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Abstract
Silicon (Si) amendment to plants can confer enhanced resistance to herbivores. In the pres-

ent study, the physiological and cytological mechanisms underlying the enhanced resis-

tance of plants with Si addition were investigated for one of the most destructive rice pests

in Asian countries, the rice leaf folder, Cnaphalocrocis medinalis (Guenée). Activities of

defense-related enzymes, superoxide dismutase, peroxidase, catalase, phenylalanine

ammonia-lyase, and polyphenol oxidase, and concentrations of malondialdehyde and solu-

ble protein in leaves were measured in rice plants with or without leaf folder infestation and

with or without Si amendment at 0.32 g Si/kg soil. Silicon amendment significantly reduced

leaf folder larval survival. Silicon addition alone did not change activities of defense-related

enzymes and malondialdehyde concentration in rice leaves. With leaf folder infestation,

activities of the defense-related enzymes increased and malondialdehyde concentration

decreased in plants amended with Si. Soluble protein content increased with Si addition

when the plants were not infested, but was reduced more in the infested plants with Si

amendment than in those without Si addition. Regardless of leaf folder infestation, Si

amendment significantly increased leaf Si content through increases in the number and

width of silica cells. Our results show that Si addition enhances rice resistance to the leaf

folder through priming the feeding stress defense system, reduction in soluble protein con-

tent and cell silicification of rice leaves.

Introduction
The rice leaf folder (LF), Cnaphalocrocis medinalis Guenée (Lepidoptera: Pyralidae), one of the
most devastating migratory insect pests of rice, is widely distributed in humid tropical and tem-
perate regions of Asia, Oceania, Australia and Africa, between 48°N and 24°S and 0°E to
172°W [1]. The insect migrates to China from the Sino-India peninsula in the spring annually.
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The leaf folder larvae damage the rice plant by folding leaves and scraping green leaf tissues
within the fold, causing severe yield losses by reducing photosynthetic activity [2]. Recently, it
has become widespread throughout the major rice-growing regions of Asia [3]. The annual
average area infested by LF in China has been more than 20 million ha, causing yield loss of
more than 700 million kg each year [3].

To reduce the yield loss due to LF infestation, conventional chemical control has been
employed, which is expensive and laborious, and leads to environmental pollution. In addition,
overuse of pesticides destroys natural enemies and leads to the insect developing resistance,
which results in pest resurgence [4]. Hence, there is a need to search for alternative ways for
the control of this pest. Cultivar resistance and crop management are key tactics currently
being developed.

Silicon (Si) addition is one of the alternative methods to chemical control of insect pests.
Although Si is generally not considered an essential element for plant growth, due to its impor-
tant role when the plants are subjected to abiotic and/or biotic stresses, it is now recognized as
a “beneficial substance” or “quasi-essential” [5,6]. There is increasing evidence showing posi-
tive relationships between high plant Si content and plant resistance to insect herbivory in both
monocot and dicot plants [7]. Enhanced herbivory resistance resulting from Si amendment has
been reported in several susceptible Poaceous crop varieties [8–12] and grasses [13,14].

Silicon may mediate plant defense against insect herbivores in several ways: (1) indirect
defense based on augmented release of herbivore-induced plant volatiles (HIPVs) that attract
natural enemies of the attacking herbivores [15]; (2) direct defense through increased physical
(passive) resistance due to amorphous silica deposited in plant tissues, leading to reduced
digestibility and/or increased hardness and abrasiveness in plants [13,14]; (3) differential regu-
lation of genes, as indicated in powdery mildew-stressed Arabidopsis plants [16] and in rice
plants infected by the rice blast fungus [17], which may also occur in responses of Si-amended
plants to insect herbivory; (4) active priming of plant chemical defenses by soluble Si and its
interaction with the jasmonate signaling pathway, facilitating production of defensive enzymes
such as catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), polyphenol oxidase
(PPO) and phenylalanine ammonia-lyase (PAL), which are key enzymes regulating the pro-
duction and accumulation of secondary metabolic compounds, such as phenolics, phytoalex-
ins, and momilactones [18,19]. This Si-mediated resistance mechanism has been well
documented in plant defense to pathogens.

Reactive oxygen species (ROS) are common components of the defense responses of plants
against pathogen and herbivore attacks [20], while excessive levels of ROS can cause significant
damage to cell structures [21]. Plants protect themselves from cytotoxic effects of these ROS
with SOD, POD and CAT [20]. SOD removes superoxide anion free radicals accompanying
the formation of H2O2, which is then detoxified by POD and CAT [22]. PAL is involved in the
biosynthesis of phenolics, phytoalexins and lignins [23]. PPO and POD are oxidases that cata-
lyze the formation of lignin and other oxidative phenols [24]. PPO catalyzes oxidation of phe-
nols to quinines that can restrict development of herbivorous insects [25]. Polyunsaturated
fatty acids (PUFAs) peroxides generate malondialdehyde (MDA), the most abundant aldehydic
lipid breakdown product that indicates the levels of stress and injury to the functional mem-
brane [26].

Particularly, studies have revealed that Si plays an active role in priming plant defense
against herbivores. In Si-amended rice plants, we found enhanced resistance to LF due to
reduced food conversion efficiency [11] and impaired feeding behavior [27]. Ye et al. [19]
showed that LF infestation enhanced activities of enzymes (POD and PPO) for secondary met-
abolic compounds in rice plants amended with Si. However, the possibility of Si-induced activ-
ity changes in defense-related enzymes, including both antioxidative enzymes and enzymes for
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secondary metabolic compounds, in plants infested by LF has yet to be investigated. Plant solu-
ble protein is the main N source for herbivores, but the effects of Si amendment on plant pro-
tein concentration are not clear. Answers to these latter problems can help in understanding
the physiological bases for Si-mediated rice plant resistance to LF.

Our overall hypothesis was that Si amendment would amplify the defense responses in rice
plant to LF attack. Specifically, we wanted to: (i) determine the interactive effects between Si
addition and LF infestation on plant resistance to LF, (ii) identify whether Si addition induces
activity changes in defense-related enzymes (SOD, POD, CAT, PAL and PPO) and MDA and
soluble protein contents in response to LF infestation, and (iii) measure if Si addition intensifies
cell silicification in rice. Such information may provide greater insight into Si-mediated resis-
tance to LF and improve management of the insect pest in rice.

Materials and Methods

Plants, Si Treatments and Insects
The plants and Si treatments were largely the same as those reported by Han et al. [11]. Briefly,
germinated seeds of a susceptible variety (Taichung Native 1, TN1) were sown in soil without
addition of calcium silicate. Rice seedlings were transplanted to 10 L PVC pots 25 d after sow-
ing at two 2-seedling hills per pot in a glasshouse at Guilin Experiment Station for Crop Pests
(25°36'00" N, 110°41'24" E), Ministry of Agriculture, China.

The pots each were filled with 4.2 kg dry soil, amended with calcium silicate (soluble
Si� 11.7%, Shanxi Fubon Siliconfat Co., Ltd, Jinzhong, China) at a rate of 0.32 g Si/kg soil
(+Si) or left un-amended (-Si). Soil used for the plants was obtained from the fields of the sta-
tion, whose chemical properties were described previously [11]. All the pots were treated with
urea (N� 46.4%), diammonium phosphate (N = 16.0%; P2O5 = 44.0%) and potassium chlo-
ride (K2O� 60.0%) at a rate of 0.37 g/kg soil, 0.25 g/kg soil and 0.35 g/kg soil, respectively.
Application regime of the fertilizers and calcium silicate was the same as previously described
[9,11]. The pots were arranged randomly in the glasshouse. Watering was administered as nec-
essary and water level in the pots was always below the upper edge. Pesticides were not used
throughout the experiment. Rice plants at 40 days after transplanting (DAT) were used in the
experiments.

Rice leaf folder adults were collected in late June, 2014 from paddy fields at the experiment
station. The adults were confined to caged rice plants in the field for oviposition. Eggs together
with segments of leaf blades were collected daily from the plants and placed on moistened filter
paper in a Petri dish (15 cm in diameter and 2 cm in height). Newly hatched first instars were
used in the experiments or maintained on rice plants without Si addition in a climate chamber
(RXZ-160A, Ningbo Dongnan Instruments Co., Ltd, Ningbo, China) at 28 ± 1°C, 70 ± 5% rela-
tive humidity (RH) and a photoperiod of 16:8 (L:D) h.

Larval Survival Rate
A leaf segment method [11] was employed to determine the effects of Si amendment on sur-
vival of LF larvae using reciprocal fourth leaf segments cut from 40-DAT plants. Twenty newly
moulted LF larvae were transferred at five larvae per dish onto the leaf segments with a pointed
fine camel hair brush. The insects were left to develop in the climate chamber. The dishes were
observed after 72 h for surviving larvae. Individuals which did not respond to the touch of a
camel hair brush or were in a moribund condition were considered dead. The observation was
repeated 3 times for 20-insect groups. The tests were performed for each of the 1st, 2nd, 3rd, 4th

and 5th instars.
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Plant Defensive Enzyme Activities and Concentrations of
Malondialdehyde (MDA) and Soluble Protein
To analyze plant defensive enzyme activities and concentrations of malondialdehyde (MDA)
and soluble protein in response to LF infestation and Si amendment, the +Si and -Si 40-DAT
potted rice plants were each divided into two groups: one was exposed to LF third instars and
another, not exposed. Thus the plants were in four treatments: (1) without Si addition and LF
infestation (-Si-LF); (2) without Si addition and with LF infestation (-Si+LF); (3) with Si addi-
tion and without LF infestation (+Si-LF); (4) with Si addition and LF infestation (+Si+LF). For
the LF exposure treatments, one third-instar larva starved for 2 h was transferred with a
pointed fine camel hair brush to the reciprocal fourth leaf of a randomly selected tiller. Ten til-
lers per pot were infested with LF larvae. The potted plants, whether exposed to LF infestation
or not, were each caged with 60 mesh gauze. At 24, 48, 72, and 96 h after LF infestation, the
reciprocal fourth leaves were harvested from LF-infested or un-infested plants and immediately
maintained in liquid nitrogen for later analysis. The following measurements were each
repeated three times using different leaf samples.

To determine the CAT, POD and SOD activities, frozen leaf samples of a treatment (0.5 g)
were homogenized with a mortar and pestle in an ice bath with 100 mM phosphate buffer
saline (PBS, pH 7.4), containing 1 mM EDTA and 1% (w/v) polyvinylpyrolidone (PVP), at a
1:10 ratio (fresh weight of leaf sample/buffer volume). The crude homogenates were centri-
fuged at 12,000 rpm for 15 min at 4°C (Centrifuge 5417R, Eppendorf, Hamburg, Germany).
The supernatant was used to determine the enzyme activities using diagnostic kits (Nanjing
Jiancheng Biotechnology Institute, China). CAT activity was measured according to the
ammonium molybdate spectrophotometric method, based on the fact that ammonium
molybdate could rapidly terminate the H2O2 degradation reaction catalysed by CAT and react
with the residual H2O2 to generate a yellow complex, which could be monitored by the absor-
bance at 405 nm [28]. One unit of CAT activity was defined as the amount that reduces the
level of H2O2 by 1 μmol per second per mg protein. POD activity was measured by a spectro-
photometer (UNICO, UV-2000, Shanghai, China) following the change of absorption at 420
nm due to guaiacol oxidation [29]. One unit of POD activity was defined as the amount that
catalyzes 1 μg substrate per minute per mg protein. For determination of SOD activity, 2-
(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium (WST -1) method
was used [30]. WST-1 can couple with xanthine oxidase (XO) to generate superoxide anions
(O2

–) and formazan dye, which can be inhibited by SOD by catalysing O2
– into H2O2 and O2

[31]. Therefore, the SOD activity can be calculated by measuring the absorbance of formazan
dye at 450 nm. One unit of SOD activity was defined as the amount that causes a 50% reduc-
tion in the absorbance at 450 nm by using a Multiskan Spectrum (Thermo Fisher Scientific
Ltd., Finland).

Phenylalanine ammonia-lyase (PAL) activity was assayed according to the methods of Cai
et al. [32], with minor modification. Leaf samples of a treatment (0.5 g) were homogenized
with a mortar and pestle in an ice bath in 5 ml of 50 mM borate buffer (pH 8.8) containing 5.0
mM thioalcohol and 1 mM EDTA. The homogenate was centrifuged at 13,000 rpm for 10 min
at 4°C. A reaction mixture containing 2 ml 50 mM borate buffer (pH 8.8) and 1.0 ml 20 mM L-
phenylalanine was added to 0.2 mL of the crude homogenate. After incubation for 30 min at
40°C, the reaction was stopped by adding 0.25 ml of 5 M HCl. The increase in the absorbance
at 290 nm due to the formation of trans-cinnamate was measured using the spectrophotome-
ter. One unit of PAL activity was defined as the absorbance increase by 0.01 unit h−1.

Polyphenol oxidase (PPO) was extracted following the method of Cai et al. [32]. Leaf sam-
ples of a treatment (0.25 g) were homogenized in an ice bath in 5 ml of 50 mM borate buffer
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(pH 8.7) containing 5.0 mM sodium hydrogen sulfite and 0.1 g PVP. The homogenate was cen-
trifuged at 13,000 rpm for 10 min at 4°C. PPO activity was determined by adding 0.1 ml of the
centrifuge supernatant to 3 ml of a solution containing 50 mM potassium phosphate buffer
(pH 6.5) and 0.5 ml of 0.15 mM catechol. The increase of absorbance was measured at 420 nm
by using the spectrophotometer for 10 min at 30°C [33]. One PPO unit was expressed as the
variation of absorbance at 420 nm of soluble protein per minute.

The MDA content was determined by the thiobarbituric acid method using a commercial
MDA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the
manufacturer’s protocols. This method is based on the reaction of MDA with thiobarbituric
acid, forming stable thiobarbituric acid-reactive substances, which shows peak absorbance at
532 nm [34]. MDA concentration was recorded using the Multiskan Spectrum. The result was
expressed as nmol/mg protein.

Concentration of soluble protein was determined by the Coomassie Blue method [35] using
bovine serum albumin as a standard, and the absorbance of the samples was measured at 595
nm by using the Multiskan Spectrum.

Determination of Si Content and Microscopy Observation of Silica Cells
The reciprocal fourth leaves harvested at 96 h after LF infestation or from unexposed plants
were used in determination of Si content and observation for silica cells. For determination of
Si content, the fresh leaves were killed at 105°C for 30 min and dried at 75°C to constant weight
and then crushed with a food pulverizer and sieved with a 0.25-mm screen. Silicon contents
were measured from the resulting leaf powder using the procedures of Dai et al. [36].

Morphology of silica cells on the leaf surface was observed using scanning electron micros-
copy (SEM) (Hitachi S-570, Japan). A fresh specimen (0.3–0.5 cm in length) of the undamaged
part of the reciprocal fourth leaf was sampled and wiped with tissue paper to remove moisture.
The leaf segment was fixed with 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer solution
(pH 7.4) for 2–3 h at 4°C, and then post-fixed with 1% (w/v) osmium tetroxide in the phos-
phate buffer solution for 30 min. Thereafter, the leaf segment was dehydrated through a graded
ethanol series [50, 70, 80, 90 and 100% (v/v)], dried by a critical-point drying method with liq-
uid CO2 and coated with metal and then loaded onto the SEM. Ten SEM pictures (at 100 ×mag-
nification) were randomly selected from each treatment for silica cell measurement. Rows of
silica cells per 1 mm2 leaf area and numbers of silica cells per 1-mm row were counted. The
length and width of silica cells were measured by Image J software (version 1.37, NIH,
Bethesda, USA). Additionally, SEM pictures (at 300 × magnification) were obtained to illus-
trate the difference of silica cells of rice leaves in the treatments.

Data Analysis and Statistics
All data in figures and tables are shown as means ± SE. For larval survival rate, we performed
independent-samples t-test following arcsine square root transformation of the data to analyze
the significant difference between +Si and -Si treatment. The data of enzyme activities and con-
centrations of MDA and soluble protein were subjected to three-way analysis of variance
(ANOVA) for the effects of Si amendment, LF infestation, LF infestation time and the interac-
tions between the three treatments. Leaf Si content and silica cell measurements were analyzed
by two-way ANOVA for the effects of Si addition, LF infestation and their interactions. The
means were separated by Tukey’s multiple range test (P = 0.05) or by independent-samples t-
test for significant differences between treatments. All statistical analysis was performed using
SPSS 16.0 (SPSS Inc, USA).
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Results

Larval Survival Rate
Silicon amendment to rice plants significantly reduced survival rates of the first (Fig 1; t = 4.96,
df = 4, P = 0.008) and third (t = 13.00, df = 4, P < 0.001) instars by 12.8% and 37.8%, respec-
tively, as compared with the plants without Si addtion.

Activities of Defense-Related Enzymes
SOD activity. ANOVA showed that Si addition, LF infestation and LF infestation time all

significantly influenced SOD activity in leaves, the interactions between these factors also had
significant effects with exception of the interaction between Si addition and LF infestation time
(Table 1). Without LF infestation, SOD activity was not different between +Si and -Si plants at
all time points (24–96 h post infestation) (Fig 2A; t� 1.87, P� 0.135). In infested plants, SOD
activity increased over that in un-infested plants and showed a convex-shaped temporal pat-
tern, the increases were significant except at 96 h post infestation (F� 6.061, df = 3, 11,
P� 0.019). Silicon amendment added to the increase in SOD activity in infested plants, which
is evidenced by higher increases (t� 4.168, P� 0.014) in +Si plants than in -Si plants by
34.7%, 46.5% and 35.8% at 24, 48 and 72 h post infestation, respectively.

POD activity. Si addition, LF infestation and LF infestation time and all interactions
between these three factors significantly influenced POD activity in rice leaves (Table 1). The
effects of Si amendment and LF infestation on POD activity in rice leaves were similar to their
effects on SOD activity (Fig 2B). Without LF infestation, Si addition alone did not change POD
activity in rice leaves at all time points. With LF infestation, POD activity showed a temporal
pattern similar to SOD activity. Silicon addition increased POD activety in the infested plants
(+Si+LF plants) more than in -Si+LF plants by 34.2%, 34.0%, 67.4% and 259.1% at 24, 48, 72
and 96 h post infestation, respectively (t� 3.531, P� 0.024).

CAT activity. Like POD activity, Si addition, LF infestation and LF infestation time, and
all interactions between these three factors, significantly influenced CAT activity in rice leaves
(Table 1). In un-infested plants, Si addition did not affect CAT activity in leaves at all time
points (Fig 2C). Leaf folder infestation significantly increased CAT activity in both +Si and -Si
plants compared with un-infested plants except at 96 h post infestation (F� 12.73, df = 3, 11,
P� 0.002). Activity of CAT peaked at 48 h post infestation in +Si+LF plants and at 72 h in−Si
+LF plants. In infested plants, CAT activity was significantly higher in +Si plants than in -Si
plants at 48 h (by 94.0%) and 96 h (by 108.9%) post infestation (t� 4.633, P� 0.01).

PAL activity. Leaf PAL activity was also significantly influenced by Si addition, LF infesta-
tion and LF infestation time and all interactions between these three factors (Table 1). PAL
activity in un-infested leaves did not differ between +Si and -Si plants (Fig 2D). In +Si+LF
plants, PAL activity increased significantly by 25.5%, 104.0%, 41.1% and 31.7% at 24, 48, 72
and 96 h post infestation, respectively, over that in +Si-LF leaves (t� 4.127, P� 0.015). In -Si
+LF plants, PAL activity was significantly higher only at 24 and 96 h post LF infestation com-
pared with that in−Si-LF plants (t� 4.806, P� 0.009).

PPO activity. Si addition, LF infestation, LF infestation time and their interactions signifi-
cantly affected PPO activity in leaves (Table 1). PPO activities showed a rhythmic change pat-
tern, with peaks at the 24 and 72 h sampling points. In -LF plants amended with Si or not,
there was no significant difference in PPO activity (Fig 2E; t� 2.277, P� 0.085). In +LF plants,
PPO activity showed significant increases in +Si treatment compared with -Si treatment at 72
and 96 h post infestation (t� 5.425, P� 0.006). Particularly, PPO activity in +Si+LF plants
was significantly higher than that in +Si-LF plants at all time points (t� 4.531, P� 0.011),
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while a significant difference was observed only at 72 h post infestation between -Si+LF and
-Si-LF plants (t = 3.706, P = 0.021).

MDA Concentration
Leaf MDA concentration was significantly influenced by the three treatmens and all their inter-
actions (Table 1). When the plants were not infested, the MDA concentration was character-
ized by a relatively flat curve and not significantly different between +Si and -Si plants (Fig 2F;
t� 2.878, P� 0.045). With LF infestation, MDA concentration showed significant increase
only at 72 and 96 h post infestation over -LF plants (F� 153.68, df = 3, 11, P< 0.001). In -Si
+LF plants, MDA concentration took the shape of a upward parabola and was higher than that
in +Si+LF plants at 72 and 96 h post infestation (t� 9.547, P� 0.001).

Soluble Protein Content
Soluble protein content in leaves was significantly affected by Si addition, LF infestation and LF
infestation time, and also by the interactions between Si addition and LF infestation, and
between LF infestation and LF infestation time (Table 1). When the plants were not infested,

Fig 1. Effects of silicon amendment to rice plants on larval survival rate ofCnaphalocrocis medinalis.
+Si = silicon amendment at 0.32 g Si/kg soil to rice plants,–Si = no silicon amendment. Values are
means ± SE from 3 replicates measured with different leaf samples. Different letters over the bars in a certain
larval stadium denote significant difference at P < 0.05 according to Independent-samples t-test.

doi:10.1371/journal.pone.0153918.g001

Table 1. Three-way analysis of variance for significance (P value) of the effects of silicon amendment to plants,Cnaphalocrocis medinalis infesta-
tion and infestation time on enzyme activities and concentrations of malondialdehyde and soluble protein.

SOD POD CAT PAL PPO MDA Soluble protein

Silicon amendment (A) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.004

Infestation (B) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Infestation time (C) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.029

A × B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

A × C 0.18 <0.001 <0.001 <0.001 <0.001 <0.001 0.072

B × C <0.001 <0.001 <0.001 <0.001 0.11 <0.001 0.038

A × B × C 0.004 0.037 <0.001 <0.001 0.373 <0.001 0.528

SOD = superoxide dismutase; POD = peroxidase; CAT = catalase; PAL = phenylalanine ammonia-lyase; PPO = polyphenoloxidases;

MDA = malondialdehyde.

doi:10.1371/journal.pone.0153918.t001
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soluble protein content in leaves was higher in +Si than -Si plants at two of the four sampling
times (Fig 3; t� 8.427, P� 0.001). With LF infestation, soluble protein content decreased sig-
nificantly in comparison with that without infestation (F� 6.559, df = 3, 11, P� 0.015), and
the difference between +Si-LF and +Si+LF plants (92.9 ± 23.8%, averaged over all time points)

Fig 2. Effects of silicon amendment andCnaphalocrocis medinalis infestation on activities of SOD
(A), POD (B), CAT (C), PAL (D) and PPO (E) and concentration of MDA (F) in rice leaves. +Si = silicon
amendment at 0.32 g Si/kg soil to rice plants,–Si = no silicon amendment. +LF = infestation ofC.medinalis
larvae,–LF = no infestation. Values are means ± SE from 3 replicates measured with different leaf samples. In
each panel, the means labeled by different letters at a certain time point post C.medinalis infestation are
significantly different at P < 0.05 according to Tukey’s multiple range tests.

doi:10.1371/journal.pone.0153918.g002

Fig 3. Effects of silicon amendment andCnaphalocrocis medinalis infestation on soluble protein
content in rice leaves. +Si = silicon amendment at 0.32 g Si/kg soil to rice plants,–Si = no silicon
amendment. +LF = infestation of C.medinalis larvae,–LF = no infestation. Values are means ± SE from 3
replicates measured with different leaf samples. The means labeled by different letters at a certain time point
post C.medinalis infestation are significantly different at P < 0.05 according to Tukey’s multiple range tests.

doi:10.1371/journal.pone.0153918.g003
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was greater in comparison with that between -Si-LF and -Si+LF plants (31.6 ± 6.1%, averaged
over all time points; F = 8.185, df = 1,6, P = 0.029). Further, soluble protein content in +Si+LF
plants tended to decrease at 48 h post infestation and was lower than that in -Si+LF plants at
96 h post infestation (t = 9.499, P = 0.001).

Leaf Si Content
Si addition (F = 129.45, df = 1, 11, P< 0.001) and LF infestation (F = 23.42, df = 1, 11,
P = 0.001) both significantly influenced leaf Si content at 96 h post LF infestation. Leaf Si con-
tent increased significantly by 22.6% from 7.9 mg Si/g DW in -Si plants to 9.7 mg Si/g DW in
+Si plants (t = 10.249, P = 0.001), regardless of LF infestation. Leaf Si content in +Si plants
increased significantly by 11.9% (F = 52.424, df = 3, 11, P< 0.001) and, in -Si plants, margin-
ally by 5.6%, when they were infested than when they were not.

Scanning Electron Microscopic Analysis of Silica Cells
The morphology of silica cells in rice leaves was observed using SEM (Fig 4). The silica cells
had a dumbbell shape and were distributed in rows along the leaf veins. The results showed
that silica cells varied among treatments. Regardless of LF infestation, Si addition led to inten-
sive cell silicification in rice leaves (Table 2, Fig 4). In infested plants, rows of silica cells per 1
mm2 (t = 11.0, P< 0.001), number of silica cells per 1-mm row (t = 3.586, P = 0.001) and
width of silica cells (t = 3.482, P = 0.001) increased significantly in +Si plants than in -Si plants
by 32.4%, 4.7% and 10.0%, respectively (Table 2). For un-infested plants, the three variables
were also increased significantly by 24.3% (t = 7.965, P< 0.001), 3.9% (t = 2.979, P = 0.004)
and 15.2% (t = 4.764, P< 0.001) in +Si plants than in -Si plants, respectively (Table 2).

Discussion
Rice (Oryza sativa L.) accumulates large amounts of silicon through an active process [37]. Sili-
con has been shown to play a prominent role in mediating resistance to a wide range of biotic
(plant pathogens and insect pests) and abiotic stresses [5].

Interestingly, this study showed that Si addition significantly decreased the overall larval
survival rate of C.medinalis through significantly reduced survival rates observed only in the
first and third instars (Fig 1). The first instar C.medinalis larvae are known to be particularly
susceptible to Si-mediated stress [38]. Further, the third instars have the highest consumption
rate among all the instars and thus may be exposed more to the detrimental effects of Si
amendment [38]. This might explain the reduced survival rates observed only in the first and
third instars feeding on Si+ plants. These results confirm our previous report [11] and clearly
indicate that Si-induced resistance to LF is at least partially due to cell silicification in rice
leaves.

However, a physical barrier mechanism [13,14] still cannot explain the whole role of silicon
in suppressing insect pests including leaf folder. Silicon appears to interact with defense-associ-
ated signaling pathways and seems to regulate a range of physiological activities in plant stress
defense [15,19,39], one of which is oxidative stress resulting from overproduction of ROS by
various biotic and abiotic stresses [21]. Antioxidative enzymes (SOD, POD and CAT) are
important components in defense against membrane lipid peroxidation caused by ROS [40].
Silicon can enhance tolerance of plants to various stresses by altering activity of antioxidant
enzymes, cation binding capacity of the cell walls, and endogenous plant hormone level [41].
In the present study, although LF infestation alone generally increased the activities of SOD,
POD and CAT, the differences between +Si+LF and +Si-LF were generally great relative to
those between -Si+LF and -Si-LF (Fig 2A–2C). These results indicate that the enhanced Si
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content in +Si plants, when triggered by LF infestation, can amplify activities of the antioxida-
tive enzymes in rice plants, which was similar to previous reports in Arabidopsis plants [16],
rice [32] and perennial ryegrass [42] in their responses to Si addition and disease infection. For
abiotic stresses, Si alleviates salt stress in plants also by altering the production of antioxidant
enzymes [41]. Therefore, it can be generalized that Si addition is involved in the priming of
antioxidant enzyme systems in stressed plants.

It has been suggested that a decrease in cell membrane stability reflects high levels of lipid
peroxidation caused by ROS [43]. MDA, one of the end products of lipid peroxidation, has

Fig 4. Scanning electronmicrographs with 300×magnification from a cross section of rice leaf surface. The rice plants were amended with silicon
at 0.32 g Si/kg soil (+Si) or not (-Si) and infested withC.medinalis larvae (+LF) or not (-LF). SC = silica cell. A: -Si-LF; B: -Si+LF; C: +Si-LF; D: +Si+LF.

doi:10.1371/journal.pone.0153918.g004

Table 2. Effects of silicon amendment andCnaphalocrocis medinalis infestation treatments on silicification of rice leaves.

Treatments Rows of silica cells per 1 mm2 leaf
area

Number of silica cells per 1-mm
row

Length of silica cells
(μm)

Width of silica cells
(μm)

-Si-LF 7.0 ± 0.15 a 55.0 ± 0.53 a 13.75 ± 0.34 a 13.08 ± 0.29 a

-Si+LF 6.8 ± 0.13 a 55.0 ± 0.59 a 13.67 ± 0.32 a 13.55 ± 0.26 a

+Si-LF 8.7 ± 0.15 b 57.1 ± 0.48 b 13.74 ± 0.26 a 15.07 ± 0.30 b

+Si+LF 9.0 ± 0.15 b 57.6 ± 0.42 b 13.61 ± 0.31 a 14.90 ± 0.29 b

n 10 50 60 60

+Si = silicon amendment at 0.32 g Si/kg soil to rice plants,–Si = no silicon amendment. +LF = infestation of C. medinalis,–LF = no infestation. Values are

means ± SE. Different letters following the means in the same column denotes significant difference at P < 0.05 according to Tukey’s multiple range tests.

doi:10.1371/journal.pone.0153918.t002
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been widely used as a biomarker of the degree of cell membrane damage [44]. In the present
study, leaf MDA contents generally increased in response to LF infestation alone, but the
increases were prominent in -Si+LF plants in contrast to +Si+LF plants (Fig 2F), indicating
that the enhanced antioxidative enzyme activities induced by Si amendment functioned to
scavenge ROS [45]. This suggests that cell membranes might be injured by LF infestation and
that +Si plants might be damaged less severely compared with -Si plants.

Secondary metabolic compounds are key components in plant resistance to biotic stress
[18,19]. PAL, PPO and POD are the enzymes involved in biosynthesis of secondary metabolic
compounds, such as phytoalexins, phenols, and lignins [46]. Ye et al. [19] reported that POD
and PPO activities did not respond to Si addition, but generally increased more in +Si+LF
plants in comparison with -Si+LF plants; we found similar patterns in the activities of PAL,
PPO and POD (Fig 2D and 2E). Gomes et al. [18] showed a varying pattern for the wheat-
aphid system, where Si addition, infestation with aphids and their interaction all significantly
enhanced PPO activity, while Si addition did not affect the PAL activity in wheat plants. In the
defense responses of cucumber plants to infestation by Pythium ultimum [47] and Podosphaera
xanthii [48] and of rice plants to infestation byMagnaporthe grisea [32], Si stimulated accumu-
lation of polymerized phenolics and lignin by triggering the activities of PAL, PPO and POD. It
can be hypothesized that the activated activities of enzymes for secondary metabolic com-
pounds in +Si+LF plants may contribute to the reduced survival rate of C.medinalis on +Si
plants, which requires further testing through measurement of contents of the secondary meta-
bolic compounds.

Soluble protein in host plants is the main source of amino acids and an indicator of food
quality for herbivores [49]. Silicon addition alone increased soluble protein content in maize
plants [50]; similar results were found in this study (Fig 3). These results confirm that Si pro-
motes plant photosynthesis [51] and stimulates protein synthesis [52]. We recorded a greater
decrease in soluble protein content in +Si plants than in -Si plants due to LF infestation (Fig 3).
Herbivory results in reduced soluble protein content in plants [53], which may result from
reduced photosynthetic capacity due to pest damage [54] and/or vigorous synthesis of defen-
sive enzymes and other protein-based non-enzymatic compounds in infected plants [55]. Fur-
ther investigation is needed to address the activity responses of protein synthetases and
proteases to Si addition and LF infestation so as to understand the mechanisms for the greater
decrease in soluble protein content in +Si+LF plants than in−Si+LF plants.

In conclusion, our results show that soil amendment with Si decreased larval survival rate of
C.medinalis, which may be due at least in part to the direct effects of intensified silicification of
rice leaves, and particularly, to the indirect effects of activity priming of both antioxidative
enzymes and enzymes for secondary metabolic compounds and decreased soluble protein con-
tent in Si amended and leaf folder infested plants. Hence, our studies have furthered our under-
standing of the mechanisms for the enhanced plant resistance to herbivores with Si
amendment to plants, i.e. the direct defense through increased physical resistance [13,14] and
indirect defense through active priming of plant chemical defenses [18,19]. Nevertheless, the
metabolism of the secondary metabolic compounds and the mechanisms for the large decrease
in soluble protein content in response to both Si amendment and leaf folder infestation deserve
further study.
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(XLS)

Defense Responses Induced by Si Amendment and Leaf Folder Infestation in Rice

PLOS ONE | DOI:10.1371/journal.pone.0153918 April 28, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153918.s001


Acknowledgments
We thank Guobiao Qin, Mingtai Zhong, Zhiyang Cai, and Ji’ao Yan for technical assistance
with the experiments.

Author Contributions
Conceived and designed the experiments: MH YH LW. Performed the experiments: YH PL SG
LY. Analyzed the data: YH PL MH. Contributed reagents/materials/analysis tools: MH. Wrote
the paper: YHMH.

References
1. Khan ZR, Barrion AT, Litsinger JA, Castilla NP, Joshi RC. A bibliography of rice leaf folders (Lepidop-

tera: Pyralidae). Insect Sci Appl. 1988; 9: 129–174.

2. Wang X, Hu LC, Zhou GX, Cheng JA, Lou YG. Salicylic acid and ethylene signaling pathways are
involved in production of rice trypsin proteinase inhibitors induced by the leaf folderCnaphalocrocis
medinalis (Guenée). Chin Sci Bull. 2011; 56: 2351–2358.

3. Li SW, Yang H, Liu YF, Liao QR, Du J, Jin DC. Transcriptome and gene expression analysis of the rice
leaf folder, Cnaphalocrosis medinalis. PLoS One 2012; 7: e47401. doi: 10.1371/journal.pone.0047401
PMID: 23185238

4. Tanaka K, Endo S, Kazano H. Toxicity of insecticides to predators of rice planthoppers: Spiders, the
mirid bug and the dryinid wasp. Appl Entomol Zool. 2000; 35:177–187.

5. Ma JF. Role of silicon in enhancing the resistance of plants to biotic and abiotic stresses. Soil Sci Plant
Nutr. 2004; 50: 11–18.

6. International Plant Nutrition Institute. Agronomic fact sheets on crop nutrients: Silicon. Georgia, USA.
Available: https://ipni.net/publication/nutrifacts-na.nsf/0/A7B4AB4D35C153BF85257ECE006E0E34/
$FILE/NutriFacts-NA-14.pdf.

7. Djamin A, Pathak MD. Role of silica in resistance to Asiatic rice borer,Chilo suppressalisWalker in rice
varieties. J Econ Entomol. 1967; 60: 347–351.

8. Keeping MG, Meyer JH. Silicon-mediated resistance of sugarcane to Eldana saccharinaWalker (Lepi-
doptera: Pyralidae): effects of silicon source and cultivar. J Appl Entomol. 2006; 130: 410–420.

9. Hou ML, Han YQ. Si-mediated rice plant resistance to the Asiatic rice borer: effects of silicon amend-
ment and rice varietal resistance. J Econ Entomol. 2010; 103: 1412–1419. PMID: 20857756

10. Sidhu JK, Stout MJ, Blouin DC, Datnoff LE. Effect of silicon soil amendment on performance of sugar-
cane borer, Diatraea saccharalis (Lepidoptera: Crambidae) on rice. Bull Entomol Res. 2013; 103: 656–
664. doi: 10.1017/S0007485313000369 PMID: 23830057

11. Han YQ, Lei WB, Wen LZ, Hou ML. Silicon-mediated resistance in a susceptible rice variety to the rice
leaf folder, Cnaphalocrocis medinalisGuenée (Lepidoptera: Pyralidae). PLoS One 2015; 10:
e0120557. doi: 10.1371/journal.pone.0120557 PMID: 25837635

12. HeWQ, Yang M, Li ZH, Qiu JL, Liu F, Qu XS, et al. High levels of silicon provided as a nutrient in hydro-
ponic culture enhances rice plant resistance to brown planthopper. Crop Prot. 2015; 67: 20–25.

13. Massey FP, Ennos AR, Hartley SE. Silica in grasses as a defence against insect herbivores: contrast-
ing effects on folivores and a phloem feeder. J Anim Ecol. 2006; 75: 595–603. PMID: 16638012

14. Massey FP, Hartley SE. Physical defences wear you down: progressive and irreversible impacts of sil-
ica on insect herbivores. J Anim Ecol. 2009; 78: 281–291. doi: 10.1111/j.1365-2656.2008.01472.x
PMID: 18771503

15. Kvedaras OL, An M, Choi YS, Gurr GM. Silicon enhances natural enemy attraction and biological con-
trol through induced plant defences. Bull Entomol Res. 2010; 100: 367–371. doi: 10.1017/
S0007485309990265 PMID: 19737442

16. Fauteux F, Chain F, Belzile F, Menzies JG, Bélanger RR. The protective role of silicon in the Arabidop-
sis–powdery mildew pathosystem. PNAS. 2006; 103: 17554–17559. PMID: 17082308

17. Brunings AM, Datnoff LE, Ma JF, Mitani N, Nagamura Y, Rathinasabapathi B, et al. Differential gene
expression of rice in response to silicon and the rice blast fungusMagnaporthe oryzae. Ann Appl Biol.
2009; 155: 161–170.

18. Gomes FB, de Moraes JC, dos Santos CD, Goussain MM. Resistance induction in wheat plants by sili-
con and aphids. Sci Agricola. 2005; 62: 547–551.

Defense Responses Induced by Si Amendment and Leaf Folder Infestation in Rice

PLOS ONE | DOI:10.1371/journal.pone.0153918 April 28, 2016 12 / 14

http://dx.doi.org/10.1371/journal.pone.0047401
http://www.ncbi.nlm.nih.gov/pubmed/23185238
https://ipni.net/publication/nutrifacts-na.nsf/0/A7B4AB4D35C153BF85257ECE006E0E34/$FILE/NutriFacts-NA-14.pdf
https://ipni.net/publication/nutrifacts-na.nsf/0/A7B4AB4D35C153BF85257ECE006E0E34/$FILE/NutriFacts-NA-14.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20857756
http://dx.doi.org/10.1017/S0007485313000369
http://www.ncbi.nlm.nih.gov/pubmed/23830057
http://dx.doi.org/10.1371/journal.pone.0120557
http://www.ncbi.nlm.nih.gov/pubmed/25837635
http://www.ncbi.nlm.nih.gov/pubmed/16638012
http://dx.doi.org/10.1111/j.1365-2656.2008.01472.x
http://www.ncbi.nlm.nih.gov/pubmed/18771503
http://dx.doi.org/10.1017/S0007485309990265
http://dx.doi.org/10.1017/S0007485309990265
http://www.ncbi.nlm.nih.gov/pubmed/19737442
http://www.ncbi.nlm.nih.gov/pubmed/17082308


19. Ye M, Song YY, Long J, Wang RL, Baerson SR, Pan ZQ, et al. Priming of jasmonate-mediated antiher-
bivore defense responses in rice by silicon. PNAS. 2013; 38: E3631–E3639.

20. He JP, Chen FD, Chen SM, Lv GS, Deng YM, FangWM, et al. Chrysanthemum leaf epidermal surface
morphology and antioxidant and defense enzyme activity in response to aphid infestation. J Plant Phy-
siol. 2011; 168: 687–693. doi: 10.1016/j.jplph.2010.10.009 PMID: 21145126

21. Foyer CH, Descourvieres P, Kunert KJ. Protection against oxygen radicals: An important defense
mechanism studied in transgenic plants. Plant Cell Environ. 1994; 17: 507–523.

22. Sudhakar C, Lakshmi A, Giridarakumar S. Changes in the antioxidant enzyme efficacy in two high
yielding genotypes of mulberry (Morus alba L.) under NaCl salinity. Plant Sci. 2001; 161: 613–619.

23. Ryals JA, Neuenschwander UH, Willits MG, Molina A, Steiner HY, Hunt MD. Systemic acquired resis-
tance. Plant Cell 1996; 8: 1809–1819. PMID: 12239363

24. Avdiushko SA, Ye XS, Kuc J. Detection of several enzymatic activities in leaf prints of cucumber plants.
Physiol Mol Plant Pathol. 1993; 42: 441–454.

25. Li L, Steffens JC. Overexpression of polyphenol oxidase in transgenic tomato plants results in
enhanced bacterial disease resistance. Planta 2002; 215: 239–247. PMID: 12029473

26. Esterbauer H, Cheeseman KH. Determination of aldehydic lipid peroxidation products: malonaldehyde
and 4-hydroxynonenal. Methods Enzymol. 1990; 186: 407–421. PMID: 2233308

27. Han YQ, Gong SL, Wen LZ, Hou ML. Effect of silicon addition to rice plants onCnaphalocrocis medina-
lis feeding and oviposition preference. Acta Ecol Sinica. 2016; in press.

28. Tománková K, Luhová L, Petřivalský M, Peč P, Lebeda A. Biochemical aspects of reactive oxygen spe-
cies formation in the interaction between Lycopersicon spp. andOidium neolycopersici. Physiol Mol
Plant Pathol. 2006; 68: 22–32.

29. Maehly AC, Chance B. The assay of catalases and peroxidases. Methods Biochem Anal. 1954; 1:
357–424. PMID: 13193536

30. Alexander VP, Christine CW. A microtiter plate assay for superoxide dismutase using a water-soluble
tetrazolium salt (WST-1). Clin Chim Acta 2000; 293: 157–166. PMID: 10699430

31. Shi HT, Wang YP, Cheng ZM, Ye TT, Chan ZL. Analysis of natural variation in bermudagrass (Cynodon
dactylon) reveals physiological responses underlying drought tolerance. PLoS One 2012; 7: e53422.
doi: 10.1371/journal.pone.0053422 PMID: 23285294

32. Cai KZ, Gao D, Luo SM, Zeng RS, Yang JY, Zhu XY. Physiological and cytological mechanisms of sili-
con-induced resistance in rice against blast disease. Physiol Plantarum 2008; 134: 324–333.

33. Gauillard F, Richard-Forget F, Nicolas J. New spectrophotometric assay for polyphenol oxidase activ-
ity. Anal Biochem. 1993; 215: 59–65. PMID: 8297016

34. UchiyamaM, Mihara M. Determination of malonaldehyde precursor in tissues by thiobarbituric acid
test. Anal Biochem. 1978; 86: 271–278. PMID: 655387

35. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal Biochem. 1976; 72: 248–254. PMID: 942051

36. Dai WM, Zhang KQ, Duan BW, Sun CX, Zheng KL, Cai R, et al. A simple method for analyzing silicon
content in rice. Chin J Rice Sci. 2005; 19: 460–462.

37. Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M, et al. A silicon transporter in rice. Nature
2006; 440: 688–691. PMID: 16572174

38. Fraenkel G, Fallil F, Kumarasinghe KS. The feeding behaviour of the rice leaf folder,Cnaphalocrocis
medinalis. Ent Exp Appl. 1981; 29: 147–161.

39. Van Bockhaven J, De Vleesschauwer D, Höfte M. Towards establishing broad-spectrum disease resis-
tance in plants: silicon leads the way. J Exp Bot. 2013; 64: 1281–1293. doi: 10.1093/jxb/ers329 PMID:
23255278

40. Foyer C, Noctor G. Redox sensing and signaling associated with reactive oxygen in chloroplasts, per-
oxisomes and mitochondria. Physiol Plantarum 2003; 119: 355–364.

41. Sivanesan I, Park SW. The role of silicon in plant tissue culture. Front Plant Sci. 2014; 5: 571. doi: 10.
3389/fpls.2014.00571 PMID: 25374578

42. Rahman A, Wallis CM, Uddin W. Silicon induced systemic defense responses in perennial ryegrass
against infection byMagnaporthe oryzae. Phytopathol. 2015; 105: 748–757.

43. Sairam RK, Rao KV, Srivastava GC. Differential response of wheat genotypes to long term salinity
stress in relation to oxidative stress, antioxidant activity and osmolyte concentration. Plant Sci. 2002;
163: 1037–1046.

Defense Responses Induced by Si Amendment and Leaf Folder Infestation in Rice

PLOS ONE | DOI:10.1371/journal.pone.0153918 April 28, 2016 13 / 14

http://dx.doi.org/10.1016/j.jplph.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/21145126
http://www.ncbi.nlm.nih.gov/pubmed/12239363
http://www.ncbi.nlm.nih.gov/pubmed/12029473
http://www.ncbi.nlm.nih.gov/pubmed/2233308
http://www.ncbi.nlm.nih.gov/pubmed/13193536
http://www.ncbi.nlm.nih.gov/pubmed/10699430
http://dx.doi.org/10.1371/journal.pone.0053422
http://www.ncbi.nlm.nih.gov/pubmed/23285294
http://www.ncbi.nlm.nih.gov/pubmed/8297016
http://www.ncbi.nlm.nih.gov/pubmed/655387
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/16572174
http://dx.doi.org/10.1093/jxb/ers329
http://www.ncbi.nlm.nih.gov/pubmed/23255278
http://dx.doi.org/10.3389/fpls.2014.00571
http://dx.doi.org/10.3389/fpls.2014.00571
http://www.ncbi.nlm.nih.gov/pubmed/25374578


44. Corbineau F, Mathieu CG, Vinel D, Come D. Decrease in sunflower (Helianthus annuus) seed viability
caused by high temperature as related to energy metabolism, membrane damage and lipid composi-
tion. Physiol Plantarum 2002; 116: 489–496.

45. Liu JJ, Lin SH, Xu PL, Wang XJ, Bai JG. Effects of exogenous silicon on the activities of antioxidant
enzymes and lipid peroxidation in chilling-stressed cucumber leaves. Agr Sci China 2009; 8: 1075–
1086.

46. Liu L, Rahe JE. Altered root exudation and suppression of induced lignification as mechanisms of pre-
disposition by glyphosate of bean roots (Phaseolus vulgaris L.) to colonization by Pythium spp. Physiol
Mol Plant Pathol. 1997; 51: 111–127.

47. Chérif M, Benhamou N, Menzies JG, Bélanger RR. Si induced resistance in cucumber plants against
Pythium ultimum. Physiol Mol Plant Pathol. 1992; 41: 411–425.

48. Liang YC, SunWC, Si J, Römheld V. Effects of foliar-and root-applied silicon on the enhancement of
induced resistance to powdery mildew inCucumis sativus. Plant Pathol. 2005; 54: 678–685.

49. Babic B, Poisson A, Darwish S, Lacasse J, Merkx-Jacques M, Despland E, et al. Influence of dietary
nutritional composition on caterpillar salivary enzyme activity. J Insect Physiol. 2008; 54: 286–296.
PMID: 17997409

50. Moussa HR. Influence of exogenous application of silicon on physiological response of salt-stressed
maize (Zea mays L.). Int J Agric Biol. 2006; 8: 293–297.

51. Xie ZM, Song FB, Xu HW, Shao HB, Song R. Effects of silicon on photosynthetic characteristics of
maize (Zea mays L.) on alluvial soil. Sci World J. 2014; 2014: 718716.

52. Karunakaran G, Suriyaprabha R, Manivasakan P, Yuvakkumar R, Rajendran V, Prabu P, et al. Effect
of nanosilica and silicon sources on plant growth promoting rhizobacteria, soil nutrients and maize
seed germination. IET Nanobiotechnol. 2013; 7: 70–77. doi: 10.1049/iet-nbt.2012.0048 PMID:
24028804

53. Singh H, Dixit S, Singh P, Verma PC. Differential peroxidase activities in three different crops upon
insect feeding. Plant Signal Behav. 2013; 8: e25615. doi: 10.4161/psb.25615 PMID: 23857346

54. Padmavathi C, Katti G, Padmakumari AP, Voleti SR, Subba Rao LV. The effect of leaffolderCnaphalo-
crocis medinalis (Guenee) (Lepidoptera: Pyralidae) injury on the plant physiology and yield loss in rice.
J Appl Entomol. 2013; 137: 249–256.

55. Chen Y, Ni X, Buntin GD. Physiological, nutritional and biochemical bases of corn resistance to foliage-
feeding fall armyworm. J Chem Ecol. 2009; 35: 297–306. doi: 10.1007/s10886-009-9600-1 PMID:
19221843

Defense Responses Induced by Si Amendment and Leaf Folder Infestation in Rice

PLOS ONE | DOI:10.1371/journal.pone.0153918 April 28, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/17997409
http://dx.doi.org/10.1049/iet-nbt.2012.0048
http://www.ncbi.nlm.nih.gov/pubmed/24028804
http://dx.doi.org/10.4161/psb.25615
http://www.ncbi.nlm.nih.gov/pubmed/23857346
http://dx.doi.org/10.1007/s10886-009-9600-1
http://www.ncbi.nlm.nih.gov/pubmed/19221843

