &fct of Si on rootNa' fluxes yielded no observable effects in sdiessed rice
seedlings«{(Malagokt al, 2008;FlamShephercet al, 2018).Similarly, electrophysiological
measurements conducted in epidermal and cortical root cells demonstrated no effects of Si
provision on resting membrane potentials or NaCl-induced depolarizations, suggest8ig that
has no effect on transmembrane currents (Feerdet al, 2018). With respect to other
toxicants, elaims that Si inhibits transmembrane Cd influx and stimulates vacuolar sequestration
similarly lacksmechanistic eviden¢®la et al, 2016). In the context of nutrient deficiency, the
claimthatSi increases P influx in P-deprivedheat based on gerexpression analysessd.
increases In expression for genes encoding P transporters) and tissuedadgtdaés not offer
evidence of a direct involvement of Si in the prodé&ssstic et al, 2017). Although such
proposals cannot entirelyruled out, caution must always be applied when usragnges in
gene expression to act as a proxy for changes in protein abundance or activity without proper
verification(Tianet al, 2004; Schwanhaussetral, 2011; Ponnalat al, 2014).

What could explain such widespread effects, then, if they only reflect downstream (indirect)
responses? In other words, what are the ultimate causepah&ied alleviation of abiotic
stress? In the case of shoot tissues, Si deposition in cuticlesdrastibwn to prevent water loss
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via evapdranspiration, protecting plants faced with water deficits @val, 2001; Ma, 2004). In
roots, Siaccumulatesround cells expressing Si transporters, such as the exodermis and
endodermis in ricéLux et al, 2003; Gonget al, 2006; Ma & Yamaji, 2015)This is critical
because Si depositi@urroundinghese cell layerblocks the apoplastic bypass routevhereby
ionssuch as:Nj CI', and Cd" enter the transpiration stream via breaks and underdevelopments
in the Casparian band (CB), and subsequently accumulate in giaietsjallyto toxic levels
(Yeoetal;"1999; Ranathunget al, 2005; Shiet al, 2005, 2013; Gongt al, 2006; Faiyuet

al., 2010;FlamrShepherakt al, 2018). Interestingly, Si appears to not only ‘clog ajpoplastic
bypass routes, but it also appearprimmote CB formation itself by contributing to the
stimulation-ofrsuberin and lignin biosynthesis, thus further protecting plants agropsisiic
bypass of texicantd-lecket al, 2011, 2015)The mechanism by which these changes occur are
not yetclear, although it iflypothesized that Si interacts and crosslinks with phenols within cell
walls or induces precipitation of phenols leading to enhanced CB develojuastht, the ce
precipitation of Si antieavymetal toxicantsuch as Ain the extracellular matrix isn@ther

critical considerationfKidd et al, 2001; Wanget al, 2004; Maet al, 2015; Wuet al, 2016).

VI. The apeplasticobstruction hypothesis: aworking model
While thedast 25 years have seen an unprecedented amount of research into the roles of Si in
plant biology, it appears that a number of hypotheses nearly commensurate with theafumbe
studies hve been proposed, which has exacerbated the confusion. For instance, in a recent
review deseribing the putative effects of Si, Fegval. (2018) identified an inordinate amount of
reported effeetsinder various environmental conditions, includied signaling,amincacid
metabolism, photosynthesis, cell growth and division,teantscriptomic processes, which, taken
as a whole, are incongruent with what we know about the properties of Si. Thus, in trying to
propose a.hypothesis to define the roleipi\@® have taken a holistand parsimonious
approachencompassing theariousscenarios described in the literature in line with chemical
and biologieal realities.

Thefirstypremise we considered w¢he evidencagainst anutritional role for Si. As argued
in this review, this position is supported titne vast majority of scientific papers, as weltlaes
IPNI and most regulation agencies throughout the world. This perspective is mbbisause
whether or noSi is aceptedas a plant nutriertias direct repercussision howits role is
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viewed in situations of streds.is indeed unlikely that, if an element has no effect on a plant’s
metabolism in unstressed conditions, it would suddenly acquire unsuspected [@ogestiea
stress is imposed.

The second premise relates to the chemistry and biochemiSi§Qi),, the soluble form
of Siabsorbed. by planté&s outlined inSection |, Si(OH)is uncharged and unreactive in cells
(Exley, 2015) therefore, it stands to reason that themeno biochemicatoles forSi(OH), in
terms ofinteractiors with enzymesr other intraellular constituentsclaims to that effedtave
beenbased onindirect effects and correlative evideAsaliscussed her¢he concept that
Si(OH), in plantg as a minor unpolymerized fraction, could plageularrole was first
suggested.biFaweet al.(2001),invoking the roleof a secondary messenger inducohgfence
responses.’As/a result, this notion was extended to other forms of stress, médema
speculative andnsubstantiatedntil Vivancoset al. (2015) provided definitive evidence that
Si(OH), did not have a role as a signaling molecule or secondary messenger. Thus, the position
that Si would have diverse and complex biochemical islaatenable, particulariy one
juxtaposesrsthesnumerousechanistic proposalsith the lack of direct evidence. It is our opinion
that the expansion ofiechanistic claims can largely egplained by the fallacy of conflating
correlation.with causation.

On thesbasis of these assumptions and the many benefits observed in Si-plgppisedve
conclude that the digfrent forms of stress alleviation mediated by Si, whether biotic or abiotic,
mostly stem from a common mechanism, referred to here as the apoplesttiection
hypothesis#Under this scheme, the amorphog®ion thatdeposits in the apoplast both
interferes with-and promotes a number of biological events leading to its beneficial pl&)Fi
In the case of biotic stress, it interfenith the recognition process establishing the specificity
between a plant andfangal pathogen dnsect by altering the flow of the arsenal of molecules
(e.g.effectors).and the establishment of structures suttedsaustorium at the membrane
interface a parasite uses to attack a plant (Fig. 5). On many levels, this explains the gpecificit
pathogens.eontrolled by Si, and why those with a biotrophic phaspreducing a haustorium)
are particularly associated with the prophylactic properties of Si. In the case of abiotic stress, S
deposits aroundnd fortifies apoplastic barriessirrounding the vasculature, and thus precludes
the transport and accumulation of toxicants into the shoot, thereby preventing oimgitigat
downstream stress evelfisg. 5).Moreover, Si caro-precipitate with toxicants in the
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extracellular matrix, thugrotectngtissues against stress (Kidtlal, 2001; Rogalla & Romheld,
2002; Wanget al, 2004; Heet al, 2013, 2015; Pavloviet al, 2013; Maet al, 2016 Wu et al,
2016).Lastly, Si deposition in cuticles will prevent water loss, which is particularly important

under osmotic stress.

VIl. Perspectives and onclusions
Explaining'the'role of Si in plant biology has remained a quandary since the mechanisms that
have been proposed to explain the large number of reported beneficial effecesranglyeat
odds withlits rather limited biochemical properties. There is also a disparity betsveement
practical expleitation in agriculture as a fertilizer and all the potential advantages it codd conf
as largescale applications are the exception rather than the norm. Accordingly, if we are to
effectively benefit from its use, it is impartt to correctly understand the mechanistic
underpinnings of its biological role in plants.

As detailed in this review, there are many intricacies inherent to the properties of, 85 and
such, a generic acceptance of the multitude of mechanistic preaggdied to plants can only
lead to confusion, unfounded expectations, and negative results. First and foramost, it
importantite recognize that plants differ widely in their ability to take up Si from the external
environment, and concomitantly, differ widely in the benefits they derive from Sisiiiag
plants on the basis of Si accumulation in the field can often lead to false conchsgmls
properties, plant-available Si, and plant development can greatly influence phendhges
precise damiption of functional elements of Si transporters has made it possible to rely on
molecularteels to classify plants as accumulators andanoamulators, and as genomic data
become routinely available, they should be exploited to precisely categorize@iahe basis
of the presence,of functional Si transporters.

The preponderance of the scientific evidence is in favour of the argument thatritienal
role of Si is rather a proxy of stress alleviation, and suggests, at the very least, resaénaint wh
linking Si_and™nutrition. On the other hand, the benefits of Si under conditions of stress appear t
be unanimously accepted. Biotic stresses have been particularly well documented in the case of
fungal pathogens that possess a biotrophic phase, aasmeilih some insects. The fact that there
is a level of specificity with respect to the parasites controlled by Si also supports arguments for
a simple mode of action. In terms of abiotic stresses, the listinfiGted protections grows
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continuously, which has prompted a proliferation of possible biochemical roles for SavEiQw
most of the roles appear to be associated with a prevention of the deregulation inhiéeent t
stress itselfi.e. are indirect, rather than direct, effects. Given that cropgricultural practice
will always grow under some form of stress, the debate on whether the effects of Si are limited to
stressed conditions may, of course, ultimately be moot, and it may well be that future
recommendations to agronomists will includefplications to fields that are deficient in the
element{."Liang et al, 2015), in particular with a view to the rapid pace of global climate
change andthe increased incidence of inclement and extreme weathe(lesitet al, 2011;
Caiet al, 2014; Myerset al, 2014).

Taken.ogether, we propose a unifying model, termed the apoplastic obstruction hypothesis,
by which Sicanexert its multitude of beneficial effedfBig. 5). Through this model, our aim is
to stimulate critical thinking and positive advances towardtebenderstanding of Si
properties. Recent advances have contributed to elevate Si to the status of benbftaalce,
and our hope is that continued efforts will guide research in the direction bamsiic
elucidationrand biotechnological advanceiseor an optimal exploitation of Si in agricultural

practice.

Acknowledgements

This work was supported by a Postdoctoral Fellowship to D.C. and grants to R.R.B from the
Natural Sciences and Engineering Research Council of Canada (NSERC). It was further
supporteddythe University of Melbourne (to H.J.K.) and grants from the Fonds de Recherche
du Québec=Nature et Technolog{ERQNT) to R.R.B.the Grantin-Aid for Specially Promoted
Research (JSPS KAKENHI Grant Number 16H06296 to J.Favid,the Canada Research

Chairs (CRC) Program to R.R.Bhe authors also thank Malcom Keeping for his critical review

of the manuscript.

ORCID
Devrim Coskun http://orcid.org/0000-0001-9598-2227.

References

This article is protected by copyright. All rights reserved



Alborn HT, Turlings TCJ, Jones TH, Stenhagen G, Loughrin JH, Tumlinson JH. 1997An
elicitor of plant volatiles from beet armyworm oral secreti®cience276 945-949.

Apel K, Hirt H. 2004.Reactive oxygen species: metabolism, oxidative stress, and signal
transductionAnnual Review of Plant Biolodb: 373-399.

Apse MP, Aharon GS, Snedden WA, Blumwald E. 199%alt tolerance conferred by
overexpression of a vacuolar Wd" antiport inArabidopsis Science285 12561258.

Arnon DI, 'Stout'PR. 1939.The essentiality of certain elements in minute quantity for plants,
with'special reference to copp@ant Physiobgy 14: 371-375.

Bauer P, Elbaum R, Weiss IM. 2011Calcium and silicon mineralization in land plants:
transport, structure and functid?lant Sciencd 80 746-756.

Blamey FPC, McKenna BA, Li C, Cheng MM, Tang CX, Jiang HB, Howard DL, Paterson
DJ, Kappen P, Wang Pet al. 2018.Manganese distribution angdeciation help to
explain the effects of silicate and phosphate on manganese toxicity in four cr@s speci
New Phytologisf17: 1146-1160.

Bozkurt TOwSchornack S, Banfield MJ, Kamoun S. 20120omycetes, effectors, and all that
jazz:Current pinion in Plant Biologyl5: 483-492.

Brunings*AM, Datnoff LE, Ma JF, Mitani N, Nagamura Y, Rathinasabapathi B, Kirst M.
2009 Differential gene expression of rice in response to silicon and rice blast fungus
Magnaporthe oryzaeAnnals of Applied Biolog¥55 161-170.

Bélanger R, Benhamou N, Menzies J. 2008ytological evidence of an active role of silicon in
wheatresistance to powdery mildeBlmeria graminid. sp. tritici). Phytopathology
93.'402¢412.

Bélanger R, Deshmukh R, Belzile F, Labbé C, Perumal A, EdwardSM. 2016.Plant with
increased silicon uptaké&atent no.: WO/2016/183684.

Cai K, Gao.D,.Luo S, Zeng R, Yang J, Zhu X. 200&hysiological and cytological
mechanisms of silicemduced resistance in rice against blast disétsgsiologia
Plantarum134 324-333.

Cai W, Borlace S, Lengaigne M, van Rensch P, Collins M, Vecchi G, Timmermann A,
Santoso A, McPhaden MJ, Wu Let al. 2014.Increasing frequency of extreme El Nino
events due to greenhouse warmiNgture Climate Changé 111-116.

This article is protected by copyright. All rights reserved



Carolan JC, Caragea D, Reardon KT, Mutti NS, Dittmer N, Pappan K, Cui F, Castaneto
M, Poulain J, Dossat Cet al. 2011.Predicted effector molecules in the salivary
secretome of the pea aphakcfrthosiphon pisujna dual transcriptomic/proteomic
approachJournal ofProteome ResearctD: 1505-1518.

Casey WH,Kinrade SD, Knight CTG, Rains DW, Epstein E. 2004Aqueous silicate
complexes in wheatriticum aestivuni. Plant, Cell & Environment27: 51-54.

Chain F, CoteBeaulieu C, Belzile F, Menzies JG, Belanger RR. 2008.comprehensive
transeriptomicanalysis of theféect of silicon on wheatplantsunder control and
pathogen sessconditions.Molecular Plant-Microbe Interaction®2: 1323-1330.

Che J, Yamaji*N, Shao JF, Ma JF, Shen RF. 2016ilicon decreases both uptake and ftoet-
shoet translocation of manganese in rimurnal of Experimental Botar§r: 1535-1544.

Chen DQ, Cao'BB, Qi LY, Yin LN, Wang SW, Deng XP. 2016&ilicon-moderated K-
deficiencyinduced leaf chlorosis by decreasing putrescine accumulation in sorghum.
Annals of Botany 18 305-315.

Chérif M, Menzies JG, Benhamou N, Bélanger RR. 199&tudies of silicon distribution in
wounded andPythium ultimumnfected cucumber plantBhysiological and Molecular
Plant Pathology41: 371-385.

Condon Bd;"Leng Y, Wu D, Bushley KE, Ohm RA, Otillar R, Martin J, SchackwitzW,
Grimwood J, MohdZainudin N. 2013. Comparative genome structure, secondary
metabolite, and effector coding capacity aci@sshliobolus pathogen®LoSGenetics
9: e1003233.

Cooke J, Leishman MR. 2016Consistent alleviation of abiotic stress with silicon addition: a
metaanalysis Functional Ecologys0: 1340-1357.

Coskun D, Britto DT, Huynh WQ, Kronzucker HJ. 2016. The role of silicon in higher plants
under.salinity and drought stregsontiers in Plant Sciencé 1072.

Costa RR, Moraes JC, DaCosta RR. 201 Eeeding behaviour of the greentfsichizaphis
graminumon wheat plants treated with imidacloprid and/or silicmurnal of Applied
Entomelogyl35 115-120.

Datnoff LE, Snyder GH, Korndérfer GH. 2001. Silicon in agriculture New York,NY, USA:
Elsevier Science.

This article is protected by copyright. All rights reserved



Debona D, Rodrigues FA, Datnoff LE. 2017Silicon'srole in &iotic andbiotic plant stresses.
Annual Review of Phytopatholo§$: 85-107.

Deshmukh RK, Vivancos J, Ramakrishnan G, Guérin V, Carpentier G, Sonah H, Labbé C,
Isenring P, Belzile FJ, Bélanger RR. 2019 precise spacing between the NPA
domains of aquaporins is essential for silicon permeability in platast Journal83:
489-500.

Detmann KC;Araujo WL, Martins SCV, Fernie AR, DaMatta FM. 2013. Metabolic
alterations triggered by silicon nutrition. Is there a signaling role for s#iBtant
Signaling & Behavio8: e22523.

Detmann KCgAraujo WL, Martins SCV, Sanglard L, Reis JV, Detmann E, Rodigues FA,
NunesNesi A, Fernie AR, DaMatta FM. 2012 Silicon nutrition increases grain yield,
which, initurn, exerts a feed-forward stimulation of photosynthetic rates via ethanc
mesophyll conductance and alters primary metabolism inNiee. Phytologit 196. 752
762.

Epstein E«2994 The anomaly of silicon in plant biologlroceedings of the National Academy
of SeiencedUSA91L: 11-17.

Epstein Exl1999Silicon. Annual Review of Plant Physiology and Plant Molecular Biolb@y
641=664.

Epstein E. 2009 Silicon: its manifold roles in plant&nnals of Applied Biolog¥55 155-160.

Evered D, OConnor M. 1986. Silicon biochemistryNew York,NY, USA: John Wiley & Sons.

Exley C. 2025A possible mechanism of biological silicification in plarisontiers inPlant
Scieneeb: 853

Faiyue B, Al-Azzawi MJ, Flowers TJ. 2010The role of lateral roots in bypass flow in rice
(Oryza sativa..). Plant, Cell & Environment33: 702716.

Farooq MA, Detterbeck A, Clemens S, Dietz KJ. 2016ilicon-induced reversibility of
cadmium toxicity in riceJournal of Experimental Botar§7: 3573-3585.

Fauteux F,€hain F, Belzile F, Menzies JG, Belanger RR. 200Bhe protective role of silicon
in the Arabidopsis-powdery mildew pathosystéhroceedings of the National Academy
of Scieces, USA03 17554-17559.

Fauteux F, RémusBorel W, Menzies JG, Bélanger RR. 2005silicon and plant disease
resistance against pathogenic ful@MS Microbidogy Letters249 1-6.

This article is protected by copyright. All rights reserved



Fawe A, AbouZaid M, Menzies J, Bélanger R. 1998Silicon-mediated accumulation of
flavonoid phytoalexins in cucumbd?hytopathologyg8: 396-401.

Fawe A, Menzies JG, Chérif M, Bélanger RR. 200X ilicon and disease resistance in
dicotyledonsStudies in Plant Scien& 159-169.

Flam-Shepherd R, Huynh WQ, Coskun D, Hamam AM, Britto DT, Kronzucker HJ. 2018.
Membrane fluxes, bypass flows, and sodium stress in rice: the influence of silicon.
Journalof Experimental Botar§9: 1679-1692.

Fleck AT,'Nye'T, Repenning C, Stahl F, Zahn M, Schenk MK. 2015ilicon enhances
suberization and lignification in roots of rid®rfyza sativg. Journal of Experimental
Botany62: 2001-2011.

Fleck AT, Schulze S, Hinrichs M, Specht A, Wassmann F, Schreiber L, Schenk MK. 2015.
Silicon promotesexodermal aspariarband brmationin Si-accumulating and Si-
excluding pecies byforming phenol complexe®LoSONE 10: e0138555.

Frew A, Weston LA, Reynolds OL, Gurr GM. 2018.The role of silicon in plant biology: a
paradigm shift in research approach&snals of Botanydoi: 10.1093/aob/mcy009
[Authory‘please replace DOI with volume number and page range]

Gao D, Cai.K, Chen J, Luo S, Zeng R, Yang J, Zhu X. 2018ilicon enhances photochemical
effieiency and adjusts mineral nutrient absorption in Magnaporthe oryzae thfeete
plants.Acta Physiologia Plantarur@3: 675-682.

Gao X, Zou C, Wang L, Zhang F. 2006Silicon decreases transpiration rate and conductance
fromrstomata of maize plant®ournal of Plant Nutritior29: 1637-1647.

Ghanmi D,;"MeNally DJ, Benhamou N, Menzies JG, Bélanger RR. 200Rowdery mildew of
Arabidopsis thalianaa pathosystem for exploring the role of silicon in plant—-microbe
interactionsPhysiological and Molecular Plant Pathologg: 189-199.

Gill SS, Tuteja.N. 2010Reactive oxygen species and antioxidant machinery in abiotic stress
tolerance in crop plant®lant Physiology and Biochemisi: 909-930.

Giraldo MCyValent B. 2013.Filamentous plant pathogen effectors in actidature Reviews
Micrebiology 11: 800-814.

Gomes FB, de Moraes JC, dos &tos CD, Goussain MM. 2005Resistance induction in
wheat plants by silicon and aphi@kientia Agricole62: 547-551.

This article is protected by copyright. All rights reserved



Gong HJ, Randall DP, Flowers TJ. 2006Silicon deposition in the root reduces sodium uptake
in rice Oryza sativa..) seedlings by reducing bypass fldwant, Cell & Environment
29:1970-1979.

Gong HJ, Zhu XY, Chen KM, Wang SM, Zhang CL. 2005Silicon alleviates oxidative
damage of wheat plants in pots under drouglant Sciencd 69 313-321.

Goussain MM,Prado E, Moraes JC. 2005Effect of silicon applied to wheat plants on the
biolegyand probing behaviour of the greenl@aiizaphis graminurfRond.)
(Hemiptera: AphididaeNeotropical Entomolog@4: 807-813.

Gregoire C, RemusBorel W, Vivancos J, Labbe C, Belzile F, Belanger RR. 201Riscovery
of asmultigene family of aquaporin silicon transporters in the primitive Egqotsetum
arvensePlant Journal72: 320-330.

Grime JP. 2001 Plant strategies, vegetation processes, and ecosystem prop2niksdn).
ChichesterUK: Wiley & Sons Ltd.

Guerriero G, Hausman JF, Legay S. 2016Silicon and the lant extracellularmatrix.
Frontiers in Plant Sciencé 463.

Gunes A, InakA, Bagci EG, Pilbeam DJ. 2007ilicon-mediated changes of some
physiological and enzymatic parameters symptomatic for oxidative stress iohsaith
tomato grown in sodi®& toxic soil.Plant and Soik90. 103-114.

Halitschke R, Schittko U, Pohnert G, Boland W, Baldwin IT. 2001Molecular interactions
between the specialist herbivavianduca sextélepidoptera, Sphingidae) and its natural
hostNicotiana attenuatalll. Fatty acidamino acid conjugates in herbivore oral
secretions are necessary and sufficient for herbispeeific plant responseBlant
Physiologyl25 711-717.

Handreck KA, Jones LHP. 1967 Uptake of monosilicic acid byrifolium incarnatum
Australian Journal of Biological Scienc28: 483-486.

Hasanuzzaman M, Nahar K, Anee TI, Fujita M. 2017 Exogenousikcon attenuges
cadmiuminduced oxidativetsess inBrassica napus. by modulating AsAGSH
pathway and glyoxalase systefnontiers in Plant Scienc®: 1061.

Hattori T, Sonobe K, Araki H, Inanaga S, An P, Morita S. 2008Silicon application by
sorghum through the alleviation of stresduced increase in hydraulic resistance.
Journal of Plant Nutritior81: 1482-1495.

This article is protected by copyright. All rights reserved



Heine G, Tikum G, Horst WJ. 2006.The effect of silicon on the infection by and spread of
Pythium aphanidenatumin single roots of tomato and bitter gouddurnal of
ExperimentaBotany58: 569-577.

Hilfiker O, Groux R, Bruessow F, Kiefer K, Zeier J, Reymond P. 2014Insect eggs induce a
systemic acquired resistance in ArabidopBlant Journal80: 1085-1094.

Hodson MJ, White PJ, Mead A, Broadley MR. 2005Phylogenetic variation in the silicon
composition of plantsAnnals of Botan®6. 1027-1046.

Hogenhout SA;"Bos JIB. 2011Effector proteins that modulate plaimsect interactions.

Current Opinion in Plant Biolog{4: 422-428.

Holub EB,.Cooeper A. 2004 Matrix, reinvention in plants: how genetics is unveiling secrets of
nonsost disease resistandeends in Plant 8ence9: 211-214.

Hove RM, Bhave M. 2011Plant aquaporins with non-aqua functions: deciphering the signature
sequenced?lant Molecular Biology’5: 413-430.

ller RK. 1979. The chemistry of silica: solubility, polimerization, colloid and surface proteins,
andrbiochemistryNew York,NY, USA: Wiley Interscience.

Ji R, Ye WF,"€hen HD, Zeng JM, Li H, Yu HX, Li JC, Lou YG. 2017.A salivary endd-
1,4glucanase acts as an effector that enables the brown planthopper to feedRiarice.
Physiologyl73 1920-1932.

Kaloshian I, Walling L. 2016a.Plant immunity: Conneting the dots between microbial and
hemipteran immune responses. In: Czosnek H, Ghanim MMesggement ahsect
pests‘tosagriculture: lessons learned from deciphering their genome, transriptome and
proteeme Cham,Switzerland: Spnger International Publishing, 217-243.

Kaloshian I, Walling L. 2016b. Hemipteran and dipteran pests: effectors and plant host immune
regulatorsJournal of Integrative Plant Biology8: 350-361.

Kidd PS, Llugany M, Poschenrieder C, Gunse B, Barcelo J. 200The role of root exudates
in aluminium resistance and silicamduced amelioration of aluminium toxicity in three
varieties of maizeZea mayd..). Journal of Experimental Botarg2: 1339-1352.

Kim YH, Khan AL, Wagas M, Jeong HJ, Kim DH, Shin JS, Kim JG, Yeon MH, Lee IJ.
2014.Regulation of jasmonic acid biosynthesis by silicon application during physical

injury to Oryza sativa.. Journal of Plant Researct?7. 525-532.

This article is protected by copyright. All rights reserved



Kim YH, Khan AL, Wagas M, Lee 1J. 2017.Silicon regulatesantioxidant ativities of crop
plants under abiotic-inducedidative stress:a review.Frontiers in Plant Scienc8: 510

Kostic L, Nikolic N, Bosnic D, Samardzic J, Nikolic M. 2017Silicon increases phosphorus
(P).uptake by wheat under low P acid soil conditiétiant and Soil#19 447-455.

Kumar S, Elbaum R. 2018.Interplay between silica deposition and viability during the life
span of sorghum silica cellSew Phytologis17: 1137-1145.

Kumar S, Milstein Y, Brami Y, Elbaum M, Elbaum R. 2017a.Mechanism of silica
deposition in sorghum silica celldew Phytologis213 791-798.

Kumar S, Soukup M, Elbaum R. 2017bSilicification in gassesvariation betweenlifferent
cell.types.Frontiers in Plant Scienc®: 438.

Kusnierczyk AyWinge P, Midelfart H, Armbruster WS, Rossiter JT, Bones AM. 2007.
Transcriptional responses Afabidopsis thalianacotypes with different glucosinolate
profiles after attack by polyphagolv/zus persical@and oligophagouBrevicoryne
brassicaeJournal of Experimental Botarg8: 2537-2552.

Kvedaras OlkyKeeping MG. 2007.Silicon impedes stalk penetration by the bdtketana
saccharinain sugarcaneEntomologia Experimentalis et Applicat@5103-110.

Liang XL;*Wang HH, Hu YF, Mao LN, Sun LL, Dong T, Nan WB, Bi YR. 2015.Silicon
does™not mitigate cell death in cultured tobaccoBdells subjected to salinity without
ethylene emissiorRlant Cell Report84: 331-343.

Liang Y. 1999.Effects of silicon on enzyme activity and sodium, potassium and calcium
coneentration in biéey under salt stresBlant and Soik09 217-224.

Liang Y, Chen‘Q, Liu Q, Zhang WH, Ding RX. 2003 Exogenous silicon (Si) increases
antioxidant enzyme activity and reduces lipid peroxidation in roots o$tsafised barley
(Hordeum vulgard..). Journal of Plant Physiolog¥60. 1157-1164.

Liang Y, Nikolic. M, Bélanger R, Gong H, Song A. 2015Silicon in agriculture: from theory to
practice/Dordrecht, the Netherlands: Springer.

Liang Y, Sun'W, Zhu Y-G, Christie P. 2007 Mechanisms of silicomediated alleviation of
abiotic,stresses in higher plants: a reviewvironmental Pollutiod47: 422-428.

Liang Y, Zhang WH, Chen Q, Ding RX. 2005Effects of silicon on H#ATPase and HPPase
activity, fatty acid composition and fluidity of tonoplast vesicles from rootsltf sa

This article is protected by copyright. All rights reserved



stressed barleyHordeum vulgard..). Environmental and Experimental Botabs§. 29-
37.

Liang Y, Zhang W, Chen Q, Liu Y, Ding R. 2006 Effect of exogenous silicon (Si) onH
ATPase activity, phospholipids afididity of plasma membrane in leaves of salt
stressed barleyHordeum vulgard..). Environmental and Experimental Botaby. 212
219.

Liu P, Yin"E"Deng X, Wang S, Tanaka K, Zhang S. 2014Aquaporinmediated increase in
root hydraulic conductance is involved in silicon-induced improved root water uptake
under osmotic stress Borghum bicolot.. Journal of Experimental Botargb: 4747-
4756.

Lobell DB,*Schlenker W, CostaRoberts J. 2011 Climatetrends and global crop production
since 1980Science333 616-620.

Lux A, Luxova M, Abe J, Tanimoto E, Hattori T, Inanaga S. 2003The dynamics of silicon
depaosition in the sorghum root endoderriisw Phytologisi58 437-441.

Ma J, Cai HyHe C, Zhang W, Wang L. 2015A hemicellulose-bound form of silicon inhibits
cadmium ion uptake in ric®fyza sativa cells.New Phytologis06. 1063-1074.

Ma J, Sheng HC, Li XL, Wang LJ. 2016.iTRAQ-based proteomic analysis reveals the
meehanisms of silicon mediated cadmium toleranceEe(Oryza sativa cells.Plant
Physiology and Biochemistd04: 71-80.

Ma JF. 2004.Role of silicon in enhancing the resistance of plants to biotic and abiotic stresses.
SoilsSeience and Plant Nutritids0: 11-18.

Ma JF, Yamaji‘N. 2015.A cooperative system of silicon transport in plafmtgnds in Plant
Science&0: 435442.

Ma JF, Miyake Y, Takahashi E. 2001 Silicon as a beneficial element for crop plants. In:
Datnoff LE, Snyder GH, Korndorfer GH, edilicon in agriculture New York,NY,
USA: Elsevier Science, 139.

Ma JF, Tamai'K, Yamaji N, Mitani N, Konishi S, Katsuhara M, Ishiguro M, Murata Y,
Yano'M. 2006.A silicon transporter in ricédNature440. 688-691.

Ma JF, Yamaji N, Mitani N, Tamai K, Konishi S, Fujiwara T, Katsuhara M, Yano M.
2007.An efflux transporter of silicon inge.Nature448 209-212.

This article is protected by copyright. All rights reserved



Maksimovié¢ JD, Mojovi¢ M, Maksimovi¢ V, Romheld V, Nikolic M. 2012. Silicon
ameliorates manganese toxicity in cucumber by decreasing hydroxyl radical
accumulation in the leaf apopladturnal of Experimental Botar§8: 2411-2420.

Malagoli P, Britto DT, Schulze LM, Kronzucker HJ. 2008.Futile N& cycling at the root
plasma.membrane in ric®fyza sativa..): kinetics, energetics, and relationship to
salinity toleranceJournal of Experimental Botarg9: 4109-4117.

Malvick'D;"Percich J. 1993.Hydroponic culture of wild riceZizania palustrid..) and its
application to studies of silicon nutrition and fungal brown spot dis€asedian
Journal of Plant Sience73: 969-975.

Manivannan Ay Ahn YK. 2017. Silicon regulategotentialgenesinvolved in najor
physiolegical pocesses iplants tocombatstress.Frontiers in Plant Scienc8é: 1346.

Markovich O, Steiner E, Kouril S, Tarkowski P, Aharoni A, Elbaum R. 2017.Silicon
promotes cytokinin biosynthesis and delagaescence in Aralmgsis and arghum.
Plant, Cell & Environmen#é0: 1189-1196.

Massey FPyHartley SE. 200 hysical defences wear you down: progressive and irreversible
impacts‘of silica on insect herbivordsurnal of Animal Ecology8: 281-291.

Mateos-Naranjo E, Galle A,Florez-Sarasa |, Perdomo JA, Galmes J, Ribas-Carbo M,
Flexas J. 2015Assessment of the role of s in the Cutolerance of the g£grass
Spartina densifloraJournal of Plant Physiolog478 74-83.

Meharg C,.Meharg AA. 2015.Silicon, the silver bullet for mitigating biotic and abiotic stress,
anddmproving grain quality, in ricéd€nvironmental and Experimental Botah®C: 8-17.

Mitani N, Chiba' Y, Yamaji N, Ma JF. 2009. Identification and characterization of maize and
barley Lsi2like silicon efflux trarsporters reveals a distinct silicon uptake system from
that in rice Plant Cell21: 2133-2142.

Mitani N, Ma JE. 2005. Uptake system of silicon in different plant specisirnal of
experimental botany6: 12551261.

Mitani -Uene'N, Yamaji N, Zhao FJ, Ma JF. 2011The aromatic/arginine selectivity filter of
NIP"aquaporins plays a critical role in substrate selectivity for silicon, bandraraenic.
Journal of Experimental Botarg2: 4391-4398.

Mittler R. 2002. Oxidative stress, antioxidants and stress toleraimesds in Plant Sciencé
405-410.

This article is protected by copyright. All rights reserved



Montpetit J, Vivancos J, Mitani-Ueno N, Yamaji N, RemusBorel W, Belzile F, Ma JF,
Belanger RR. 2012Cloning, functional characterization and heterologous expression of
TaLsil, a wheat silicon transporter geRkant Molecular Biology79: 35-46.

Mugford ST, Barclay E, Drurey C, Findlay KC, Hogenhout SA. 2016An immunc
suppressive aphidaBva proteinis delivered into theeytosol ofplant mesophyll cells
during feedingMolecular Plant-Microbe Interaction29: 854-861.

Muneer'S;"Park YG, Kim S, Jeong BR. 201 7oliar orsubirrigation silicon supply iigates
high'tmperaturetress instrawberry by raintainingphotosynthetic andress
responsiveproteins.Journal of Plant Growth Regulatia36: 836-845.

Murata K, Mitsuoka K, Hirai T, Walz T, Agre P, Heymann JB, Engel A, Fujiyoshi Y. 2000.
Struetural determinants of water permeation through aquapoNature407: 599-605.

Musser RO, Hum-Musser SM, Lee HK, DesRochers BL, Williams SA, Vogel H. 2012.
Caterplillar labial saliva alters tomato plant gene expresdtmnal of Chemical Ecology
38:11387-1401.

Myers SSgZanobetti A, Kloog |, Huybers P, Leakey ADB, Bloom AJ, Carlisle E, Ditgrich
LH, Fitzgerald G, Hasegawa Tet al. 2014.Increasing CQthreatens human nutrition.
Nature510 139142,

Nascimento"KJT, Debona D, Franca SKS, Gongalves MGM, DaMatta FM, Rodrigues FA.
2014.Soybean resistance @ercospora sojinanfection is reduced by silicon.
Phytopathology 04 1183-1191.

Nuernberger T, Lipka V. 2005.Non-host resistance in plants: new insights into an old
phenemenonMolecularPlant Pathology6: 335-345.

Nwugo CC, Huerta AJ. 2011 Theeffect of silicon on thdeaf pioteome ofice (Oryza sativa
L.) plants under cadmiuntress.Journal ofProteome ResearctD: 518-528.

Okuda A, Takahashi E 1965 The role of siliconIn: The mineral nutrition of the rice plant:
Symposium, International Rice Research Institute (IRRllfimore, MD, USA: The
Johns'Hopkins Pres$23-146.

Ouellette SpGoyetteM-H, Labbé C, Laur J, Gaudreau L, Gosselin A, Dorais M, Deshmukh
RK, Bélanger RR. 2017 Silicon transporters and effects of silicon amendments in

strawberry under high tunnel and field conditidAntiers in Plant scienc8: 949.

This article is protected by copyright. All rights reserved



Pace NR. 2001The univesal nature of biochemistrizroceedings of the National Academy of
SciencesUSA98: 805-808.

Pavlovic J, Samardzic J, Kostic L, Laursen KH, Natic M, Timotijevic G, Schjoerrirg JK,
Nikolic M. 2016. Silicon enhances leaf remobilization of iron in cucumieder limited
iron_cenditionsAnnals of Botany18 271-280.

Pereira TS, Lobato AKD, Tan DKY, da Costa DV, Uchba EB, Ferreira RD, Pereira ED,
Avila'FW, Marques DJ, Guedes EMS. 2013ositive interference of silicon on water
relations, nitrogen metabolismnd osmotic adjustment in two pepp€éapsicum
annuum cultivars under water deficibustralian Journal of Crop Sciende 1064-1071.

van der Pleeg"RR, Bohm W, Kirkham MB. 19990n the origin of the theory of mineral
nutrition‘of plants and the law ofghminimum.Soil Science Society of America Journal
63 1055:1062.

Ponnala L, Wang YP, Sun Q, van Wijk KJ. 2014Correlation of mRNA and protein
abundance in the developing maize |@&nt Journal78: 424440.

Qiu QS, Guaewy; Dietrich MA, Schumaker KS, ZhuJK. 2002.Regulation of SOS1, a plasma
membrane N&H" exchanger ifrabidopsis thalianaby SOS2 and SOSBroceedings
of'the National Academy of Sciences, | 99A8436-8441.

Ranathunge K, Steudle E, Lafitte R. 2005Blockage of apoplastic bypass-flowwéter in rice
roots by insoluble salt precipitates analogous to a PfeffeRiatit, Cell & Environment
28:121-133.

Rasoolizadeh"A, Labbé C, Sonah H, Deshmukh R, Belzile F, Bélanger R. 20R8lA-seq
analysis of the role of silicon in the soybeRimytophthora sojamteraction reveals
interference with effectareceptor expressioBMC Plant Biologyl8: 97.

Raven JA. 1983 The transport and function of silicon in plarB#logical Reviews of the
Cambridge Philosophical Sociebg: 179-207.

RémusBorel W, Menzies JG, Bélanger RR. 200%conitate and methyl aconitate are
maodulated by silicon in powdery mildewtected wheat plantgournal of Plant
Physiologyl66. 1413-1422.

Resende RS, Rodrigues FA, Cavatte PC, Martins SCV, Moreira WR, ChavéskM,

DaMatta FM. 2012.Leaf gas exchange and oxidative stress in sorghum plants supplied
with silicon and infected bolletotrichum sublineolunmPhytopathologyl02 892-898.

This article is protected by copyright. All rights reserved



Reynolds OL, Keeping MG, Meyer JH. 2009Siliconraugmented resistance of plants to
herbivorous insects: a reviennals of Applied Biolog¥55 171-186.

Reynolds OL, Padula MP, Zeng RS, Gurr GM. 2016Silicon: potential topromote drect and
indirect dfects onplantdefenceagainst arthropodgsts inagriculture.Frontiers in Plant
Scieneel: 744

Rodgers-Gray.B, Shaw M. 2004. Effects of straw and silicon soil amendments on some foliar
and-stembase diseases in pot- grown winter wheat Plant Pathologyp3: 733-740.

Rodrigues'FA;"Benhamou N, Datnoff LE, Jones JB, Bélanger RR. 2003ltrastructural and
cytochemical aspects of siliconediated rice blast resistan&hytopatholog¥3: 535-

546

Rodrigues'FAMcNally DJ, Datnoff LE, Jones JB, Labbé C, Benhamou N, Menzies JG,
Bélanger RR. 2004 Silicon enhances the accumulation of diterpenoid phytoalexins in
rice: a potential mechanism for blast resistaftgtopathologyp4: 177-183.

Rogalla H;,Rémheld V. 2002.Role of leaf apoplast in silicomediated manganese tolerance of
Cueumis sativuk. Plant, Cell & Environment25: 549-555.

SamuelsA;*Glass A, Ehret D, Menzies J. 199Distribution of silicon in cucumber leaves
during infection by powdery mildew funguSghaerotheca fuligingaCanadian Journal
of Botany69: 140-146.

Sanglard L, Martins SCV, Detmann KC, Silva PEM, Lavinsky AO, SilvaMM, Detmann E,
Araujo WL, DaMatta FM. 2014. Silicon nutrition alleviates the negative impacts of
arsenicwon the photosynthetic apparatus of rice leaves: an analysis of the key limitations
of phetesynthesid?hysiologia Plantaruni52 355-366.

Sangster AG, Hodson MJ, Tubb HJ. 2001Silicon deposition in higher plants. In: Datnoff LE,
Snyder GH, Korndorfer GH, edSilicon in agriculture New York,NY, USA: Elsevier
Science,, 858.13.

SasamotdK. 1955. Studies on the relation between insect pests and sili¢carton rice plant
(l)-Onthe relation between some physical properties of silicified rice plant and injuries
by riece.stem borer, rice plant skipper and rice stem ma@yatKontyul1l: 66—69.

Savant NK, Snyder GH, Datnoff LE. 1997 Silicon management and sustainable rice
production Advances in Agronongg8: 151-199.

This article is protected by copyright. All rights reserved



Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, Chen W, Selbakh
2011.Global quantification of mammalian gene expression cortiature473 337-342.

Shao JF, Che J, Yamaji N, Shen RF, Ma JF. 2013%ilicon reduces cadmium accumulation by
suppressing expression of transporter genes involved in cadmium uptake and
translecation in riceJournal of Experimental Botarg8: 5641-5651.

Shen XF, Zhou YY, Duan LS, Li ZH, Eneji AE, Li JM. 2010. Silicon effects on
photosynthesis and antioxidant parameters of soybean seedlings under drought and
ultraviolet-B radiationJournal of Plant Physiolog¥67: 1248-1252.

Shi XH, Zhang CC, Wang H, Zhang FS. 200%ffect of Si on the distribution of Cd in rice
seedlingsPlant and SoiR72 53-60.

ShiY, Wang Y; Flowers TJ, Gong H. 2013Silicon decreases chloride transport in riceyza
sativaL.)in saline conditionslournal of Plant Physiolog470. 847-853.

ShiY, ZhangY, Han W, Feng R, Hu Y, Guo J, Gong H. 2016&5ilicon enhances water stress
tolerance by improving root hydraulic conductanc8atanum lycopersicuin Frontiers
in Rlant«Sciencd: 196.

Smith CM,"Clement SL. 2012Molecular bases of plant resistance to arthropadaual
Review of Entomolody7: 309-328.

Takahashi*E, Ma JF, Miyake Y. 1990 The possibility of silicon as an essential element for
higher plantsComments on Agricultural and Food Chemisirp9-102.

Takehisa'H, Sato Y, Antonio BA, Nagamura Y. 20135lobal transcriptome profile of rice root
in response to essential macronutrient deficieRtant Signaling & Behavio8: €244009.

Tian Q, Stepaniants SB, Mao M, Weng L, Feetham MC, Doyle MJ, Yi EC, Dai HY,
Thorsson V, Eng Jet al. 2004.Integrated genomic and proteomic analyses of gene
expression in mammalian celldolecular & Cellular Proteomic8: 960-969.

Trembath:Reichert E, Wilson JP, McGlynn SE, Fischer WW. 2015-our hundred million
years ofssilica biomineralization in land plarsoceedings of the National Academy of
SciencesUSA112 5449-5454.

Van Bockhaven J, De Vleesschauwer D, Hofte M. 201Bowards establishing broagbectrum
disease resistance in plansilicon leads the wayournal of ExperimentaBotany64:
1281-1293.

This article is protected by copyright. All rights reserved



Van Bockhaven J, Steppe K, Bauweraerts I, Kikuchi S, Asano T, Hig M, De
Vleesschauwer D. 201®rimary metabolism plays a central role in moulding siicon
inducible brown spot resece in riceMolecular Plant Pathologyt6: 811-824.

Vivancos J, Labbé C, Menzies JG, Bélanger RR. 201Silicon-mediated resistance of
Arabidepsis against powdery mildew involves mechanisms other than the sabiaylic a
(SA)-dependent defence pathway. Molecular Plant Pathology6: 572-582.

Vivancos J;'Deshmukh R, Gregoire C, Remus-Borel W, Belzile F, Belanger RR. 2016.
Identification and characterization of silicon efflux transporters in horsEgligetum
arvenseg. Journal of Plant Physiolog200 82-89.

Voogt W, Sonneveld C. 2001Silicon in horticultural crops grown in soilless culture. In:
DatnoffiLE, Snyder GH, Korndérfer GH, ed&licon in agriculture New York,NY,

USA: Elsevier Science, 11831.

Wagner F. 1940.The importance of silicic acid fdhe growth of some cultivated plants, their
metabolism, and their susceptibility to true mildelRisytopathologische Zeitschrit:
427479,

Wallace A*1989 Relationships among nitrogen, silicon, and heavy-metal uptake by [Saiits.
Sciencel47: 457-460.

Walling_ LL+2001. Induced resistance: from the basic to the applieehds in Plant Sciend
445-447 .

Wang J, Peiffer M, Hoover K, Rosa C, Zeng RS, Felton GW. 201Helicoverpa zegut-
associated bacteria indirectly induce defences in tomato by triggering a salivary
eliciter(s). New Phytologis?14 12941306.

Wang Y, Wang Y. 2018 Phytophthora sojaeffectors orchestrate warfare with host immunity.
CurrentQOpinion in Microbiology46. 7-13.

Wang Y X, Stass A, Horst WJ. 2004Apoplastic binding of aluminum is involved in silicon-
inducedamelioration of aluminum toxicity in mai®dant Physiologyl36 3762-3770.

Watanabe . S;'Shimoi E, Ohkama N, Hayashi H, Yoneyama T, Yazaki J, Fujii F, Shinbo K,
Yamamoto K, Sakata Ket al. 2004.Identification of several rice genes regulated by Si
nutrition. Soil Science and Plant Nutritids0: 1273-1276.

Wu JQ, Baldwin IT. 2010. New insights into fantresponses to thdtack frominsect
herbivoresAnnual Review of Genetidg: 1-24.

This article is protected by copyright. All rights reserved



Wu JW, Geilfus CM, Pitann B, Muhling KH. 2016. Silicon-enhanced oxalate exudation
contributes to alleviation of cadmium toxicity in wheahvironmental and Experimental
Botany131 10-18.

Yamaji N, _Sakurai G, Mitani-Ueno N, Ma JF. 2015.0Orchestration of three transporters and
distinet,vascular structures in node for intervascular transfer of silicon in rice.
Proeeedings of the National Academy ae8ces USA112 11401-11406.

Ye M, Song“Y;Long J, Wang R, Baerson SR, Pan Z, Zhu-Salzman K, Xie J, Cai K, Luo S
et al."2023.Priming of jasmonate-mediated antiherbivore defeasponses in rice by
silicon. Proceedings of the National Academy of Sciences, 118A3631-E3639.

Yeo AR, Flowers SA, Rao G, Welfare K, Senanayake N, Flowers TJ. 19®ilicon reduces
sodiummuptake in ricegQryza satival..) in saline conditions and this is accounted for by a
reduction in the transpirational bypass fl®®ant, CGell & Environment22: 559-565.

Yin L, Wang S, Tanaka K, Fujihara S, Itai A, Den X, Zhang S. 2016Silicon-mediated
changes in polyamines participate in silisgoduced salt tolerance Borghum bicolot..
PlantyCell & Environment39: 245-258.

Yoshi H. 1942:Studies on the nature of rice blast resistakgesu. Imp. Univ. Sci. Fakultato
Terkultura Bull9: 277-307.

Yoshinaga*N, Aboshi T, Ishikawa C, Fukui M, Shimoda M, Nishida R, Lait CG, Tumlinsn
JH, Mori N. 2007. Fatty acid amides, previously identified in caterpillars, found in the
cricket Teleogryllus taiwanemmand fruit fly Drosophila melanogastdarvae.Journal
of Chemical Ecolog®3: 13761381.

Zhang C, Wang L, Zhang W, Zhang F. 2013Do lignification and silicification of the cell wall
precedesilicon deposition in the silica cell of the rid@rfyza sativa..) leaf epidermis?
Plant and SoiB72 137-149.

Zhao CY, Escalante LN, Chen H, Benatti TR, Qu JX, Chellapilla S, Waterhouse RM,
Wheeler D, Andersson MN, Bao RYet al. 2015.A massiveexpansia of effector genes
underliesgall-formation in thevheatpestMayetiola destructarCurrent Biology25: 613
620:

Zhu YX, Guo J, Feng R, Jia JH, Han WH, Gong HJ. 2016The regulatory role of silicon on
carbohydrate metabolism @ucumis sativuk. under salt stres®lant and Soik06:
231-249.

This article is protected by copyright. All rights reserved



Zhu ZJ, Wei GQ, Li J, Qian QQ, Yu JQ. 2004 .Silicon alleviates salt stress and increases
antioxidant enzymes activity in leaves of sslessed cucumbe€ygcumis sativuk.).
Plant Sciencd 67: 527-533.

Supporting.laformation
Additional Supporting Information may be found online in the Supporting Information tab for

this article:

Table S1Detailed list of studies reported in Table 2

Please note: Wiley Blackwell are not responsible for the contenhotidnality of any
supporting information supplied by the authors. Any queries (other than missing materital) shou

be directed to thBlew Phytologis€Central Office.

Fig. 1 Numberwofsilicon (Si}related publications in the plant sciences from 1®3D17 (based
onWeb of'Sciencgearch with the words ‘silicon’ or ‘silicate’ or ‘silicic’ in the title, and refined

to the Plant.Sciencégategory).

Fig. 2 Leafsilicon (Si) content is dependent on rootstock genotype. (a) Schematic representation
of grafting method. (b) The effect of rootstock genotype on Si accumulation in leaves of four

separate soybean scions (taken from Bélaegek, 2016).Error bars denot¢ SEM.

Fig. 3 Molecular characterization and phylogenytteé silicon (Si) channelsil. (@) Simplified
2D structure of TaLsil from wheat showing all knofgatures thainfluence solute specificity
(seekey). (b).3D modebf TaLsil. (c) Phylogenetic tree of &llodulin 264ike intrinsic proteins
(NIP9) identified inArabidopsis thaliandAt), Brassica rapgBr), Brachypodium
distachyon(Bd), poplar Populus trichocarpaPt), and rice@ryza sativaOs), highlighting the
presence of:NIflls (of whichLsil belongs to) only in S&ccumulating species. (d)
Taxonomical distribution of high- and lo&+accumulating specieand their leaf Si content (in
% DW).
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Fig. 4 Slicon (S) effects (or lack thereof) under experimentally controlled sfiregsconditions.
(a) Generalized representation of Si effects on biochemical/physiological vargglegrowth,
photosynthesis, enzyme activity, etc.) under control (sfres}-and stres conditions (for

details, se&ections Il and VTable 1). Note, under stress, Si effects can range from no benefit
to complete recoverfseelight bluebar). (b) Transcriptomic analyses of Si effects under control
(C; stresdree) conditions in soybedas measured by RNSeq; Rasoolizadett al, 2018) and
Arabidopsis‘and wheat (as measured by microarray; Faatelx2006; Chairet al, 2009).

Note, for microarray data, a caff of log, fold-change was considered; thus, based on this
analysis, onlywo (out ofc. 28500 transcripts) and 47 (outaf$B5000 transcripts) differentially
expresseds,genes (DEGs) were found in Arabidopsis and wheat, respectivElgdisee I11for
details)

Fig. 5 The apoplastic obstruction hypothesis. (a) In rdotscants (X) can take both symplastic
and apoplastic routes towards the stele (see black arrows). The apoplastic path is blocked by the
Caspariansband (CB), although breaks may occur which allow for bypass routes, plgrticular
under low-dicoen (-Si) condtions (Yeoet al, 1999; Gonget al, 2006). By contrast, hightsion
(+Si) plants,have improved CB development (Flethl, 2011), as well as apoplastic Si
depositionps(@silica, SiO,; Gonget al, 2006), effectively blocking bypass routes, and thus, root-
to-shoot translocation of toxicants. Red arrows denote symplastic and xylem traspides
silicic acid,Si(OH)s; Ma & Yamaiji, 2015). (b) With abiotic stress, toxicant levels in shoots
accunulatestora,greater extent-8i plants relative to +Si plants (as a function of SiO
depositioninroots; see (a)), resulting in elevated reactive oxygen species (ROS), and thus
increased oxidative stress.§.decreased membrane stability (MS), decreasegme activity

(EA), etc.), changes in gene expression, as well as decreased growth and fumgtion (e
photosynthesis?s) In +Si plants, ROS are limited and detoxified, resulting in less stress and
increased. growth, relative t8i plants. ApoplasticiQleposition (SiQ) in shoots can also aid in
the prevention odlltraviolet radiation V) damage and water ¢@) loss via evapotranspiration.
(c) Under pathogenic-fungal attack, -Si plants are susceptible to fungal invadion a
development of haustoriablies (HB), whereas +Si plants would be protected as a result of
apoplastic Si deposition (Sipinterfering with effector (eff) release, translocation to the
cytoplasm (Cyt), and/or host recognition and effecémeptor €.g.receptorlike kinase (RK))
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interactiongRasoolizadelet al, 2018) Susceptibility inSi conditions will correspond to
effectors effectively blocking plant defence responses (DR). Micrographs-8iderd +Si
panels demonstrate healthy and collapsed HB, respectively (taken fraammzh al, 2004). Cu,
cuticle; Apo, apoplast; PM, plasma membrane; EHM, extrahaustorial matrix. (d) A similar
scenario to(€).may play out under insect (pigrcingsucking type) attack, resulting in
decreasedirelease and translocation of effectarSiinelative to-Si plants.
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Table 1Literature survey othe biochemical/physiological effects of silicddi)(supplementation

Stress Reference Species Growth condition Variable Si effect Si effect (with
(Treatment) (without stress)? | stress)?
Fungal disease | Caiet al (2009 | Rice Oryza Vermiculite (+£ rice | Lignin content No Yes
sativg blast;Magnaporthe
grised
POD activity No Yes
PPO activity No Yes
PAL activity No Yes
Gaoet al (201)) | Rice ©. sativg | Vermiculite (+F rice | Mineral nutrient | No Yes
blast) content
Chlorophyll No No
content
Fu/Fm No Yes
Fv/Fo No Yes
Resendet al. Sorghum Hydroponics (+/ A et No Yes
(2012 (Sorghum anthracnose;
bicolor) Colletotrichum
sublineolun
Os No Yes
C:C, No Yes
E No Yes
SOD activity No Yes
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CAT activity No Yes
APX activity No Yes
GR activity No Yes
Leaf electrolyte | No Yes
leakage
H->O, content No Yes
MDA content No Yes

Salinity Zhuet al (2004 | Cucumber Hydroponics (+/50 | Total DW Yes Yes

(Cucumis mM NacCl)
sativuy

Leaf soluble No Yes
protein content
Root electrolyte | No Yes
leakage
Lipid No Yes
peroxidation
H,O, content Yes Yes
SOD activity No Yes
GPX activity No Yes
APX activity No Yes
DHAR activity No Yes
GR activity No Yes
CAT activity No Yes
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Yin etal (201§ | Sorghum §. Hydroponics (+/ 100 | Total DW No Yes
bicolor) mM NacCl)
Chlorophyli No Yes
content
Shoot Na content| No Yes
Root Nd content | No No
Root K’ content | No No
Total polyamine | Yes Yes
content
Total ACC No Yes
content
FlamShepherct | Rice ©. sativg | Hydroponics (+/35 | Shoot DW Yes Yes
al. (2018 or 50 mM NacCl)
Shoot N& content| No Yes
E nd Yes
Apoplastic bypasg nd Yes
flow
Root membrane | No No
electrical
potential
Na" influx No No
Na" efflux No No
Osmotic Hattoriet al Sorghum §. Hydroponics (+/ Anet No Yes
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(2008 bicolor) 10%PEG6000)
Os No Yes
E No Yes
Root hydraulic No Yes
resistance
Liu etal (2014 | Sorghum &. Hydroponics (+/ Total DW No Yes
bicolor) 10% PEG6000)
A et No Yes
Os No Yes
E No Yes
Leaf RWC No Yes
Leaf water No Yes
potential
K plant No Yes
Root xylem No No
potential
Lo No Yes
Root surfacarea | No No
Shietal (201§ | Tomato Hydroponics (+ Total DW No No
(Solanum 10% PEG6000)
lycopersicum
Root: shoot ratio | No No
Anet No Yes
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E Yes Yes

Leaf water No Yes

content

Lo No Yes

Root electrolyte | No Yes

leakage

MDA content No Yes

H,O, content No Yes

SOD activity No Yes

CAT activity No Yes

Ascorbic acid Yes Yes

content

GSH content No Yes
Cd toxicity Farooget al Rice ©. sativg | Hydroponics (+/10 | Total DW No Yes

(2016 1M Cd)

®PSII No Yes

Leaf H,O, Yes Yes

content

Root H,O, No Yes

content

Leaf ascorbate | Yes Yes

content

Root ascorbate | No Yes
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content

Leaf GSH content Yes Yes
Root GSH conten| No Yes
Leaf NPT content| Yes Yes
Root NPT content No Yes
Wu et al. (201§ | Wheat {riticum | Hydroponics (625 Oxalate root No Yes
aestivum uM Cd) exudation
As toxicity Sanglarcet al Rice ©. sativg | Hydroponics (+/25 | Apet No Yes
(2019 MM As)
Os No Yes
Om No Yes
V cmax No No
Jmax No No
Jo: Je No Yes
Fu/Fm No No
Jp No No
Mn toxicity Rogalla & CucumberC. Hydroponics (+/50 | Shoot FW No Yes
Romheld(2002 | sativug UM Mn)
Root FW No Yes
Leaf Mn content | No No
Maksimovi¢ et CucumberC. Hydroponics (+/100 | Shoot DW Yes Yes
al. (2012 sativuy UM Mn)
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Root DW Yes Yes
Leaf Mn content | No Yes
H,O, content No Yes
GPX activity Yes Yes
Al toxicity: Wanget al Maize ea Hydroponics (+/25 | Root elongation | No Yes
(2009 mays or 100 uM Al)
Root length No Yes
Root citrate No No
exudation
Root malate No No
exudation
Root total phenol | No No
exudation
Cu toxicity MateosNaranjo | Spartina Hydroponics (+/15 | Shoot FW No No
et al (2019 densiflora mM Cu)
Root FW No Yes
RGR No Yes
No. of tillers No Yes
Aret No Yes
Os No Yes
Ci No Yes
IWUE No Yes
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®PSII No Yes
Chlorophyll No Yes
content
Rubisco content | No Yes
Rubisco No No
carbamylation
TSP content No Yes
Totalrespiration | No No
(O, isotope
fractionation)
Total respiration | No Yes
(O, electrode)

K* deficiency Chenet al Sorghum §. Hydroponics (0.05 | Total DW No Yes

(2016 bicolor) (low) or 3 mM K
(high))

A et No Yes
Fu/Fm No Yes
Solubleprotein No Yes
content
Chlorophyll No Yes
content
Chla/b No Yes
Leaf K" content | No No
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Leaf polyamine | No Yes
content

Leaf arginine No Yes
content

DAO activity No Yes
PAO activity No Yes
H->O, content No Yes
SODactivity No Yes
CAT activity No Yes
APX activity No Yes

ACC, l-aminecyclopropané-carboxylic acid; A, netcarbon assimilation rate; APX4scorbat@eroxidase; CATc¢atalaseC; : C,, internalto
ambient CQ'eoncentration ratio; DAQJiamineoxidase; DHAR, Dehydroascorbate reductaserdbspiratiorrate; K/Fo, ratioof variable to
minimum fluerescence; f,, ratioof variable to maximum fluorescence;,gnesophyliconductance; GP>guaiacolperoxidase; GR,
glutathionereductase; g stomatalconductance; GSHeducedylutathione; iIWUEjnstantaneous wateise efficiency; Jd., maximumrate of
carboxylation limited by electron transporg;:J., ratio of electron transport rate devoted to oxygenation/carboxylatiggs, ¥vhole plant
hydraulic cenductance; }, root hydraulic conductance; MDAmalondialdehydend, not determined; NPTipn-protein thiols; PAL phenylalanine
ammonialyase; PAO polyamineoxidase; PODperoxidasePPO polyphenoloxidase; g, photochemicajuenching coefficient; RGRelative

growth rate; RWCrelativewater content; Vnax, Mmaximumrate of carboxylation; ®PSII, steadystate quantum yield of photosystem II.
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Table 2 Number of studies suggesting beneficial effects of siliGnir§ different plant species
against biotrophic, hemibiotrophic, and necrotrophic fungi

Pathogen Number of studie$
Biotroph/Hemibiotroph 100
Necrotroph 8
Bipolaris oryza#& 11

For a detailed breakdown of the studies, ref@upporting InformatioTable S1.

*Host-specific necrotroph.
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