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Abstract 
 
Silicon (Si) could enhance plant tolerance to heavy metals; however, the mechanism of Si-mediated alleviation of 
cadmium (Cd) toxicity in Poa annua was not clear. In this study, we found that 100 µM Cd significantly inhibited the 
growth of Poa annua seedlings. Furthermore, Cd enhanced the H2O2 and malondialdehyde content. The activities of 
superoxide dismutase and ascorbate peroxidase were enhanced, but the catalase and peroxidase activities were reduced by 
Cd treatment. Cd also altered the activity and expression of glucose-6-phosphate dehydrogenase (G6PDH) in Poa annua 
roots. Application of Na3PO4, an inhibitor of G6PDH, decreased the activity of G6PDH, the expression of G6PDH, and 
increased the Cd toxicity, suggesting that G6PDH is involved in the regulation of oxidative stress induced by Cd. 
Application of 1 mM Si alleviated the inhibition of Cd on the growth of Poa annua seedlings. Si application not only led 
to reduced oxidative injuries but also decreased the accumulation of Cd in Poa annua seedlings under Cd stress. 
Furthermore, Si decreased the activity of G6PDH and the expression of G6PDH under Cd stress, which demonstrated that 
Si attenuates the Cd toxicity in Poa annua probably through decreasing the expression of G6PDH under Cd stress. When 
G6PDH was inhibited, the alleviation impact of Si on Cd stress was abolished. Taken together, these results demonstrated 
that the Cd tolerance in Poa annua enhanced by Si is mainly due to the decrease of Cd uptake in roots and lowering the 
oxidative stress induced by Cd. 

Additional key words: ascorbate proxidase, catalase, glucose-6-phosphate dehydrogenase, malondialdehyde, Na3PO4, peroxidase, 
superoxide dismutase. 
 
 
Introduction 
 
Heavy metal toxicity has become one of the very 
important limiting factors in the growth and yield of crop 
plants, which affect the sustainability of agricultural 
production and hence threaten the food security. Cadmium 
(Cd), which has high mobility and water solubility, is a 
common toxic heavy metal in environment and negatively 
impacts plant growth and development (Gallego et al. 
2012). A number of studies have shown that Cd, even at 
trace concentrations, can cause serious problems on plants, 

such as unbalanced nutritional status (Wang et al. 2007), 
inhibition of photosynthesis and nitrate metabolism (Feng 
et al. 2010), and the excessive production of reactive 
oxygen species (ROS) (Sharma and Dietz 2009, Zhang 
et al. 2009, Shi et al. 2010, Song et al. 2011). The complex 
network of plant pathways that participates in Cd sensing 
and signal transduction has been recently reviewed (Dal 
Corso et al. 2010). Two different types of components 
should be considered in the response of plants to Cd: 
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one is specifically triggered by Cd (Weber et al. 2006), 
whereas the other shares common features with other plant 
stresses caused by abiotic and biotic factors. These 
common stress responses include Cd-induced oxidative 
stress and enhancement of phytohormones ethylene and 
jasmonic acid (Rodríguez-Serrano et al. 2009). 
Contrastingly, in Cd hyper-accumulating species, a 
down-regulation of some defense pathways has been 
reported (Liu et al. 2015, Yan et al. 2016). Whether this 
process is controlled by ROS needs further research. 

Silicon (Si) is the second most abundant element in soil 
(Exley 1998). Si exists within soils mainly in the form of 
inert quartz or crystalline silicate; however, monosilicic 
acids are soluble and thus available to plants and microbes 
(Balakhnina et al. 2012). Silicon has been found to be 
essential for some plant species growth and development 
(Ma and Yamaji 2006, Balakhnina et al. 2012). Numerous 
studies have revealed the ability of Si to restore various 
biotic (plant diseases and pests) and abiotic (heavy metals, 
drought, and salinity) stresses (Zhang et al. 2008, 
Khandekar et al. 2011, Rizwan et al. 2011, Li et al. 2012, 
Shetty et al. 2012). Its role on biotic stress resistance 
depends on the formation of a sub-cuticular double layer 
(Ma and Yamaji 2006). The contribution of Si to abiotic 
stress tolerance is not only due to its ability to reduce water 
loss through the leaf cuticle and enhancement of stem 
growth (Ma and Yamaji, 2006), but also its restriction of 
the uptake of toxic minerals through Si deposition in the 
roots as well as toxic metals chelation or complexation 
(Zhang et al. 2008). Furthermore, the involvement of Si in 
the stimulation of antioxidant systems (Shi et al. 2010, 
Khandekar et al. 2011, Song et al. 2011) and alleviation of 
inhibition to photosynthesis (Feng et al. 2010) protects 
plants from Cd stress. Si uptake and transport systems vary 
from species to species and three distinct Si uptake models 
have been proposed: active, passive, and rejective (Mitani 
and Ma 2005).  

Glucose-6-phosphate dehydrogenase (G6PDH; EC 
1.1.1.49), the first and rate-limiting enzyme in the pentose 
phosphate pathway, participates in the generation of 

NADPH and ribose-5-phosphate (Graeve et al. 1994). 
NADPH is necessary for the regeneration of reduced 
glutathione (GSH), the main reductant against reactive 
oxygen species (ROS) damage in cells (Sharma et al. 
2009). Thus, G6PDH is important for the cellular 
antioxidant defense system (Salvemini et al. 1999). Many 
studies have reported that G6PDH plays a role in plant 
response to biotic and abiotic stresses. For example, the 
role of G6PDH under drought stress is confirmed in 
tobacco (Scharte et al. 2009). The transgenic tobacco 
containing PsG6PDH gene from Populus suaveolens 
shows enhanced tolerance to cold stress (Lin et al. 2013). 
Zhang et al. (2013) discovered the crucial role of G6PDH 
in rice suspension cells under salt stress, which is the result 
of the coordination of G6PDH and NADPH oxidase to 
maintain cell redox balance. On the basis of increased 
transcription of ScG6PDH and activity of G6PDH under 
CdCl2, low temperature, NaCl, and drought treatments, 
Yang et al. (2014) suggested that ScG6PDH may play a 
positive role in sugarcane tolerance to environmental 
stresses. G6PDH activity could also be stimulated by some 
metals such as zinc, cadmium (Van Assche et al. 1988, 
Weber et al. 2006, Yang et al. 2014), and aluminum 
(Ślaski et al. 1996). Furthermore, some hormones or 
second messenger signals are involved in the increase of 
the G6PDH activity (Dal Santo et al. 2012, Wang et al. 
2016). However, the contribution of G6PDH to 
Si-enhanced tolerance of Poa annua to Cd stress has not 
been found yet. 

Poa annua plays significant roles in stabilizing sand 
dunes, as grassland in parks and playgrounds, and in 
supplying feed for animals. It usually suffers various 
stresses during growth. Many studies have reported that 
P. annua shows high tolerance to different abiotic stresses 
(Peng et al. 2013, Zhao et al. 2016). Moreover, there is 
almost no information available regarding physiological 
responses of P. annua under Cd stress. The objective of 
this work was to examine the effect of Si treatment of 
P. annua seedlings on their growth, oxidative stress, and 
cadmium uptake under Cd stress.  

 
 

Materials and methods 
 
Plants and culture conditions: The Poa annua L. seeds 
were soaked in water for 2 d and surface sterilized with 
1.5 % (m/v) sodium hypochlorite for 15 min, washed five 
times with autoclaved water, placed at 4 °C for 3 d, and 
then planted on the Murashige and Skoog (MS) medium 
(pH 5.8) containing 3 % (m/v) sucrose and 0.8 % (m/v) 
agar in the growth room at a temperature of 23 ºC, a 16-h 
photoperiod, and an irradiance of 100 - 120 μmol(photons) 
m-2 s-1. P. annua seedlings were grown for 5 d on MS 
medium and then different concentrations of CdCl2, Si, 
Na3PO4 (an inhibitor of G6PDH) were added to the 
medium for indicated times. At least 20 seedlings were 
used for each treatment. After 7 d, fifty plants were 
harvested and the fresh masses of shoots and roots were 
measured immediately. 

Determination of chlorophyll and element content: 
Chlorophyll was extracted and measured according to  
Porra et al. (1989). Fresh leaves (0.5 g) were ground to 
powder in liquid nitrogen and then placed in 10 cm3 of 
acetone (80 %, v/v) and incubated at 4 °C in the dark until 
the leaf powder was colorless. Absorbance was measured 
at 647 and 664 nm after centrifugation at 10 000 g for 
10 min, and total chlorophyll content was calculated.  
 Content of cadmium, calcium, potassium, sodium, 
magnesium, phosphorus, nitrogen, sulfur, silicon, and 
chlorine was determined using a scanning electron 
microscope (Phillips Electronics, Eindhalen, The 
Netherlands) fitted with an energy-dispersive X-ray 
detector (Kevex, Valencia, CA, USA) as described by 
Zhao et al. (2004). Briefly, following the treatments, the 
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roots were rinsed five times with the deionized water and 
then dried at 65 °C for 48 h. Tissues were crushed with a 
mortar and pestle, and then placed directly on the 
aluminum stage. At least five spots per sample were 
examined. The element content was expressed as a 
percentage of the total atomic number. 
 
Hydrogen peroxide content and fluorescence assay: 
Hydrogen peroxide content was determined by the 
peroxidase-coupled assay according to Veljovic- 
Jovanovic et al. (2002). Roots or shoots were extracted 
with 1 M HClO4 in the presence of 5 % (m/v) polyvinyl 
pyrrolidone at 4 °C. The homogenate was centrifuged at 
12 000 g and 4 °C for 10 min. The supernatant was 
neutralized with 5 M K2CO3 to pH 5.6 in final 0.3 M 
phosphate buffer. The mixture was centrifuged at 12 000 g 
and 4 °C for 10 min and the supernatant was incubated 
with 1 U ascorbate oxidase (Sigma, St. Louis, MO, USA) 
for 10 min to oxidize the ascorbate prior to assay. The 
reaction mixture consisted of 0.1 M phosphate buffer  
(pH 6.5), 3.3 mM dimethylamine borane (DMAB; Sigma, 
St. Louis, USA), 0.07 mM 3-methyl-2-benzothiazolinone- 
hydrazone hydrochloride hydrate (MBTH; Sigma), and 
0.3 U peroxidase (POX). The reaction was initiated by 
adding 0.2 cm3 of the extracted sample. The absorbance at 
590 nm was monitored. H2O2 content was calculated from 
a standard curve prepared by using 10 - 50 µM H2O2. 
 For H2O2 fluorescence measurement, roots were 
stained for 10 min with fluorecein diacetate (Wako, Japan) 
and then washed three times with deionized water. All 
samples were observed by using a microscope (PROVIS 
AX70, Olympus, Tokyo, Japan) equipped with a 
fluorescence module. Fluorescent images were captured 
separately using a CCD Olympus camera (monochrome 
images CoolSNAP-HQ, photometrics; colour images, 
DP12). 
 
Lipid peroxidation assay: Lipid peroxidation was 
measured in terms of malondialdehyde (MDA) content 
following the method of Hodges et al. (1999) with some 
modifications. About 0.5 g of samples was homogenized 
in 5 cm3 of 0.1 % (m/v) trichloroacetic acid (TCA) at 4 °C. 
After centrifugation at 3 000 g for 15 min, the supernatant 
was collected and incubated with an equal volume of  
0.25 % (m/v) thiobarbituric acid (TBA; dissolved in  
0.1 % TCA) at 100 °C for 30 min. The absorbance was 
measured at 440, 532, and 600 nm with a DU640 
(Beckman, USA) spectrophotometer. 
 
Determination of antioxidant enzyme activities: Roots 
were homogenized in ice-cold 0.1 M Tris-HCl buffer 
(pH 7.8) containing 1 mM EDTA, 1 mM dithiothreitol and 
4 % (m/v) polyvinyl pyrrolidone. The homogenate was 
centrifuged at 20 000 g and 4 °C for 10 min. The enzyme 
activities were measured at 25 °C as follows using the 
supernatant.  
 Superoxide dismutase (SOD, EC 1.15.1.1) activity was 

determined as described by Prochazkova et al. (2001). 
Catalase (CAT; EC 1.11.1.6) activity was determined as 
described by Aebi (1984). Ascorbate peroxidase (APX; 
EC 1.11.1.11) activity was measured in the presence of 
0.25 mM ascorbic acid, and 0.5 mM H2O2 by monitoring 
the decrease of absorbance at 290 nm (Janda et al. 1999). 
Peroxidase (POD; EC 1.11.1.7) activity was determined 
according to Ádám et al. (1995). All reactions were 
recorded in 3 cm3 of reaction mixtures. Measurements 
were performed with a spectrophotometer (Unico 
UV-2000, China) with no lag period. 
 
Glucose-6-phosphate dehydrogenase activity assay: 
G6PDH was extracted according to the method described 
by Esposito et al. (2001) with some modifications. Briefly, 
0.5 g of roots were ground in liquid nitrogen and 1 cm3 the 
extract buffer [50 mM Hepes-Tris (pH 7.8), 3 mM MgCl2, 
1 mM EDTA, 1 mM PMSF, 1 mM DTT] was added. The 
homogenate was centrifuged at 12 000 g and 4 °C for 
20 min. 0.1 cm3 aliquot of the extract was added to either 
the total dehydrogenase (G6PDH + 6PGDH) assay buffer 
[50 mM Hepes-Tris (pH7.8), 3.3 mM MgCl2, 0.5 mM 
D-glucose-6-phosphate disodium salt, 0.5 mM 6-phospho- 
gluconate, 0.5 mM NADPNa2] or the 6-phosphogluconate 
dehydrogenase (6PGD) assay buffer [50 mM Hepes-Tris 
(pH 7.8), 3.3 mM MgCl2, 0.5 mM 6-phosphogluconate, 
0.5 mM NADPNa2]. The reduction of NADP to NADPH 
was measured as the change of absorbance at 340 nm for 
the initial 5 min. G6PDH activity was calculated as the 
total dehydrogenase activity minus the G6PGD activity 
(Tian et al. 1998).  
 
Western-blot analysis: SDS-PAGE was performed as 
described by Laemmli (1970). About 50 µg of proteins 
were solubilized and separated on an 11.5 % (m/v) 
acrylamide gel containing 6 M urea. After electrophoresis, 
the separated proteins were transferred to a polyvinylidene 
difluoride membrane. The membrane was blocked for 2 h 
with 5 % (m/v) non-fat milk in 0.5 % (m/v) Tween 20, 
10 mM Tris-HCl (pH 8.0), and 150 mM NaCl. The 
anti-G6PDH polyclonal antibody (Sigma, St. Louis, USA) 
was added and incubated with the membrane overnight. 
After washing, alkaline phosphatase-coupled secondary 
antibody was added and incubated for 2 h. The 
chemiluminescence assays were displayed according to 
the manufacturer’s instruction. Protein was determined by 
Bradford (1976) method and bovine serum albumin was 
used as a standard. 
 
Statistical analysis: Each experiment was repeated at 
least three times. Values are expressed as mean ± standard 
error. The data were statistically analyzed using SPSS 
v. 17.0 and comparisons were performed using one-way 
ANOVA together with Duncan’s test or Tukey’s test for 
independent samples. In all cases, the confidence 
coefficient was set at P < 0.05. 
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Results 
 
The fresh masses of shoots and roots were significantly 
decreased with the increase of Cd concentration 
(Fig. 1A,B): 100 µM Cd significantly inhibited the growth 
and the growth was almost completely arrested at 200 µM 
Cd. The root growth at 50 to 300 µM Cd was progressively 
reduced from 81.6 to 61.5 % of the control (Fig. 1B). Apart 
from these symptoms, the seedlings exposed to Cd stress 

also exhibited reduction in chlorophyll content after 
treatment with Cd for 3 to 10 d (Fig. 1C). The H2O2 and 
MDA content increased with elevated Cd concentration up 
to 100 µM and then decreased (Fig. 1D,E), and the H2O2 

content in roots was higher than that in shoots. The 
changes in H2O2 and MDA content demonstrated that the 
cellular damage was induced by Cd.  

 

 
Fig. 1. Effects of Cd stress on Poa annua seedlings. The seedlings (5-d-old) were transferred to MS agar medium supplemented with
different concentrations of Cd and grown for additional 7 d (A,B,D,E) or up to 10 d (C). Photographs of the seedlings (A, bar = 1 cm; 
representative of similar results in three independent experiments), the length of roots and shoots (B), chlorophyll content (C), H2O2

content (D), and MDA content (E). Means ± SEs, n = 20; different letters indicate significant differences at P < 0.05 (Duncan’s multiple 
range test). 
 
 Poa annua seedlings (5-d-old) were transferred to 
solid medium containing both Si (0.5, 1, or 2 mM) and 
100 µM Cd and the combined effects of Cd and Si on the 
growth of P. annua were investigated. Application of 
0.5 mM Si partially alleviated the decrease of shoot 
growth caused by Cd, and 1 or 2 mM Si largely improved 
the growth of roots and shoots (Fig. 2A,B). We used 1 mM 
Si to investigate the role of Si in reducing Cd-induced 

damage of P. annua seedlings. Cd induced the decrease of 
chlorophyll a content, and Cd+Si exhibited significant 
alleviation of Cd effect on the chlorophyll content and 
enhanced the chlorophyll a/b ratio (Fig. 2C,D). Compared 
with the control, the MDA content was greatly increased 
by 178.1 % in shoots and 215.0 % in roots under 100 µM 
Cd, whereas it was restored to the control level in both 
shoots and roots under the treatment with Si+Cd (Fig. 2E). 
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Compared with the control, the H2O2 content was greatly 
enhanced by 90.6 % in shoots and 1376.2 % in roots at Cd 
treatment. In the presence of Si, the H2O2 content was 
decreased by 12.5 % in shoots and 338.1 % in roots 
(Fig. 2F,G) in comparison with Cd alone. The results 
demonstrated that Si application reduced the oxidative 
stress induced by Cd. To investigate the mechanism of Si 
in attenuating the Cd-induced growth inhibition, we 

determined the relative content of endogenous Cd in  
P. annua. Cadmium dramatically accumulated in roots and 
shoots exposed to Cd for 7 d (Table 1). However, appli- 
cation of Si decreased the Cd content up to 24.0 % in shoots 
and 24.4 % in roots in comparison with Cd treatment alone. 
Meanwhile, Si content increased in shoots as well as in 
roots under Cd+Si treatment (by 102.1 % in shoots and 
242.5 % in roots compared with Cd stress alone). 

 

 
Fig. 2. Alleviation of Cd stress in Poa annua by Si. The seedlings (5-d-old) were treated with 100 µM Cd in the presence or absence of
different concentration Si for 7 d. Photographs of the seedlings (A, bar = 1 cm; representative of similar results in three independent
experiments), the length of root and shoot (B), chlorophyll content (C), chlorophyll a/b ratio (D), MDA content (E), H2O2 content (F),
and H2O2 fluorescence (G). Means ± SEs, n = 20; different letters indicate significant differences at P < 0.05 (Duncan’s multiple range 
test).  
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Table 1. Percentage of Cd in all elements in roots and leaves of 
Poa annua seedlings grown under 100 µM Cd or 100 µM Cd +  
1 mM Si. Means  SEs, n = 5; values followed by the same letters 
are not significantly different at P < 0.05 as determined by 
Duncan’s multiple range test (n.d. - not detectable). 
 

Treatments Shoots Roots 

Control n.d. n.d. 
Cd 10.16  0.57a 7.85  0.46a 
Cd + Si   7.72  0.22b 5.93  0.24b 

 

In order to further study the roles of Si in the possible 
alleviation of oxidative stress induced by Cd, we examined 
the activity of four key antioxidant enzymes in P. annua 
roots (Fig. 3). Compared with the control, the activities of 
SOD and CAT under Cd stress increased by 95.6 and 
55.2 %, respectively, whereas the activities of POD and 
APX only slightly increased by 27.8 and 11.1 %, 
respectively. In the Cd+Si treatment, the activities of SOD 
and CAT were reduced by 37.5 and 32.7 %, respectively, 
but the activities of POD and APX were enhanced by 31.5 
and 12.5 %, respectively. This result indicated that Cd 
stress dramatically affected antioxidant enzyme activities  
 

 

 
Fig. 3. Changes of antioxidative enzyme activities in roots of Poa annua seedlings under different treatments: control, 1 mM Si, 
100 µM Cd, and 100 µM Cd + 1 mM Si. Means ± SEs, n = 3; different letters indicate significant differences at P < 0.05.  

 
in roots and Si alleviated the Cd toxicity by maintaining 
the normal level of antioxidant system in plant tissues. 
 During Cd treatment for 7 d, the G6PDH activity 
significantly increased in P. annua roots to 169.9 % of 
control. Application of 2.5 mM Na3PO4, an inhibitor of 
G6PDH, significantly inhibited the growth of seedlings 
and the activity of G6PDH (to about 31.0 % of the control, 
Fig. 4A,C and 5A). Under Cd+Na3PO4 treatment, the 
growth of P. annua was also inhibited and the activity of 
G6PDH was decreased (about 77.1 % of the control). 
Meanwhile, Si stimulated the activity of G6PDH 
(increased by 40.8 %) but Cd+Si treatment decreased it by 
28.0 % compared with Cd alone. Under Cd+Si+Na3PO4 

treatment, the G6PDH activity was reduced by 65.9 % 

compared with Cd stress and by 52.8 % compared with 
Cd+Si treatment. Using Western blotting, we 
demonstrated that the change of G6PDH expression was 
in the similar pattern as the G6PDH activity under these 
conditions (Fig. 5B). H2O2 content and fluorescence 
analysis demonstrated that addition of Na3PO4 increased 
the accumulation of H2O2 in the roots (about 14 times of 
the control) (Fig. 4B, D). Si+Na3PO4 treatment also 
enhanced the H2O2 content (about 16 times of the control). 
Cd+Na3PO4 treatment markedly induced the H2O2 content 
(about 23 times of Cd stress). Cd+Si+Na3PO4 treatment 
also improved the H2O2 content (about 14 times of the 
control).  

 



SILICON ENHANCES THE TOLERANCE TO CADMIUM 

747 

 
Fig. 4. Effects of 2.5 mM Na3PO4, 1 mM Si, and 100 µM Cd on growth and H2O2 content in Poa annua. The seedlings (5-d-old) were 
treated with 100 µM Cd in the presence or absence of Si and Na3PO4 for 7 d. Photographs of the seedlings (A, bar = 1 cm; representative 
of similar results in three independent experiments), the length of plants (C), H2O2 fluorescence (B, bar = 100 µm), and H2O2 content 
(D). Means ± SEs, n = 20; different letters indicate significant differences at P < 0.05 (Duncan’s multiple range test).  

 
 
Discussion 
 
The present study was performed to determine the role of 
Si in enhancing tolerance of P. annua seedlings to Cd 
stress. We demonstrated that Si restored the growth of 
seedlings inhibited by Cd stress. The symptoms of Cd 
toxicity in P. annua seedlings were visibly attenuated by 
Si supplementation associated with a reduction in Cd 
content in both roots and shoots. Rizwan et al. (2011) 

suggested that a dilution effect (the same uptake but larger 
biomass) or a reduction of Cd uptake may be responsible 
for Si-mediated alleviation. Furthermore, since improve- 
ment of plant growth under stressed condition is critical 
for the optimal performance of phytoremediation (Sun  
et al. 2009), Si-promoted plant growth would be useful for 
P. annua to remediate Cd-contaminated soils. Exogenous 
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Si markedly inhibited the Cd uptake in roots, the 
percentage of Cd in roots obviously decreased under 
Cd+Si than in those treated with Cd alone (Table 1). 
However, various effects of Si addition on the Cd 
translocation were reported previously in different plant 
species. In rice, Si supply greatly enhanced Cd retention in 
roots and reduced its translocation to shoots (Zhang et al. 
2008). Similar results were also observed in durum wheat 
(Rizwan et al. 2011). Application of Si reduced the Cd 
content in roots and shoots as well as translocation factor 
in both Cd-sensitive and Cd-tolerant cultivars of peanut 
(Shi et al. 2010). In maize, Si exerted little effects on Cd 

translocation from roots to shoots at low Cd concentration 
(5 mM), but decreased it at 50 mM Cd (Vaculík et al. 
2012). Whether Si supply have roles in the translocation of 
Cd from roots to shoots, we need further proves. The 
differences between our study and reports of Zhang  
et al. (2008) and Rizwanet al. (2011) could be explained in 
several ways. First of all, rice, cucumber, or durum wheat 
is non-accumulators for metals. Secondly, the translon- 
cation factor was reported to change with extended time 
(Zhang et al. 2008), but the treatment time was just 7 d in 
this study.  
 Cadmium belongs to non-redox heavy metals and  

 

 
Fig. 5. Modulation of the G6PDH activity in roots of Poa annua by 100 µM Cd, 1 mM Si, 2.5 mM Na3PO4 in different combinations
(A). Means  ± SEs, n = 3; different letters indicate significant differences at P < 0.05. The Coomassie Brilliant Blue-stained gel was used 
to show that an equal amount of proteins were loaded in all lanes (B). Western-blot analysis of the G6PDH expression at various 
treatments (C).  
 
cannot directly activate the generation of ROS. However, 
it can bind to and interfere with targets or compete for 
binding sites (such as thiols, carboxylic acids, and histidyl 
residues), thereby altering the functions of target proteins, 
which in turn involves the production of ROS (Mittler et al. 
2004, Sharma and Dietz 2009, Zhang et al. 2009). ROS are 
produced during the electron transport in chloroplasts and 
mitochondria and oxidative metabolism in the 
peroxisomes (Sharma and Dietz 2009). However, excess 
ROS accumulation causes cellular redox imbalances and 
disturbances leading to growth inhibition and cell damage 
(Sharma and Dietz 2009, Zhang et al. 2009). It is clear that 
the content of ROS in cells needs to be tightly regulated by 
efficient ROS-scavenging mechanisms, including 
enzymatic and non-enzymatic components (Mittler et al. 
2004). SOD was responsible for scavenging O2

-, while 
APX, POD, and CAT are responsible for H2O2 
decomposition (Zhang et al. 2009). Cd stress greatly 
enhanced the H2O2 and MDA content in Poa annua roots 
(Fig. 2E-G) and significantly stimulated the activity of 
SOD and CAT, but reduced the activity of POD and APX 
(Fig. 3). Maintaining a high activity of antioxidant 
enzymes avoid oxidative damage, which is considered to 
be a hallmark of heavy metal tolerant plants (Wang et al. 
2008b). Heavy metal stress dramatically stimulates 
antioxidant enzyme activities in many plants. Si 

stimulated Cu/Zn-SOD and metallothionein (MT) genes 
expression and SOD activity in leaves of Arabidopsis 
thaliana upon Cu exposure (Khandekar et al. 2011). 
Activities of SOD, CAT, and APX were notably increased 
in roots of Si-supplied plants in both Zn-sensitive and 
Zn-resistant rice cultivars when exposed to excess Zn 
(Song et al. 2011). Si application also influences content 
of non-enzymatic antioxidant glutathione, non-protein 
thiols, and ascorbic acid in rice under high Mn stress (Li et 
al. 2012). The changes in the activities of antioxidant 
enzymes are generally dependent on plant species, age, 
duration of treatment, and experimental conditions 
(Sharma and Dietz 2009). Under Cd+Si treatment, POD 
and APX activities were higher than under Cd stress alone 
and reached the level of the control, whereas, SOD and 
CAT activities were reduced (Fig. 3). Meanwhile, H2O2 
and MDA content was also lower at Cd+Si treatment than 
at Cd stress alone (Fig. 2E-G). This indicated that Si 
maintained the ROS level and improved seedling growth 
by altering the activities of antioxidant enzymes. 
 The first and rate-limiting enzyme in the pentose 
phosphate pathway is G6PDH. However, the number of 
reports concerning the role of the G6PDH gene expression 
in response to metal stress is limited. Cd stimulated the 
activity of G6PDH, which is associated with the oxidative 
stress (Van Assche et al. 1988, Yang et al. 2014). When 
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the Zn or Cd content of bean leaves exceeds a threshold 
value, an increase in the activity of the G6PDH is observed 
(Van Assche et al. 1988). Moreover, a rapid increase in 
G6PDH activity in aluminum-resistant wheat cultivars is 
observed during the first 10 h of treatment with 100 μM 
aluminum, while no change is detected in sensitive 
cultivars during 24 h exposure, suggesting that G6PDH 
may be associated with the mechanism of aluminum 
tolerance (Ślaski et al. 1996). In addition, changes in 
G6PDH transcription shows a 43-fold increase after 12 h 
exposure to CdCl2 treatment compared with the control; 
these high expression is maintained until 24 h. The 
G6PDH activity also shows an increase and reaches a 
maximum after 12 h (Yang et al. 2014). Further, the high 
transcription is maintained for the duration of the 
investigation period, implying possible involvement of 
G6PDH in response to metal stress in sugarcane, which is 
similar to previous research (Ślaski et al. 1996, Van et al, 
1988). Under stress conditions, G6PDH improved the 
tolerance of plants to stress through generating NADPH 
for ascorbate-glutathione cycle, thus inhibiting the 
production of ROS (Wang et al. 2008a). As shown in Fig. 
5, the activity and the expression of G6PDH in P. annua 
roots were significantly increased by Cd stress. The 

activity and the expression of G6PDH were markedly 
inhibited by the application of Na3PO4. H2O2 
accumulation in P. annua roots increased when G6PDH 
was inhibited by Na3PO4, suggesting that G6PDH is 
important for plant responses to Cd stress. The inhibition 
of G6PDH restricted the Cd stress alleviation done by Si. 
Si significantly restored the growth of P. annua seedlings 
under Cd stress by inhibiting the accumulation of H2O2, 
and the G6PDH activity and expression, indicating that Si 
improves the environment of plant growth and does not 
need to stimulate the expression of G6PDH. However, 
application of Na3PO4 completely inhibited the growth of 
Poa annua seedlings and the expression of G6PDH under 
Cd or Cd+Si treatment, which suggest that G6PDH truly 
plays an important role and is involved in the process of Si 
alleviation of Cd toxicity.  
 Taken together, these results demonstrated that the 
Si-enhanced Cd tolerance in P. annua seedlings mainly 
due to the decrease of Cd uptake by roots and by lowering 
the oxidative stress and by decreasing the activity and 
expression of G6PDH induced by Cd stress. This 
information provides a new evidence for alleviation of 
metal stress in plants by Si application. 
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