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Abstract

Silicon (Si) has been widely employed in agriculture to enhance resistance against pathogens in many crop plants.
However, the underlying molecular mechanisms of Si-meldiagistance remain elusive. In this study, the Arabidopsis-
powdery mildew pathosystem was employed to investigatssible defense mechanisms of Si-mediated resistance.
Because Arabidopsis lacks efficient Si transporteraanita low Si-accumulator, two heterologous Si influx
transporters (from barley and muskmelon) were individually expressed in wild-type Arabidopsis Col-0 and a panel of
mutants defective in different immune signaling pathwaysulRefrom infection tests showed that while very low leaf
Si content slightly induced salicylic acid (SA)-dependsistaace, high Si promoted PAD4-dependent but largely EDS1-
and SA-independent resistance against the adapted powdery mildew iSala@nomyces cichoraceatl@sC1.
Intriguingly, our results also showed that high Si coulgtlareboot non-host resistance in an immune-compromised
edsl/pad4/sid2iple mutant background against a non-adapted powdery mildew is@atgchoracearudMSG1.
Taken together, our results suggest that assimilated Si ateslalistinct, multi-layered defense mechanisms to enhance
plant resistance against adapted and no-adapted powdddem pathogens, possibly via synergistic interaction with
defense-induced callose.
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Background 2019. However, despite the extensive studies, the exact
Silicon (Si) is the second most abundant element on themolecular mechanisms underlying the protective roles
earth. Although it is not considered to be an essential elem-of Si in plants still remain elusive (Coskun et é2019.
ent for plant growth, Si has long been recognized as aConceivably, this knowledge gap limits the exploitation
“beneficial or “quasi-essentiélsubstance to plants, mainly of the full potential concerning practical application of
due to its important role in plant nutrition, particularly Siin agriculture.
under stressful conditions. Over the past 25 years, a pleth- It has been demonstrated that Si needs to be absorbed
ora of studies with >800 publications have collectivelyby plants through passive channel-type, selective Si
shown that Si can effectively protect plants from abiotic transporters to realize its prophylactic effect (M2010.
stresses, including drought, laity and metals toxicity, as Intriguingly, Si accumulation varies over 100-fold in dif-
well as biotic stresses caused ibgect herbivores or various ferent plant species, ranging from 0.1 to 10% in dry
pathogens ranging from viruses, bacteria, fungi, oomycetesyeight (Epsteinl1994. Based on the levels of Si accumu-
to nematodes (Van Bockhaven et &012 Coskun et al. lation, plants are divided into three categories: high Si
(or active) accumulator, intermediate Si (or passive) ac-
* Correspondenceluxge@cau.edu xiao@umd.edu cumulator and low Si (rejective) accumulator (Takahashi
ICollege of Plant Protection, China Agricultural University, Beijing 100193,et al. 1990. Understandably, most studies on Si trans-
gI:rr:i':,rt]i{:‘ute for Bioscience and Biotechnology Research, University of Maryla@?.rt and I_tS phySIOIOglcal roles in plants have been con-
ucted with high accumulators, and to a lesser extent,
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intermediate accumulators. fie ability of a particular plant and rose (Menzies et all992 Wiese et al.2005 Shetty
for the accumulation of Si is dermined by the transport ef- et al.2012. In mechanistic studies concerning Si-mediated
ficiency of its Si influx transporters. The first identified Si in- resistance to powdery mildew, Si has been shown to
flux transporter OsLsi} in higher plants was found in rice strengthen papilla-mediated inbition of appressorial pene-
in 2006 (Ma et al.2006. Since then, many Si transporters tration in wheat (Bélanger et ak003, and it has also been
homologous toOsLsilhave been identified and character- reported to promote the accumulation of antifungal flavon-
ized in different plant species, such as barléyvLsil) oid phytoalexins in rose (Shetty et a2011). Thus, Si ap-
(Chiba et al.2009, wheat TalLsil) (Montpetit et al. 2012, pears to promote both physical and chemical barriers
pumpkin (CmLsi]) (Mitani et al. 2011). By contrast, ho against powdery mildew (angossibly other) pathogens.
similar Si transporter has been identified in Arabidopsis, However, the genetic and molecular basis ofsSaction
agreeing with its classifican as a low Si accumulator. largely remained unexplored until a recent genetic study in
Mechanistic studies on how Si exerts a prophylactic effectwhich transgenic Arabidopsis expressing a heterologous Si
on plants using high or intermediate Si accumulators havetransporter was exploited to address this question. Vivan-
been focused on the aspect of disease resistance. Based aos et al. 2015 expressed the wheat Si transportérgLsil)
published data generated with distinct pathosystems, twan Arabidopsis wild-type Col-0 and mutants that are defect-
types of mechanisms have been proposed to explain how SVe in SA-signaling (due to the loss of PAD4) or biosyn-
might act in plant cells. The first type conforms to the thesis (due to the loss of SID2). They showed tfaLsil-
“apoplastic obstruction hypothesisrecently proposed by expressing Col-0 plants were able to accumulate high levels
Coskun and colleagues based on many observations that f Si and hence exhibited enhanced resistance to powdery
is deposited on the plant cell surface or in the apoplasticmildew. Interestingly, they found thapad4 and sid2 mu-
space whereby it strengthens physical barriers that can limitant plants transgenic fofTaLsil also showed similar levels
entry of pathogens and/or delivery of pathogen moleculesof resistance when Si was supplied. These results suggested
(Coskun et al.2019. For example, Si can accumulate andthat Si, when above a threshold level, is able to activate dis-
deposit beneath the cuticle of rice leaves to reduce penetraease resistance via an unknown mechanism(s) that is largely
tion of rice blastMagnaporthe grisedYoshidal965 and Si  independent of SA signang (Vivancos et al2015.
can also polymerize in specialized cells and cellular struc- In this study, we employed the Arabidopsis-powdery
tures of some species (particularly grasses), such as leaf sihildew pathosystem to further investigate the molecular
ica and long cells, and spikelet hairs and papillae tomechanisms of Si-mediated disease resistance in plants.
strengthen the physical barrie to prevent pathogen entry Our results present genetic evidence for the role of Si in
(Rafi et al.1997. For the second type of mechanism, somemulti-layered plant defense mechanisms, which should
studies have suggested th&f may be able to potentiate a help clarify the current confusion and controversy over
plant defense program(s), which enables more sensitive anthe molecular mechanisms underlying 'Sipositive role
rapid response of plants to pathogen attack (Van Bockhadin plant disease resistance against fungal pathogens.
ven et al.2012. Inducible plant defense mechanisms have
been extensively studied in the field of molecular plant- Results
microbe interaction and known to engage a conserved andPlants with either very low or very high endogenous Si
complex network of signal transduction pathways that may display enhanced resistance against powdery mildew
involve activation of mitogen-activated protein kinases, In our pilot experiment, we surprisingly found thafrabi-
and/or production and signaling of small-molecule phyto- dopsis thalianawild-type Col-0 plants grown in regular soil
hormones such as salicylic acid (SA), jasmonic acid (JA)natrix (Sun Gro Horticulture, Massachusetts) irrigated
and/or ethylene (ET) (Pieterse et &009. If these molecu- with deionized water without Si became slightly less sus-
lar and biochemical events arprimed’ to a more ready- ceptible to an adapted powdery mildew isolatgolovino-
state by Si, more effective chemical defense ensues. For emyces cichoracearun{Gc UCSC1 compared to those
ample, Si application was reported to reprogram gene tran-grown in the same soil irrigated with 1.7 mM silicon or
scription in uninoculated rice plants (Van Bockhaven et al. with tap water (Additional file 1: Figure S1). Measurement
2012 and may modulate the rice ET pathway to induce re- of leaf Si content showed that plants irrigated with deion-
sistance to the brown spot fungu€ochliobolus miyabea- ized water only had lower levels of Si than those irrigated
nus which is a necrotrophic pathogen (Van Bockhavenwith deionized water +Si or with tap water (which contains
et al. 2015. However, in many cases, Si supplementation~8 mg/L Si, Additional file 1: Figure S2a), and there was
had little, if any, effect on gee expression of plants (Fau- no significant difference beteen the latter two (Additional
teux et al.2006 Brunings et al2009 Chain et al2009. file 1: Figure S2b). These preliminary results suggested that
The role of Si in promoting disease resistance is par-leaf Si content below a certain threshold level may enhance
ticularly evident in the case of powdery mildew as shownbasal resistance in Arabidopsis and that cautions are
in cucumber, muskmelon, and zucchini squash, barleyneeded when selecting soil and water for Si-related
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experiments. Therefore, to reliably assess the role of Si imefense activation in Arabidopsis against powdery mildew
modulating plant defense mechanisms, we decided to us@athogens.

perlite which contains the least amount of Si available to In order to evaluate the impact of higher levels of as-
plants compared to three other types soil media (Add- similated Si in plant defense using Arabidopsis, we gen-
itional file 1: Figure S2c) to grow Arabidopsis plants for a erated Col-0 lines expressing the barleyHgrdeum
more accurate supply of Si dissolved in deionized water invulgarg Si influx transporter-encoding geneHvLsil

all of our later experiments. We first tested eight-week-old (Chiba et al.2009 or the muskmelon Cucumis meld Si
wild-type Col-0 plants withGc UCSCL1. As expected, we influx transporter-encoding geneCmelLsil (which was
found that Col-0 plants irrigated with the nutrient solution amplified from the genomic DNA of muskmelon based
without Si ( Si) showed enhanced disease resistancegn sequence homology to th€ucurbita moschataSi in-
which was discernable by the naked eye when compareélux transporter geneCmLsil) (Mitani et al. 2011). As
with plants irrigated with the same nutrient solution plus expected, all transgenic lines supplemented with Si
1.0mM Si (+Si) (Fig.la). Quantification of fungal spore showed high Si content. For exampl€meLsitexpress-
production at 10 days post-inoculation (dpi) showed that ing Col-0 plants of a representative T3 homozygous line
plants of Col-0/ Si produced ~30% fewer spores than treated with exogenous Si increased leaf Si content by ~
plants of Col-0/+Si (Figlb). Leaf Si content in Col-0/Si  280% (5.52 +0.43 mg/g) compared with untreated con-
plants was 1.60mg/g dry leaf tissue, whereas Col-0/+Sirol plants of the same transgenic line (Fig@a). Interest-
plants had slightly but significantly higher leaf Si contentingly, HvLsil, when expressed in Col-0, appeared to
(2.38 mg/g; ~48% increase) (Figlc). These results have a stronger Si absorbing capability than Cmelsil,
reinforce the notion that Arabidopsis was a low Si- because leaf Si content in plants of one representative
accumulator with poor Si absorption (Vivancos et al. Col-0 transgenic line expressinglvLsil increased by ~
2015 and suggest that very low endogenous Si may primeés5% compared with untreated Col-0 even without

Fig. 1 Arabidopsis plants containing very low leaf Si exhibit enhanced basal resistance against an adapted powdery mildewgpathogen.
Infection phenotypes of representative Arabidopsis Col-0 plants grown in perlite supplemented with Sijpnd 1.0 mM (+Si) silicon (See
Methods for details). Seven-week-old plants were inoculated3witichoracearum (G&EFSC1. Photos were taken at 10 llgpuantification of
spore production in the infected leaves of the plants in (a) at 1@ dilicon content in leaves of Col-0 plants grown under conditions indicated

in (a) before fungal infection. FW, fresh weight; DW, dry weight; Error bar indicates SE based on 4 replicates, and asterisks denote significant
difference (Studertttest, < 0.05, **P<0.001)
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Fig. 2 Transgenic Arabidopsis plants with high leaf Si content display enhanced resistance against powderg Silldemwcontent in leaves of
transgenic ArabidopsdmLsiCol-0 orHvLsiCol-0 plants grown in perlite supplemented with 0 m\&ij or 1.0 mM (+Si) silicbnQuantification of
spore production in the infected leaves of the plants irc@gpresentativecUCSC1-infected leaves of the indicated transgenic Arabidopsis Col-0 plants.
Pictures were taken at 10 dpi. Error bar indicates SE based aoadegphnd asterisks denote significant difference (Stitett**P< 0.001)

exogenous Si application and further increased by ~other plants (Wei et al.1999. To understand why plants
318% (10.38+0.22mg/g) in plants supplied with Siwith very low Si content are more resistant to powdery
resulting in Si accumulation of more than 1% of the total mildew, we first performed DAB (3,3Diaminobenzidine)
dry weight (Fig.2a). Similar patterns were seen in other staining of infected leaves of Col-0 for in situ detection of
genetic backgrounds (Additional fild: Figure S3). H,O, accumulation. We found that Col-0/Si plants
We then tested plants of these transgenic lines grown inshowed more frequent HO, accumulation in powdery
perlite supplied with Si (1.0 mM) or without Si withGc  mildew-invaded epidermal cells (~15%) in comparison
UCSC1. Visual disease scoring and spore quantificatiowith Col-0/+Si plants (~5%) (Fig3a), which likely con-
showed that bothHvLsil- and CmelLsittransgenic plants tributed to the enhanced resistance in Col-08i plants.
with Si supplement displayed remarkable enhanced resist- Next, to investigate the possible defense signaling path-
ance in comparison with plants of the respective trans-way(s) engaged for the ¥, production and resistance to
genic lines without Si supplement (Figc). Interestingly, powdery mildew due to very low Si content in Col-05i
HvLsi1-Col-0/ Si plants (with a leaf Si content of 2.49+ plants, we prepared plants aédsl pad4, sid2 coil, ein2
0.34 mg/g) showed a similar level of disease susceptibilitgingle andeds1pad4double, andedslpad4sid2riple Ara-
as Col-0/+Si plants (with a similar leaf Si content of bidopsis mutants that are defective in SA-dependent
2.38+0.05mg/g) (Figla and Fig.2c), whereasCmelLsit  (EDS1, PAD4 and SID2), jasmonic acid (JA)-dependent
Col-0/ Si plants (with a leaf Si content of 1.45+ 0.10 mg/ (COI1) and ethylene-dependent (EIN2) signaling pathways
g) showed reduced susceptibility similar to the level seerin perlite supplemented with or without Si. Infection tests
in Col-0/ Si plants (with a leaf Si content of 1.60+ 0.04 with Gc UCSC1 revealed that plants @il Si andein2
mg/g) (Fig.1a and Fig2c). Quantification of fungal spore  Si showed slightly enhanced resistance in comparison
production fully supported the visual phenotypes (F&p). with their respective +Si plants, similar to the situation of
Col-0/ Si vs. Col-0/+Si (Fig3b). By contrast, plants of the
Very low Si-conditioned resistance requires SA-pathway  remaining genotypes that are defective in SA signaling or
components EDS1, PAD4 and SID2 biosynthesis displayed no significant difference between
H,0, production and accumulation in mildew-invaded Siand + Si-treated plants (Fi@b). Quantification of fungal
epidermal cells correlate with known powdery mildew re- spore production supported the visual phenotypes (Fig.
sistance mechanisms in Arabidopsis (Xiao et2003 and 3c). DAB staining showed that those mutants defective in
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Fig. 3 Very low Si-conditioned powdery mildew resistance requires SA-pathway components EDS1, PAD4azRdB¢dantative microscopit
images showing growth dBcUCSC1 at 5 dpi on leaves of Col-pad4-1 plants grown in perlite supplemented with 0 mMs() or 1.0 mM (+Si) Si.
Fungal structures were stained blue by trypan blue, while production and accumulatigdy, biytthe host was visualized as reddish-brown stain
(highlighted in the insets) upon reaction with 3,3-diaminobenzidine. Scale bargm 2DRepresentativ&écUCSC1l-infected leaves of plants from
the indicated genotypes grown in perlite supplemented with 0 migiY or 1.0 mM (+Si) Si. Pictures were taken at 10@pantification of spore
production at 10 dpi in plants of the indicated genotypes indp Total SA and JA levelsGtUCSCl-infected leaves of wild-type Col-0 plants
grown in perlite supplemented with 0 mM&i) or 1.0 mM (+Si) Si. Leaf samples were collected and analyzed at O, 3 and 5 dpi. Error bar indicates SE
based on 4 replicates, and asterisks denote significant difference ($tigderiP< 0.05)

SA-signaling or biosynthesis (as represented pgd4) difference in JA levels between Col-0%i and Col-0/+Si
showed no HO, accumulation in powdery mildew- plants (Fig.3e). Thus, together our data suggest that very
invaded epidermal cells of either.Si or+ Si-treated low leaf Si content ectopically activates SA-dependent
plants (Fig.3a). basal defense against powdery mildew.

To further determine if very low leaf Si content some-
how constitutively activates an SA-dependent defenseHigh Si-conditioned resistance is largely SA-independent
mechanism, we also measured leaf SA and JA levels &ut PAD4-dependent
the Col-0 plants before and after infection. We found To investigate if high Si-condibned stronger resistance has
that Col-0/ Si plants indeed had slightly but significantly the same or a distinct mechartis basis, we first wondered
higher total SA levels at 0 and 3 dpi compared to Col-0/ if the enhanced resistance in transgenic plants@feLsit
+Si plants (Fig.3d), whereas there was no significant Col-0/+Si and HvLsil-Col-0/+Si is also associated with
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