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Lead (Pb) caused interruptions with normal plant metabolism, crop yield losses and quality issues are of great concern. This study assessed the physio-biochemical responses, yield and grain quality traits and Pb distribution proportions in three different fragrant rice cultivars i.e., Meixiangzhan-2, Xinagyaxiangzhan and Basmati-385. Plants were exposed to 400, 800, and 1,200 ppm of Pb while pots without Pb were taken as control (0 ppm). Our results showed that Pb toxicity significantly (P < 0.05) reduced photosynthetic pigments (chlorophyll contents and carotenoids) and inducted oxidative stress with increased production of hydrogen peroxide (H2O2), malanodialdehyde (MDA) and leaves leachates; while such effects were more apparent in Xinagyaxiangzhan than other two rice cultivars. Pb stress differentially affected the production protein, proline and soluble sugars; however the production rates were higher at heading stage (HS) than maturity stage (MS). Furthermore, Pb stress altered superoxide dismutase (SOD), peroxidases (POD), catalases (CAT) and ascorbate peroxidases (APX) activities and glutathione (GSH) and oxidized glutathione (GSSG) production in all rice cultivars at both HS and MS. All Pb levels reduced the yield and yield components of all rice cultivars; nonetheless such reductions were observed highest in Xinagyaxiangzhan (69.12%) than Meixiangzhan-2 (58.05%) and Basmati-385 (46.27%) and resulted in grain quality deterioration. Significant and positive correlations among rice yields with productive tillers/pot and grains per panicle while negative with sterility percentage were also observed. In addition, all rice cultivars readily taken up the Pb contents from soil to roots and transported upward in different proportions with maximum in roots followed by stemss, leaves, ears and grains. Higher proportions of Pb contents in above ground plant parts in Xinagyaxiangzhan possibly lead to maximum losses in this cultivar than other two cultivars; while less damage in Basmati-385 might be related to strong anti-oxidative defense system and lower proportions of Pb contents in its aerial parts.
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INTRODUCTION

Recent rates of soil contamination with different heavy metals (the non-essential elements for plants) and their entrance in to the agro-ecosystems and transference to human beings through food chain is an alarming situation over the globe (Abrahams, 2002; Anjum et al., 2016a,b). In terrestrial ecosystems, soil act as the main source of heavy metal transference to agricultural products. These metals enter in to the plant systems from soil or from external atmosphere surrounded by the plant and would have serious consequences in crop productivity and grain qualities.

Among different heavy metals, lead (Pb), is the second most harmful pollutant after arsenic and recently listed as “the chemical of great concern” according to the new European REACH regulations (Pourrut et al., 2011). It severely affects normal plant metabolism, morph-physiological features and crop growth and productivity (Sharma and Dubey, 2005; Ashraf et al., 2015). It often leads to diminished growth, deformation of cellular structures, ion homeostasis, reductions in chlorophyll biosynthesis, hormonal imbalance and induce over-production of reactive oxygen species (ROS) in plants (Shahid et al., 2011; Kumar et al., 2012). Pb, being non-redox metal, cause ROS production that led to oxidative stress within plant cells (Singh et al., 2010). Once produced, these ROS readily attacks to biological structures and biomolecules and results in metabolic dysfunction (Clemens, 2006).

Plants normally have three mechanisms of Pb-tolerance i.e., (a) passive mechanisms (plant develops different types of physical barriers against Pb uptake), (b) inducible mechanisms (metal detoxification and its excretion to extra-cellular spaces), and (c) activation of anti-oxidative defense system (which includes both enzymatic and non-enzymatic anti-oxidants) to scavenge ROS (Pourrut et al., 2011; Ashraf et al., 2015). Anti-oxidants, both enzymatic such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), and non-enzymatic such as reduced glutathione (GSH) and oxidized glutathione (GSSG) are involved in direct and/or indirect detoxification of ROS in plants (Mishra and Choudhary, 1998; Mittler, 2002). Except anti-oxidants, plants also accumulate various types of organic compounds or osmolytes proline and soluble sugars to shield essential cellular structures and to maintain cell osmotic potential (Chatterjee et al., 2004; Ali et al., 2014).

Scented rice is the most popular rice type among farmers and consumers over the globe due to its special aroma (Singh et al., 2000). Increasing demands and opportunities to get premium prices in world markets, yield maintenance and quality assurance are the main factors that would lead it to the international markets to meet consumer requirements. However, soil contaminated with toxic metals, especially Pb, would thus become the main hindrance in its way as it readily absorbed by the roots and transports to the edible plant parts which often lead to rice quality deterioration. Rice milling quality can be assessed by the rate of brown rice, milled rice, and head rice rates as well as milling recovery percentages which directly related to the market value while rice chalkiness percentage, chalkiness degree and grain protein and amylose contents are the appearance and cooking qualities of rice grains (Fahad et al., 2016a) that would greatly affected by Pb contaminated soils. Hence Pb effects on rice physiology and its mimicking effects on yield and quality as well as grain Pb concentrations are important to study. Although many previous studies reported the effects of Pb on rice growth and physio-biochemical responses but to our knowledge, a very few work has been done on its effects on yield and quality characters along with physio-biochemical responses especially in aromatic rice. Present study was planned with the objectives to (a) assess the Pb-induced changes in plant physio-biochemical mechanisms including anti-oxidant activities, (b) investigate the changes in yield and quality traits of aromatic rice, and to (c) estimate percentage proportions of accumulated Pb in different plant parts of rice.

MATERIALS AND METHODS

Experimental Site, Soil, and Conditions

The experiment was carried out in open air conditions under rain-protected wire house located at Experimental Research Farm, College of Agriculture, South China Agricultural University, Guangzhou, China (23°09′ N, 113°22′ E and 11 m above the sea level) during April to July 2015 as early season rice in South China. During growing season, the mean monthly day and night temperatures lies between 23–29°C and 22–28°C, respectively with average humidity between 77 and 89%.

One month prior to nursery transplanting, the pots were filled with air-dried soil collected from uncontaminated paddy field with 10 kg soil in each pot (25 cm in height and 32 cm in diameter) containing total N 1.190 g kg−1, total P 0.952 g kg−1, total K 18.30 g kg−1, available N 90.38 mg kg−1, available P 9.45 mg kg−1, available K 130.29 mg kg−1, organic matter 21.83 g kg−1, soil pH 5.63, and 51.12 ppm initial soil Pb contents.

Treatment Application, Nursery Transplantation, and Crop Husbandry

After pot filling, soil within pots was supplemented with Pb by using Pb(NO3)2 in solution form. The required Pb concentrations i.e., 400, 800, and 1,200 ppm were prepared by dissolving the Pb(NO3)2 salt in deionized water, applied in respective pots and thoroughly mixed at the same time. The pots without any addition of external Pb were regarded as control (0 ppm). The pots were kept in submerged conditions by maintain a water layer above soil surface to create fully anaerobic and puddle like conditions within the pots.

Seeds of three aromatic rice cultivars i.e., “Meixiangzhan-2” (Lemont × Fengaozhan, indica type of aromatic rice cultivar with 145–147 days to maturity), “Xiangyaxiangzhan” (Xiangsimiao126 × Xiangyaruanzhan, indica type of aromatic rice cultivar with 112–114 days to maturity), and “Basmati-385” (early maturing, intermediate tall with very good cooking quality and aroma with 145–150 days to maturity) were collected from the College of Agriculture, South China Agricultural University, Guangzhou, China and soaked in tap water in wooden box at 25–30°C for 48 h to complete germination process. Healthy and germinated seeds were subsequently sown on soil containing plastic trays and placed on leveled paddy field and covered with a plastic sheet in early March. One month old seedlings were then transplanted to the pots with 3–4 seedlings per hill and 5 hills per pot (four seedlings aside and one in the middle of the pot). Till 1 week after transplanting, the damaged, broken and died seedlings were replaced with the healthy seedlings to get a good stand establishment. All pots were applied with 2.25 g N (Urea 46%), 3.33 g P (super phosphate 12% P2O5), and 1.35 g K (potassium chloride 60% K2O) with 70% as starter dose and 30% at tillering stage. The plants were regularly monitored and a water layer of 2–3 cm was maintained throughout the growth period with tap water.

Sampling and Observations

For physio-biochemical analyses and Pb determination, plants were sampled at heading stage (HS) and maturity stage (MS) and stored at −80°C (for biochemical assays) while yield and quality attribute were recorded at MS.

Photosynthetic Pigments and Biochemical Assays

To determine photosynthetic pigments, fresh leave samples (0.2 g) at HS and MS were extracted with 15 ml of 95% ethanol and the contents were estimated according to Arnon (1949). Hydrogen peroxide (H2O2) contents were estimated according to Velikova et al. (2000). The malondialdehyde (MDA) contents were determined by following the methods of Hodges et al. (1999) with the following formula: MDA content = {6.45(ΔOD532−600) − (0.56OD450)}. To estimate leachates percentage, the fresh leaf samples were thoroughly washed with deionized water (Milli-Q), cut in to small pieces. Leaf discs (0.3 g) were then placed in 10 ml deionized water and incubated at 25°C for 6 h and the electrical conductivity (EC) (EC1) was recorded with an EC meter (SX-650, Sansin, China). To record the second EC (EC2), the samples were then incubated at 90°C for 2 h and then cool down to 25°C. The leachates of the leaves samples were calculated as: leachates (%) = EC1/EC2 ×100) (Valentovic et al., 2006). Protein contents of fresh leaves samples were estimated according to Bradford (1976) at HS and MS using G-250. The Proline contents in fresh leaves samples (0.2 g) were determined according to Bates et al. (1973) by using ninhydrin at both HS and MS. For soluble sugars determination at HS and MS, methods of Zhang et al. (2009) were followed.

Fresh leaves samples (0.3 g) were crushed in liquid-N2 and homogenized in 6 ml of 50 ml sodium phosphate buffer (pH 7.8) with mortar and pestle in an ice bath and homogenate were centrifuged at 10,000 g for 20 min at 4°C and the aliquot of the supernatant was used to record the enzymatic activities.

Activities of superoxide dismutase (SOD, EC 1.15.1.1) were assayed according to Zhang et al. (2008) by following the inhibition of photochemical reduction due to nitro blue tetrazolium (NBT). SOD activity per unit was defined as the amount of enzyme required to inhibit NBT photochemical reduction to 50% as an activity unit (U). Peroxidase (POD, EC 1.11.1.7) activity was measured by using guaiacol method with minor modifications. The reactions mixture contained 1 ml of sodium phosphate buffer (pH 7.8), 0.2% of 0.95 ml guaiacol, 1 ml of 0.3% H2O2, and 0.05 ml aliquot of enzyme extract. The absorbance was read at 470 nm (Zhou and Leul, 1999). One unit of POD activity was the amount of enzyme that caused the decomposition of 1 μg substrate at 470 nm. Catalase activity (CAT, EC 1.11.1.6) was assayed according to the procedures of Aebi (1984) whereas one unit of enzyme activity (U) was the decomposition of 1 M H2O2 at A240 within 1 min in 1 g of fresh leaves samples. Ascorbate peroxidase (APX, EC 1.11.1.11) activity was estimated by using “APX determination kit” purchased from Nanjing Jiancheng Bioengineering Institute, China. The methods devised by the manufacturer were followed carefully and the absorbance was read at 290 nm. Reduced glutathione (GSH) and oxidized glutathione (GSSG) were also estimated by using the readymade build kits (A006-1 for GSH and A061-2 for GSSG), provided by Nanjing Jiancheng Bioengineering Institute, China (http://www.njjcbio.com). The instructions were strictly followed and the absorbance was read at 420 and 412 nm, respectively. Total glutathione was the addition of both GSH and GSSG (GSH+GSSG) contents.

Grain Yield and Related Attributes

To determine yield and related attributes, plants were harvested at MS and threshed manually for all rice cultivars and the grains were sun-dried till the grain moisture contents were lowered to 12–14%. Total tillers were calculated in each pot at tillering stage, while at reproductive stage; tillers containing panicles in each pot were counted to represent the productive tillers per pot. Spikelets were separated from the panicles of all rice cultivars and spikelets per panicle were calculated in each treatment. Number of partially filled and totally unfilled/empty grains on each panicle was counted and sterility percentage was calculated. Six random samples of 1,000-grains were taken from filled seed lot of all rice cultivars and weighed to get 1,000-grain weight and expressed in grams (g) while the total paddy weight from each pot was represented as grain yield pot−1. The harvest index of all rice cultivars was calculated as: 100 × (grain yield/plant dry biomass).

Grain Quality Characters

The harvested grains were taken from stored seed lot to determine rice quality attributes. A rice huller (Jingsu, China) was used to get brown rice and brown rice rate (BRR) was calculated as: (brown rice weight/paddy weight) × 100. The brown rice was milled with a Jingmi testing rice miller (Zhejiang, China) and milling recovery was recorded as: (milled rice weight/original weight) × 100. Milling degree was calculated as: milled rice weight/brown rice weight) × 100. To calculate head rice rate, whole milled grains were separated from 100 grains and head rice rate was calculated on percentage basis. Grain chalkiness percentage and chalkiness degree were assessed with the help of an SDE-A light box (Guangzhou, China). Grain chalkiness is the grains having opaque spots either on the dorsal and/or in center of the grain. Grain moisture, amylose, protein contents and grain alkali were determined by using an Infratec 1241 (FOSS-TECATOR) grain analyser.

Pb-Determination in Different Plant Parts

The sampled plants were separated into roots, stems, leaves, ears (at PH) and grains (at MS) stage, respectively of each rice cultivar and placed in oven at 80°C for drying. The oven dried ground samples (0.2 g) of each part were digested with di-acidic mixture of HNO3:HClO4 with a proportion of 4:1 v/v, and resultant solutions were diluted to 50 ml and then filtered by using Whatman filter paper no. 1. The Pb-concentrations in respective samples were estimated by using Atomic Absorption Spectrophotometer (AA6300C, Shimadzu, Japan) and the proportions Pb contents in different plant parts were calculated on percentage basis.

Experimental Design and Statistical Analyses

Pots were arranged in randomized complete block design (RCBD), having enough space among them to avoid shading, with 10 pots per treatment. The data were analyzed by using a statistical software “Statistix 8” (Analytical software, Tallahassee, Florida, USA) whilst difference amongst treatments were separated using least significant difference (LSD) test at P < 0.05. Correlation analyses among grain yield vs. other yield related attributes were computed and represented by using SigmaPlot 9.0 (Systat Software Inc., San Jose, CA, USA).

RESULTS

Chlorophyll Contents and Carotenoids

Pb stress inhibited photosynthetic pigments, i.e., Chl a, Chl b, total chlorophyll contents (Chl a+b) and carotenoids significantly (P < 0.05) and the inhibition rates were increased with an increase in Pb-toxicity with highest at 1,200 ppm in all rice cultivar. For example, at heading stage (HS), the values for percentage reduction in Chl a, Chl b, and total chlorophyll contents (Chl a+b) were recorded as 54.80, 54.68, and 54.75% in Meixiangzhan-2, 54.41, 56.73, and 87.76% in Xiangyaxianzhan and 35.66, 37.07, and 36.21% in Basmati-385, respectively as compared with control. Similarly, at maturity stage (MS), the percentage reduction for Chl a, Chl b, and total chlorophyll contents (Chl a+b) were remained as 51.69, 39.63, and 34.56% for Meixiangzhan-2, 52.43, 59.69, and 55.46% for Xiangyaxianzhan, and 41.86, 50.33, and 45.11% for Basmati-385, when compared with control. Moreover, the ratio of Chl a/b were remained higher at higher doses of Pb-toxicity while chlorophyll contents were affected more severely due to Pb toxicity than carotenoids in all rice cultivars. Overall, the chlorophyll contents and carotenoids were recorded higher at HS as compare to MS while the magnitude of Pb stress on photosynthetic pigments across cultivars was recorded as: Xiangyaxianzhan > Meixiangzhan-2 > Basmati-385 (Table 1).


Table 1. Effect of different Pb concentrations on photosynthetic pigments of three scented rice cultivars at heading and maturity stages.
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H2O2, MDA Contents, Leaf Leachates, and Osmo-Regulation

The degree of H2O2 production, lipid peroxidation (in terms of MDA production) and leaf leachates (an indicator of membrane damage) is associated with the Pb-toxicity level. Significant increase (P < 0.05) in MDA, H2O2 contents and leachates were recorded with an increase in soil Pb-concentrations in all three rice cultivars at both HS and MS. For Meixiangzhan-2, the values of percentage increase were 30.79–126.53% and 17.80–79.45%, 34.34–157.34% and 1.75–46.14% and 95.60–116.27% and 62.96–133.07% in H2O2, MDA and leaf leachates at HS and MS, respectively. Similarly, the values of percentage increase in H2O2 were in the range of 99.16–156.01% and 33.73–68.04% (in Xiangyaxianzhan), 16.43–24.71% and 7.65–20.05% (in Basmati-385), in MDA were in the range of 12.52–151.48% and 53.97–104.88% (in Xiangyaxianzhan) and 76.75–108.43% and 11.83–25.27% (in Basmati-385), and in leaf leachates were recorded in the range of 61.18–112.46% and 77.13–130.19 (in Xiangyaxianzhan) and 66.06–79.21% and 97.46–100.50% (in Basmati-385), at HS and MS, respectively. In general, the degree of oxidative stress was highest in Xiangyaxianzhan followed by Meixiangzhan-2 and Basmati-385 while the values of percentage increase for MDA and H2O2 contents and leaf leachates were higher at MS than HS (Table 2).


Table 2. Effect of different Pb concentrations on oxidative stress indicators, protein and osmolyte accumulation of three scented rice cultivars at heading and maturity stages.
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Pb toxicity regulated the production protein, proline and soluble sugars in all rice cultivars at both HS and MS; however their concentrations were remained lower at MS than HS. Compared with control, the protein and proline contents of all rice cultivars (except protein contents in Meixiangzhan-2 at HS and in Basmati-385 at MS) were significantly affected (P < 0.05) by different Pb treatments, however, the contents of soluble sugars were remained statistically similar (P > 0.05) at both sampling stages. On average, at HS, Meixiangzhan-2 accumulated highest protein and proline contents while Basmati-385 accumulated higher soluble sugars at this stage whilst at MS, higher protein and soluble sugars were recorded in Basmati-385 (Table 2).

SOD, POD, CAT, and APX Activities

All Pb application levels affect variably to the enzymatic anti-oxidants in terms of SOD, POD, CAT, and APX activities in all rice cultivars at both HS and MS. At HS, the activity of SOD increased up to 25.53 and 32.66% at 400 ppm for Meixiangzhan-2 and Xiangyaxianzhan, respectively and then started to decline till 1,200 ppm; however for Basmati-385, the SOD activities were increased up to 49.41% till 800 ppm and then declined. Even though Pb toxicity changed SOD activities in Basmati-385 but the increase was not reached up to significance level (P > 0.05). The maximum POD activity was recorded at 400 ppm (63.46%) for Meixiangzhan-2, at 800 ppm (11.74%), and at 1,200 ppm (59.72%) for Basmati-385, compared with control. Similarly, the activities of CAT and APX were remained highest at 400 ppm (16.32 and 20.59%) for Meixiangzhan-2, at 800 and 1,200 ppm (4.62 and 134.78%) for Xiangyaxianzhan, and 5.38 and 58.33% for Basmati-385 at the same level of Pb as compared with control. At MS, the SOD activity decreased for Meixiangzhan-2, statistically similar (P > 0.05) for Xiangyaxianzhan and increased for Basmati-385 at all levels of Pb then control. The POD and CAT were recorded highest at 400 and 800 ppm (49.86 and 90.41%) and (2.04 and 57.29%) for Meixiangzhan-2 and Xiangyaxianzhan, respectively as well as at 1,200 ppm (18.53 and 44.76%) for Basmati-385. Similarly at HS, the activities of APX were also found statistically similar (P > 0.05) for all rice cultivars under in all Pb-treatments including control. Overall, the enzymatic activities were remained comparatively higher at HS than MS in all rice cultivars (Table 3).


Table 3. Effect of different Pb concentrations on enzymatic anti-oxidants of three scented rice cultivars at heading and maturity stages.
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GSH Contents and Reduced to Oxidized GSH (GSSG), Total Glutathione (GSH+GSSG) and GSH/GSH Ratio

In response to Pb, all rice cultivars showed substantial changes in GSH, GSSG, and the total glutathione (GSH+GSSG) at both HS and MS at different Pb-treatments. For instance, at HS, an increase of 67.47, 45.18, and 86.78% in GSH, 88.34, 57.28, and 117.54% in GSSG and 69.16, 39.74, and 88.59% in total glutathione (GSH+GSSG) levels were recorded in Meixiangzhan-2, Xiangyaxianzhan, and Basmati-385, respectively as compared with control. Moreover, at MS, the levels of GSH and GSSG and total GSH+GSSG were remained statistically similar (P > 0.05) for Meixiangzhan-2, and only GSSG for Xiangyaxianzhan for all the treatments including control while GSH and total GSH+GSSG decreased with higher levels of Pb toxicity. The GSH, total GSH+GSSG were found highest at 1,200 ppm and GSSG at 800 ppm with a percentage increase of 26.70, 21.49, and 91.37%, respectively. In addition, the ratio of GSH/GSSG was found statistically similar (P > 0.05) for Meixiangzhan-2 and Basmati-385, and not for Xiangyaxianzhan (highest at 1,200 ppm) at HS. At MS, no significant changes were observed for GSH/GSSG in Meixiangzhan-2 and Xiangyaxianzhan while varied significantly (P < 0.05) in Basmati-385 with an increase from 0 to 800 ppm and then decreased with further increase in Pb-toxicity. Overall, the GSH, GSSG and total GSH+GSSG were higher at MS than HS while the ratio of GSH/GSSG was found higher at HS than MS in all rice cultivars (Table 4).


Table 4. Effect of different Pb concentrations on non-enzymatic anti-oxidants of three scented rice cultivars at heading and maturity stages.
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Yield and Grain Quality Related Attributes

All Pb-treatments caused considerable reduction in yield and related attributes and resulted in deterioration of grain quality in all rice cultivars (Tables 5, 6), in dose dependent manner. Pb-stress reduced 15.70, 27.03, and 15.63% total tillers/pot, 24.10, 33.33, and 20.27% productive tillers/pot, 19.66, 21.02, and 12.03% grains/ panicle, 9.48, 15.36, and 11.03% 1,000-grain weight, 58.05, 69.12, and 46.27% grain yield pot−1, and 44.24, 61.11, and 39.30% harvest index while 111.95, 230.01, and 55.31% increase in sterility percentage were recorded in Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively. In addition, tillers/pot and 1,000-grain weight for Meixiangzhan-2 while productive tillers/pot, grains/panicle and sterility percentage for Basmati-385 were remained statistically similar (P > 0.05) (Table 5).


Table 5. Effect of different Pb concentrations yield and yield related components of three scented rice cultivars.
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Table 6. Effect of different Pb concentrations on grain quality attributes of three scented rice cultivars.
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Pb toxicity reduced brown rice rate (6.76, 10.06, and 4.87%), milling recovery (6.99, 11.12, and 6.53%), milling degree (6.76, 4.18, and 4.78%), head rice rate (28.71, 29.88, and 14.87%), while increased chalkiness rate (56.42, 59.30, and 28.72%) and rice chalkiness degree (33.17, 60.64, and 47.48%) in Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively. Moreover, moisture contents for Meixiangzhan-2 and grain alkali for Meixiangzhan-2 and Xiangyaxianzhan were found statistically similar (P > 0.05) while reduced significantly (P < 0.05) in Basmati-385. Further, reduced grain moisture contents i.e., 1.56 and 1.83% for Xiangyaxianzhan and Basmati-385, and 14.10, 18.42, and 9.84% in grain protein for Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively were recorded. Additionally, grain amylose contents increased under Pb stress conditions, and the values of increase percentage were reached at 11.76, 29.41, and 12.80% for Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively (Table 6).

Correlation Analyses among Yield and Yield Contributing Factors under Pb Toxicity

Significant correlations (P < 0.05) were recorded among grain yield with yield related attributes in all rice cultivars under Pb-treatments. Significant and positive correlations between rice yield with productive tillers/pot (r = 0.98, 0.99, and 0.99) and grains per panicle (0.99, 0.93, and 0.96) were observed in Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively while significant but negative with sterility percentage (r = −0.99 and −0.98) for Xiangyaxianzhan and Basmati-385, respectively; however relationships of grain yield with sterility percentage were remained non-significant (P > 0.05) for Meixiangzhan-2. Furthermore, the relationships of rice grain yield with 1,000-grain weight were only significant for Xiangyaxianzhan (r = 0.99), while remained non-significant (P > 0.05) for Meixiangzhan-2 and Basmati-385 under Pb-toxicity (Figure 1).
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FIGURE 1. Relationships between grain yield per pot with productive tiller pot−1, grains panicle−1, sterility (%), and 1,000-grain weight for Meixiangzha-2 (A–D), for Xiangyaxiangzhan (E–H), and for Basmati-385 (I–L) under different Pb concentrations using polynomial linear regression analyses. *Significant at P < 0.05, **Significant at P < 0.05, ns, non-significant.



Pb Uptake and Percentage Accumulation in Different Plant Parts

The percentage Pb contents within plants parts are increased with an increase in the concentration of Pb applied. The roots stored the maximum proportions of Pb contents in all rice cultivars at all Pb-treatments. At HS, the root Pb proportions were remained up to 9.98, 6.82, and 4.65-fold higher for Meixiangzhan-2, 8.08, 4.44, and 3.76-fold higher for Xiangyaxianzhan and 6.78, 3.22, 3.13-fold higher for Basmati-385 than the combined/total Pb proportions (%) in stems, leaves and Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively at 400, 800, and 1,200 ppm soil Pb levels, respectively; however, the values were decreased as soil Pb level increased. Further stems accumulated 1.95, 1.87, and 3.76-fold higher Pb contents (%) than leaves and 13.60, 15.83, and 35.68-fold higher than ear Pb contents while the leaves Pb contents were remained 8.55, 8.45, and 9.49-fold higher than ears of Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively. At MS, root stored 7.53, 7.86, and 6.39-fold of Pb contents than all other plant parts whereas the stems Pb contents were 2.69, 1.95, and 3.78 times higher Pb stored than leaves of Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively. Moreover, grain Pb contents were 29.88, 31.99, and 32.64-fold lower than leaves Pb contents in Meixiangzhan-2, Xiangyaxianzhan and Basmati-385, respectively (Figure 2). Means across all three cultivars showed that the pattern of Pb accumulation in different plant parts as follows (mean values, mg kg−1): root (1,892, 2,916, and 4,606) > stem (140, 420, and 817) > leaves (76, 191, and 362) > ears (16, 26, and 41) at HS whist root (2,163, 3,125, and 4,763) > stem (470, 488, and 957) > leaves (216, 215, and 389) > grains (4.04, 8.44, and 12.39) at 400, 800, and 1,200 ppm Pb concentrations, respectively at MS. Hence, the Pb contents were decreased along the plant from root to ears/grains in all rice cultivars.
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FIGURE 2. Percentage distribution of Pb contents in (A) root, stems, leaves and ears at heading stage (HS) and (B) root, stems, leaves and grains at maturity stage (MS) in Meixiangzhan-2, Xiangyaxiangzhan and Basmati-385. Each vertical column at each level of Pb represents the respective proportions of Pb contents in all parts under the same Pb level for a given rice cultivar.



DISCUSSION

Present study revealed the toxic effects of Pb on photosynthetic pigments, plant metabolism, yield and quality and its bio-accumulation in three different scented rice cultivars. Pb-toxicity severely affected photosynthetic pigments in Meixiangzhan-2, Xiangyaxianzhan and Basmati-385 and the effects were become more intense with an increase in soil Pb-concentration at both HS and MS. (Table 1). Previous studies demonstrated the leaf chlorosis and/or leaf discoloration and chlorophyll destruction are the consequences of Pb-toxicity (Ernst et al., 2000; Srivastava et al., 2014), as depicted from our studies. Under Pb stress, the central Mg2+ is replaced by Pb2+, thus impaired chlorophyll molecules, caused chlorophyll ultrastructural changes and inhibit chlorophyll biosynthesis (Kupper et al., 1996). Further, Anjum et al. (2016c) also observed significant reduction in Chl a, Chl b, and total Chl a+b in maize facing individual and combined metal toxicity (Al and Cr). Increased chlorophyllase activities under metal toxicity often resulted destruction of chlorophyll production and carotenoids and/or may undergo to photo-oxidation (Luna et al., 1994; Gill et al., 2015).

Pb toxicity led to destructive changes at both HS and MS in scented rice in terms of H2O2 production, lipid peroxidation (MDA production) and membrane damage (electrolyte leakage) and the rate of destruction was highest in Xiangyaxianzhan followed by Meixiangzhan-2 and Basmati-385 (Table 2). Exposure of Pb stress in rice might resulted in over-production of reactive oxygen species (ROS) which oxidize essential cellular structures and cell membranes. MDA production due to peroxidation of polyunsaturated fatty acids is a key indicator of oxidative stress, while leaf leachates provide an estimated degree of membrane damage. Production of H2O2 up to a certain level can play a signaling role to activate the stress-tolerant related genes under abiotic stresses; however, its high rates of production and excess accumulation would lead to severe consequences in plants (Prasad et al., 1994). Pb-induced higher rates of H2O2 production were also reported by Chen et al. (2007) in 18-d old rice seedlings. Excessive rate of degradation in Xiangyaxianzhan and Meixiangzhan-2 would probably due to high-rate activities of ROS at higher Pb-levels which resulted in loss in membrane integrity and cellular damage than Basmati-385, and showed a Pb-sensitive behavior. Moreover, less ROS-induced injury in Basmati-385 than other two rice cultivars possibly due to reduced rate of production or its resilient abilities to scavenge ROS. Enhanced oxidative damage in terms of ROS production in Pb-sensitive rice seedlings were also described by Verma and Dubey (2003). Similarly, higher rates of oxidative damage and lipid peroxidation were also found in Ni-sensitive rice seedlings “Pant-12” under elevated Ni-levels (Maheshwari and Dubey, 2009).

Osmo-regulation through accumulation of various osmolytes is an important plant defensive response against multiple abiotic stresses (Farooq et al., 2009; Pourrut et al., 2011; Fahad et al., 2016b). In this study, Pb toxicity changed the production/accumulation of protein, proline and soluble sugars; however the rate of production was varied among all three rice cultivars and Pb-toxicity levels. Among three rice cultivars, Xiangyaxianzhan was found least effective regarding osmo-regulation under Pb-toxicity (Table 2). Biosynthesis and relative accumulation of these osmolytes are well-recognized due to a wide range of their functions, i.e., protection and stabilization of cellular membranes, protection of several enzymes, act as osmoticum for turgor maintenance, and scavenging roles against ROS (e.g., proline) in plants under heavy-metal stress (Rodriguez et al., 2012; Ali et al., 2014; Ashraf et al., 2015). Our results further revealed that the production and accumulation of these osmolytes may be reduced with higher rates of Pb-toxicity (Table 1). These dynamics in osmolyte accumulation possibly depends on comparative production and detoxification of ROS within plant cells/tissues, which can be explained that at higher Pb-levels, the production rates and activities of ROS might be too high to be quenched or the rate of osmolyte are not increased with respective to the ROS generated. Dynamic accumulation and roles of these osmolytes under Pb stress were previously reported by Chatterjee et al. (2004) and Piotrowska et al. (2009) who concluded that these osmolytes and protein pools may decrease at high Pb-levels, which may lead to severe oxidative stress. Furthermore, utilization of proteins in Pb detoxification and Pb-induced reduction in free amino acids may disturb N-metabolism in plants (Chatterjee et al., 2004; Gupta et al., 2009). However, increased proline contents which may play a significant role in Pb tolerance under Pb toxicity were recorded in Cassia angustifolia Vahl (Qureshi et al., 2007). Hence, any decrease in the concentrations of osmolytes would affect the Pb-tolerance mechanism in rice.

We have observed significant variations among defense system in terms of SOD, POD, CAT, and APX activities as enzymatic and accumulation of GSH, GSSG and total GSH+GSSG as non-enzymatic anti-oxidants in Meixiangzhan-2, Xiangyaxianzhan and Basmati-385 at both sampling stages; however, the activities of enzymatic and non-enzymatic anti-oxidants were Pb-concentration dependent. Moreover, at initial levels of Pb toxicity, the enzymatic anti-oxidants activities increased, but then decreased abruptly with further increase in Pb toxicity; however, the values of percentage decrease were recorded as Xiangyaxianzhan > Meixiangzhan-2 > Basmati-385 (Tables 3, 4). Upon lead exposure, plants activate their anti-oxidative defense mechanism to quench Pb-generated ROS to minimize oxidative stress; however, the activities of these enzymes can be reduced with metal intensification. Normally, increase or decrease in enzymatic activities depends on plant genotype, extent of stress to which plants are exposed, metal concentration, plant age, form of metal in rhizosphere, and duration of metal exposure (Islam et al., 2008; Singh et al., 2010). A specific Pb level might be inhibitory for one enzyme but promotive for the others; however these dynamics in their activities vary plant to plant. Some researchers declared Pb-induced increase in anti-oxidative defense system (Choudhury and Panda, 2004; Reddy et al., 2005) while other found significant reductions in their activities at higher Pb levels (Mishra et al., 2006; Chen et al., 2007). SOD, a metallo-enzyme, detoxifies [image: image] to H2O2 and O2, hence play a crucial role to cleanse the ROS while CAT and APX are also key enzyme involved in the catabolism of H2O2 to H2O and O2 (Garg and Manchanda, 2009). Activities of POD provide protection to cell membranes through detoxification of free radicals that normally cause lipid peroxidation (Radotic et al., 2000). In our study, overall activities of these anti-oxidants were remain higher from low to medium Pb levels (400–800 ppm), and then reduced with further increase in Pb concentration; however, such a decrease was low in Basmati-385, which shows its ability to maintain anti-oxidative defense system more efficiently than other two rice cultivars. The possible reason of enhanced activities at lower Pb concentrations could be due to high detoxification rates of ROS produced in the plant tissues, however, at higher rate (1,200 ppm as in our case), the production and activity rate of ROS may be too high that the ROS scavenging activities of anti-oxidants and/or the production rate of these enzymes do not remain high enough to quench ROS at high-Pb concentrations. Both increased and decreased anti-oxidant activities under different heavy metals were previously reported (Guo et al., 2007; Anjum et al., 2016c).

Both GSH and GSSG are the most abundant non-enzymatic anti-oxidants in plants and also provide protection in plant cells from ROS-generated free radicals and serve as redox buffer (Sharma and Dietz, 2009). Our results showed a significant increase in both GSH and GSSG as well as total GSH+GSSG contents in all rice cultivars under Pb-stress, but such an increment (on percentage basis) were higher in Basmati-385 followed by Meixiangzhan-2 and Xiangyaxianzhan (Table 4). GSH has a direct role in Pb-detoxification and an essential component of Halliwell-Asada pathway where inter-converted into GSSG and GSH by two enzymes i.e., glutathione reductase (GR) and dehydroascorbate reductase (DHAR). Increased rates of GSH under Pb stress showed their ability to detoxify ROS by involving in H2O2-scavenging mechanism (Piechalak et al., 2002). Further, higher GSH/GSSG ratio in Basmati-385 was attributed to higher anti-oxidative capacity of this cultivar under Pb stress; while decline in GSH/GSSG ratio at MS than HS representing reduced anti-oxidant activities at MS. Contrary to our results, Srivastava et al. (2014) found decline in GSH contents in rice seedlings under interactive Pb and Cd stress, while both GSH and GSSG contents were increased in Brassica napus under Pb stress (Ali et al., 2014). Recent results of Mostofa et al. (2015) are in accordance with our studies who found a considerable increase in glutathione contents in rice seedlings under Cu stress.

Yield and quality components of all rice cultivars differentially affected by Pb-toxicity; however the reductions were more apparent in Xiangyaxiangzhan followed by Meixiangzhan-2 whilst Basmati-385 was least affected by Pb-stress (Tables 5, 6). External environment and genotypes interactions as well as crop management are the factors that are directly related to the yield formation and quality attributes of aromatic rice. Reductions in yield components under Pb toxicity would lead to reduced grain yield and harvest indices of all rice cultivars with maximum yield loss in Xiangyaxiangzhan. Previously, Pb concentration-related changes in rice yields were also observed, for example, soil Pb concentration at 1,000 mg kg−1 resulted in about 12% rice yield reduction (Gu et al., 1989), improved up to 2.54% (at 100 mg kg−1) and then decreased to 4.61% as soil Pb concentrations increased to 300 mg kg−1 of soil (Wang and Wu, 1997). Furthermore, Xie and Huang (1994) argued that low Pb levels could enhance rice tillering ability while would lead to significant reductions as soil Pb concentrations increased. Plant external factors led to significant changes in rice quality attributes especially in aromatic rice cultivars. Significant reductions in rice quality attributes i.e., brown and milled rice rates as well as head milled rice rate were found in two rice cultivars, “Yuxiangyouzhan” and “Tianyou998” exposed to individual (Pb and Cd) and combined metal (Pb+Cd) toxicity (Wang et al., 2010). Influences of external factors on rice quality attributes including rice chalkiness, amylose and grain protein contents grain amylose were also previously reported (Li et al., 2016; Mo et al., 2016). In addition, we have observed significant relationships of rice grain yield with most of the yield related attributes in all rice cultivars (Figure 1). Our results also corroborates with the findings of Liu et al. (2003) who concluded that rice yield components could have significant relationship with paddy yield under Pb toxic conditions; and any changes in yield components would have an ultimate effect of grain yield of rice.

In our study, all three aromatic rice cultivars accumulated different proportions of Pb contents in different plant parts; nonetheless the trend for Pb distribution proportion (from minimum to maximum) for all rice cultivars were recorded as: grain (at MS) < ear (at PH) < leaves < stems < root. Plant Pb contents were also affected by soil Pb-concentration (Figure 2). Higher Pb contents in above ground plant parts impart rice morphology and physiology, and would thus result in yield penalty. More transportation of Pb to grain may lead to quality deterioration and would raise grain quality issues. Among three rice cultivars, highest losses in Xiangyaxiangzhan may be related to higher Pb contents accumulated in above ground plant parts than Meixiangzhan-2 and Basmati-385. Plant characteristics and presence of Pb form in the soil solution would normally determine the fate of Pb in soil-plant-Pb interaction (Stoltz and Greger, 2002). Soil Pb concentration may possibly increase its accumulation in edible plant parts, regardless its mobilization rate from soil to plant (Li et al., 2007). Our results of increased soil Pb concentrations related increase in grain Pb contents are in accordance with Feng et al. (2011). On the other hand, Liu et al. (2015) reported that soil Pb contents and its respective accumulation in the grains has no one-to-one correlations and is not the only determinant for grain Pb accumulation in rice which suggests not only the soil Pb contents but also various other factors may also involve in accumulation and transportation of Pb in the plants. Hence, Pb transformation, transportation and accumulation mechanisms in soil-plant system are quite complex and would largely depends on plant characters, soil physicochemical properties and biological activities within the soil (Zhao et al., 2010). However, Pb uptake and its internal distribution with different plant parts would determine sensitivity and tolerance index in rice (Rout et al., 2001).

CONCLUSIONS

This study concluded that Pb toxicity may have severe consequences on rice yield and quality characters by changing its internal physio-biochemical mechanisms and inhibiting biosynthesis of photosynthetic pigments in scented rice. Among studied rice cultivars Basmati-358, Meixiangzhan-2 and Xiangyaxiangzhan proved tolerant, medium, sensitive to lead (Pb) with respect to percentage yield reduction and Pb accumulation behavior (higher in edible plant parts than other two rice cultivars). Moreover, higher Pb concentrations in the soil led to increased Pb proportions of Pb contents in grains of all rice cultivars; but the accumulation pattern from minimum to maximum was observed as: grain (at MS) < ear (at HS) < leaves < stems < root. In our case, although all Pb levels damaged the aromatic rice cultivars while soil Pb level exceeding 800 ppm resulted in significant losses in all rice cultivars. Hence, soil Pb level beyond 800 ppm could be toxic for fragrant rice cultivars and could bring significant yield losses along with rice quality deterioration.
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Rice cultivars Pb HS ms

sop POD CAT APX sop POD CAT APX
Umin=! g=1 FW Umin= g=1 FW
Meixiangzhan-2 0 40594 £ 15.46ab 7773 % 027b 56558+ 234a 025+006a 83516480662 70204 0.76b 978+ 0.77c 030 & 0.05a
400 50059 +47.18a  127.07 % 4252 64.60 & 6.13a 0800082  20504%1882 10520 +264a 1451 044> 038 £0.12a
800 3456620050 8193+ 38% 28.07 & 087b, 015+001a 2114217260 61404362 1854 & 0.47a 051 %006
1,200 24247 £ 4482c  99.00  1.500 28.27 £ 0870 047 £001a 100.46  6.73¢ 4478 £ 229 7.38  0.24d 058 % 0.30a
Means 375.92 96.43 44.12 022 21325 67.88 1253 043
LSD 0,05 11536 2419 1089 047 77.69 830 168 054
Xiangyaxianzhan 0 20274£2077b  12153+03%b  27.40% 191a 050+008a 12922 +357a 56.47 % 2.63ab 640 + 0500 0.70 0492
400 268951882  12954%121ab 2827 £07Ma 0724043 136.07  8.8% 56,60 & 1.75a 867 +0.13a 1.5 £ 0,552
800 24064+ 1266ab 13580+ 1336a 2868+ 052 097£032a 14384 +£881a 50404129bc 1007 +058a 141 £ 0822
1200 22968 117420  108.00 % 0420 2307 + 024b 147 £ 027a 124.20 + 6342 4638 & 0.44c 693 050 0420422
Means 235.50 12372 2686 084 183.33 52.20 802 092
LSD 0,05 6396 2188 345 o072 23.60 561 160 181
Basmati-385 o 11653  5.94a 65.58  024b, 24.80 & 050a 0.17 +007a 109.50  3.95b 56.40 % 1.29b, 1877 £ 0.83 034 £0.12a
400 157.08 + 33.22a 71.11 £ 067b 25.87 + 1.35a 020 + 0.02a 163.93 + 7.31a 6293 £+ 2.01a 1860 + 1.93a 0.80 + 0.25a
80 17260+ 1046a 7213+ 562 2613 + 2.10a 026 % 004a 189.95 + 0.46a 61.18 % 1.45a 19.60  0.42a 072 %0.08a
1,200 168.45 + 13.57a 104.67 + 0.79a 18.33 + 0.41b. 0.28 + 0.09a 168.95 + 14.27a 65.67 + 1.29a 1993 + 1.16a 0.85 + 0.21a
Means 150.92 78.36 278 023 188.11 61.28 17.98 068
LSD 0.05 61.71 9.33 421 020 26.93 501 397 058

Values are the means of three independient determinations  SE. Values with different lower case ltters difer significantly at P < 0,05 according toleast significant diference test. HS, Heading stage; MS, Maturity stage; SOD, Superoxide
dismutase, POD, Peroxidases, CAT, Catalases; APX, Ascorbate peroxidases.
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Rice cultivars

Meixiangzhan-2

Means
LSDo.0s

Xiangyaxianzhan

LSDoos

Basmali-385

Means
LSD 0,05

Pb (ppm)

400
800
1,200

0
400
800
1,200

400

1,200

GSH

241.00 4 18.70¢
28273 + 1.79
324.08 £ 4.74b
40361+ 12.70a

30034
37.78

227.36 + 1691
281.07 £ 15.91b
295.39 + 9.30ab
33008 £ 14.23a

283.48
4598

21662 + 8.95¢
288.23 + 30.26bc
31150 + 16,320
40459 + 22.97a

305.24
80.14

HS

GSSG GSH+GSSG

pmol g=1 FW

21244249 26224 % 1929
21864228 2545048740
36194212 36022 +61%
40.00 + 3.38a 443.61 £ 13.16a

29.82 330.17

851 3084
2452+186b  251.88 % 14.80b
271441800 30821 £17.57a
38.57+165a 03396 +7.65
21914343 95199 £ 16.4%

28.04 31151

7.51 47.78
1857 £189 23019 +828¢
14.05 + 6.32b 802.27 + 37.26bc
2167 £512b 83317 £ 11.41b
29.52 + 0.26a 434.12 + 24.18a

19.70 324.94

956 75.99

GSH/GSSG

11.66 + 1,53
1089 + 1.19
9.01 £ 0.48a
1023 +0.93a

1045
359

9.45 + 1.30bs
1037 £ 0.29%
7.71 £ 0.57b
1564 £ 1.85a

11.24
384

1626 + 1.09
22.67 + 2.65a
16.66 + 4.95a
13.69 + 1.26a

17.32
1363

GsH

429,65 * 62.94a
36972 £ 17.25a
318,66 + 54.62a
379.53  31.06a

374.39
147.72

424.28 + 38.73
368.79  23.68ab
874.16 + 18.31ab
327.61 % 11.180

373.71
81.87

341.93 20,650
368.18 + 21.69ab
331.19 1895
433.24 + 35.67a

36864
81.99

ms
GSSG GSH+GSSG
pmol g=1 FW
61.43£1001a  491.08 +55.90a
564341552 42615 +28.11a
82.14£58a  400.80 +59.13
50206040 43881 +260ta
64.82 439.21
2333 146.64
55.48+£0%0a 47976 +35.27a
5119+ 1040 41998 4 22,650
411947382 41535 + 152280
53104298 98071 & 13.64b
5024 42395
14.52 76.04
27.62£ 104 39265 + 21.04ab
50.71 £ 5.41a 421.04 + 16.79ab
5286+7.30a 35881 1790
43.81 + 7.08ab 477.04 + 40.51a
375 41239
1885 84.55

GSH/GSSG

775 252
7.38 £ 1.50a
3.84 £ 0.47a
672 £ 1.40a

6.42
535

7.83 £ 131a
7.23 £ 061a
9.90 £ 2.27a
6.19 £ 0.222

7.79
4.40

6.92 & 0.96b
7.31 £ 1.24p
12.08  1.13a
10.26 + 1.23ab

9.14
374

Values are the means of three independent deteminations  SE. Values with different lower case letters dffer significantly at P < 0.05 according to least significant difference test. HS, Heading stage; MS, Maturity stage; GSH, Redluced
glutathione; GSSG, oxidized glutathione.
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Rice cultivars  Pb (ppm)

Meixiangzhan-2 0
400
800
1,200
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LSD 0,05

Xiangyaxianzhan 0
400
800
1,200

Means

LSD 0,05

Basmati-385 0
400
800
1,200

Means.

LSD 0.05

chla

322 4032a
1.60 4 0.19b
1.46 4 0020
115+ 0200

1.86
078

221 £042a
119 0020
097 £0.11b
0.65 % 0,060

126
071

447 £0.16a
3.62 £ 0.08b
2.87 £ 0.27bc
2.12 £034c

327
076

chib

2.12 % 0.46a
1.08 40,120
0.96 £ 0.010
0.56 % 0,085

147
079

1.52 £ 0.73a
0.79 £ 0.02a
066 £ 0.07a
0.40 4 0.02a

0.84
119

285 £0.12a
257 £0.15a
1,80 4 0.280
1.18 £ 0.07c

2.10
056

HS
Chla+b
mgg~! FW

534+ 074a
263 + 0.31b
2.42 £ 0,03
1.72 £ 027b

3.03
138

373 £ 0.06a
1.97 & 0.18b
1.62 % 0030
1.05 % 083b

2.09
139

7.32 £ 0.24a
6.19 £ 0.21b
4.67 & 0,060
3.30 4 035d

5.37
0.78

Carotenoids.

127 0212
115+ 0.16a
1.04 0342
059 + 0.12a

1.01
078

1.83 % 0.10a
1.37 & 0.34ab
1.02 + 0260
0.75 % 0.04b

124
072

1.82 4 013
1.39 & 0.21ab
1.20  0.08b
0.97 % 0.18b

1.35
052

chla/b

1.65 +0.33
1.55 + 001a
1.61 £ 0.02a
2.18 +0.74a

172
1.82

1.61 £ 017a
1.47 £ 001a
1.51 £ 001a
2.31 % 1.20a

178
198

1.57 + 0.06a
1.41 £ 0062
1.75 & 049
1.81 4 0302

1.64
096

chla

2.80 & 0.46a
2.21 4+ 0.36ab
1.35 4 0.11bc
1.12 £ 007¢

1.87
098

2.02 +008a
1.1+ 021b
0.96 % 0.14bc
0.59 # 0.05¢

147
0.44

3.86 + 0.05a
3.33 40352
2.25£0.15b
2.06 % 0.06b

288
0.63

Chib

1.87 4 0.23a
120 £ 0170
11340180
057 +0.180

1.19
063

145 £ 021a
0.76 £ 0.17b
0.59  0.050¢
0.28 +007c

07
0.46

240 £0.11a
231 £034a
119 £ 009
110 4 0.04b

175
061

ms
Chla+b
mgg~! FW

467 +058a
3.40 £ 0.36b
248 £ 0.11bc
1,69+ 0,13

3.06
115

347 £028a
1.87 0100
1.55 £ 019
087 +0.10¢

194
0.60

627 £0.06a
564 £ 051a
3.44 20160
3.16 £ 0.06a

463
089

Carotenoids.

1.01 %0072
0.70  0.12ab
0.66 £ 0.15b
0.55 % 0.02b

073
033

096 £0.11a
0.65  0.17ab
0.39 £ 0.03b
0.38 % 0.00b

0.60
037

1.46 + 0292
1.26  0.20ab
1.15 % 0.12ab
0.82 % 0.09b

147
061

Chla/b

1,52 & 0232
1.96 + 0.58a
1.30 4 0352
263 + 1.09

1.85
2.09

1.43 £ 0.14a
1.76 £ 0.72a
163 +0.13a
224 +0.41a

177
1.39

1.61 4 0.09a
1.51 4 0.30a
191+ 020a
189 0.11a

1.73
0.63

Values are the means of three independent determinations = SE. Values with different lower case lefters differ significantly at P < 0.05 according to least significant difference test. HS, Heading stage; MS, Maturity stage.
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P M0,
(Ppm) (umol g~ FW)
Mexangzhan? O 4883+ 3800
400 6386 + 261b
800 9066 + 1.82a
1200 11066+ 761
Mears 7850
LSD 0,05 2622
Xangyaxienzhan O 39,56  4.90c
400 7876 1180
800 80204 1.14b
1,200 101.25 + 0.26a
Means. 7494
LD 005 844
Basmali385 0 9550569
400 9288+ 474b
800 111.18:% 1.90a
1,200 109.09 : 6:60a>
Mears 102.16
LSD 0,05 16.48

Vakses are the means of three independent determinations = SE. Values with different lower case lofters differ significantly at P < 0.05 according to least significant difference test. HS, Heading stage;

HS

MDA
(wmol g~ FW)

892+ 007c
11.98 + 0420
10.44 = 0:38bc
2205+ 1162

1357
210

1021+ 024b
11.49 2 1260
1151 £ 0840
2567 + 2448

1472
470

6.44 £ 0950
11,59 1208
1140 £ 061a
18.43 085

1067
308

Leachates
(%)

3811+ 041d
7454+ 052
79,65 + 0.46b
82.42 + 0262

6568
139

4029 + 1540
64,95 + 0.08c
70,68 + 0.75b
8561 + 014a

65.38
281

40.00 £ 0.49¢
6857 + 1.75b
60.18 + 052ab
7184 % 1672

61.92
a07

Hz0p

Ms

MDA

(wmol g=1 FW) (umol =1 Fw)

91.38 + B.46c
107.65  2.05b¢
121,25 % 5700
163.99  7.36a

12107
1654

10808+ 321
187,85 £ 6.420
16885 5562
17321 £ 537a

145.74
17.20

96616670
108.99  2.44ab
107.39  3.14ab
1597 £ 4318

105.99
1448

5964 024b
607 02280
675 + 0223
8714159

687
268

9.10 % 085¢
14.01 £ 06885
16.94 & 1.00ab
1864 & 1.30a

1467
319

6574 127a
a2 135
720+ 047a
798+ 018

717
312

Leachates
(%)

39,00+ 0224
63.56 + 0280
7954 £ 0150
90,01 £ 1.04a

6825
181

40.76 £ 1.28¢
722140470
77.06 £ 5756
9384 + 0862

7097
970

42.47 £ 339
8357 £ 032
8676+ 5142
85.16 + 2262

7457
1070

Protein
wgg™! FW)

84.25 % 404a
8801 % 654a
10994 & 852
10154 £ 12.07a

9594
2717

4150 + 20000
45,01 £ 031ab
4839 £ 2.10a
3987 £ 3670

4369
765

36.02 053
3878 £ 2200
4501+ 979
7606 + 2422

a8.97
1685

HS

Proline
g™ FW)

1962 + 2840
16.30 + 0520
2177 £ 1470
4287 £ 2062

25.14
626

1298 + 1.760
3154+ 3140
35.44 + 4182
37.45 + 5622

2035
1284

1415 % 1.7%
18.45 % 1,360
2001 179
3115 + 280

2094
696

Soluble Sugars
(mg ™! FW)

938 £ 0802
984 %058
10.13 & 050
1057 £ 0550

098
197

9.46 % 057a
092+ 0582
985 £ 0802
1044 £ 055a

092
196

058+ 0562
1014 £ 0:60a
10.13 & 0.60a
1045  0.5%

1006
192

Protein
(g™ FW)

2351 £317b
3074+ 0282
3027 £ 1882
22.77 £ 7.70b

8132
1892

39.00 + 2822
36.76 + 4,498
34.47 £ 205ab
25,13+ 6020

3384
1850

2791+ 7308
3332:£ 2208
4069 171a
39.40 1762

3533
13,06

Ms
Proline Soluble Sugars
eg™TFW)  (mggTFW)
20.60 £ 384c 9.86 + 0.5%
2412+222%c 910+ 053
30.36 + 1.22a 9.56 £ 0.56a
20392068 1030 085
2807 ort
7.58 2.09
21.97 + 1.28b 9.19 £ 0.60a
23335108 0644086
205120700 10.17 £086a
33.69 £ 052 9.58 + 0.60a
2585 9.5
410 200
135042600 026054
135741600 987 £087a
15.33 £ 0.59b 9.86 + 0.58a
20005258 1017408
1782 079
6.68 2.09

MS, Maturity stage.
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Rice
cultivars

Meixiangzhan-2

Means
LSD 0,05

Xiangyaxianzhan

Means
LSD 0.05

Basmati-385

Means
LSD 0,05

Pb
(ppm)

400

1,200

400

1,200

400

1,200

Tillers/pot

4041 £2.19
38.08 + 3.22a
37.07 + 3.06a
34.07 + 1.00a

a7.41
824

37.07 £ 3.06a
33.40  0.33ab
29.06 & 1.0000
27.05 £ 1.740

31.65
599

32,06 + 153
30.73  1.86ab
30,06 + 1.53ab
27.05 4 0.00b

29.98
465

Productive
Tillers/pot

27.72 % 1462
26.72 + 033
22,04 + 058
21.04 + 0580

2438
278

23,05 +2.09
19.37  0.88ab
17.08 £ 0.58b
15.36 + 2.34b

18.70
539

24.72 % 261a
24.05 + 2522
21.38 +2.03a
19.71+ 120

2247
7.06

Grains/panicle

162.44 £ 6.72a
15211 % 8.9%ab
138,55  3.43bc
13050 £ 1.72¢

145.90
19.35

174.46 £ 4.408
164.07 £ 11.41a
154.37 £ 5.14ab
137.78 £ 3.53b

157.67
2239

157.80  26.03a
161.49 £ 23.94a
14070  8.10a
138.82 + 5.4%

147.20
59.82

Sterility
percentage (%)

17.65 £ 0.64c
21,00 + 2.78bc
24.88 + 025D
87.41+232a

2526
602

1178 £ 1.220
23.18 % 2.15b
33.74 £ 3.5%
38,87  2.152

26.89
793

2009+ 4.29a
2157 508
2551+ 1.50a
3119+ 361a

24.59
1252

1,000-grain
weight (g)

19.70 £ 0.67a
18.20 + 1.37a
18.09 4 0.79
17.84 + 0.45a

18.46
2.90

2157 £ 0.69
19.96  0.44ab
18.45 + 0.25bc
18.26  0.52¢

1956
163

19.88 + 0.47a
1952  0.75ab
19.27 + 0.27ab
17.69 + 0.94b

19.09
214

Grain
yield/pot (g)

72.93 + 4.65a
58.91+7.88a
41.37 045D
30,82 +2.720

51.01
15.58

76.97 + 9.43a
48.83 + 4750
32.09 % 1.88bc
23.46  3.36c

45.34
1833

59.95 +5.38a
53.78  3.53ab
42.65 + 0.96bc
3312 + 2.47c

47.38
1138

Harvest
Index

61.94 & 8242
50.79 % 9.81ab
40.11 & 3.53ab
3454 + 6.49

46.85
24.11

68.40 & 11.48a
45.20 & 6.39%ab
3154 £ 272

26,60 & 7.15ab

42,94
24.79

58.19 % 631a
65.85 % 3.20a
44.24 & 4.98ab
3533 + 1580

48.40
14.34

Values are the means of three independent determinations = SE. Values with different lower case Jetters differ signilicantly at P < 0.05 according fo least significant difference fest.
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400
800
1,200
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LSD .05

Xiangyaxianzhan O

400
800
1,200

Means

LSD .05

Basmati-385 o
400
800
1,200

Means

LSD 0.05

Brown rice
rate (%)

76.41 £ 3.14a
75.84 £ 1.70a
75.40 £ 2.16a
7125 £ 1.10a

74.73
7.04

77.87 £ 1.90a
75.78 £ 2.60ab
7550  1.74ab
70.04 £ 0.98b

74.80
6.17

78.18 £ 1.408
76.77  0.40ab
74.24 £ 049
74.38 % 0.30b

75.89
255

ing
recovery (%)

62.73 + 1282
61.85  0.52ab
61.45 + 0.63ab
58.35  1.54b

61.10
353

65.45 + 159
64.23 + 0.46a
62.35 1 1.002
6817 £ 097b

6255
353

64.45 + 063a
62,06 + 0430
61.38 + 0.668bc
60.24 % 0.46c

6203
181

Milling
degree (%)

81.91+ 056a
81.23 1.10a
8303 +0.11a
76.38 £ 0.920

80.64
252

86,33+ 0.70a
82.86 + 0.860
80.23 % 0.700
80.70 + 0980

82.53
267

83.85 + 097a
79.84 + 1.47b
83.10 + 1.51ab
84.49 + 0822

82.82
401

Head rice
rate (%)

75.93 % 2.13a
7407 & 4.212
59.70 + 3.46a
54.13 + 3.44a

65.96
23.92

67.10 & 3.94a
6387 £ 391a
58.80  6.31ab
47.05 + 4.000

59.21
15.47

69.52 + 2.31a
67.03 + 2.09ab
60,00 + 4.160
59.19 + 2,630

63.94
950

Chalkiness
rate (%)

3037 + 1.32d
35.40 + 2300
4043 +057b
4750 £ 132

38.43
492

25.74 + 1960
30,68 + 0.660
31,67 + 2400
41,00 £231a

3227
6.40

27.71 £ 08%
29.93 + 0580
31.78 £ 0.78ab
3567 +3.18a

31.27
561

Chalkiness
degree (%)

10.44 + 0.34c
12.29 + 0.64b
12.55 + 0.33ab
13.90 + 047a

12.30
151

1154 £ 0.71b
12.95 4 0.58b
13.73 £ 091b
18.54 £ 0.59

14.19
2.32

714 £ 0.49¢
9.19 4 0.40b
9.96 + 0.10ab.
1053 + 0.33a

9.21
117

Moisture
contents (%)

1257 +0.03a
13.60 £ 0.95a
12.80 + 0.06a
12.50  0.06a

12.87
155

12.80  0.06a
12.80 £ 0.05a
12.70  0.06ab
12.60 £ 0.04b

1273
0.19

1273 £ 0.07a
12.67 + 0.06ab
1250 £ 0.09b
12.50 + 0.06b

12.60
022

Amylose
contents (%)

18.70 + 0.42b
20.73 % 1.04a
19.10  0.46ab
20.90 & 0.25a

19.86
201

1757 £0.27b
18.30 £ 0.31b
17.70  0.40b
22.73 +1.00a

19.08
188

17.97 £ 0.35¢
18.33 + 0.27bc
19.27 £ 0.19ab
2027 + 0.56a

18.96
121

Vakses are the means of three indepandent determinations = SE. Vakues with different lower case lefters differ significantly at P < 0.05 according fo least significant difference fes.

Protein
contents (%)

757 £ 003
667 0,03
650 % 0.06d
7.20 £ 0.06b

699
0.15

6.33 £ 0,03
6.43 003
750 £ 0.08a
7.10 £ 0,060

684
0.15

643 003a
5.80 % 0.06¢
6,00 % 0.068bc
6.07 + 0.09b

608
0.20

Grain alkali

6.33 £ 0.09%
623 £0.07a
6.20 £ 0.06a
6.20 £ 0.06a

624
022

6.20 £ 0.10a
6.20 £ 0.06a
6.00  0.06a
597 £0.28a

6.09
051

6.07 £0.07a
5.87 +0.08b
5.70  0.06bc
5.60  0.06¢.

581
0.18
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