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Abstract Increased cadmium (Cd) contamination of soils resulting from industrial activities is critical to crop production. The objective of this study was to find varietal differences for foliar chlorosis and necrosis, growth and Cd accumulation in mungbean (Vigna radiata). Despite substantial varietal differences, increased Cd levels reduced the shoot and root dry weight and the number and area of leaves at different growth stages. Applied Cd stress produced the foliar symptoms such as marginal and intervein chlorosis and scattered necrotic spots on younger leaves while accelerating the senescence of older leaves. Slope of regression equation and correlations of shoot Cd content with foliar Cd toxicity revealed that leaf chlorosis was more damaging than necrosis. At maturity, number of pods per plant and seeds per pod were maximally reduced to 37% and 26%, while 100-seed weight, seed yield and harvest index showed 61%, 79% and 54% reduction, respectively, as a result of Cd toxicity. Results suggested that although varietal difference exists, the accumulated Cd is mainly toxic to the mesophyll tissue, most probably by interfering with the uptake of essential nutrients, thereby reducing growth and yield at various stages. Therefore, selection programmes based on foliar toxicity criteria may be beneficial for better utilisation of Cd-polluted soils.



Introduction Heavy metal contamination of soils is an increasing worldwide problem and great environmental threat to biota as these metals accumulate in soils and plants in undesirable amounts (Jamali et al., 2007). Although some heavy metals such as iron, molybdenum, copper, cobalt, zinc and manganese are nutritionally important in trace amounts, their increased levels are potentially hazardous (Keeling et al., 2003). Among the other abundant/toxic metals, cadmium (Cd) is a more devastating soil pollutant because of its excessive discharge as a by-product from different industries (Mengel et al., 2001). Cadmium (Cd) is a non-essential and highly toxic metal ion for growth and development. It is easily taken up and translocated to different plant parts (Benavides et al., 2005; Grata˜o et al., 2005). Reduction in growth and yield with increased levels of Cd in growth media arises because of increased leaf rolling and chlorosis of leaf and
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stem (Ghani & Wahid, 2007) and reduced photosynthetic rate (Chugh & Sawhney, 1999). Studies suggest that Cd reduces ATPase activity of plasmalemma fraction in wheat and sunflower roots (Astolfi et al., 2005), changes lipid composition by enhanced production of reactive oxygen species or free radicals (Balakhnina et al., 2005; Gomes-Junior et al., 2006) or decreases activities of antioxidants (Pal et al., 2006). Species and cultivars display marked differences for Cd tolerance in, for example, wheat (Zhang et al., 2002), rice (Wu et al., 2004; He et al., 2006) and pea (Metwally et al., 2005). When Cd enters the food chain, it causes intricate health problems. Being more readily bioavailable, hyperaccumulation of Cd causes leaf chlorosis and inhibits chlorophyll biosynthesis (Baryla et al., 2001; Wang & Zhou, 2006; Lea et al., 2007). Mungbean [Vigna radiata (L.) Wilczek] is an important source of human diet, feed and fodder for animals and green manure (Saleemi, 1998). It demands less
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nitrogenous fertilisers, maintains soil fertility and fits well in different cropping systems (Nazir, 1994). Identified as a high yielding crop in many Asian countries, mungbean’s sensitivity to potential toxicants such as Cd remains to be comprehensively assessed. Available data show that mungbean is sensitive to Cd stress (Bindhu & Bera, 2001). The symptoms appearing on various plant parts are direct measures of the intensity of prevailing stress. These effects can be greatly helpful in diagnosing stress effects and adopting appropriate strategies to increase stress tolerance and selection of promising materials (Wahid et al., 1999; Ahmad et al., 2005). Despite sporadic reports, varietal differences in mungbean for Cd tolerance need to be comprehensively investigated. It is predicted that hampered growth in mungbean is because of foliar toxicity symptoms produced by Cd accumulation and that the appearance of these effects are genetically related. This study evaluated some elite mungbean varieties for changes in growth, shoot Cd accumulation and yield at various growth stages.



Materials and methods Experimental details This study was conducted during 10 February to 5 June of 2004 and 2005. Seeds were sown in plastic pots (five per pot) containing 10 kg soil. Thinning was carried out 3 days after emergence of seedlings, and two uniform plants were maintained per pot. The experimental design was completely randomised with four replications. Physicochemical characteristics of the soil were as follows: texture, sandy loam; saturation, 27–29%; pH 8; ECe, 2.5 dS m–1; organic matter, 1.05%; total N, 0.50%; other



nutrients (mg kg–1) included total P, 6.6; K+, 160 and Ca2+, 10.3. Plants were irrigated with subsoil water whenever needed to keep soil moisture up to field capacity. Nutrient solution (Hoagland & Arnon, 1950) was fortnightly applied to avoid the nutrient depletion. Treatment selection and application The majority of metal ions including Cd are more bioavailable at acidic than alkaline pH (Mengel et al., 2001). Most studies on plant responses to Cd have been reported from acidic soils, and data on Cd toxicity effects in alkaline soils are scarce. In view of the alkaline nature of soils in Pakistan, industrial set-up and improper management of effluents, an experiment was performed to determine the toxic levels of Cd for mungbean growth. Seven Cd levels (1, 2.5, 5, 10, 15, 20 and 25 mg kg–1 soil using analytical grade CdCl22.5 H2O in distilled water) were applied to 10-day-old mungbean seedlings grown in soil with pH ;8. Of these, CdCl2 up to a level of 2.5 mg had negligible effect, but there was hardly any plant survival beyond 15 mg kg–1 soil level. Therefore, 3, 6, 9 and 12 mg CdCl2 kg–1 soil were applied to mungbean varieties grown at each of the seedling, vegetative and reproductive stages, at 15, 40 and 60 days after emergence, respectively. Visual symptoms, plant growth and yield determinations The plants were grown for 15 days after treatment application at each growth stage. An additional set of plants treated at 60 days was reserved for determination of pod, seed yield and harvest index (HI) attributes at maturity. For comparative effect of Cd stress on mungbean



Table 1 Estimates (approximate values in percentage of total leaf area) of leaf chlorosis and necrosis as function of Cd toxicity at seedling, vegetative and reproductive growth stages at 15, 40 and 60 days after emergence, respectively. The data have been presented for 0 (no Cd applied) and 12 mg kg–1 level of applied CdCl2 Chlorosis (%) Seedling



Necrosis (%) Vegetative



Reproductive



Seedling



Varieties



0



12



0



12



0



12



0



12



Vegetative 0



12



Reproductive 0



12



NM-13-1 NM-19-19 NM-20-21 NM-28 NM-51 NM-54 NM-88 NM-92 NM-98 Chakwal-97



2.4c 2.5c 2.8c 2.2c 2.5c 2.2c 1.9c 2.0c 1.9c 2.1c



22.5a 17.5b 23.4a 25.6a 18.3ab 17.2b 23.7a 20.5a 15.3b 18.5ab



1.9c 2.1c 2.6c 2.2c 2.2c 2.7c 2.6c 2.4c 1.6c 2.7c



21.0ab 15.5b 23.5ab 28.5a 24.0ab 21.2ab 22.4ab 17.1b 14.5b 20.6b



3.2c 3.2c 3.1c 2.5c 3.6c 3.2c 2.6c 2.9c 2.9c 2.1c



27.5a 16.5b 28.0a 29.5a 25.5a 28.2a 27.1a 22.2ab 19.0ab 24.5a



1.12c 1.31c 1.02c 1.31c 1.12c 1.21c 1.25c 1.24c 1.12c 1.23c



12.5a 7.5b 13.5a 15.2a 8.1b 10.3ab 13.4a 10.2ab 5.5b 8.5b



1.49c 1.04c 1.32c 1.25c 1.14c 1.23c 1.45c 1.23c 1.21c 1.36c



11.4ab 8.5ab 13.5a 16.5a 14.0a 9.5ab 10.2ab 6.3b 5.5b 8.5ab



1.18d 1.25d 1.05d 1.12d 1.24d 1.27d 1.41d 1.26d 1.08d 1.05d



19.5a 9.5c 18.1a 21.5a 15.5ab 19.4a 19.4a 19.2a 10.1c 15.5ab



Means sharing same letter differ non-significantly (P  0.05).
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Varieties Figure 1 Changes in shoot dry weight of mungbean varieties under increasing levels of Cd treatment at three growth stages. Legends in this and subsequent figures indicate CdCl2 levels in mg kg21 soil.



varieties at each harvest, chlorosis and necrosis of leaves were assessed by measuring chlorosed area and necrotic spots with a Vernier caliper and expressed as percentage of total area. Leaf number on each plant was counted and leaf area was determined by leaf area meter (Model LI3000; LICOR Inc., Lincoln, NE, USA). At harvest, the shoot was excised from its attachment with the root, and roots were carefully removed after flooding the soil. The shoot and root were put in paper envelopes and kept in an oven at 70C for a week and their dry mass determined. At maturity, the number of pods on each plant was counted, seeds extracted from pods and 100-seed weight and seed yield per plant were determined. The above ground dry matter was used to determine the HI as follows: HI (%) = [(Seed yield per plant/ plant dry mass)  100].
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Shoot Cd content Dried, powdered samples of shoot (0.5 g) were digested in a mixture of concentrated HNO3 and perchloric acid (3:1 ratio) on a heating block for about 1 h by gradually raising the temperature to 250C, then filtered and the volume made up to 50 mL. The Cd content from the unknown samples was determined using an atomic absorption spectrophotometer (Perkin Elmer Model AAnalyst 3000; Perkin Elmer, Norwalk, CT, USA) and compared with a standard curve. Statistical analysis In the absence of any remarkable difference in various symptomatic and quantitative growth attributes for both the years, the data were averaged to perform analysis of 61
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Varieties Figure 2 Changes in root dry weight of mungbean varieties under increasing levels of Cd treatment at three growth stages.



variance using COSTAT computer package (COHORT software, Monterey, CA, USA) and to determine significant (P  0.05) differences among mungbean varieties, Cd treatments and their interactions. Regression lines and correlation coefficients were drawn between the degrees of leaf chlorosis and necrosis with shoot Cd content at corresponding growth stages.



Results Visual symptoms of Cd toxicity In addition to the scattered chlorosis on the leaf lamina, interveinal and marginal chlorosis on leaves were well evident. Likewise, scattered necrotic spots on the lamina were noted but to a lesser extent than chlorosis. Although these effects were noted at all Cd levels, the data have been 62



shown as estimated areas at 0 and 12 mg kg–1 Cd level only (Table 1). In control leaves, there was negligible natural chlorosis or necrosis. However, at 12 mg kg–1 CdCl2, both these effects were well evident at seedling and vegetative stages, albeit with greater frequency at the reproductive stage in all varieties. Older, but not the younger leaves, exhibited accelerated senescence in the sensitive varieties. NM-98 in seedling and vegetative stages and NM-19-19 in the reproductive stage showed the lowest foliar chlorosis and necrosis, while NM-28 indicated the greatest foliar chlorosis and necrosis in all stages (Table 1). Plant growth attributes and shoot Cd content Shoot dry mass per plant indicated significant (P  0.01) difference among varieties and Cd levels at all growth
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Varieties Figure 3 Changes in leaf area per plant of mungbean varieties under increasing levels of Cd treatment at three growth stages.



stages; however, no interaction of these factors was evident at seedling (P  0.05) but a stronger one was seen (P < 0.01) in the vegetative and reproductive stages. Although increased Cd levels concomitantly decreased shoot dry mass in all the varieties, NM-98 at all stages indicated the least reduction, whereas Chakwal-97 at seedling stage and NM-28 at vegetative and reproductive growth stages presented the greatest reduction in this attribute (Fig. 1). For root dry mass per plant, varieties and Cd levels indicated significant (P  0.01) differences, with an interaction (P < 0.01) of these factors at all growth stages. Although increased Cd levels with remarkable varietal difference reduced this interaction, NM-98 and NM-54 at seedling and NM-98 at vegetative and reproductive stages produced greater root dry matter, while NM-28 during the seedling stage and NM-13-1 and NM-28 both at vegetative and reproductive stages indicated the least root dry matter (Fig. 2). Applied Cd
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substantially reduced area of green leaves in all the varieties thus showing significant (P  0.01) differences between varieties, Cd levels and an interaction (P < 0.01) between them at all growth stages. Under Cd stress, NM-98 during seedling and reproductive stages and NM-51 at vegetative stage indicated the least reduction in leaf area, whereas NM-13-1 in seedling stage, NM-54 in vegetative stage and NM-28 in reproductive stage manifested the greatest reduction in leaf area (Fig. 3). Mungbean varieties, Cd treatments and their interactions were significant (P  0.01) at all growth stages for shoot Cd content. All varieties indicated lowest shoot Cd content when no Cd was applied. However, there was a concurrent increase in shoot Cd content under increased CdCl2 levels, the greatest being at 12 mg kg–1. A comparison of varieties indicated that NM-98 during seedling and vegetative stages and NM-19-19 at reproductive stage indicated the lowest Cd accumulation in 63
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Varieties Figure 4 Changes in shoot Cd content of mungbean varieties under increasing levels of Cd treatment at three growth stages.



the shoot, while NM-28 at all stages indicated the highest Cd accumulation in the shoot (Fig. 4). Economic yield attributes Number of pods per plant revealed significant (P  0.01) differences among mungbean varieties and Cd levels, although there was no interaction (P  0.05) of these factors. Applied Cd treatments produced a gradual reduction in all the varieties; nonetheless, NM-98 produced the highest number of pods per plant, while NM-28 the lowest number of pods per plant (Fig. 5). Number of seeds per pod showed no significant (P  0.05) difference among the varieties, although a significant (P  0.01) difference was evident among Cd levels, while no interaction (P  0.05) of varieties and Cd levels was evident. NM-98 under control or Cd stress indicated the greatest seeds number per pod, but this number was the lowest in 64



NM-28 and NM-51 at the highest Cd level (Fig. 5). Data on 100-seed weight, seed yield per plant and HI revealed significant (P  0.01) differences among varieties and Cd levels, with a significant (P  0.01) interaction of these factors. Applied Cd levels reduced this attribute in all varieties, but a least reduction was recorded in NM-98 and a greatest one in NM-54 and NM-88. Likewise, seed yield per plant under Cd treatments was reduced in all varieties, although NM-19-19 displayed greatest and NM-54 lowest values compared with other varieties. Data revealed substantial differences in the varieties for HI under Cd stress; nonetheless, NM-98 excelled above the other varieties by showing greatest HI (Fig. 5). Trend lines and correlations Trend lines set between foliar toxicity symptoms and plant dry weight at three growth stages displayed no
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Varieties Figure 5 Changes in pod, seed yield and harvest index characteristics of mungbean varieties upon exposure to increasing Cd levels at maturity.



relationships under control (data not shown), but negative ones at the highest level (12 mg kg–1) of CdCl2 applied (Fig. 6). Slope of the regression equations and correlation of shoot Cd content at the highest Cd level were positive and tighter for chlorosis than necrosis at all
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stages (Fig. 7). At maturity, no correlations was noted between foliar chlorosis and necrosis at reproductive stage and number of pods per plant and seeds per pod, while these correlations were negative with 100-seed weight, seed yield per plant and HI (Fig. 8). 65
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Figure 6 Regressions and relationships of foliar chlorosis and necrosis of mungbean varieties with plant dry weight Cd stress applied at three growth stages. Correlation coefficient significant at **P  0.01.



Discussion Earlier reports showed that mungbean was sensitive to increased Cd levels (Chaoui et al., 1997), and major effects were reductions in shoot and root growth and their dry mass (Rout et al., 1999). Root being the first target of Cd toxicity exhibits considerable changes at histological and molecular levels (Hernandez & Cook, 1997; Suzuki, 2005). Therefore, tolerance at root level is likely to determine the Cd accumulation in the shoot. Despite substantial varietal differences at all the stages, increased Cd accumulation in the shoot was detrimental as evident from more tangible symptoms of Cd toxicity (Table 1),
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gradual reductions in the dry weight of shoot (Fig. 1) and root (Fig. 2) as well as reducing the available leaf area (Fig. 3). The changes in plant growth attributes as a result of Cd stress were because of enhanced shoot Cd content (Fig. 4). It was noteworthy that greater Cd toxicity at reproductive stage was more crucial to seed yield attributes as a substantial reduction in the HI was evident (Fig. 5). Although Cd-induced foliar chlorosis and necrosis have been reported in certain plant species including radish (Khan & Frankland, 1983) and pea (Hernandez & Cooke, 1997) and leaf chlorosis in oilseed rape (Baryla et al., 2001) and rice (Adhikari et al., 2006), no previous study reports such effects in mungbean. In
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Figure 7 Regressions and relationships of foliar chlorosis and necrosis of mungbean varieties with shoot Cd content at 12 mg CdCl2 kg–1 soil applied at three growth stages. Correlation coefficient significant at **P  0.01.



this species, foliar chlorosis and necrosis were recorded at all stages, but with greater frequency at reproductive stage (Table 1). Such effects may result from the reduced uptake of essential nutrients and toxicity of metal ions accumulated in various plant parts (Zhang et al., 2002; Adhikari et al., 2006). The extent of changes in growth attributes and incidence of visual effects of Cd damage revealed the existence of great varietal differences throughout the mungbean ontogeny for Cd tolerance. Slope of regression equation and correlation coefficient were tighter with chlorosis than with necrosis, although negative with plant dry weight (Fig. 6) and with shoot Cd content (Fig. 7). These visual effects of Cd damage at all stages were largely similar to the deficiency of essential
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nutrients including K, Mg, Mn and Fe (Epstein & Bloom, 2005; Ghnaya et al., 2007). This is plausible in view of the fact that all these elements are either structurally or functionally involved in chlorophyll biosynthesis and its activity. Hence, loss and/or reduced biosynthesis of chlorophyll in response to Cd stress are the determinants of growth, biomass and seed yield throughout the mungbean ontogeny. The majority of varieties indicated enhanced sensitivity to Cd stress as a result of greater accumulation of Cd in the shoot at reproductive stage, which had great implications for economic yield attributes. Determinations made on the pod and seed yield contributing factors at maturity revealed a pronounced reduction in 100-seed weight, seed 67
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weight, seed yield and HI with foliar chlorosis and necrosis at maturity (Fig. 8) has specific implications towards final productivity. Taking together the reductions in growth attributes at reproductive stage, seed yield and HI data at maturity and symptomatic data, it was evident that despite sporadic necrosis spots, foliar chlorosis between the veins was critical. This is important because the Cd appeared to mainly damage the mesophyll tissue between the veins. Such effects reduce the production and phloem loading of photosynthates for their partitioning to the seed during filling, leading to reduced seed yield and HI. In crux, despite substantial genetic variability for tolerance, the damaging effects of Cd on growth and yield of mungbean were intricate, which might involve the deficiencies of essential nutrients, leading to reduced mesophyll area for leaf gas exchanges and photoassimilate partitioning to seed during filling. Findings of this study are important with respect to selection and cultivation of relatively Cd-tolerant mungbean varieties in moderately Cd-polluted soils.
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Figure 8 Regression and relationships of foliar chlorosis and necrosis, some pod, seed yield and harvest index attributes. Correlation coefficient significant at *P  0.05; **P  0.01 and n.s., non-significant.



yield per plant and HI (Fig. 5). Such reductions are assignable to hampered rate of photosynthesis and partitioning of photoassimilates to seed during filling because of Cd (Bindhu & Bera, 2001; Balakhnina et al., 2005; Wahid et al., 2007). Inverse relationships of 100-seed 68
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