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Abstract

:

Silicon (Si) enhances maize resistance to drought. While previous studies have mainly focused on the seedling stage, the mediation of drought stress by Si imposed at the vegetative and reproductive stages has been rarely investigated. A soil-column experiment was thus conducted under a rainproof shelter to quantify the effect s of Si application on the physiological and agronomic responses of maize to drought stress imposed at the 6-leaf (D-V6), 12-leaf (D-V12), and blister (D-R2) stages. The observed parameters included plant growth, photosynthesis, osmolytes, antioxidant activity, and grain yield. The results showed that drought stress strongly decreased the leaf area, leaf water content, photosynthetic rate, chlorophyll content, and antioxidant activity (superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)) and markedly increased lipid peroxidation. D-V6, D-V12, and D-R2 decreased grain yields by 12.9%, 28.9%, and 44.8%, respectively, compared to the well-watered treatment (CK). However, Si application markedly increased leaf area, chlorophyll content, photosynthetic rate, osmolyte content, and enzymatic antioxidant activities (SOD, POD, and CAT), and decreased malondialdehyde (MDA) and superoxide radical accumulation, ultimately improving maize yields by 12.4%, 69.8%, and 80.8%, respectively, compared to the non-Si treated plants under drought stress at the V6, V12, and R2 stages. Furthermore, maize yields had a significant positive correlation with chlorophyll content and SOD and POD activity during the three stages. Our findings suggest that Si-induced changes in chlorophyll content and antioxidant activity might constitute important mechanisms for mitigating drought stress. In conclusion, this study provides physico-biochemical evidence for the beneficial role of Si in alleviating drought-induced yield reduction in maize, particularly during the late vegetative or early reproductive stages. Thus, Si application constitutes an effective approach for improving maize yield in rain-fed agricultural systems.






Keywords:


maize; silicon; drought stress; photosynthesis; antioxidant defense












1. Introduction


Drought significantly threatens crop productivity and food security worldwide, particularly in arid and semiarid regions [1]. Unfortunately, the severity of drought is expected to increase in the future under predicted climate change scenarios [2] and is anticipated to seriously hamper crop growth on more than 50% of the Earth’s arable land by 2050 [3]. Thus, effective strategies for improving plant resistance to drought stress are urgently required [4].



Silicon (Si) is considered to be one of the most important exogenous compounds that offers a cost-effective approach for mitigating biotic (e.g., plant disease and pest attacks) or abiotic (e.g., salt, drought, freezing, and heavy metal toxicity) stresses [5,6,7]. Numerous studies have demonstrated that Si is beneficial for alleviating drought stress in various species, including wheat [8], maize [9], soybean [10], rice [11], sorghum [12], and mango [13]. The enhanced drought resistance associated with Si is mainly believed to be related to reduced transpiration capacity [9], increased water uptake by the roots [14], the alleviation of oxidative damage [15], and decreased osmotic potential [12]. However, studies on the effects of Si application on plant transpiration and stomatal conductance under drought stress have contradictory findings [9,14,16] and the fundamental mechanisms for Si-mediated drought tolerance have not been sufficiently elucidated.



Maize (Zea mays L.) is an important staple food crop in China and many other countries [17]. However, seasonal drought stress (DR) usually leads to a 20–50% reduction in maize yield and has become the largest limitation to maize production in recent decades [18,19]. Moreover, the severity, occurrence, and duration of drought significantly impaired maize growth and development, markedly lowering grain yields [20,21]. As a Si accumulator, maize has been widely used for studying the impacts of Si under environmental stresses [22]. Although many studies have assessed the effects of Si on plant resistance to DR, most of those mainly focused on the seedling stage. Little information is available on the influence of Si additions on maize growth under imposed DR at other critical development stages. In this study, a soil column experiment was carried out during a life cycle of maize with the objectives of (1) characterizing the agronomic and physiological responses of summer maize to DR at the 6-leaf (V6), 12-leaf (V12), and blister (R2) stages, and (2) investigating the effects of Si application on ameliorating plant growth, physiological properties, and grain yield in maize under DR imposed at the V6, V12, and R2 stages. The results should inform the sustainable management of rain-fed maize cropping systems.




2. Materials and Methods


2.1. Experimental Site and Treatments


A soil column field experiment was conducted under a water-proof shelter at the Guangli Irrigation District, Qinyang, China (35°06′ N, 112°45′ E, 150 m a.s.l.). The experiment was implemented from June to September 2017. This area has a semi-humid monsoon climate, and the average temperature and precipitation during the growing season (June to September) are 25 °C and 300 mm, respectively (data obtained from 2000–2017). The experimental soil is derived from alluvial sediments from the Yellow River and is classified as Aquic Ustochrept according to USDA soil taxonomy. The selected soil is a typical soil in the North China Plain with a sandy loam texture. The physico-chemical properties of the test soil are as follows: pH—8.16, organic matter—16.8 g kg−1, total nitrogen—1.12 g kg−1, inorganic N—24.7 mg kg−1, Olsen-P—10.9 mg kg−1, available potassium—277 mg kg−1, available silicon—328 mg kg−1, bulk density—1.35 g cm−3, and filed capacity—23.5%.



A maize seedling (DH 605, a dominant hybrid in the North China Plain) was planted in the middle of each column bucket (Figure 1). DH 351 was used as female parent and DH 382 as male parent. The female parent was selected from “DH158/107” as the basic material, and the male parent was selected from the foreign hybrid X1132, which was bred from a multi-generation inbred line.



Each soil column system included two columned buckets made of stainless steel, with one larger bucket (32 cm in diameter and 100 cm deep) buried into the soil and another smaller bucket (30 cm in diameter and 100 cm deep) inserted into the larger one (Figure 1). To make the soil column more similar to field conditions, each soil column was filled with a 5 cm thick sand layer at the bottom, and the remaining 5–95 cm soil layer was packed with 0–90 cm of field soil layers typical of the region, which allows for robust root system growth during the experimental period. According to the fertilization practices of the region, 0.2 g N, 0.05 g P2O5, and 0.10 g K2O per kg dry soil (calculated based on 0–30 cm soil dry weight) were applied to meet the maize nutrient requirements. N, P, and K were supplied by urea (46% N), superphosphate (18% P2O5), and potassium sulfate (50% K2O), respectively. All P and K fertilizers were applied as basal fertilizer, while the N fertilizer was split, using one third at the seedling stage and two thirds at the jointing stage. Weeding and topdressing of the nitrogen were done by hand.



The experimental treatments included two Si-fertilization rates and three drought-imposed stages. The experimental were investigated in the complete randomized block design. The two Si-fertilization levels included 0 (-Si) and 0.06 mg Si kg−1 dry soil (+Si, calculated based on 0–30 cm soil dry weight), and Si fertilizer was supplied as Na2SiO3.9H2O, which was applied as basal fertilizer. Control plants were treated with an equivalent Na amount of Na2SO4. Three drought-imposed stages, including the V6 (early vegetative), V12 (late vegetative), and R2 (early reproductive) stages, were separately subjected to moderate drought stress for a duration of 7 d (Figure 1), corresponding to 50% of field capacity. For all irrigation treatments, drought levels for potted plants were kept at the same levels, except the non-drought or well-watered treatment. Otherwise, all plants were well-watered outside of the drought periods. A soil water level of 80% field capacity constituted well-watered conditions and was designed as the control (CK). Therefore, it was guaranteed that all variables were compared at the same level of drought. In this study, the CK treatments were replicated 15 times, and each drought stress treatment was replicated nine times with a total 84 pots. Soil water content was determined gravimetrically by weighing the soil columns and then applying supplemental irrigation every day or every two days depending on the soil water status, maize growth, and weather conditions. Drought stress was induced by withholding irrigation for 2 or 3 d, and then the corresponding soil columns were weighed and irrigated to maintain soil water content at 50% field capacity.




2.2. Sampling and Measurements


2.2.1. Leaf Samples


Leaf samples of each treatment (the third upper fully expanded leaves at the V6 and V12 stages, and the female ear leaf at the R2 stage) were destructively collected from three pots at the end of each drought stress period. These samples were rapidly frozen in liquid nitrogen and then stored at −80 °C prior to physiological analysis. Table 1 describes the selected analytical protocols.




2.2.2. Dry Weight of Biomass and Grain Yield


At the maturity stage, the leaves, stems, and grains of the remaining six maize plants were harvested separately, and their dry weights were recorded after being oven-dried at 75 °C until a constant weight was achieved. Subsequently, these tissues were ground and passed through a 0.5 mm sieve for Si analysis. Yield was expressed on a 14% moisture basis. Soil samples were collected from three pots at harvesting for chemical analysis, and the analytical protocols are indicated in Table 1.




2.2.3. Plant Height and Leaf Area


During each drought stress period, plant height and leaf area were measured. The height from the base of the maize stem to the highest point of the plant was defined as the plant height. The length and width of all fully developed green leaves were measured and the leaf area was calculated (length × width of leaf × 0.75).




2.2.4. Photosynthetic Rate, Transpiration Rate, and Stomatal Conductance


On the last day of each drought stress period, the third upper leaves (fully expanded) at the V6 and V12 stages, and the female ear leaves at the R2 stage, were marked. The net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance of the marked leaves were measured between 9.00 and 11.00 a.m. using a portable photosynthesis system (LI-6400, LI-COR., Lincoln, NE, USA).





2.3. Statistical Analysis


Analysis of variance (ANOVA) was performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). A two-way analysis of variance was initially performed to test drought × Si interaction within the same stage. One-way analysis of covariance (ANOVA) was also performed individually for drought levels and Si treatments. Means were compared using Tukey’s least significance difference (LSD) tests at the 5% probability level. All figures were illustrated using Origin 8.5 software (OriginLab, Northampton, MA, USA).





3. Results


3.1. Maize Plant Growth


Drought stress significantly decreased plant height, leaf area and leaf water content across all developmental periods in comparison to CK, with the exception of the R2 stage for plant height. The effects of drought stress and Si application on leaf area and leaf water content varied among the V6, V12, and R2 stages (Figure 2). Silicon application had little effect on plant height across the drought stress stages, but did significantly increase leaf water content at the V12 and R2 stages and increase leaf area at the R2 stage. Interestingly, the growth of D-V6 (drought-imposed at V6 stage) plants was enhanced after re-watering compared with the CK treatment. Silicon application had no significant effect on plant height, leaf area and leaf water content under the well-watered condition (CK) across the tested growth stages.




3.2. Photosynthesis and Chlorophyll Content


Drought stress strongly decreased plant photosynthetic rate, transpiration rate, stomatal conductance (Figure 3), and chlorophyll contents, including chlorophyll a, chlorophyll b, and carotenoids (Figure 4) compared to the control. However, Si fertilization significantly improved the photosynthetic rate, transpiration rate, stomatal conductance, and chlorophyll a and chlorophyll b contents of the maize under drought stress conditions imposed at the V12 and R2 stages, whereas no significant differences were observed for these selected variables at the V6 stage regardless of whether Si was applied or not. In addition, Si application only slightly impacted photosynthesis and the chlorophyll content of maize under well-watered conditions across the selected stages, but this was not statistically significant.




3.3. Osmotic Solute Contents


The contents were significantly affected by drought stress and Si addition (Figure 5). Soluble protein and sugar contents were substantially augmented by Si application under drought stress irrespective of the growth stage, but not under well-watered conditions (Figure 5A,B). Drought × Si interaction was detected significant for soluble protein and sugar contents at R2 stage. Notably, drought stress caused a substantial increase in proline content across the three stages compared with the control conditions. Conversely, Si addition had no effect on proline content in the maize plants when drought stress was imposed at the V6 and V12 stages. Drought × Si interaction was detected significant for proline at the R2 stage (Figure 5C). Under the control conditions, no significant difference in osmotic solute contents was observed across the three stages with or without Si treatment, with the exception of soluble sugars in the +Si treatment, which were appreciably higher than the –Si treatment at the R2 stage.




3.4. Superoxide Radicals and Malondialdehyde (MDA) Contents


Drought stress generally enhanced O2·− and MDA contents in maize leaves compared to the control conditions (Figure 6). On the contrary, the contents of O2·− and MDA were remarkably reduced by Si addition under drought stress conditions, with the exception of O2·− in the V6 stage. In contrast, no significant differences in O2·− and MDA contents were observed between the treatments with or without Si additions under well-watered conditions. Drought × Si interaction was detected as insignificant for O2·− and MDA contents at the R2 stage.




3.5. Antioxidant Enzyme Activity


Drought stress caused an obvious decrease in the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), with the exception of SOD at the V6 stage without Si application (Figure 7). Conversely, SOD, POD, and CAT activities were remarkably enhanced by Si application under drought stress (except SOD at the V6 stage), and the D+Si treatments exhibited equivalent values of SOD and POD to the corresponding CK treatments. However, no significant differences were observed in the activities of SOD, POD, and CAT regardless of Si treatment under well-watered control conditions. Drought × Si interaction was detected as insignificant for SOD, POD, and CAT at each stage.




3.6. Grain Yield


Irrespective of the stages at which drought stress was imposed, drought stress generally resulted in substantial decreases in maize yields, with the grain yields of the D-V6, D-V12, and D-R2 treatments being 12.9%, 28.9%, and 44.8% lower than the corresponding CK treatments, respectively (Table 2). With the addition of Si, the yields of the D-V6, D-V12, and D-R2 treatments were 18.1%, 69.8%, and 80.8% higher, respectively, than the corresponding treatments without Si additions. Conversely, the straw biomass ranked as CK≈R2>V12>V6, and the +Si treatments exhibited a similar straw biomass as the -Si treatments regardless of the growth stages. Additionally, the higher grain yield of the +Si treatments was accompanied by a high harvest index, and the harvest indices of the studied stages under drought stress imposed at different stages followed the order V6 > V12 > R2.




3.7. Si Concentration in the Plant Tissues and Soil


Si addition significantly increased Si concentrations in the leaves, stems, and soil across the study periods, with the exception of the stems and soil in the D-V6 treatment (Table 3). As a result, the average Si concentrations in the leaves, stems, and soil of the Si-treated treatments were appreciably higher than the non-Si treatments. Drought stress did not affect Si concentrations in the leaves regardless of Si fertilization.




3.8. Correlation Analysis


The correlation analysis results differed greatly among the three growth stages (Table 4). There were more variables that were significantly correlated with maize yield at the R2 stage than for the V6 and V12 stages. Chlorophyll content, SOD and POD activity, and MDA content were determined to be the most important maize yield indexes due to their significant positive relationships with yield across the treatment periods. Transpiration rate, photosynthetic rate, and CAT were positively and significantly correlated with maize yield at the V12 and R2 stages, but not at the V6 stage. Additionally, proline was significantly negatively correlated with maize yield only at the R2 stage.





4. Discussion


4.1. Effect of Si on Maize Growth under Drought Stress


Plant height, leaf area and leaf water content are important morphological indicators for plant growth under drought stress [32]. In the present work, drought stress imposed at different growth stages significantly influenced plant height, leaf area and leaf water content. However, plant height and leaf area between the D-V6 and CK treatments did not differ, indicating compensatory growth in the D-V6 treatment after re-watering. Similar results that maize growth recovered rapidly from drought stress when imposed at the early vegetative stage were reported [19]. Drought stress imposed at the R2 stage also significantly reduced leaf area in this study. This finding is consistent with a previous report where water deficit at both the vegetative and reproductive stages decreased leaf area in maize [33]. However, Mansouri-Far et al. (2010) did not observe any differences in leaf area in maize under drought stress imposed at the R3 stage [18]. This discrepancy may be associated with the differences in the duration and degree of drought stress, as well as the varying temperature and soil environments.



Si addition had little effect on plant height, leaf area and leaf water content under drought stress at the V6 stage. This was in contrast to our observations at the V12 and R2 stages where leaf area and leaf water content significantly increased (Figure 2). This could be attributed to the improved root water uptake and increased chlorophyll levels as a result of Si application under water deficit at the late growth stage (Figure 4). This finding is consistent with studies of Gong et al. (2008) in wheat [34] and Maillard et al. (2018) in barley [35]. Additionally, Si concentrations in the leaves were substantially enhanced by Si addition during the late growth stages (Table 3). This could promote the accumulation of photoliths in the leaf veins, thus providing better support to the leaf under drought stress [36,37]. Additionally, Yin et al. (2014) demonstrated that Si induced an increase in polyamine levels, which is beneficial for delaying the leaf senescence caused by water deficit in sorghum [12].



Our findings also suggested that Si addition had a better effect on maize resistance to drought stress at the reproductive stage than at the early vegetative stage. This might be because maize is relatively insensitive to water deficit during the early vegetative stage [32], and thus 50% field capacity is not sufficient to determine the role that Si plays in soil water deficit tolerance at this stage.




4.2. Effect of Si on Photosynthesis under Drought Stress


Maintaining a high photosynthetic rate is an important characteristic of drought resistance for plants [38]. Irrespective of the growth stage that drought stress was imposed at, it substantially hampered maize photosynthetic rate, transpiration rate, and stomatal conductance in the present study. However, Si application significantly alleviated these decreases at the V12 and R2 stages (Figure 3). Similar phenomena have also been observed in some other plant species, including soybean [10], rice [11], and Glycyrrhiza [39]. We speculate that Si supplementation allowed the drought-stressed plants to maintain high leaf water and chlorophyll contents, thus improving photosynthesis. Gong et al. (2012) reported that Si application increased the activity of the photosynthetic enzymes that are involved in the Si-induced regulation of photosynthesis in wheat under drought stress [40].



Transpiration rate and stomatal conductance are two important factors affecting plant–water relations [41]. In this study, drought stress resulted in a significant inhibition of transpiration rate and stomatal conductance, which corroborates previous reports in wheat and dry bean (Phaseolus spp.) [42]. However, Si fertilization strongly increased transpiration rate and stomatal conductance under drought stress imposed at the V12 and R2 stages. These findings are consistent with previous studies where Si application enhanced crop root water uptake and increased stomatal conductance under drought stress [14,40]. Liu et al. (2014) recently demonstrated that Si-induced increases in transpiration rate and stomatal conductance were associated with increased root hydraulic conductance resulting from the up-regulation of aquaporins under drought stress [43]. In contrast, some other studies attribute the enhanced water use efficiency under Si treatments to decreased leaf transpiration [44,45]. Further studies are thus required to elucidate the regulatory roles of Si on water uptake and transport across entire plants. Furthermore, plant water status was shown to be another factor that determined the responses of stomatal conductance to drought stress [46]. Therefore, physiological responses that depend on moisture content of leaves and soils will be fully considered in our further experiments.




4.3. Effect of Si on Osmotic Adjustment under Drought Stress


Plants accumulate organic solutes in the cytoplasm, such as proline, glycine-betaine, glucose, and fructose, in response to drought stress [47]. Soluble sugar and protein increased remarkably as a result of Si application across the study period, especially under drought-stressed conditions. According to Sonobe et al. (2009), soluble sugar is an indicator of osmotic adjustment capacity under drought stress as it improves root water uptake [48]. Therefore, the enhancement of soluble sugar and protein may be one of the primary underlying mechanisms for the mitigation of drought stress damage by Si. A similar result was reported by Latef and Tran (2016), who also found that the increase in soluble sugars and proteins in maize leaves induced by Si application enhanced photosynthetic activity under alkaline stress [49].



Proline acts as a signaling molecule under stressful conditions [50]. In the present study, drought stress significantly increased the proline content in the maize leaves. The effects of Si supplementation on proline accumulation varied among the studied drought stages, having little impact on proline content at the V6 and V12 stages but significantly decreasing proline content at the R2 stage. This suggests that high levels of proline are not required for the mitigation of drought stress by Si. Pei et al. (2010) demonstrated a significant negative relationship between proline content and both shoot dry weight and leaf chlorophyll content in wheat seedlings that were supplemented with Si under PEG (polyethylene glycol)-induced drought stress [51].




4.4. Effect of Si on Antioxidant Defense under Drought Stress


Drought stress could increase oxygen-induced cellular damage and increase MDA accumulation due to the enhanced production of reactive oxygen species (ROS) [41]. Antioxidant enzymes, such as SOD, POD, and CAT, typically contribute to the alleviation of ROS-induced damage to the cell membrane system in plants [47]. In this work, we found that drought stress significantly decreased SOD, POD, and CAT activities and increased the accumulation of MDA and O2·− in maize leaves. However, the application of Si strongly increased the activities of SOD, POD, and CAT, thereby reducing the MDA and O2·− concentrations in the plants. Thus, Si has a beneficial role in maintaining cell membrane integrity and lowering cell membrane permeability by maintaining high antioxidant enzyme activity [52]. Similar findings under similar experimental conditions were also observed in wheat [8], soybean [10], and tomato [53]. There existed increasing evidence that Si mitigates oxidative stress by reducing antioxidant enzyme activities and improving water uptake of plants [54]. Our results further demonstrated that Si effectively enhanced the antioxidant enzyme activities, and decreased MDA and O2·− concentrations in maize plants, indicating that Si is one of the most important exogenous factors to improve drought resistance capability of maize [55].




4.5. Effect of Si on Maize Biomass and Yield under Drought Stress


Many studies have demonstrated that the occurrence of water deficit during the vegetative and reproductive stages is associated with increased yield reduction during the early vegetative stage [19]. Our study corroborated this, in which drought stress imposed during the R2 stage resulted in the largest yield reduction, followed by the V12 stage and then the V6 stage. The harvest index followed the same pattern. Pandey et al. (2000) suggested that drought stress occurring only once during the vegetative stage induced root extension deep into the soil, increasing water uptake from the deep layer and resulting in a higher relative yield after re-watering [32].



Supplementation with Si efficiently mitigates the yield losses caused by water deficit, particularly at the V12 and R2 stages, indicating significant potential for Si in the mitigation of yield reduction caused by drought stress, especially when drought occurs during the late vegetative and reproductive stages. This is similar to the findings of Lavinsky et al. (2016), who reported that the positive effect of Si on rice production was manifested when it was specifically applied during the reproductive stage [56]. According to Tollenaar et al. (2004) [57] and Detmann et al. (2012) [58], Si-induced higher grain yields might be associated with increased green leaf area and photosynthesis under Si application (Figure 2B; Figure 3A). The correlation analysis indicated that chlorophyll content, SOD and POD activity, and MDA content constituted the most important indicators of maize yield due to their significant correlations with yield across the drought stages. The increased number of variables that were significantly correlated with maize yield in the R2 stage in comparison with the V6 and V12 stages supports the conclusion that the reproductive stage of maize is more sensitive to drought stress and, thus, the beneficial role of Si in alleviating drought-induced yield reduction was more evident when drought was imposed during the early reproductive stage.





5. Conclusions


Drought stress, irrespective of the imposed stages (V6, V12, and R2 stages), markedly decreased leaf area, photosynthetic rate, transpiration, stomatal conductance, chlorophyll content, and antioxidant activities, but enhanced lipid peroxidation, thus resulting in a substantial reduction in maize yields. Drought stress at the R2 stage resulted in increased yield reduction in comparison with the V12 and V6 stages, indicating that reproductive development is more sensitive to drought than vegetative development. However, Si addition could alleviate the adverse effects of drought stress through increasing leaf area, photosynthetic rate, chlorophyll content, antioxidant activities, and ultimately, grain yield, particularly when drought stress occurs at the V12 and R2 stages. Maize yield was significantly and positively correlated with chlorophyll content and SOD, POD, and CAT activity, indicating that Si-induced changes in chlorophyll content and antioxidant activity might be an important mitigatory mechanism for drought stress in maize.
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Figure 1. Diagram of an experimental column and the three drought stress periods during the 6-leaf (V6), 12-leaf (V12), and blister (R2) stages. 
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Figure 2. Effect of Si application on plant height (A), leaf area (B) and leaf water content (C) at the V6, V12, and R2 stages. V6, the 6-leaf stage; V12, the 12-leaf stage; R2, the blister stage; +Si, Si addition; -Si, no Si addition; D, drought stress; CK, well-watered control conditions throughout all stages. Data are the means ± standard errors (SE) of three replicates, where n = 3 for plant height and leaf area. Different letters (a, b, c) above the bars indicate statistical significance (p ≤ 0.05). ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference. 
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Figure 3. Effect of Si application on photosynthetic rate (Pn, A), stomatal conductance (Sc, B), and transpiration (Tr, C) of maize at the V6, V12, and R2 stages under drought and control conditions. V6, the 6-leaf stage; V12, the 12-leaf stage; R2, the blister stage; +Si, Si addition; -Si, no Si addition; D, drought stress; CK, well-watered control conditions. Data are means ± standard errors (SE) of three replicates, where n = 3 for photosynthetic rate (Pn), stomatal conductance (Sc), and transpiration (Tr). Different letters (a, b, c) above the bars indicate statistical significance (p ≤ 0.05). ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference. 
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Figure 4. Effect of Si application on chlorophyll a (A), chlorophyll b (B), and carotenoids (C) content in maize leaves at the V6, V12, and R2 stages under drought and control conditions. V6, the 6-leaf stage; V12, the 12-leaf stage; R2, the blister stage; +Si, Si addition; -Si, no Si addition; D, drought stress; CK, well-watered control conditions. Data are the means ± standard errors (SE) of three replicates, where n = 3 for chlorophyll content. Different letters (a, b, c) above the bars indicate statistical significance (p ≤ 0.05). ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference. 
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Figure 5. Effect of Si application on soluble protein (A), soluble sugar (B), and proline (C) contents in the maize leaves at the V6, V12, and R2 stages under drought and control conditions. V6, the 6-leaf stage; V12, the 12-leaf stage; R2, the blister stage; +Si, Si addition; -Si, no Si addition; D, drought stress; CK, well-watered controls condition. Data are the means ± standard errors (SE) of three replicates, where n = 3 for soluble protein, soluble sugar, and proline contents. Different letters (a, b, c) above the bars indicate statistical significance (p ≤ 0.05). ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference. 
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Figure 6. Effect of Si application on superoxide radical (O2·−, A) and MDA (B) contents in the maize leaves at the V6, V12, and R2 stages under drought and control conditions. V6, the 6-leaf stage; V12, the 12-leaf stage; R2, the blister stage; +Si, Si addition; -Si, no Si addition; D, drought stress; CK, well-watered control condition. Data are the means ± standard errors (SE) of three replicates, where n = 3 for O2·− and MDA contents. Different letters (a, b, c) above the bars indicate statistical significance (p ≤ 0.05). ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference. 
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Figure 7. Effect of Si application on SOD (A), POD (B), and CAT (C) activities in the maize leaves at the V6, V12, and R2 stages under drought and control conditions. V6, the 6-leaf stage; V12, the 12-leaf stage; R2, the blister stage; +Si, Si addition; -Si, no Si addition; D, drought stress; CK, well-watered control condition. Data are the means ± standard errors (SE) of three replicates, where n = 3 for SOD, POD, and CAT. Different letters (a, b, c) above the bars indicate statistical significance (p ≤ 0.05). ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference. 
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Table 1. Protocol measurements for the indicators selected in this study.
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	Indicators
	Protocol
	References





	Leaf water content (LWC)
	Leaf was oven-dried to constant weight at 80 °C to determine the dry weight. LWC was calculated by the equation: LWC(%) = 100 × (Leaf fresh weight − Leaf dry weight)/Leaf fresh weight
	[8]



	Chlorophyll content
	Extracted in 80% acetone solution, filtrate was measured at 663 nm, 646 nm and 470 nm
	[23]



	Malondialdehyde (MDA)
	Thiobarbituric acid (TBA) method, supernatant was measured at 532 nm, 450 nm and 600 nm
	[24]



	Superoxide radical (O2·−)
	Hydroxylamine oxidation method
	[25]



	Proline
	Acidic ninhydrin method
	[26]



	Soluble sugar
	Anthrone–sulfuric acid method
	[23]



	Soluble protein
	Coomassie brilliant blue method.
	[23]



	Superoxide dismutase activity (SOD)
	Nitro-blue tetrazolium reduction method
	[27]



	Catalase activity

(CAT)
	Measured as the reduction in absorbance at 240 nm due to the reduction in H2O2
	[28]



	Peroxidase activity (POD)
	Based on the determination of guaiacol oxidation at 470 nm by H2O2
	[29]



	Plant-available

Si content in the soil
	Extracted by 0.25 M citric acid and analyzed by silicon molybdenum blue spectrophotometry
	[30]



	Si content

in plants
	Extracted by 50% NaOH, autoclaved at 125 °C for 1 h, assayed using silicon molybdenum blue spectrophotometry
	[31]
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Table 2. The effect of silicon fertilization and drought stress on maize yield, straw biomass, and the harvest index.
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Factor

	
Maize Yield

(g plot-1)

	
Straw Biomass

(g plot−1)

	
Harvest Index






	
+Si-D-V6

	
190 ± 6.97 b

	
139 ± 9.87 c

	
0.58 ± 0.03 a




	
+Si-D-V12

	
179 ± 6.66 b

	
166 ± 5.09 b

	
0.52 ± 0.02 b




	
+Si-D-R2

	
143 ± 9.95 c

	
219 ± 14.7 a

	
0.40 ± 0.05 d




	
+Si-CK

	
214 ± 9.19 a

	
237 ± 13.2 a

	
0.47 ± 0.02 bc




	
-Si-D-V6

	
169 ± 10.3 bc

	
135 ± 6.20 c

	
0.55 ± 0.03 ab




	
-Si-D-V12

	
106 ± 9.94 d

	
165 ± 10.7 b

	
0.39 ± 0.07 d




	
-Si-D-R2

	
79.1 ± 8.99 e

	
207 ± 8.61 a

	
0.28 ± 0.01 e




	
-Si-CK

	
198 ± 11.3 ab

	
217 ± 3.97 a

	
0.46 ± 0.02 c




	
Two-Way ANOVA analysis

	

	




	
Silicon (Si)

	
**

	
NS

	
**




	
Drought (D)

	
**

	
**

	
**




	
Si × Drought

	
**

	
NS

	
**








Note, The harvest index (HI) was calculated by the total grain weight divided by the above-ground total biomass at the mature stage. Treatment means followed by the different letters are significantly different at p ≤ 0.05. ** Significant at p ≤ 0.01; NS, no significant difference.
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Table 3. Impact of silicon fertilization and drought stress on Si concentration in maize plants and soil.
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Factor

	
Leaf (%)

	
Stem (%)

	
Plant-Available Silicon in the Soil (mg kg−1)






	
+Si-D-V6

	
7.84 ± 0.66 a

	
1.49 ± 0.16 a

	
438 ± 26.8 a




	
+Si-D-V12

	
7.70 ± 0.14 a

	
1.32 ± 0.24 ab

	
432 ± 12.9 a




	
+Si-D-R2

	
7.88 ± 0.88 a

	
1.12 ± 0.05 bc

	
412 ± 22.7 ab




	
+Si-CK

	
8.20 ± 0.45 a

	
1.26 ± 0.07 abc

	
394 ± 1.60 b




	
-Si-D-V6

	
6.69 ± 0.45 b

	
1.45 ± 0.09 ab

	
419 ± 10.6 a




	
-Si-D-V12

	
6.56 ± 0.43 b

	
1.01 ± 0.26 cd

	
375 ± 17.5 bc




	
-Si-D-R2

	
5.74 ± 0.86 b

	
0.95 ± 0.13 d

	
352 ± 21.3 c




	
-Si-CK

	
6.58 ± 0.55 b

	
1.20 ± 0.10 bc

	
364 ± 13.3 c




	
Two-Way ANOVA analysis

	

	




	
Silicon (Si)

	
**

	
*

	
**




	
Drought (D)

	
NS

	
*

	
**




	
Si × Drought

	
NS

	
NS

	
NS








Treatment means followed by the different letters are significantly different at p ≤ 0.05; ** Significant at p ≤ 0.01; * significant at p ≤ 0.05; NS, no significant difference.
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Table 4. Pearson correlation analysis between maize yield and selected growth and physiological parameters measured at different growth stages.






Table 4. Pearson correlation analysis between maize yield and selected growth and physiological parameters measured at different growth stages.





	Parameters
	V6 Stage
	V12 Stage
	R2

Stage





	Plant height
	0.766
	0.78
	0.816



	Leaf area
	0.836
	0.881
	0.992**



	Chlorophyll content
	0.924*
	0.998**
	0.994**



	Photosynthetic rate
	0.837
	0.901*
	0.966*



	Transpiration rate
	0.829
	0.961*
	0.987*



	Soluble protein
	0.423
	0.739
	0.200



	Soluble sugar
	0.162
	0.137
	0.521



	Proline
	−0.674
	−0.755
	−0.977*



	SOD
	0.918*
	0.932*
	0.925*



	CAT
	0.831
	0.976*
	0.987*



	POD
	0.971*
	0.994*
	0.919*



	O2·−
	−0.890
	−0.907
	−0.832



	MDA
	−0.957*
	−0.959*
	−0.989*







** Significant at p ≤ 0.01; * significant at p ≤ 0.05.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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