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Abstract Soil contamination with toxic heavy metals
(such as Cd or Zn) is becoming a serious problem world-
wide because of the rapid development of social economy.
Silicon plays a substantial role in alleviating heavy metal
toxicity in crop plants. In this study, two rice varieties,
Feng-Hua-Zhan and Hua-Hang-Si-Miao, were chosen to
determine the effects of Si application on root morpho-
logical traits, cell structure and exudates of rice roots under
Cd and/or Zn stress. Single or combined applications of Cd
and Zn resulted in significant reduction of total root length,
root surface area, root volume, average root diameter and
root activity. However, 1.5 mM Si addition reversed these
negative effects. Transmission electron microscopy obser-
vations showed that rice root cortex cells were heavily
damaged under Cd and/or Zn stress for both two varieties,
whereas Si addition resulted in improved cell structure
integrity. In addition, lower levels of oxalic, acetic, tartaric,
maleic and fumaric acids in root exudates were observed
for Feng-Hua-Zhan under Cd and/or Zn stress, but addition
of Si increased the acid levels. For Hua-Hang-Si-Miao,
heavy metal treatments significantly reduced oxalic and
fumaric acid levels and increased acetic, tartaric and maleic
acid levels, whereas Si treatment showed opposite results.
The above results indicated that Si could ameliorate the
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toxicity of heavy metals (Cd and Zn) for rice which
resulted in improving root traits, cell structure and influ-
encing root exudates.
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Introduction

Rice (Oryza sativa L.) is one of the major crops in China,
which provides an important contribution to economic and
social stability. As a toxic metal, Cd can result in serious
toxicity effects on organisms including humans when
released to the environment, because of Cd bioaccumula-
tion through the food chain (Song et al. 2009). Many
studies have reported that excess Cd accumulation in plants
prohibits plant growth, damages cell ultrastructure, and
alters the primary and secondary metabolism of plants
(Schutzendubel et al. 2001; Nwugo and Huerta 2008a, b;
Da Cunha and do Nascimento 2009; Song et al. 2009). Zn
is one of the essential trace elements for plants with
important metabolic roles (Marschner 1995), but it can also
cause severe phytotoxicity to plants and animals in excess.
Cd and Zn have the same transporters in rice because of
their chemical similarity. Evidences showed that OsHMA?2
plays an important role in transporting Zn and Cd from
root-to-shoot, which takes effects in loading Zn and Cd into
the xylem in rice, and overexpression of OsHMA3 can
reduce the accumulation of Cd in grains (Sasaki et al. 2014;
Satoh-Nagasawa et al. 2012; Takahashi et al. 2012). Heavy
metal ATPases (HMAs) are also important in translocating
or detoxifying Zn and Cd in plants (Takahashi et al. 2014).
Recent study found that Cd showed better mobility in Cd
and Zn combined contamination (Ming et al. 2016).
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In recent decades, silicon has been reported as a bene-
ficial element in plants for its positive roles in alleviating
environmental stresses (such as metal toxicity) (Ma 2004;
Tripathi et al. 2012; Shen et al. 2014; Adrees et al. 2015).
Nwugo and Huerta (2008a, b) showed that silicon appli-
cation significantly reduced Cd concentration and
improved photosynthetic traits and water use efficiency of
Cd-stressed rice plants. Si can also reduce the metal toxi-
city to plants by inducing the secretion of flavonoid-type
phenolics (Kidd et al. 2001) and the development of the
apoplastic barrier in roots (Zhang et al. 2013). Similarly,
Rizwan et al. (2016) reported that Si alleviates Cd toxicity
may benefit from a root localized protection mechanism for
reducing Cd translocation from roots to shoots. The
absorption and translocation of Zn in plants reduced after
Si addition because of the strong binding of Zn in cell wall
(Gu et al. 2012; Lukacova et al. 2013). In addition, Lu et al.
(2014) found that Si alleviates metal stress by increasing
soil pH and reducing available Cd concentration in soil
rather than reducing Cd accumulation. Moreover, Si
improves the development of cortex and vascular tissues in
roots, but it does not influence Cd distribution in apoplast
and symplast (Vaculik et al. 2012). In Cd and Zn con-
taminated soil, Si can alter Cd and Zn distribution and
allocation, therefore reduce the toxicity on soil (Patricia
Vieira Da Cunha et al. 2008). Based on the above findings,
Si has important role in alleviating Cd or Zn toxicity, but
the mechanisms of Si-mediated heavy metals resistance is
not fully understood, especially in the roots. Our previous
study found that silicon application can mitigate Cd and/or
Zn toxicity and improve plant growth by increasing Si
content and reducing Cd or Zn content in roots and shoots
(Wen et al. 2011). Since organic acids secreted from roots
have important roles in the heavy metal tolerance and
detoxification (Ma et al. 2001), we hypothesize that if Si-
alleviated metal toxicity is related to root secretion and
improvement of cell structure stability. In this study, the
effects of silicon addition on morphological traits, cell
structure, and exudates of rice roots under Cd and/or Zn
complex stress were studied, which will help further reveal
the role of Si in mitigating heavy metal stress.

Materials and methods
Plant materials and grow conditions

Two rice varieties, Feng-Hua-Zhan and Hua-Hang-Si-Miao
were used in this study. The rice seeds were sterilized using
10 % H,0, for 10 min, and then soaked in distilled water
for 48 h until they were germinated at 30 °C. After 2 days
of seed germination and growth, fifteen rice seedlings were
sown in a plastic pot with half concentrated Hoagland
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solution (pH 5.5-5.7), and each treatment had five pots.
After 1 week, the solution was replaced by a full-strength
solution and the solutions were renewed every day. The
experiment was performed in an artificial climate chamber
with the following conditions: 13 h light/11 h darkness,
25 °C/22 °C for day/night temperature, 80 %/60 % for
day/night relative humidity, and 200 pmol m~2s™' for
photon flux density.

Experimental design

Si, Cd and Zn treatments were conducted 3 weeks after rice
sowing. Seven treatments with five replications were pre-
pared for both rice varieties: (1) CK (no silicon added and
no Cd/Zn stress); (2) Cd; (3) Zn; (4) Cd + Zn; (5)
Cd + Si; (6) Zn + Si;and (7) Cd + Zn + Si. Si (1.5 mM)
was added as potassium silicate (K,SiO3) solution, and Cd
(50 uM) or Zn (200 pM) was added as CdCl, or ZnSQOy4 to
the solution when the 20-day-old seedlings were trans-
planted. In the non-Si treatment, KCI was used to replenish
K. Randomized complete block design were used in this
experiment for each variety. Roots and root systems were
collected 7 days after the treatments to determine the root
morphological traits, root activity, and root exudates. Root
cells were also observed using transmission electron
microscopy (TEM).

Measurement of root morphological traits

The treated root samples were collected, washed, and then
scanned using WinRhizo Arabidopsis V2009c (Regent
Instruments Inc., Chemin Sainte-Foy, Canada) to calculate
length, volume, diameter and surface area.

Determination of root activity

Rice root activity rate were measured by assaying the oxi-
dation of alpha naphthylamine (o-NA) (Zhang et al. 1994).
In brief, 1.0 g of fresh root sample was placed into a 50 mL
flask containing 25 mL of 50 pg mL ™' o-NA and incubated
for 2 h. About 2 mL of the filtered aliquot was mixed with
the addition of 1 mL NaNOj; (100 pg mL ) and1 mL 1 %
sulphanilic acid. The oxidation activity in mixed solution
was determined with a spectrophotometer at 485 nm.

Microscopy observation of root structure

Fresh root samples were collected after the treatments
mentioned above. The samples were washed three times
and the root tips were cut into 0.3-0.5 cm pieces. The
pieces were fixed with 25 % glutaraldehyde at 4 °C for
24 h and soaked in a phosphate buffer (0.1 M, pH 7.2) for
10 min. The resulting samples were post-fixed in 1 % OsOq4



Acta Physiol Plant (2016) 38:197

Page 3 0of 9 197

for 30 min and washed with phosphate buffer. Subse-
quently, the samples were dehydrated with 50, 70, 80, 90,
and 100 % acetone and soaked in isoamyl acetate for 5 min
twice. After soaking in the solution, the samples were
embedded in Epon 812 and cut using a microtome (Leica,
Germany). Uranyl acetate and lead citrate were used to stain
the samples and then examined using a Tecnai 12 TEMat an
accelerating voltage of 100 kV (FEI, Netherlands).

Root exudates analysis

Collection of root exudates was conducted following the
method of Shen et al. (2004) and Huang et al. (2016) with

some modifications. Seedling samples were transferred to
500 mL of 0.5 mM CacCl, solution, keeping the roots in the
dark with black plastic bags. The seedlings were incubated
in 500 mL beakers and illuminated at a photon flux density
with 200 pmol m—2 s~! at 25 + 1 °C for 5 h. Root exu-
dates were collected and then filtered using 0.22 pm pore
size nylon filters to remove root residues. The collected
root exudate samples were purified with 5 g of cation
exchange resin [001 x 7(732), ZhanYun Chemistry Co.
Limited, Shanghai, China)] and 5 g anion exchange resin
[201 x 7(717), ZhanYun Chemistry Co. Limited, Shang-
hai, China]. The anion exchange resin was eluted using
10 mL of 1 M HCI to collect the organic acid. The eluant

Cd
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Cd+Zn Cd+Zn+Si

CK

Cd Cd+St

Zn

Zn+Si Cd+Zn Cd+Zn+Si1

Fig. 1 Effect of 1.5 mM Si treatment on rice roots under Cd and/or Zn stress (a Feng-Hua-Zhan, b Huang-Hang-Si-Miao)
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was concentrated to dryness at 40 °C, and the residue was
dissolved in 5 mL of deionized water. The samples were
filtered using nylon filters with 0.45 um pore size. After
filtration, the exudates were stored at —20 °C for further
analyses.

Soluble sugar and total amino acid contents of root
exudates were determined using anthrone colorimetry and
ninhydrin reactions method (Yan et al. 2007), respectively.
To determine soluble sugar and total amino acid concen-
tration, 100 pL. of concentrated root exudates were sam-
pled. Taking glucose as a standard sample, 9,10-dihydro-9-
oxoanthracene was used to determine soluble sugar content
at 620 nm. After reaction with 1,2,3-indanetrione mono-
hydrate, total amino acid were detected at 580 nm with
leucine as standard.

Organic acid content was measured using the method
described by Wang and Zhou (2006). Five kinds of organic
acids (oxalic, tartaric, maleic, fumaric and acetic acids)
were identified using HPLC (Agilent 1100, USA). The
working conditions were: chromatographic column: Bio-
Rad Aminex HPX-87H, mobile phase: 5 mM H,SO,,
temperature of column: 50 °C, velocity of flow:
0.5 mL min~!, detector wavelength: 210 nm, and injection
volume: 10 pL.

Statistical analysis

The data from root morphology and activity, the contents
of root exudates were expressed as the mean £ SE. One-
way ANOVA was performed to test the significance of the
observed differences using SPSS 16.0. Differences
between the parameters were evaluated using the Duncan’s

method, and P < 0.05 was considered to be statistically
significant.

Results

Influence of heavy metals and/or Si on root
morphology

Cd and/or Zn stress significantly inhibited root growth,
while this situation was improved by Si addition (Fig. 1).
The size of rice roots with Cd and/or Zn stress was small,
but they remained large in the Si-treated plants. As shown
in Table 1, Cd and/or Zn treatments resulted in a signifi-
cant reduction of length, diameter, volume and surface area
of roots for both varieties; however, silicon supply allevi-
ated these negative effects. For Feng-Hua-Zhan, root vol-
ume and average root diameter of Si-treated plants were
significantly increased compared with heavy metal treat-
ments. Similarly, for Hua-Hang-Si-Miao, Si addition
increased total root length. Moreover, Cd and/or Zn stress
also reduced the root activity of both rice varieties. Si
supply significantly increased the root activity of Feng-
Hua-Zhan, but had no effect on root activity of Hua-Hang-
Si-Miao.

Influence of heavy metals and/or Si on root
ultrastructure

Under non-stressed conditions, root cortex of both cultivars
has fine cell structure with well-shaped cytolemma and
vacuoles (Fig. 2). In Cd and Cd + Zn treated plants, the

Table 1 Effects of 1.5 mM silicon application on root morphology of rice under Cd and/or Zn stress

Variety Treatment Total length (cm)  Surface area (sz) Volume (cm3) Average diameter (cm)  Root activity (mg gf' h
Feng CK 3163.7 £ 606.1a 116.5 + 6.7a 3.15 £0.21a 0.37 £ 0.0lab 3.170 + 0.171bc
Hua Cd 1595.1 £ 144.5b 58.5 & 6.4cd 1.55 £ 0.15b  0.36 &+ 0.01bcd 2.377 £ 0.493cd
Zhan Zn 1710.4 £+ 166.0b 59.8 + 4.4cd 1.78 £ 0.12b  0.32 £ 0.01d 1.713 £ 0.280de
Cd + Zn 1670.8 £ 257.1b 51.1 £9.4d 1.273 £ 0.16b  0.34 £ 0.01cd 1.359 + 0.191e
Cd + Si 2483.0 £ 97.2ab 95.0 &+ 6.8ab 2.87 £ 0.30a 0.39 + 0.0lab 3.724 + 0.004ab
Zn + Si 1813.2 £ 400.8b 91.4 £+ 6.1b 298 +0.29a 0.40 £ 0.03a 4.261 £ 0.403a
Cd + Zn + Si 2283.0 & 351.3ab 78.1 &+ 11.1bc 2.57 £ 0.17a  0.37 £ 0.02ab 4.058 £ 0.219ab
Hua CK 2568.9 £ 127.1a 80.8 £+ 4.2a 1.83 £ 0.08a 0.30 = 0.01b 4.045 £+ 0.234a
Hang Cd 760.2 £ 23.2¢ 21.1 £ 0.5d 0.46 = 0.01b  0.28 £ 0.00c 0.972 £ 0.122¢
Si Zn 757.8 £ 45.7c 22.5 + 1.8d 0.535 £ 0.05b  0.30 £ 0.00bc 0.884 £ 0.062c
Miao Cd + Zn 743.2 £ 26.9¢ 214 + 1.0d 0.49 + 0.03b 0.29 + 0.01bc 1.043 £ 0.180c
Cd + Si 1178.1 £ 95.2b 37.0 £ 3.8¢ 091 £ 0.11b  0.31 £ 0.01b 1.236 £ 0.094bc
Zn + Si 1456.6 £+ 222.2b 53.0 £ 10.5b 1.52 + 0.37a  0.36 £ 0.02a 1.591 £ 0.135b
Cd+Zn+Si 11325 £ 61.2b 34.6 £ 2.0cd 0.83 & 0.06b 0.31 £ 0.01b 1.640 £ 0.072b

The values represent mean £ SE. Different letters on each column for the same variety show significant differences at 0.05 level of probability

according to Duncan’s multiple comparison test among treatments
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a Feng-Hua-Zhan
Cd

Si+

b Hua-Hang-Si-Miao
Cd

Fig. 2 Transmission electron microscope (TEM) images of root cortical cells with or without Si treatment in Cd- and/or Zn- stressed plants

whole cortex cells were deformed with swollen and dis-
ordered vacuoles, which led to cytoplasm leakage. In Zn
treatment, cell arrangement was disordered both for Feng-
Hua-Zhan and Hua-Hang-Si-Miao.

By contrast, for Feng-Hua-Zhan, Cd + Si and
Cd + Zn + Si treated plants maintained good cell shapes,
although some of them were misshaped. There was no
obvious difference between Zn + Si and Zn stress. Com-
pared with Cd treatment, cytolemma and vacuoles were
closely arranged in Cd + Si treatment (Fig. 2). The

cortical cells were breached upon addition of Cd and/or Zn,
while Si treatment improved the structure of cytolemma
and vacuole, maintaining the cell integrity.

Influence of Si application on rice root exudates
under Cd and/or Zn stress

In comparison with control (CK), the contents of soluble

sugar and amino acids in root exudates were significantly
increased after Cd and/or Zn treatment, but reduced by Si

@ Springer
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Fig. 3 Effects of 1.5 mM Si treatment on soluble sugar (a) and
amino acid (b) concentrations in root exudates under Cd and/or Zn
stress. Data are expressed as mean &+ SE (n = 4). Different letters on
bars show significant differences at 0.05 level of probability
according to Duncan’s multiple comparison test among treatments
of Cd, Zn, and Si

application and they were close to the content level of
control (CK) (Fig. 3). However, compared with individual
Cd or Zn stress, combined Cd and Zn stress (Cd + Zn)
significantly decreased soluble sugar and amino acids
levels of root exudates.

Effect of Si on the organic acid contents of root
exudates under heavy metal stress is presented in
Fig. 4. Concentration of oxalic acid was significantly
reduced under single and combined Cd and Zn stress,
but increased in Si-treated groups. For Feng-Hua-Zhan,
the contents of oxalic and tartaric acid were the highest,
and fumaric acid was the lowest. Meanwhile, the con-
centrations of oxalic, fumaric and acetic acids were
significantly reduced after Cd and/or Zn stress, but
increased by Si addition. For Hua-Hang-Si-Miao, oxalic
acid and fumaric acid levels of root exudates decreased
under heavy metal stress, but increased with the addi-
tion of Si. However, the concentrations of acetic, tar-
taric and maleic acid were opposite.

@ Springer

Discussion

Effects of Si application on root morphology of rice
under heavy metal stress

Our results showed that heavy metals (Cd and Zn) nega-
tively influenced the root morphology of both rice varieties,
but the addition of Si-alleviated metal toxicity and then
improved root traits (Fig. 1; Table 1). This observation was
similar to the previous study by Huang et al. (2015). Si
induces crops secreting secondary metabolites, which can
alleviate heavy metals toxicities and then improve the
growth of roots. Keller et al. (2015) reported that Si
application could alleviate Cu toxicity and increased root
length, photosynthetic pigment, macro elements, organic
acids and amino acids concentrations. Nwugo and Huerta
(2008a, b) found that Si treatment enhanced maize resis-
tance against Cd leading to improvement of shoot and root
traits. In this study, the root traits and morphology of both
varieties were improved by Si treatment in all cases,
revealing the important role of Si in mitigating metal stress
in rice roots.

Effects of Si application on root ultrastructure
of rice under heavy metal stress

Cd has been found to negatively affect cell ultrastructure in
chloroplasts of bundle sheath cells (Dalla Vecchia et al.
2005). Daud et al. (2013) found that high Cd concentration
(100 uM) altered cell membranous structures, including
nucleus, vacuoles, and mitochondria, and decreased the
nuclear size. Moreover, the number of lipid bodies
increased, but nucleoli and chloroplasts were misshaped in
Cd-treated cells (Daud et al. 2015). Samardjieva et al.
(2015) reported that Zn stress damaged normal cell struc-
tures, such as nucleus, cytolemma, and vacuoles, and they
demonstrated that the presence of Zn in the vacuoles of
cortical parenchyma, starch sheath, and tonoplast of mes-
ophyll cells, negatively influences the ultrastructure of
plants. In our study, TEM observation showed that Cd or
Zn stress resulted in serious destruction of rice root cortex,
whereas Si treatment improved integrity of cell structure
(Fig. 2). These observations were similar to those of
Vaculik et al. (2015), who found that Si could improve
thylakoid formation in the chloroplasts of bundle sheath
cells in Cd-treated maize plants.

Our results showed that Si has significant positive
effects in improving root morphological traits ultrastruc-
ture properties under Cd and/or Zn stress (Fig. 2). These
improvements could be attributed to the precipitation of Si



Acta Physiol Plant (2016) 38:197

Page 7 0of 9 197

- 40 ¢
e a a
g 35} OCK
o0
= 30 | . b mCd
g
o BZn
g »r —I_ ¢ BCAH+Z
= n
5 20F % ¢ .
2 == BCd+Si
S 15t = 4

d ¥ BZn+Si
= I
3 10 3 OCd+Zn+Si
= st
<
E o I S

Feng-Hua-Zhan
~ 351 b
3
SREXN OCK
<
= 25t mCd
2 BZn
E 20}
g BCd+Zn
% L5 F B Cd+Si
o a .
= L BZn+Si
g M0 aby oy ab dpr= 4
: s 0Cd+Zn+Si
E 05
g 0.0
= Feng-Hua-Zhan
~ 120 €
—
E a
sn 100 F
= OCK
=1
g 80 oCd
<
=
% BZn
S 60 | BCd+Zn
3 a BCd+Si
o 40} ab =0 '
S ab =Kk BZn+Si
g 5l ab o ab O Cd+Zn+Si
El b = b b b b b
s TE=F -] T -
= MEEN\ L | CliliESH ==

Feng-Hua-Zhan Hua-Hang-Si-Miao

Fig. 4 Effects of 1.5 mM Si treatment on organic acid concentrations
of root exudates under Cd and/or Zn stress. Data are expressed as
mean = SE (n = 4). Different letters on bars show significant

and heavy metals, which have been reported by other
studies (Neumann and Zur Nieden 2001; Da Cunha and do
Nascimento 2009; Van Bockhaven et al. 2013). Among
these studies, Da Cunha and do Nascimento (2009)
reported that silica is found in many parts of root cell wall,
where Si can co-precipitate with Cd and Zn. Neumann and
Zur Nieden (2001) demonstrated that Si and Zn can form as
zinc-silicate, which may play role in ameliorating Zn tox-
icity in Cardaminopsis. In this study, the cytolemma and
vacuoles were damaged after heavy metal treatment, but
relieved by Si treatment. This observation suggested that Si
can strengthen the cell wall to prevent the rupture of
cytolemma and vacuoles under heavy metal stress.
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multiple comparison tests between treatments

Effects of Si application on root exudates of rice
under heavy metal stress

In all cases, the concentrations of soluble sugar and
amino acid in root exudates were increased under Cd
and/or Zn treatment, but decreased by Si addition
(Fig. 3), which verified our hypothesis that Si-mediated
metal tolerance is related to root secretion. Similar results
were obtained by Sharma (2006), who reported that
amino acids, such as histidine and amino acid-derived
molecules like phytochelatins and glutathione, affected
metal binding and increased the adaptability of plants to
heavy metal stress.
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Root exudates, including organic acids, positively affect
nutrient absorption, microorganism distribution, and stress
adaptation (de Weert et al. 2002; Rudrappa et al. 2008;
Ding et al. 2014). In this work, five organic acids (i.e.,
oxalic, acetic, tartaric, maleic, and fumaric acids) were
identified in root exudates, some of which differed in both
varieties (Fig. 4). Under heavy metal stress, acetic, tartaric,
and maleic acid levels decreased in Feng-Hua-Zhan, but
increased in the Hua-Hang-Si-Miao. These observations
showed that organic acids played different roles in different
rice varieties when responding to heavy metal stress.
Similar results were reported, and the increase in some
organic acids, such as citric, lactic, and acetic acid, was
found to enhance the resistance of Cd (Xie et al. 2013;
Ehsan et al. 2014). In addition, Johansson et al. (2008)
found that oxalate and total organic acids in exudates
increased upon Cd and Pb treatment, resulting in increased
plant resistance to Cd. Sun et al. (2013) demonstrated that
citric acid can reduce the negative effects caused by Cd by
increasing plant biomass and photosynthesis, as well as
reducing oxidative stress. Ehsan et al. (2014) reported that
the root exudates of Cd-tolerant plants have higher con-
centration of citric acid concentrations than those of Cd-
sensitive plants under Cd treatment, suggesting that citric
acid is crucial in alleviating Cd toxicity.

In particular, oxalic and fumaric acids of root exudates
decreased under Cd and/or Zn stress, but increased with Si
treatment for both varieties (Fig. 4), suggesting that Si may
stimulate the production of some specific organic acids,
which may chelate metals, and therefore reduce their uptake.
Our previous finding showed that Si addition significantly
reduce Cd and Zn concentration in shoots and roots for both
Feng-Hua-Zhan and Hua-Hang-Si-Miao varieties (Wen
et al. 2011). Similarly, Kidd et al. (2001) found that Si
application increase the release of flavonoid-type phenolics
in Ai-stressed maize roots, indicating that phenolics may
play a role in Si-mediated mitigation of Al toxicity.

Based on the above discussion, Si may induce resistance
of rice against heavy metals (Cd and Zn) by secreting
organic acids, which alter the uptake or distribution of
heavy metals in rice. Moreover, the secretion might chelate
heavy metal in soil; thereby reduce the transportation of
heavy metals from contaminated soil to rice plants. Fur-
thermore, Si could also strengthen cell wall integrity, and
therefore reduce the accumulation metal levels in the
cytosol.

Conclusions
This study showed single and combined Cd and Zn stress

negatively influenced rice root morphological traits, cell
structure. However, Si  supply improved root
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morphological traits and maintained root cells integrity
under Cd and/or Zn stress condition. Moreover, oxalic acid
concentration in root exudates was significantly increased
in Si-supplied treatments for both rice cultivars, which
suggested that oxalic acid secretion plays a role in Si-me-
diated alleviation of heavy metal stress.
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