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Silicon modulates expression of pathogen defense-related
genes during alleviation of copper toxicity in
Nicotiana tabacum

Christopher Floraa, Sushant Khandekara, Jennifer Boldtb, and Scott Leisnera

aDepartment of Biological Sciences, University of Toledo, Toledo, OH, USA; bUSDA-Agricultural Research
Service, Application Technology Research Unit, Toledo, OH, USA

ABSTRACT
Plants treated with metals better fend off infection by pathogens. This
activity is mediated, at least in part, by the activation of the salicylic acid
(SA) signaling pathway. Previous work in our laboratory demonstrated that
silicon (Si) could alleviate copper (Cu) toxicity stress in Nicotiana tabacum.
However, how Si affected expression of genes involved in SA biosynthesis
and signaling in N. tabacum under Cu stress was unclear. Therefore, we
investigated this at two time points. Roots of plants treated with Cu tox-
icity for one week exhibited increased transcript levels for Isochorismate
Synthase1, a gene encoding a key enzyme involved in SA biosynthesis and
the addition of Si further enhanced expression. Microarray analysis identi-
fied a number of disease defense-associated genes up-regulated in N. taba-
cum roots after one week of Cu toxicity treatment and further increased
when plants were also supplemented with Si. However, the effect of Si on
expression of these genes was lost after three weeks of treatment, indicat-
ing these effects are dynamic.

Abbreviations: BLAST: basic local alignment search tool; Chi: chitinase;
HRP: horseradish peroxidase; HSD: honest significant difference; ICS1: iso-
chorismate synthase 1; MHS: modified Hoagland’s solution; NCBI: national
center for biological information; PVDF: polyvinylidene fluoride; PR protein:
pathogenesis-related protein; RO: reverse osmosis; ROS: reactive oxygen
species; RT-qPCR: reverse transcriptase-quantitative polymerase chain reac-
tion; SA: salicylic acid; SAR: systemic acquired resistance; SEM: standard
error of the mean; UBC: ubiquitin conjugating enzyme
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Introduction

Certain metals such as copper (Cu) are required for normal plant growth (Printz et al. 2016). In
plants, Cu mainly functions in electron transport within mitochondria and chloroplasts, control-
ling the cellular redox state, and remodeling of the cell wall. However, if intracellular Cu concen-
trations become too high, the metal can cause a variety of detrimental effects including stunting,
leaf chlorosis correlated with decreased leaf chlorophyll content, and enhanced oxidative stress
(Ducic and Polle 2005; P€atsikk€a et al. 2002). Many of these effects are likely due to free Cu form-
ing reactive oxygen species (ROS) through Fenton and Haber Weiss reactions (Hasan et al. 2017).
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Metal-induced ROS affect plant morphology (growth), physiology (photosynthesis and metabol-
ism), and biochemistry (membrane leakage) (Noctor, Reichheld, and Foyer 2018).

One unexpected plant response to metals, described in the literature, is protection against
biotic stress (Horv�ath, Szalai, and Janda 2007; Poschenrieder, Tolr�a, and Barcel�o 2006). Plants
exposed to elevated levels of metals, including Cu, are better able to reduce stress from biotic
sources. Some plants that accumulate metals also build up high levels of the plant signaling mol-
ecule salicylic acid (SA). Thus, responses of plants to metal toxicity and pathogen defense appear
to be interconnected. Interestingly, plants exposed to SA resist metal toxicity better than controls.
SA is a phenolic compound that regulates a variety of physiological processes (Janda and
Ruelland 2015). One of the more widely-studied responses regulated by SA is plant defense;
plants produce SA as a local and systemic signal to defend against pathogens. SA is a major signal
in the systemic acquired resistance (SAR) pathway (M�etraux et al. 1990). Plant SAR is somewhat
akin to immunity in animals: initial exposure of a plant to a pathogen results in broad spectrum
resistance at sites remote from the first introduction of the etiologic agent.

A set of genes, characteristic of plant pathogen defense pathways activated by SA, are those
that encode the pathogenesis-related (PR) proteins (Janda and Ruelland 2015). The PR proteins
are typically classified into families by homology and their proposed functions. However, the
function of the first PR protein, PR-1, is not fully understood (Fang et al. 2019). PR-1 is encoded
by three different genes: PR-1a, PR-1b, and PR-1c. Many of the other PR genes encode chitinases
thought to provide protection against both insects and fungi. The insect exoskeleton contains
high levels of chitin, as does the fungal cell wall, so attack on these structures by chitinases would
have a detrimental effect on both types of plant pests. Chitinases are typically grouped into acidic,
neutral and basic enzymes based on their physical properties.

In addition to metals, the element silicon (Si) can also help plants tolerate stress (Coskun et al.
2019; Debona, Rodrigues, and Datnoff 2017). Silicon is the second most abundant element in
soils but concentrations vary depending upon soil type and properties (Epstein 1994). Soil weath-
ering releases Si into the soil solution in the form of monosilicic acid (H4SiO4)—a monomeric
uncharged molecule that exists below pH 9 (Debona, Rodrigues, and Datnoff 2017). Plants absorb
Si from the soil solution as H4SiO4 and ferry it from roots to shoots using specific transporter
proteins (Ma et al. 2006, 2007). The path of Si translocation within the root, from epidermal cells
to the xylem, as well as translocation of Si from roots to shoots, can vary with the plant species
(Ma and Yamaji 2015a, 2015b). Furthermore, the levels of Si accumulated by the plant can vary
with species (Coskun et al. 2019). In general, plants are divided into three different categories
based on foliar Si: high (>10% dry weight (dw)), medium (0.1%–10% dw), and low (<0.1% dw),
respectively (Hodson et al. 2005; Jones and Handreck 1967). Upon translocation from the xylem
to its final endpoint, silicic acid can be deposited in the plant cell wall or in specialized cells as
solid, amorphous, hydrated silica (Ma and Yamaji 2015a, 2015b).

Silicon supplementation provides plants with many beneficial effects including: increased
photosynthetic activity, crop yield, along with resistance to stressors such as insects, disease,
drought, cold, and mineral toxicity (Debona, Rodrigues, and Datnoff 2017). While these beneficial
effects are thought to be confined to mainly high Si accumulator plants (Coskun et al. 2019), low
accumulating plants can also benefit by Si supplementation (Zellner, Frantz, and Leisner 2011).
Silicon mediates disease resistance via a variety of mechanisms (Coskun et al. 2019; Vivancos
et al. 2015). It can also alleviate toxicity to metals and this may be mediated through several pro-
posed mechanisms (Adrees et al. 2015; Debona, Rodrigues, and Datnoff 2017; Liang et al. 2007).

Taken together, it appears that both metals and Si can help plants deal with biotic stress
(Debona, Rodrigues, and Datnoff 2017; Liang et al. 2007). Furthermore, Si can help plants to bet-
ter withstand metal toxicity. How Si and metals together modulate expression of plant biotic
defense genes is currently poorly understood. To investigate this, we examined the responses of
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Nicotiana tabacum (tobacco), a low Si accumulator, to Si and Cu toxicity at two time points to
follow up their dynamics at the RNA level.

Materials and methods

Plant propagation

Tobacco (Nicotiana tabacum L. cv. Wisconsin 38, from the Plant Biology Section, Cornell College
of Agriculture and Life Sciences, Ithaca, NY) seeds were individually sown on pieces of foam
(derived from Black Open Cell Polyurethane Foam Strips, 1/8", 2", 72", Grainger, Akron, OH)
inserted individually into the pipette tip holes of 1000 mL pipette tip boxes (ThermoFisher
Scientific, Hanover Park, IL). The foam was then suspended over reverse osmosis (RO; 18MX)
water in the pipette tip box. The box was placed in a Conviron E7/2 growth chamber (set to
20 �C and 45% humidity) under 16 h fluorescent light (70 mmol m�2 s�1 photosynthetically active
radiation; PAR) and 8 h dark (Flora et al. 2019; Li, Leisner, and Frantz 2008). Upon germination,
plants were supplemented with modified Hoagland’s solution (MHS) at a pH of 5.7 until the
two-leaf stage. Seedlings were then transferred into 4.5 L opaque plastic buckets (5 quart silver
promotional pail with lid, purchased from Encore Plastics Corporation, Cambridge, OH; one
plant per bucket) filled with 4 L of continuously aerated MHS and placed in a Conviron E7/2
growth chamber (20 �C and 45% humidity) under 16 h light (100 mmol m�2 s�1 PAR) and 8 h
dark. Modified Hoagland’s solution was replaced every seven days. Upon development of 4–6
true leaves, plants were subjected to MHS with the four treatments listed below (four plants per
treatment) in a completely randomized design for 7 or 21 d and then harvested. Treatments were
as follows: control (MHS), Si (MHS with elevated Si as 1.0mM K2SiO3), Cu (MHS with elevated
Cu as 35lM CuSO4) and Cuþ Si (MHS with elevated Cu and elevated Si). Hydroponic solution
pH was monitored and remained at 5.7 throughout the course of the experiments. Plants were
harvested and analyzed independently per treatment after 7 or 21 d, respectively. Upon harvest,
leaves were removed, weighed, and flash frozen in liquid nitrogen. Roots were cut at the root–
shoot interface, rinsed three times with 0.1N HCl, then once with water to remove excess Si, and
blotted dry. Root fresh weight was recorded and tissue was flash frozen in liquid nitrogen. Total
leaf and root tissue from each sample was independently homogenized by grinding in a mortar
and pestle in liquid nitrogen. All tissue collected was stored at �80 �C until further analysis.

RNA isolation and analysis

Total RNA was isolated from frozen ground root tissue (100mg) from each individual plant using
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) with on-column DNase digestion,
according to the manufacturer’s specifications. Total RNA was eluted in 50 mL RNase-free H2O
and purified RNA concentrations were measured using a spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE, USA).

Total RNA from the roots of three plants per treatment was pooled and sent for microarray
analysis (MOgene, St. Louis, MO, USA). Purified total RNA was used to produce Cy3 labeled
cDNA. Labeled cDNA was hybridized to a 4� 44K tobacco microarray chip (Agilent, Santa
Clara, CA, USA) at 65 �C overnight using the Gene Expression Hybridization kit (Agilent)
according to manufacturer’s specifications. The microarray chip was washed after hybridization
using the Gene Expression Wash Pack (Agilent), and 0.005% Triton X-102 was added according
to manufacturer’s specifications. The microarray chip was treated with Stabilization and Drying
solutions (Agilent), and scanned using the Agilent Technologies Scanner. Data were analyzed
using Agilent Feature Extraction Software (version 12.1).
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Gene specific primers (Supplemental Table 1) were designed for quantitative real-time reverse-
transcriptase-polymerase chain reaction (qRT-PCR) analyses based on the N. tabacum TN90 tran-
scriptional assembly (Philip Morris International R&D). For each gene, the mRNA sequence was
input into the National Center for Biological Information (NCBI) Primer-Basic Local Alignment
Search Tool (BLAST) program with an optimal annealing temperature of 60 �C and the best pre-
dicted primer pairs were chosen for further analysis. Once designed, the primer sequences were
used to interrogate the N. tabacum Refseq mRNA database (taxid: 4097) to identify other poten-
tial off-target binding sites. The predicted primer pairs that did not show off-target potential but
would amplify the appropriate gene were synthesized (Integrated DNA Technologies, Coralville,
IA, USA). The specificity of the primers was then confirmed by PCR of N. tabacum cDNA pro-
duced as described previously, and PCR product size was confirmed by agarose gel
electrophoresis.

One step RT-qPCR was performed using the iTaq Universal One-Step RT-qPCR Kit (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s specifications. Each reaction was performed
in triplicate per biological sample (three biological samples were analyzed per treatment) and data
analysis was performed using Bio-Rad CFX Manager software (Bio-Rad). Expression of target
genes was normalized to Ubiquitin Conjugating Enzyme 2, which remains stable in N. tabacum
under abiotic stress conditions (Schmidt and Delaney, 2010).

Protein isolation and gel blot analysis

Proteins were extracted from 500mg of frozen root tissue by grinding in 3mL of protein extrac-
tion buffer (100mM Tris–HCl pH 8.8, 150mM NaCl, 1mM EDTA, 10% w/v glycerol, 1:1000
protease inhibitor cocktail) and samples were sonicated on ice (20 s on/off three times at 10W).
Protein samples were filtered through a 0.22 mm polyvinylidene fluoride (PVDF) syringe-driven
filter into a sterile conical tube on ice. Protein lysate concentrations were determined using
Bradford Protein Quantification Reagent (Biorad) according to the manufacturer’s specifications.
Protein lysate concentrations were equilibrated using cold protein extraction buffer. Equal
amounts of protein lysate were loaded onto a 12.5% polyacrylamide gel and separated by gel elec-
trophoresis using a BioRad mini-protean gel electrophoresis unit, according to the manufacturer’s
specifications. Proteins were electrophoretically transferred to a PVDF membrane using a BioRad
Criterion Blotter according to the manufacturer’s specifications. Protein gel blot analysis was per-
formed using PR-1 primary antibody (Agrisera, Vannas, Sweden; 1:1000 dilution in 5% milk
blocking buffer) overnight at 4 �C. Goat anti-rabbit secondary antibody (ThermoFisher, Waltham,
MA, USA) conjugated to Horseradish Peroxidase (HRP; 1:10,000 dilution) was used to detect the
primary antibody using HyGlo Chemiluminescent HRP antibody detection reagent (Denville
Scientific, Holliston, MA, USA) according to the manufacturer’s specifications. Membranes were
exposed to autoradiography film (Denville Scientific) for 10 s and the film was developed. Protein
bands were quantified using ImageJ (NIH, Bethesda, MD, USA).

Results

One week of exposure to Cu toxicity inhibits plant growth and cannot be reversed by Si

N. tabacum treated with Si for one week showed growth similar to controls as reflected by both
leaf and root fresh weight (Figure 1). In contrast, plants treated with either Cu or Cuþ Si were
stunted to a similar degree and smaller than controls. Leaf and root fresh weight were both
reduced in plants treated with Cu or Cuþ Si.
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Exposure of N. tabacum to Cu toxicity causes changes in SA biosynthetic gene expression
that are influenced by Si

After one week of Si treatment, Isochorismate Synthase 1 (ICS1) transcript levels in N. tabacum
roots analyzed by RT-qPCR were the same as controls (Figure 2). ICS1 mRNA levels were
increased five-fold above control levels in the roots of Cu-treated plants and increased even more
(fifteen-fold) in plants treated with Cuþ Si. To determine if this effect persisted over time,
expression of ICS1 was also measured after three weeks of treatment. After three weeks, root
ICS1 transcripts remained at control levels for Si treated plants. Roots of plants exposed to Cu
treatment still showed elevated (three-fold above control) ICS1 transcript levels, but those of
Cuþ Si treated plants were not significantly different from controls.

The Pathogenesis-Related protein-1 (PR-1) genes are induced by the SA response and encode
the polypeptide, PR-1 (Fang et al. 2019). PR-1 is synthesized from three genes: PR-1a, PR-1b and
PR-1c. Transcripts for all three PR-1 genes (isoforms) were identified in our microarray analysis
(Supplemental Table 2). To confirm the microarray data, total root RNA was isolated from plants
grown under the four treatments and analyzed by RT-qPCR. All three PR-1 isoforms showed
similar patterns of mRNA expression (Table 1), and the expression of PR-1a is shown as a repre-
sentative example in Figure 2. At one week of treatment, all three PR-1 isoforms showed a reduc-
tion in mRNA levels in roots of plants treated with Si (Figure 2, Table 1). In contrast root
mRNA levels for all three isoforms increased above control levels under Cu treatment and
increased even more in plants exposed to Cuþ Si. At three weeks of treatment, PR-1 isoform
mRNA levels still showed a reduction in roots from Si-treated plants, compared to controls and
an increase caused by Cu (Table 1; Figure 2). In contrast, with the one week data, roots from
plants treated with Cuþ Si for three weeks showed reductions of PR-1 isoform transcripts to
either control or near-control levels. PR-1 protein levels examined by Western Blot analysis
accurately reflected the transcript levels (Figure 2).

Exposure of N. tabacum to Cu toxicity causes changes in pathogen defense-related gene
expression that are influenced by Si

We performed microarray analyses on mRNA isolated from N. tabacum root tissue after one
week of treatment to identify candidate genes in potential signaling pathways that may be influ-
enced by Si in plants under Cu toxicity. Using the Agilent 4� 44K tobacco microarray, many
genes showing differential expression were identified. Only genes varying by ten-fold or more in

Figure 1. Physiological parameters of Nicotiana tabacum after one week exposure to the four treatments. Leaf (left) and root
(right) fresh weight of N. tabacum treated with control, Si (1mM Si), Cu (35 lM CuSO4), or Cuþ Si (35lM CuSO4 þ 1mM Si) for
7 d then harvested. Values are mean ± SE (n¼ 8). Data were analyzed by ANOVA and different letters represent statistically sig-
nificant differences with Tukey’s HSD at p< 0.05.
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one of the treatments compared to controls, were subjected to further study and totaled 86
(Supplemental Table 2). The largest group of up-regulated genes (Figure 3) were those increased
by Cuþ Si treatment (69 genes), followed by Cu alone (56 genes), with Si alone only showing
increased expression of five genes. The largest group of down-regulated genes were those reduced
by Si treatment alone (49 genes), followed by Cuþ Si (16 genes) and Cu alone (15 genes). The 86
genes identified by this analysis were roughly classified, based on their functions, into 15 catego-
ries, although some genes could be classified in more than one category (Figure 3; Supplemental
Table 2). Around 2% of the regulated genes play a role in either protein import or proteolysis.
Nearly 5% encode oxygenase genes, while over 6% represent transcription factors. Some genes
appear to be involved in cell wall function (6%), whereas others likely play a role in membrane
processes (8%). Almost 11% encode proteins involved in some form of electron transport. Over
14% of the genes encode enzymes involved in either phenolic compound (7%) or terpene/alkaloid
(7%) metabolism. By far, the largest class of genes identified by the microarray, over 25%, appear
to play a role in plant disease-associated resistance responses. To investigate further, expression
patterns of several of these disease defense-associated genes were assessed by RT-qPCR after one
and three weeks of treatment to determine if mRNA levels varied through time.

The expression pattern of Acidic chitinase III (AChiIII) mimicked that of PR-1 (Table 1). After
one week of treatment, roots of plants treated with Si alone showed a reduction in ChiIII

Figure 2. Salicylic acid biosynthetic gene Isochorismate Synthase (ICS1) and Pathogenesis Related protein-1 (PR-1) expression in
Nicotiana tabacum roots under copper toxicity and supplemented with silicon. N. tabacum were treated with control, Si (1mM
Si), Cu (35 lM CuSO4), or Cuþ Si (35lM CuSO4 þ 1mM Si) for one and three weeks. Left panels, ICS1 and PR-1a transcript levels
in roots as determined by reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR). Target gene expression was
normalized to Ubiquitin Conjugating Enzyme 2 (Ubc2). Values are mean ± SE (n¼ 3). Data were analyzed by ANOVA and different
letters represent statistically significant differences with Tukey’s HSD at p< 0.05. Right panels, total protein was isolated from
roots under the four treatments, after one and three weeks, protein levels were determined and equal amounts of total proteins
were loaded onto a gel, separated by gel electrophoresis and examined by protein gel blot analysis.
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transcript levels relative to controls, while Cu treated plants showed an elevation in mRNA levels
that increased further in plants grown under Cu toxicity and supplemented with Si. At three
weeks of treatment, roots of plants treated with Si alone showed control levels of AChiIII mRNA.
While transcript levels were still elevated under Cu toxicity, they returned to near-control levels
in plants grown under Cu toxic conditions when supplemented with Si.

The expression pattern of PR-3 was nearly identical to that of PR-1 at one week of treatment
(Table 1). However, at three weeks of treatment the pattern was different. The mRNA levels of
PR-3 in roots of plants treated with either Si or Cu were slightly elevated compared to controls.
The PR-3 transcript levels remained highly elevated in plants exposed to Cuþ Si.

PR-4a and PR-4b showed nearly identical patterns of expression to PR-1 in roots of plants at
one week of treatment (Table 1). After three weeks of treatment, both PR-4a and PR-4b showed
higher transcript levels in roots of plants provided with Si compared to controls and both tran-
scripts were further elevated in roots of Cu-treated plants. In Cuþ Si-treated plants, mRNA levels
for both transcripts dropped to control (PR-4a), or were slightly elevated above control (PR-
4b) levels.

PR-P, PR-Q, and PR-R encode basic endo-chitinases under SA pathway regulation (Rawat
et al. 2017). All three genes were identified by our microarray. After one week of treatment, root
transcript levels for all three genes were similar to PR-1: a slight reduction in expression by Si,
compared to control, an increase in expression in Cu-treated plants, and further increases in
mRNA levels in roots of plants treated with Cuþ Si (Table 1). After three weeks of treatment,
the patterns of expression for two of the three genes (PR-Q and PR-R) were similar to PR-1.
However, in the roots of plants treated with Cuþ Si, transcript levels of PR-R returned to control

Table 1. Reverse transcriptase-quantitative polymerase chain reaction data for plant defense-related genes in Nicotiana taba-
cum in response to silicon and copper treatment.

Week one

Gene Si Cu Cuþ Si

AChiIII 0.13 ± 0.01b 4.4 ± 0.5c 13.1 ± 1.8d

ICS1 0.94 ± 0.18a 5.4 ± 0.7b 13.9 ± 1.6c

PR-1a 0.02 ± 0.001b 9.3 ± 1.0c 22.1 ± 1.5d

PR-1b 0.05 ± 0.001b 13.4 ± 1.5c 29.8 ± 3.1d

PR-1c 0.03 ± 0.003b 12.5 ± 1.7c 42.7 ± 4.8d

PR-3 0.16 ± 0.01b 4.2 ± 0.6c 9.5 ± 1.2d

PR-4a 0.03 ± 0.003b 17.3 ± 1.0c 47.5 ± 6.6d

PR-4b 0.04 ± 0.004b 52.3 ± 1.9c 91.2 ± 4.3d

PR-P 0.04 ± 0.002b 12.2 ± 1.7c 25.6 ± 4.4d

PR-Q 0.18 ± 0.02b 57.1 ± 8.2c 87.3 ± 11.7d

PR-R 0.11 ± 0.01b 20.1 ± 2.5c 51.2 ± 7.1d

Week three

Gene Si Cu Cuþ Si

AChiIII 1.72 ± 0.19a 20.7 ± 3.0b 2.9 ± 0.22c

ICS1 0.77 ± 0.06a 2.7 ± 0.5b 0.7 ± 0.10a

PR-1a 0.51 ± 0.08b 276.0 ± 34.0c 3.3 ± 0.27d

PR-1b 0.41 ± 0.11b 353.0 ± 20.1c 5.2 ± 0.61d

PR-1c 0.13 ± 0.02b 151.0 ± 21.6c 1.5 ± 0.57a

PR-3 2.17 ± 0.17b 1.9 ± 0.1b 14.6 ± 1.79c

PR-4a 3.37 ± 0.52b 65.7 ± 7.8c 0.9 ± 0.09a

PR-4b 7.57 ± 0.004b 31.1 ± 4.7c 2.2 ± 0.19d

PR-P 13.40 ± 1.53b 18.0 ± 2.2c 1.8 ± 0.06d

PR-Q 0.43 ± 0.05b 31.9 ± 3.9c 2.8 ± 0.13d

PR-R 0.42 ± 0.05b 113.0 ± 15.2c 1.2 ± 0.04a

Nicotiana tabacum were propagated under four treatments (control, Si, Cu, and Cuþ Si), root tissues was harvested at two
time points and transcript levels were measured for plant pathogen defense-related genes by reverse-transcriptase-quantita-
tive polymerase chain reaction. Transcript levels (± standard deviation) are reported relative to controls, which were set to
1.0. ICS1 and PR-1a, reported in Figure 2, are provided as references. Different letters represent significant differences
(p< 0.01), same letters are not significantly different, values with letter a are not significantly different from controls.
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levels, while PR-Q transcript levels remained slightly elevated above controls, although not to the
levels of Cu-treated plants alone. At three weeks of treatment, expression of PR-P showed a some-
what different pattern. PR-P transcript levels were still elevated in roots of plants treated with Cu
and declined to levels slightly above controls in plants treated with Cuþ Si. However, plants
treated with Si alone showed increased PR-P transcript levels.

Discussion

Silicon (Si) is a beneficial element (Epstein 1994) for plants, although the mechanisms behind
these benefits are unclear. Previously, Si was proposed to confer benefits primarily to plants that
accumulated large amounts of the element (Coskun et al. 2019). Plants that accumulated small
amounts of Si were not expected to accrue benefits from supplementation. Yet, the literature indi-
cates that even plants that accumulate small amounts of Si can derive benefits from it (Debona,
Rodrigues, and Datnoff 2017). Indeed, we previously showed that Si supplementation alleviated
the effects of Cu toxicity on N. tabacum, a low Si accumulator (Flora et al. 2019). However, that
study was conducted over a period of three weeks and whether the beneficial effects of Si on N.
tabacum occurred earlier than three weeks was not investigated. Often, plant responses are tem-
porally regulated (Kim et al. 2014; Vivancos et al. 2015). Therefore, in the current study, we

Figure 3. Microarray results from roots of plants treated with Si, Cu or Cuþ Si for one week. Upper left, up-regulated genes
compared to control; upper right, down-regulated genes more compared to control under three different conditions: Si alone,
blue; Cu, red; Cuþ Si, green. Bottom panel, predicted functions of genes varying by 10-fold or more relative to control in micro-
array after 7 d treatment; key to gene functions given to right of pie chart.
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investigated the responses occurring in N. tabacum after one week of treatment compared to data
obtained after three weeks of treatment (Flora et al. 2019). Treating hydroponically-grown N.
tabacum with high Cu for one week showed reductions in both foliar and root fresh mass that
were not alleviated by Si. Hence, it appears to take longer than one week of treatment with Si to
alleviate Cu toxicity. Interestingly, even though Si did not alleviate the Cu toxicity growth effects
at one week of treatment, it still influenced N. tabacum physiological responses.

Previous studies have shown that treatment of plants with metals can provide beneficial effects
by inhibiting biotic stress (Poschenrieder, Tolr�a, and Barcel�o 2006). Although most of these stud-
ies were conducted with metal hyperaccumulators, one study showed that treatment of N. taba-
cum with cadmium could inhibit Turnip vein clearing virus infections. Models have been
proposed for how metals can protect plants against biotic stress involving the production of and
signaling mediated by SA. However, how Si modulates these responses was unclear. Therefore,
we examined the SA biosynthetic pathway. SA is synthesized by two distinct routes, one via the
phenylpropanoid pathway and the other via the shikimate pathway (Janda and Ruelland 2015). In
the latter pathway, ICS is the key enzyme. Arabidopsis thaliana harbors two ICS genes: ICS1
which is the major player in anti-bacterial SA-mediated responses and ICS2 which is a minor
contributor.

In the roots of N. tabacum treated for one week with Cu, ICS1 expression was strongly
induced above control levels, which was consistent with other reports (Horv�ath, Szalai, and Janda
2007; Poschenrieder, Tolr�a, and Barcel�o 2006). SiþCu appeared to further enhance ICS1 expres-
sion. However, by three weeks of treatment, while the roots of plants treated with Cu still showed
an increase in ICS1 transcript levels, the addition of Si to Cu-treated plants reduced expression
back to control levels. Hence, Cu toxicity consistently increased ICS1 transcript levels, but the
addition of Si to Cu-treated plants caused either a further increase or a decrease to control levels
depending on the length of exposure to the treatments. The data imply that Si responses can be
quite dynamic and may help explain some of the contradictory observations in the literature
(Coskun et al. 2019).

Increases in ICS1 transcript levels likely correlate with elevated levels of SA (Janda and
Ruelland 2015). Therefore, one might expect Cu-treated plants to show elevated SA levels in N.
tabacum roots that are either hyper-elevated or reduced by Si, depending on the time of analysis.
In Oryza sativa (rice; a high Si accumulator), SA levels were elevated at one, five, and ten days
after Cu treatment (Kim et al. 2014). However, Si caused a reduction in SA levels in plants under
Cu treatment at all three time-points. Our data predict a similar scenario in N. tabacum (a low Si
accumulator) at three weeks of treatment. Thus, these data suggest that Si-mediated reductions of
SA levels require a longer time frame in N. tabacum than in rice, which may reflect the plants’
differing Si accumulation status.

To obtain a more global picture of N. tabacum responses to these chemical elements, micro-
array analysis of roots was performed after one week of treatment. Of the 86 genes we identified
that responded strongly to at least one of the treatments, one-quarter were involved in pathogen
defense. Many of these genes encoded members of the PR-proteins. We validated expression lev-
els of several of these genes by RT-qPCR. The expression patterns of all three PR-1 genes were
similar, showing increased transcript levels in roots of plants exposed to Cu treatment and even
further enhancement of mRNA levels in plants treated with Cuþ Si. At three weeks of treatment,
Cu still led to increased PR-1 expression, while roots of plants treated with Cuþ Si showed a
reduction in PR-1 transcript levels either slightly above or at control levels. The changes in
expression were also reflected by PR-1 protein levels. The same was mostly true of the other PR
proteins identified by our microarray: PR-4a, PR-4b, PR-P, PR-Q, and PR-R. As might be
expected, the levels of PR transcripts generally matched those of ICS1 at both time points. This
suggests that the amounts of ICS1 transcripts are most likely reflecting SA levels and the “classic”
indicators of SA response (Fang et al. 2019; Horv�ath, Szalai, and Janda 2007; Rawat et al. 2017)
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supports this hypothesis. Thus, these data suggest that Cu treatment increases SA-based responses
in N. tabacum, which matches other systems. Silicon further regulates the SA-response pathway
in a time-dependent manner.

It is possible that Si modulation of the SA pathway could contribute to the changes observed
in growth of N. tabacum under Cu stress. Most A. thaliana mutants that constitutively over-accu-
mulate SA show a dwarf phenotype (Janda and Ruelland 2015). This is presumably because lim-
ited metabolites are being directed toward plant defense rather than growth. In our studies, at
one week of treatment, the SA pathway was induced by Cu toxicity and further enhanced by Si,
while at three weeks, the SA pathway was down-regulated by Si compared to Cu toxicity alone.
Hence the recovery mediated by Si in plants under Cu toxicity treated for three weeks could be
contributed to, in part, by a reduction of the SA pathway. Others have suggested that SA does
not play a role in Si-mediated responses (Vivancos et al. 2015), whereas our data suggest that it
may. Our data and that of Vivancos et al. (2015) may indicate that different species use Si to
deploy signaling molecules in different ways to help protect the plant against stress.

In summary, one week of Si treatment was not sufficient to alleviate Cu toxicity in N. taba-
cum. Cu toxicity activated the SA signaling pathway in N. tabacum roots. Finally, Si appeared to
modulate Cu-induced activation differentially in a time-dependent manner.
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