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Abstract

It is well documented that slag-based silicon fertilizers have beneficial effects on the growth and disease resistance of rice.
However, their effects vary greatly with sources of slag and are closely related to availability of silicon (Si) in these materials.
To date, few researches have been done to compare the differences in plant performance and disease resistance between
different slag-based silicon fertilizers applied at the same rate of plant-available Si. In the present study both steel and iron
slags were chosen to investigate their effects on rice growth and disease resistance under greenhouse conditions. Both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to examine the effects of slags
on ultrastructural changes in leaves of rice naturally infected by Bipolaris oryaze, the causal agent of brown spot. The results
showed that both slag-based Si fertilizers tested significantly increased rice growth and yield, but decreased brown spot
incidence, with steel slag showing a stronger effect than iron slag. The results of SEM analysis showed that application of
slags led to more pronounced cell silicification in rice leaves, more silica cells, and more pronounced and larger papilla as
well. The results of TEM analysis showed that mesophyll cells of slag-untreated rice leaf were disorganized, with colonization
of the fungus (Bipolaris oryzae), including chloroplast degradation and cell wall alterations. The application of slag
maintained mesophyll cells relatively intact and increased the thickness of silicon layer. It can be concluded that applying
slag-based fertilizer to Si-deficient paddy soil is necessary for improving both rice productivity and brown spot resistance.
The immobile silicon deposited in host cell walls and papillae sites is the first physical barrier for fungal penetration, while
the soluble Si in the cytoplasm enhances physiological or induced resistance to fungal colonization.
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and Si may then become a yield-limiting element for rice
production [12-14]. Therefore, it maybe is necessary to provide
exogenous Si fertilizer for an economic and sustainable rice
production system [15-18].

Brown spot caused by the fungus (Bipolaris oryzae) is one of the
most devastating and prevalent diseases of rice. Brown spot may
cause significant yield losses [19,20]. The major method to control
brown spot in agriculture is through application of fungicides [19].
However, there is a need to explore more eco-friendly manage-
ment practices in consideration of the public’s concerns with
health and environmental issues. The physiological condition of
rice plant, which is strongly influenced by soil conditions,
particularly soil nutrient status (e.g. potassium, calcium, magne-
slum, manganese, iron, and silicon etc.), is one of the main factors
governing brown spot severity [19,21]. Some authors suggest that
application of Si fertilizer to rice fields is an alternative approach to
control brown spot, especially in soils where plant-available Si is

very low [22-24].

Introduction

Silicon (Si) is the second most abundant element in soils [1,2].
Although Si has not been proven to be an essential element for
plant growth and development, its beneficial roles in stimulating
plant growth, grain yield and resistance to abiotic (metal toxicity,
salt and drought stress, nutrient imbalance, extreme temperature)
and biotic stress (plant diseases and insect pests) have been well
documented [3-7].

Rice (Oryza sativa L.) is the second most widely grown crop in
the world, and the major staple food for more than half of the
world’s population [8,9]. Rice is also a typical Si hyper-
accumulating plant species, containing Si up to 10% in shoots
on a dry weight basis [2]. Rice roots take up Si in the form of silicic
acid (H4S104) from the soil solution [10]. In tropical and
subtropical areas, because of heavy desilication-aluminization
arising from high temperature and rainfall, plant- available Si is
low in these highly-weathered soils [11]. In addition, repeated
mono-cropping with rice may greatly decrease plant-available Si

in soil. It is estimated that producing a total rice grain yield of
5000 kg ha™" will remove Si at 230-470 kg ha™ " from the soil [5],
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Steel slags or iron slags are byproducts of steel or iron industries,
which account for 15-20% of total steel production. Large
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Table 1. The main chemical characteristics of two slag-based silicon fertilizers tested in the present study (%).

Si fertilizer CaO SiO, MgO Al,O3 Fe,03 MnO TiO,
Q 43.6 26.9 8.1 10.9 3.1 0.9 1.2
H 50.9 21.0 7.7 6.0 5.0 1.5 0.6

doi:10.1371/journal.pone.0102681.t001

amounts of slag are produced in China annually [25]. Slags are
not merely metallurgical wastes, but they have been successfully
used in agriculture in many developed counties [26,27]. In
contrast, only 10% of the total slag is recycled in China [28]. Slags
contain sufficient amounts of Si (10-28%); therefore, they may
potentially be used as a Si fertilizer source. Application of such
kind of Si fertilizer has been shown to improve degraded paddy
soils, as well as rice growth and disease resistance [2,29-34]. So,
slag applied to paddy rice fields as Si fertilizer is beneficial not only
for rice health and growth, but also from economic and
environmental perspectives. However, variation exists in the ore
and coke, as well as in the cooling process; consequently, the
composition and property of slags may vary widely [35].
Therefore, plant-available Si content and Si availability in slags
vary widely too [36]. Previous studies have demonstrated positive
effects of wollastonite or calcium silicate as Si resource on rice
growth and disease resistance [30,32]. However, there are only a
few reports to compare the agronomic benefits of different sources
of slag used in rice.

The objective of this study was to assess the effects of steel slag
and iron slag applied at the same rates of plant-available Si on rice
growth and brown spot development in rice and to investigate the
relationship between Si-mediated ultrastructural changes and
brown spot disease infection in rice.

Materials and Methods

Soil and plant material preparation

The soil used was sampled from Qionghai, Hainan province of
South China (N 19°09'16.2", E 110°17'35.3") (no specific
permissions were required for soil sampling in this location and
the field in this study did not involve endangered or protected
species). It was a latosol derived from basalt with a plant-available
Si concentration of 41.8 mg kg~ ' (extracted by 0.025 M citric
acid) and a pH value of 5.16. The soil was air-dried and sieved
(2.0 mm). The rice variety tested is a hybrid (Oryza sativa L. cv.
Fengyuanyou 299), characterized by its mid-late maturity. Seeds

were sterilized with 10% (v/v) HoOg for 15 min, rinsed with
distilled water, soaked in water for 24 hours, and then transferred
into culture dishes for germination at 25°C in the dark. Two days
later, the germinated seeds were placed on a float tray (10x15 cm)
in a controlled environment with a day/night temperature of 25°C

(12 h): 25°C (12 h).

Experimental design

A pot experiment factorically arranged in a 2x4 randomized,
complete block design was conducted with three replicates per
treatment, giving a total of 24 pots. The entire experiment was
duplicated. Two different Si fertilizers were chosen for the pot
experiment. One was derived from air-cooling steel slag, with
HCl-soluble Si content of 7.61%, referred to as H, and the other
was based on water-cooling iron slag, with HCl-soluble Si content
of 9.35%, referred to as Q). The main chemical properties of the
two slags are presented in Table 1. Four Si treatments with three
replicates each were established. The rate of Si applied, equivalent
to 0.5 M HCl-soluble Si, was 0 (Sip), 187 (Si;), 560 (Siy) and 935
(Sis) mg Si kg™ . The Si fertilizer was thoroughly mixed with soil
prior to potting. Basal fertilizers supplied were 0.2 ¢ N kg™ ' as
urca, 52 mg P kg ! as potassium dihydrogen phosphate, and
84 mg K kg™ ! as potassium sulfate. Each plastic pot was filled with
5 kg of air-dried and sieved (2.0 mm) soil. Uniform seedlings with
three leaves fully expanded were transplanted at two seedlings per
pot. During the rice growing period, distilled water was applied to
maintain a 2-cm water layer but no pesticides were applied.

Plant sampling

Rice plants were harvested at maturity, and separated into stem,
leaf, and grain, and then washed thoroughly with distilled water.
The dry weight of these tissues was recorded after being oven-
dried at 75°C till a constant weight. These tissues were then
ground to pass through a 0.5-mm sieve for Si analysis.

Table 2. Effects of different silicon treatments on dry weight of rice organs (%).

Fertilizer Rate Leaf Stem Grain
Control Sio 7.72+1.60 b 136473 b 471%152 ¢
Q Siy 131202 a 208+1.11a 13.7069 b
Siy 13.7+2.02 a 20.8+1.07 a 13.4%237 b
Si3 13.0£2.27 a 20.2*+146 a 11.8+1.99 b
H Siy 12.8+271 a 19.4+1.30 b 15.1%£2.33 ab
Siy 11.5£1.08 a 20.2*1.24 a 15.0+1.53 ab
Sis 12.5*+1.15a 23.7£240 a 16.9%2.08 a

followed by different letters (a, b, c) are significantly different (P<0.05).
doi:10.1371/journal.pone.0102681.t002
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Sip: no Si fertilizer; Siy: slag fertilizer applied at a rate of 187 mg plant-available Si per kg soil; Siy: slag fertilizer applied at a rate of 560 mg plant-available Si per kg soil;
Siz: slag fertilizer applied at a rate of 935 mg plant-available Si per kg soil; H: slag fertilizer H, Q: slag fertilizer Q; Data are means * SD of three replicates; mean values
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Table 3. Analysis of variance of the effects slag-based silicon fertilizer (slag) and application rate of Si (Si-R) on dry weight of rice

F values
Sources of variation Df Leaf Stem Grain
Slag 1 0.816 ns 0.142 ns 6.41%
Si-R 3 9.93* 11.61* 36.30**
Slag xSi-R 3 0.388 ns 1.03 ns 1.90 ns

Levels of probability: ns = non significant, significantly different *p=0.05 and
Levels of probability: ns = non significant and *p=0.05, **p=0.01.
doi:10.1371/journal.pone.0102681.t003

Disease index survey

Rice leaves were naturally infected by Bipolaris oryaze, the
causal agent of brown spot at the joining stage. Disease severity,
based on the percentage of infected leaf surface area and the
percentage of infected leaves per pot, was determined two weeks
after infection. In this study, disease severity (DS) was classified
into nine grades based on the following: DSO = healthy plants,
DS1=1%, DS3=2-5%, DS5=6-15%, DS7=16-25% and
DS9=25%. Disease index (%) = [Y.(S*n,)/(9*Ns)] *100. Where
S is the severity value, ng is the number of infected leaves with a
severity of S and Ns is the number of leaves evaluated [37].

Scanning electron microscopy

The deposition of Si in the leaf was observed using scanning
electron microscopy (SEM). Since similar slag effects on plant
growth and brown spot resistance were observed for both Si
sources, only leaf samples of rice plants treated with slag H were
collected for microscopic examination. At the anthesis stage, fresh
specimens of the top-second leaf of rice plants grown without slag
(control) or with slag (H) applied at a rate of 935 mg plant-
available Si per kg soil were randomly sampled from two plants
per pot. They were first fixed with 2.5% (v/v) glutaraldehyde in
0.1 M phosphate buffer solution (pH 7.4) under vacuum for 2-3 h
at 20°C, and then post-fixed with 1% (w/v) osmium tetroxide in
the phosphate buffer solution for 30 min [38]. Afterwards, they
were dehydrated through a graded series of ethanol [50, 70, 80, 90
and 100% (v/v)], dried by a critical-point drying method with
liquid COy and coated with metal and then loaded onto the
instrument [38]. The surface scan was performed using a scanning
electron microscope (FEI QUANTAZ200, Japan).

**p=0.01.

Transmission electron microscopy

Squares were excised with scissors from the top-second leaf at
the anthesis stage. The leaf samples of rice plants grown without
slag (control) or with slag (H) applied at a rate of 935 mg plant-
available Si per kg soil were collected and fixed immediately with
2% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in
0.05 M sodium cacodylate buffer (pH 7.2) at room temperature
overnight and then washed with the same buffer three times for
10 min each [38]. Afterwards, samples were postfixed with 1%
(w/v) osmium tetroxide in the same buffer at room temperature
for 2 h and washed twice with distilled water. The post-fixed
samples were stained with 0.5% (w/v) uranyl acetate at 4°C
overnight. They were then dehydrated in a graded series of
ethanol [30, 50, 70, 80, 95, and 100% (v/v)] and three times in
100% ethanol for 10 min each [38]. Ultrathin sections (approx-
imately 50 nm in thickness) were made with a diamond knife by
an ultramicrotome (LKBVI). The sections were mounted on
copper grids and stained for 7 min each with 2% (w/v) uranyl
acetate and Reynolds’ lead citrate [38]. The sections were
examined by transmission electron microscopy (Phillips EM 400
ST, the Netherlands).

Chemical analysis

The main chemical components of slag fertilizers were
measured by SEM. Scanning electron microscopy was performed
in a JSM-6510 SEM at accelerating voltage of 20 kV attached
with an X-ray energy-dispersive spectrometer, EDS (Genesis
XM2). Before the scanning process, all samples were dried and
coated with gold to enhance the electron conductivity.

The available Si content in slag was determined following
extraction with 0.5 M HCI [slag/(HCI) ratio of 1:50, shaking at

Table 4. Effects of different silicon (Si) treatments on Si concentrations in rice organs (SiO,%).

Fertilizer Rate Leaf Stem Grain
Control Sig 11.1+0.31 ¢ 5.17+042 d 0.19%+0.031 ¢
Q Siy 123036 b 5.57*0.47 cd 0.220.04 bc
Si> 123+0.35 b 5.34+0.27 cd 0.23+0.04 bc
Sis 1212031 b 5.76+0.14 c 0.27+0.02 ab
H Siy 11.9%0.22 b 5.54+0.30 cd 0.21£0.03 ¢
Siy 12.60.13 ab 6.31£0.39 b 0.26+0.02 ab
Sis 12.9+0.27 a 6.87£0.37 a 0.28+0.04 a

followed by different letters (a, b, c) are significantly different (P<0.05).
doi:10.1371/journal.pone.0102681.t004
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Sip: no Si fertilizer; Siy: slag fertilizer applied at a rate of 187 mg plant-available Si per kg soil; Siy: slag fertilizer applied at a rate of 560 mg plant-available Si per kg soil;
Siz: slag fertilizer applied at a rate of 935 mg plant-available Si per kg soil; H: slag fertilizer H, Q: slag fertilizer Q; Data are means * SD of three replicates; mean values
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Table 5. Analysis of variance of the effects of slag-based silicon fertilizer (slag) and application rate of Si (Si-R) on Si concentrations

F values
Sources of variation Df Leaf Stem Grain
Slag 1 2.09 ns 21.05%* 0.602 ns
Si-R 3 30.93** 18.51** 13.74*
Slag xSi-R 3 1.80 ns 7.56* 0.786 ns

doi:10.1371/journal.pone.0102681.t005

300 rpm for 1 h| and analyzed by the colorimetric silicon
molybdenum blue method [39]. Slag pH and EC were measured
at a water/soil ratio of 2.5.

Plant-available Si content in soil was extracted by 0.25 M citric
acid [soil/(citric acid) ratio of 1:5] for 5 hrs, and analyzed by the
colorimetric silicon molybdenum blue method [40]. The soil pH
was measured at a water/soil ratio of 2.5.

The silicon content in rice plants was determined by the
colorimetric silicon molybdenum blue method [41-42]. Briefly,
100 mg of plant tissue was mixed with 3 mL of 50% (w/v) NaOH
in a polyethylene tube. These tubes were covered with loose-fitting
plastic caps and autoclaved at 125°C for 1 h and analyzed by the
colorimetric silicon molybdenum blue method.

Statistical analysis

All data in figures and tables are shown as means * SD of three
replicates. Two -way ANOVA was used for statistical analysis and
Fisher’s L.S.D. test was adopted to detect the significant difference
(p=0.05) between the means of different treatments. All statistical
analyses were done using the Excel 2007 and SPSS (PASW
Statistics 18.0).

Results

Dry weight and silicon concentration of different rice
tissues

Table 2-3 show that application of both iron slag (Q) and steel
slag (H) fertilizers significantly increased dry weight of leaf and
stem, and grain yield compared with the control (Sij) treatment.
However, there was no significant difference among different
application rates of silicon (except Sip). Dry weight of leaf and stem
showed no significant difference between the two Si fertilizers

Levels of probability: ns = non significant, significantly different *p=0.05 and **p=0.01

tested, but Si fertilizer H produced significantly more grain weight
than Si fertilizer Q,

Table 4-5 show that the Si concentration was significantly
different among different organs, with the order of leaf > stem >
grain. Application of both Si fertilizers significantly increased the
Si concentration in leaf, stem and grain compared with the Si
treatment. The Si concentration in rice organs tended to increase
with increasing application rate of Si, and there was a significant
difference between the Sis treatment and Si; treatment. The Si
concentration of stem was significantly higher in Si fertilizer H
than in Si fertilizer Q. However, no significant difference in leaf or
grain Si concentration was noted between the two Si fertilizers
used.

Disease severity

Under greenhouse conditions, rice leaves were naturally
infected with brown spot caused by Bipolaris oryzae. At the
anthesis stage, disease severity showed visible differences among
treatments. The data in Table 67 demonstrate that rice leaf lesion
of the control treatment (Sig) was most severe with an incidence of
39.6%, and a disease index of 56.0%. Application of both Si
fertilizers significantly decreased brown spot development. Mean-
while, disease severity of fertilizer H treatments was lower than
that of fertilizer Q) treatments.

Transmission electron microscopic analysis of silica cell
Ultrathin sections of leaf samples were observed by transmission
electron microscope (TEM). The ultrastructural details demon-
strated that the numbers of fungal cells and fungal colonization in
the leaf epidermis were different between Si-untreated and Si-
treated rice plants. The leaf mesophyll cells of silicon-untreated

Table 6. Effects of different silicon (Si) treatments on rice brown spot development at the anthesis stage (%).

Fertilizer Rate Incidence of disease Disease index

Control Sio 39.7+2.11a 56.1+2.60 a

Q Siy 4.67+0.60 b 220*350 b
Si> 133%1.53 b 8.64+2.71bc
Siz 0.33+0.58 b 2.22*+385c

H Siy 3.67+2.08 b 18.0+2.26 bc
Siy 133+ 0.58 b 8.892.67bc
Siz 0.00£0.0 b 0.00£0.00 ¢

followed by different letters (a, b, c) are significantly different (P<0.05).
doi:10.1371/journal.pone.0102681.t006

PLOS ONE | www.plosone.org 4
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Table 7. Analysis of variance of the effects of slag-based silicon fertilizer (slag) and application rate of Si (Si-R) on rice brown spot

F values
Sources of variation Df Incidence of disease Disease index
Slag 1 0.0145 ns 13.20*
Si-R 3 47.05** 3545%*
Slag xSi-R 3 0.00727 ns 5.85 ns

doi:10.1371/journal.pone.0102681.t007

plants were disorganized at the stage of the fungal (Bipolaris
oryzae) colonization. The cytoplasm was disintegrated with a
consequence of chloroplast degradation and cell-wall alterations.
Abundant amorphous materials were noticed in a mesophyll cell
colonized by the fungus (Figure 1). The Si layers were observed in
Si-treated epidermal cell walls, and the thickness of the silicon
layer was seen to be increased by Si application (Figure 2). The
chloroplast thylakoid lamella of mesophyll cells of Si-untreated
leaves became swollen, and stroma lamellae and grana lamellae of
chloroplasts were distorted. In contrast, the chloroplast structure of
mesophyll cells of Si-treated rice leaves was relatively intact, with
thylakoid lamellae stacked in order, grana lamellae accumulated
compactly and some starch grains visible (Figure 3).

Scanning electron microscopic analysis of silica cells
Morphology of silica cells on the surface of the top-second leaf
at the anthesis stage differed among treatments (Figure 4, 5). There
were many silica cells, wart-like protuberances (papillae) and
stomata on the leaf surface. The silica cells had a dumbbell shape
and were distributed in rows along the leaf veins. However, the
morphology and number of these silica cells varied among
treatments. Silicon application led to more pronounced cell
silicification 1in rice leaves, more silica cells and larger papillae.

Discussion

In this study, the concentration of plant-available Si in the soil
tested was 41.8 mg (Si) kg™ '. In China, the critical value for plant-

Levels of probability: ns = non significant, significantly different *p=0.05 and **p=0.01.

available Si concentration in acid paddy soil is 44.4-51.4 mg kg™
(S1), below which positive rice responses to silicate fertilizer can be
expected [29]. Our results show that silicon fertilizers from steel
slag and iron slag both significantly promoted rice growth and rice
yield. Silicon fertilizer H produced significantly higher grain
weight than silicon fertilizer QQ at the same plant-available Si
application rate. Two factors may account for this observation.
First, the composition and cooling process of slags influence Si-
dissolution from slags. Slag H, which was cooled slowly, had
higher Si-availability to plants compared with slag Q, which was
more rapidly cooled in water. This result was consistent with a
report by Takahashi (1981) [43], suggesting that Si availability of
slag to plants cannot be precisely determined only by the
extraction method using 0.5 M HCI. It is necessary to estimate
the Si-releasing process from slags in paddy soils and to analyze
the factors affecting the solubility of the slags in future studies.
Second, other nutrients provided by slag might be also beneficial
for rice growth, such as Ca, Mg, Fe and Mn etc. In this study, the
plant-available Si concentration was lower in slag H than in slag
Q, thus, at the same available-Si application rate, the real
application rate of the slag H was higher than that of slag Q). In
this case, the amount of other nutrients such as Ca, Fe and Mn
provided by slag H might be higher than that by slag Q) because
not only the real application rate of slag H was higher than that of
slag Q but also the content of Ca, Fe and Mn was higher in slag H
than in slag Q) (Table 1). It could be supposed that other nutrients
provided by slags also contributed to the final rice performance,

Figure 1. Transmission electron micrographs of mesophyll cells of rice leaves. Scale bars=5 um. A: Mesophyll cells of a control plant
grown without silicon fertilizer at the anthesis stage; B: Mesophyll cells of a silicon-treated plant grown with slag (H) applied at a rate of 935 mg

plant-available Si per kg soil at the anthesis stage.
doi:10.1371/journal.pone.0102681.g001

PLOS ONE | www.plosone.org
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Figure 2. Transmission electron micrographs of cell wall from leaves of rice. CW, cell wall; AM, amorphous material; SL, silicon layer. A: Leaf
epidermis of a control plant grown without silicon fertilizer at the anthesis stage; B: Leaf epidermis of a silicon treated plant with slag (H) applied at a

rate of 935 mg plant-available Si per kg soil at the anthesis stage.
doi:10.1371/journal.pone.0102681.9002

dry weight and rice yield, which, however, needs further
validation.

Silicon fertilizer could be an environmentally-friendly alterna-
tive to control rice diseases [14,44-46]. In this study, rice leaves
were naturally infected with brown spot disease caused by
Bipolaris oryzae at the jointing stage. The leaves of rice plants
that were not treated with slag showed disease symptoms 5 days
earlier than those treated with slag. At anthesis, visible differences
in disease severity appeared among treatments. We found that
application of both steel slag and iron slag fertilizers showed
significantly lower brown spot incidence and severity (Table 6-7).
Lesion areas of leaves showed a decreasing, but non-significant
trend with increasing Si application rates (Table 4-5). This result
was consistent with rice yield (Table 2). The ultrastructural
characteristics showed that the chloroplast thylakoid lamellae of
mesophyll cells of untreated rice leaves became swollen, and
stroma and grana lamellae of chloroplast were distorted at
anthesis. However, the chloroplast structure of mesophyll cells of
Si-treated leaves was relatively intact (Figure 3).

Brown spot severity has been reported to be negatively
correlated with Si concentration in rice tissue [15,24,47]. An
active Si uptake by lateral roots of rice plants plays a key role in

rice resistance to brown spot [24]. Application of the two Si
fertilizers significantly increased the Si concentration in leaves
(Table 2). There have been debates of the mechanisms involved in
Si-mediated plant disease resistance. Some authors suggest that a
mechanical or physical barrier provided by Si deposition in cell
walls contributes to enhanced resistance [38,48-49], while more
recent studies suggest that Si plays a biochemical role in mediating
plant resistance to pathogens [33,46,50]. Our results show that Si
application led to more pronounced cell silicification in rice leaves
and more elaborate and larger papillae (Figure 4, 5). The elaborate
papillac formed in Si-treated leaf epidermal surface might increase
the resistance to fungal penetration [37,51]. The Si layers were
observed in Si-treated epidermal cell walls, and their thickness was
increased by Si treatment (Figure 2). The Si layers in epidermal
cell walls supposedly confer enhanced host resistance to brown
spot, which is in line with the previous reports that the cuticular Si
double layer developed on rice leaf cells constituted a physical
barrier to impede fungal penetration and colonization [38,48-49].

In this study, we also found apparent differences in the number
of fungal cells and fungal colonization in the leaf epidermis
between Si-untreated and Si-treated plants (Figure 1). We surmise
that soluble Si may induce physiological resistance to restrain the

Figure 3. Transmission electron micrographs of chloroplasts from leaves of rice. Scale bars =1 um. CW, cell wall; SG, starch grain. A:
Chloroplast of a control plant grown without silicon fertilizer at the anthesis stage; B: Chloroplast of a silicon treated plant grown with slag (H)
applied at a rate of 935 mg plant-available Si per kg soil at the anthesis stage.

doi:10.1371/journal.pone.0102681.g003
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Figure 4. Scanning electron micrographs with 100 magnification of rice leaves. Scale bars =30 mm. SC, silica cell. A: the top second rice
leaf epidermis of a control plant without silicon fertilizer at the anthesis stage; B: the top second rice leaf epidermis of a silicon-treated rice plant
grown with slag (H) applied at a rate of 935 mg plant-available Si per kg soil at the anthesis stage.

doi:10.1371/journal.pone.0102681.g004

growth of Bipolaris oryzae and keep host cells relatively intact. Magnaporthe grisea [31,52]. Dallagnol et al. (2011) found that
Rodrigues et al. (2003a, 2005b) suggested that Si induced the concentrations of soluble phenolics and lignin and activities of
accumulation of phenolic compounds or phytoalexins, which peroxidase and chitinase were higher in Si-treated rice leaves
played a primary role in rice defense against infection by infected by Bipolaris oryzae, which contributed to rice resistance to

Figure 5. Scanning electron micrographs with 150 K magnification of rice leaves. Scale bars =20 um. SC, silica cell; WP, wart-like
protuberance; SG, stomatal guard cell. A: the top second leaf epidermis of a control plant without silicon fertilizer at the anthesis stage; B: The top
second leaf epidermis of a silicon-treated rice plant grown with slag (H) applied at a rate of 935 mg plant-available Si per kg soil at the anthesis stage.
doi:10.1371/journal.pone.0102681.g005
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brown spot [47]. Other reports suggest that after inoculation with
M. grisea, Si-treated rice plants significantly increased the
activities of pathogenesis-related proteins (PRs) in leaves, such as
peroxidase (POD), polyphenol oxidase (PPO), phenylalanine
ammonia lyase (PAL), and catalase (CAT) [37,46]. Therefore,
we believe that Si-enhanced plant disease resistance plus the role
of Si as physical barrier as suggested by Sun et al. (2010) in rice
blast resistance [46] also contributed to the Si-enhanced resistance
to rice brown spot observed in the present study.

Conclusions

Applying Si fertilizer to Si-deficient paddy soil is necessary for
both high rice yield and brown spot resistance. Both steel slag and
iron slag are effective in this regard. In this experiment, silicon
fertilizer H produced significantly higher grain weight than silicon
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fertilizer Q at the same plant-available Si application rate.
Composition and cooling process of slags influence Si-dissolution
from slags. Si availability of slag to plants cannot be precisely
determined only by the extraction method using 0.5 M HCI. The
immobile silicon deposited in host cell walls and papillae sites is the
first physical barrier for fungal (Bipolaris oryzae) penetration and
soluble Si in the cytoplasm enhances physiological or induced
resistance to restrain fungal colonization.
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