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The potentiality of barnyard grass for remediation of arsenic (As)-contaminated soil has been reported in several research works. However, the phytoremediation ability of barnyard grass from industrially polluted multimetal-contaminated soil in comparison to As-amended soil needs to be elucidated. This work investigated the As remediation potentiality of barnyard grass from As-amended and industrially polluted soils, and the fractionation of As was done in soils with plants and without plants grown. The result showed that at the highest As level in the soil, barnyard grass accumulated the highest amount of As in both the root (414.81 mg kg-1) and shoot (114.12 mg kg-1). However, barnyard grass produced the highest amount of biomass in industrially polluted soil that resulted in the highest amount of As uptake. Moreover, barnyard grass also accumulated lead (Pb) and chromium (Cr) from industrially polluted soil. The bioaccumulation factor (BF) of As was >1 in As-amended soil in all the treatments as well as in industrially polluted soil. Fractionation of As in post-harvest soil revealed that compared to soil without plants grown, As in the soil was reduced from residual As (F5); As associated with well-crystallized hydrous oxides of iron (Fe) and aluminum (Al) (F4); As associated with amorphous and poorly crystallized hydrous oxides of Fe and Al (F3), whereas a slight increase was found in non-specifically sorbed As (F1) and specifically sorbed As (F2) due to the plant’s effect. The slight increase in the concentration of As in F1 and F2 fractions contributed to the bioavailable forms of As in the rhizosphere and sustained As concentration for further plant uptake. The maximum plant growth and highest uptake of As in the industrially polluted soil revealed the potentiality of barnyard grass for remediation of multimetal-polluted soil.
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Introduction

The availability of arsenic (As) in soil and water and public exposure to As due to food chain contamination have drawn the attention of many researchers, and appropriate remediation technology for those contaminated soil has been attempted. This toxic heavy metal enters the soil and aquatic ecosystem from natural and anthropogenic sources (1, 2), alters the components of the ecosystem, and adversely affects plants, animals, and human beings (3). As contamination in both groundwater and drinking water is a serious public health problem in many countries worldwide (4–6). Chronic exposure to low to moderate levels of As (10−300 μg l-1), especially through drinking water, results in adverse health effects such as skin lesions, cardiovascular disorders, neurological and respiratory complications, and hepatic and renal dysfunctions (7–11). Acute As toxicity could cause organ damage and may lead to death (12). Widespread use of As-laden groundwater for irrigation could be a major source of As buildup in agricultural soils in South Asia and Southeast Asia including Bangladesh (13, 14). Arsenic accumulation in plants, causing phytotoxicity due to increased As content in soil and water and its long-term impact on agricultural yield and subsequent effect on human health due to food chain contamination warrant an appropriate remediation technology for contaminated soils.

Plants are excellent natural resource materials to combat environmental pollution. Plants have the capacity to tolerate adverse environments and soil, water, and environmental pollution and to remediate contaminated soil and water by using environmentally friendly technology. Utilization of this potentiality of plants for remediation of contaminants or toxic substances from the environment is termed phytoremediation (15–22). There is growing interest in the application of this method due to its many advantages, such as sustainability in application, improved cost–benefit, ease of operation, and application in large areas (23, 24). Phytoextraction, a specific phytoremediation approach that uses metal-accumulating plants has been proposed for decreasing the toxic metal concentration of contaminated soils (25–27). The harvested plant parts, in which metals are richly accumulated, can be safely processed by drying, ashing, or composting. Furthermore, some of the metals in the ash, such as nickel, copper, and gold, may be retrievable for future uses if economically feasible (28–30). One approach for phytoextraction is to use hyperaccumulator plants to extract metals from soil (31, 32). Use of hyperaccumulating plants for As phytoremediation has become a research interest since the first application of Chinese brake fern as an As hyperaccumulator (33–35). However, in the case of application of a hyperaccumulator to the contaminated soil, there are generally some problems such as small biomass and a limited adaptation to the growth condition and cultivation. Selection of plants that have strong metal-accumulating ability and are compatible with local weather conditions may give more practical results than selection based solely on high tolerance to toxic metals, and therefore, can maximize the efficiency of phytoextraction (36). In a typical monsoon agricultural field, where the weather is warm and humid, as in the paddy fields of Bangladesh, it is therefore necessary to investigate those plants that are adaptive to the local weather conditions, produce high biomass, and have a high metal-accumulating ability for phytoremediation (37).

As a candidate plant for phytoremediation, weeds have some suitable criteria. Generally, weeds have a high-adaptation capacity in a wide range of environmental conditions and can therefore grow better than crop plants in adverse environments, in problematic soil, in nutrient-deficient soil, and in contaminated soil (37). Several plants have been reported as potential plants for As phytoremediation (38–41). However, the weeds’ potential for As phytoremediation is relatively less explored. Barnyard grass (Echinochloa crus-galli L.) is a common weed growing naturally and abundantly in rice fields and adjacent areas of rice fields in both upland and paddy conditions. Some researchers conducted screening and selection of barnyard grass and other naturally grown weeds as As accumulators from the As-contaminated areas of Bangladesh (42, 43). Later on, the As remediation potentiality of barnyard grass has been tested in hydroponic conditions (44) and in soils with different characteristics (45). Nevertheless, the remediation potentiality of barnyard grass needs to be studied extensively from industrially polluted soil in comparison to As-amended soil for practical use.

The capacity of a plant to absorb heavy metals like As from soil depends on the existing forms of metal in the soil and the availability of metals by plants in soil. Therefore, metal availability is considered a limiting factor for phytoremediation. It was reported that the soluble form of cadmium (Cd) is directly absorbed by plants from the contaminated soil (46–48). In a phytoremediation study using barnyard grass, it was reported that barnyard grass took in As that was available in the soil water of the contaminated soil and it also increased the amount of As in soil water (37). However, the change of As from other soil fractions due to As uptake by barnyard grass has not been investigated yet. Therefore, the present research work was undertaken to investigate the As remediation potentiality of barnyard grass from industrially polluted soil in comparison to arsenic-amended soil. The relationship between the plant uptake of As and the change in As levels in different soil fractions due to phytoremediation were also investigated.



Materials and methods


Chemicals used

A standard inorganic As solution of atomic absorption spectrophotometer (AAS) grade (CAS number-7440382, concentration 1,000 mg l-1) was used for the quantification of As in the samples using an atomic absorption spectrophotometer coupled with a hydride generator (HG-AAS). Appropriate dilution of the As stock solution was done with deionized water to get the working standards of As at various concentrations. Similarly, standard inorganic lead (Pb), chromium (Cr), iron (Fe), and manganese (Mn) of 1,000 mg l-1 were also used for the determination of the respective elements in the sample. All the standards of AAS grade were obtained from Inorganic Ventures, VA, USA. All the other chemicals used were of analytical reagent grade (AR). Arsenate (As(V)) was added to the soil as disodium hydrogen arsenate heptahydrate [Na2HAsO4.7H2O (CAS number 10048-95-0)]. Concentrated nitric acid and 30% H2O2 (AR grade) were used for the extraction of As from soil and plant samples. All the acids and extracting reagents for the sequential extraction of As were obtained from Sigma-Aldrich, MO, USA. Deionized water was used in all standard and sample preparations.



Collection and preparation of soils

Two types of soil samples were used for the experiment. Fresh/virgin soil was collected from the southwest side of the stadium of Bangladesh Agricultural University (BAU), Mymensingh, at 0–15-cm depth. Industrially polluted heavy metal-contaminated topsoil was collected from the Bhaluka Upazila of the Mymensingh District in Bangladesh. The soil was contaminated mainly by the wastes and effluents of textile, dying, composite, pharmaceutical, ceramic, glass, and battery industries. Unwanted materials like stones, gravels, pebbles, and plant roots were removed from the bulk soil. Then, the soils were air-dried for several days, and the clods were broken and sieved. Soil pH was measured in a 1:2.5 suspension of soil and water on a glass electrode pH meter as described by Jackson (1973) (49). The electrical conductivity (EC) of the soil was determined electrometrically by a 1:5 soil-to-water ratio, with the help of a conductivity meter (50). Then, the soil was analyzed for As and other heavy metals. Total As, Pb, Cr, Fe, and Mn in soil samples were extracted following the procedure described by Tam and Yao (1999) (51). Exactly 1 g of soil was placed in a 250-ml digestion tube, then 10-ml of concentrated HNO3 was added. The content was kept for 16 h at room temperature for pre-digestion and then heated at 105°C for 2 h and 30 min. The content was then cooled, diluted, and filtered, and the final volume was kept at 100 ml with deionized water. All the metals were determined using an atomic absorption spectrophotometer (Model: Shimadzu AA-7000). Total As was determined using the atomic absorption spectrophotometer (AAS) coupled with a hydride generator.

After the initial physical and chemical analyses (Table 1), the soils were used for pot preparation and subsequent plant growth. Pots of 18-cm deep, 23-cm diameter at the top, and 15-cm diameter at the bottom, were used for transplanting the seedling. Each pot contained 3 kg of soil. The fresh soil (non-contaminated soil) was amended with three levels of arsenic, viz., 0 (T0), 50 (T1), and 100 (T2) mg kg-1 arsenic (soil basis) from Na2HAsO4.7H2O (AR grade). Soil was mixed with an appropriate amount of Na2HAsO4.7H2O for each treatment and diluted with deionized water to reach the soil moisture level of approximately 80% of the field capacity. The soil was then kept for 24 h before transplanting the seedlings to reach adsorption of As on soil into the equilibrium as mentioned by Sultana and Kobayashi (2016) (52). The industrially polluted soil was used as another treatment without further addition of As compounds. In all the treatments, a pot was kept without a plant. Urea, triple superphosphate (TSP), muriate of potash (MoP), gypsum, and zinc sulfate were added to each pot at the rates of 135, 100, 70, 60, and 6.5 kg ha-1, respectively.


Table 1 | Physicochemical properties of the initial soil.





Plant material

The plant material was barnyard grass (Echinochloa crus-galli L.). Seeds of barnyard grass were collected from the agronomy field of Bangladesh Agricultural University. The seeds were then soaked in deionized water and kept at room temperature for 1 day and germinated in a plastic tray at the same temperature. Then, the germinated seeds were cultured in a modified Kasugai nutrient solution (53) until the three-leaf stage prior to use in the experiment. The pH of the solution was maintained at 5.5–6.2.



Experimental procedure

Six seedlings of barnyard grass were transplanted in each of the pots containing three treatments of As, 0, 50, and 100 ppm. Similarly, six seedlings were also transplanted into the pots of industrially contaminated soil. The experiment was carried out in completely randomized designs (CRDs) with three replications.

The seedlings were irrigated frequently with As-free water to maintain the water level 1.0–1.5 cm above the soil surface in the pot. Undesired weeds were uprooted by hand and mixed thoroughly with the pot soil at the early stage. Plant height (cm) was measured from the ground level to the top of the plants from each pot, and the number of tillers for each pot was recorded. The plants were harvested 45 days after transplanting. Five grams of rhizosphere soil was collected from the root of barnyard grass from each treatment for the analysis of total arsenic in soil and fractionation of arsenic.



Preparation of plant and post-harvest soil samples for analysis

The weeds were washed repeatedly with tap water to remove all the soil particles and mud. Then the samples were washed again with deionized water, air-dried, and oven-dried at 80°C for 48 h. The fresh and dry weights of the root and shoot were recorded appropriately from each treatment and each pot. The samples were then digested for As analysis following the procedure developed by Cai et al. (2000) (54). Briefly, 0.5 g for plant was transferred into dry clean 125-ml conical flasks. Ten milliliters of concentrated nitric acid was added to each of the flasks. The content of the flasks was mixed, and the flasks were left overnight covered with aluminum (Al) foil. The following day, the flasks were placed on a heating block and heated at a temperature slowly raised to 120°C. After heating, the vessels were allowed to cool, and 2 ml of hydrogen peroxide (H2O2) was added. Again, the flasks were heated at 120°C and the volume was reduced to 1–2 ml. The digest was cooled and filtered through a Whatman no. 42 filter paper, and the volume was kept at 100 ml with deionized water and kept in a dry plastic bottle.

For the analysis of total As and other metals from post-harvest soil, extraction and determination were done following the same procedure as described above in the case of initial soil. The concentrations of metals in soil and plant were determined using the atomic absorption spectrophotometer coupled with the hydride generator (Model: Shimadzu AA-7000), with a recovery of 0.2 ppb. The relative standard deviation (RSD) was set to 2% prior to analysis. A reagent blank was used during the determination. The recovery percentage was 95%–105%.



Sequential extraction of arsenic in soil

After harvesting the plants, 1 g of rhizosphere soil from each treatment from the pots with plants grown and from the pots without plants grown was extracted sequentially with 25 ml of (NH4)2SO4 (0.05 M), (NH4)2PO4 (0.05 M), NH4-oxalate (0.2 M), and NH4-oxalate (0.2 M)–ascorbic acid (0.1 M), and finally, with concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2). The five sequential extraction steps were assumed to correspond respectively to non-specifically sorbed As (F1), specifically sorbed As (F2), As associated with amorphous and poorly crystallized hydrous oxides of Fe and Al (F3), As associated with well-crystallized hydrous oxides of Fe and Al (F4), and residual As (F5), as described by Wenzel et al. (2001) (55).

All the extracts were filtered through Whatman no. 42 filters prior to As analysis. All extractions were performed in triplicate, and the amount of As was determined from the control, As-amended soils, and industrially polluted soil with plants grown and without plants grown.



Statistical analysis

The data were statistically analyzed using the Microsoft® Excel program, and the results were expressed as a mean of three replicates with ± standard error (SE). Analysis of variance (ANOVA) was done using Tukey’s test.




Results


Effect of arsenic on the growth and agronomic parameters of the weeds

The effect of As amendments and the presence of As in the industrially polluted soil were investigated in plant height, the number of tillers, and biomass of the weed. As shown in Figure 1, plant height was significantly reduced in response to the added As from treatment T0 to T1. With the increase in the added As level from 0 to 100 mg kg-1, the plant height gradually decreased from 37.25 to 17.75 cm. In the industrially polluted soil, barnyard grass gave an average plant height of 30.75 cm. Similar to the plant height, the number of tillers of barnyard grass also gradually reduced with the increase in the added As in the soil. However, unlike the As-amended soil, the industrially polluted soil barnyard grass showed very good growth and produced the maximum number of tillers (51), although the As level of that soil (98.25 mg kg-1) was very close to the T2 treatment (100 mg kg-1) of added arsenic level.




Figure 1 | Plant height and the number of tillers of barnyard grass grown in As-amended (T0: 0; T1: 50; T2: 100 mg kg-1 As amendment) and industrially polluted soil. The columns with the same letter are not significantly different at P < 0.05 as determined by Tukey’s test. The number of tillers is shown in the trend line. Bars indicate the ± standard error of the means (n = 3).



Figure 2 shows that plant biomass was also negatively affected by the added As level in the soil from 0 to 100 mg kg-1. In As-amended soil, both fresh and dry biomass were the highest in T0 treatment and gradually decreased with the increase in As level from 0 to 100 mg kg-1 of added arsenic. The highest fresh weight was found in industrially polluted soil in both root and shoot. In industrially polluted soil, barnyard grass produced the root fresh weight very close to the treatment T0 with no added As, while the shoot fresh weight was much higher in that soil than in As-added soil, even significantly higher than in no As-added treatment T0. In the case of dry weight, a sharp decrease was observed with the increase in As level in the soil. The root dry weight was highest in the T0 treatment with no added As followed by industrially polluted soil, and treatments T1 and T2.




Figure 2 | Effect of As on the fresh and dry weights of barnyard grass grown in As-amended (T0: 0; T1: 50; T2: 100 mg kg-1 As amendment) and in industrially polluted soil. The root and shoot fresh biomass in each pot were compared separately among the treatments. The columns with the same letter are not significantly different at P < 0.05 as determined by Tukey’s test. Dry biomass is shown in the trend line. Bars indicate the ± standard error of the means (n = 3).





Concentration of As in barnyard grass and uptake of As by the weed

Accumulation of As was found to be the highest in As-amended soil at the highest As level in the soil and the lowest at the lowest As level in the soil in both the root and shoot (Figure 3). The maximum concentration of As, 414.81 mg kg-1, was found in the root of the T2-treated soil, while in the case of the shoot, the maximum concentration of As, 114.12 mg kg-1, was found in the same treatment T2. The lowest As contents were 58.44 mg kg-1 in the root and 40.55 mg kg-1 in the shoot in 0 mg kg-1 of As-amended soil. In industrially polluted soil, As concentrations were 299.18 mg kg-1 in the root and 101.89 mg kg-1 in the shoot. The concentration of As in the shoot and root of barnyard grass was found to be in accordance with the concentration of As in the soil.




Figure 3 | Concentration of As in the root and shoot of barnyard grass grown in As-amended (T0: 0; T1: 50; T2: 100 mg kg-1 As amendment) and in industrially polluted soil. Bars indicate the ± standard error of the means (n = 3).



Unlike the concentration of As in the root and shoot, the uptake of As was not in accordance with the As level in the soil. Figure 4 shows that the maximum amount of As took in by barnyard grass grown in industrially polluted soil and it was 6.35 mg As per pot. Accumulation of As in the shoot was higher than in the root in T0 and in industrially polluted soil, and the highest amount of As was found in the shoot in the industrially polluted soil. Total As accumulation by the grass from each pot was gradually increased from T0 to T2, and the maximum was in industrially polluted soil (Figure 4).




Figure 4 | Amount of As in the root and shoot of barnyard grass in each pot in As-amended (T0: 0; T1: 50; T2: 100 mg kg-1 As amendment) and in industrially polluted soil. Data were compared among the shoots and among the roots separately. The columns with the same letter are not significantly different at P < 0.05 as determined by Tukey’s test. Bars indicate the ± standard error of the means (n = 3).





Bioaccumulation factor of As

For an effective phytoremediation process through phytoextraction, metal bioaccumulation is a good indicator. According to Yoon et al. (2006) (56), bioaccumulation factor (BF) is the calculated ratio of the compound accumulated in the aboveground plant parts in relation to the amount of metal in the growth medium. The BF value was also calculated as a bioconcentration factor as a ratio of the concentration of heavy metals in the root (or in total plant biomass) relative to their concentration in the growth media, for phytoremediation (57, 58). In the present research, we considered bioaccumulation factor (BF) as the ratio of As concentration in the shoot relative to the concentration of As in the soil. Table 2 shows that the bioaccumulation factor (BF) of arsenic was found to be >1 in all the treatments, indicating the potentiality of barnyard grass to accumulate As from non-amended soil, As-amended soil, and industrially polluted soil. The highest bioaccumulation factor (2.43) was found in the control treatment where the plant accumulated As from the initial soil. The bioaccumulation factors were 1.43 and 1.01, respectively for 50 mg kg-1 and 100 mg kg-1 of As-amended soil while it was 1.04 in industrially polluted soil (Table 2).


Table 2 | Bioaccumulation factor (BF) of As.





Uptake of Pb and Cr by the weeds in industrially polluted soil

Apart from arsenic, the potentiality of barnyard grass to remediate Pb and Cr from industrially polluted soil was also investigated in this experiment. The results showed that barnyard grass took in both Pb and Cr in its root and shoot (Table 3). However, the concentrations of Pb and Cr in the root and shoot of barnyard grass were significantly lower than the concentration of As in the plant. Although the concentration of Pb in industrially polluted soil was similar to the concentration of As (98.25 mg kg-1 As and 99.03 mg kg-1 Pb), the absorption of As was much higher than the absorption of Pb in both the root and shoot. The result indicated that barnyard grass is preferentially an As accumulator. Cr accumulation was slightly higher than Pb accumulation. Again, the metal concentration in the shoot was slightly higher than in the root for both Pb and Cr. The total uptake of Pb and Cr in the shoot was significantly higher than the metals in the root due to the higher shoot biomass.


Table 3 | Concentration of As, Pb, and Cr in barnyard grass and the amount of metals took in by barnyard grass from industrially polluted soil.





Fractionation of As in post-harvest soil

The post-harvest soils were analyzed for the amount of As that remained in the soil. Fractionation of As in the soil was done in As-amended and industrially polluted post-harvest soils with plants grown and without plants grown. Figure 5 reveals that in both pots with plants and without plants grown, the lion’s share of As remained in the residual fraction of soil designated as F5. However, the amount of residual As (F5) was lower in soils with plants than in soils without plants grown. The second highest fraction of As was in F1, non-specifically sorbed As. Barnyard grass had a significant influence on that fraction. The amount of As in this fraction was slightly increased due to plant growth in all the As-amended soil and industrially polluted soil, except in treatment T0, where no As was added. A similar increase in As in the soil also resulted in a specifically sorbed As (F2) fraction due to plant growth, and the amount of As in the F2 fraction was higher in soils with plants compared to soils without plants. Nevertheless, in both soils with plants and without plants grown, the order of the amount of As was F5 > F1 > F2 > F4 > F3. The amount of As in all the fractions in soil with plants and without plants was compared with the total As to find the recovery of As in the fractionation procedure. The overall recovery of As using the fractionation procedure, as determined by comparing the sum of As obtained in all five fractions with a single total As determination, was found to be within the range of 92.9%–105.9%.




Figure 5 | Fractionation of As in the post-harvest soil with plants and without plants grown in As-amended (T0: 0; T1: 50; T2: 100 mg kg-1 As amendment) and industrially polluted soil. Fraction F1 = non-specifically sorbed As; F2 = specifically sorbed As; F3 = As associated with amorphous and poorly crystallized hydrous oxides of Fe and Al; F4 = As associated with well-crystallized hydrous oxides of Fe and Al; and F5 = residual As.






Discussion

The present research aimed to reveal the potentiality of barnyard grass for the remediation of As-contaminated soil from As-amended soil as well as from a multimetal-polluted soil that was polluted by industrial discharge. The results showed that in the As-amended soil, the growth of barnyard grass gradually reduced with the increase in As level. All the growth parameters such as plant height, number of tillers, and root and shoot biomass also had similar gradual decreasing patterns with an increase in As in the soil from 0 to 100 mg kg-1. Similar results have been reported by several researchers where plants tended to suffer from a reduction in root and shoot growth when exposed to excess As in the growth medium (59–62). The excess amount of available As in the soil can interrupt plant metabolism, consequently leading to leaf senescence, reduction in the number of leaves, stunted growth, and reduction in biomass (63–68). At high As concentrations, inhibition of shoot growth could be attributed to a reduction in enzymatic activity (61, 62), while the inhibition of root growth may be associated with reduced mitotic activity in the root meristematic zone or a reduction in cell enlargement in the elongation zone due to decreased turgor of the cell, as reported by other researchers in Brassica juncea, ferns, wheat (Triticum aestivum), rice (Oryza sativa), broad bean (Vicia faba), velvet grass (Holcus lanatus), and Arabidopsis thaliana (61, 62, 66, 69, 70).

The effects of arsenic in the soil on the growth of various plants have been investigated previously by several researchers using different As levels in the soil. Arsenic in the soil significantly reduced the plant height, leaf area, number of leaves, and shoot and root dry weight in Brassica napus and B. juncea at 50 and 75 mg kg-1 As levels in the soil (71). A similar trend of significant decrease in growth parameters was reported by Mehmood et al. (2017) in Zea mays with an increase in As level in the soil from 0 to 120 mg kg-1 (72). In our previous experiment, we found a slight reduction in the growth of barnyard grass when As level in the soil increased from 0 to 100 mg kg-1. In the present experiment, a similar reduction in growth was also found in As-amended soil when the As concentration in the soil increased from 0 to 100 mg kg-1. Nevertheless, the reduction in growth was not observed when barnyard grass was grown in industrially polluted soil with an As level of 98.25 mg kg-1; rather, the number of tillers and the plant shoot biomass were significantly higher than in the control (0 mg kg-1 As amendment). These results clearly demonstrated that not only was the growth of barnyard grass in As-contaminated soil affected by As stress but that soil characteristics are another big determining factor. Although the industrially polluted soil had multimetal load, the organic matter content was much higher in that soil compared to the fresh soil, which might be the reason for the suppression of As-induced stress by the plant and thereby maintenance of better growth in that soil compared to non-contaminated soil.

The results of concentrations of As in the root and shoot showed that barnyard grass absorbed a higher level of As from As-amended soil than from industrially polluted soil. Again, the concentration of As in the root and shoot gradually increased with the increase in As level in the soil. Therefore, it is evident that the concentration of As in the root and shoot of the plant in As-amended soil is linearly related to the As amendment in the soil. In contrast to the As-amended soil, the As concentration in plants was not similar to the industrially polluted soil. The concentration of As in the root of grass in industrially polluted soil was significantly lower compared to the root in As-amended soil of similar As concentration. For instance, the root As concentration was 414.81 mg kg-1 in 100 mg kg-1 of As-amended soil while it was 299.18 mg kg-1 in industrially polluted soil with 98.25 mg kg-1 of As level in the soil. The reason might be the interaction of other metals with As in the industrially polluted soil. Moreover, As, Pb, and Cr absorption was also determined in plants grown in industrially polluted soil. Barnyard grass took in both Pb and Cr from the industrially polluted soil and translocated the metals into the shoot. From a multimetal-polluted soil, uptake of metals depends on the interaction of the metals and the crop preference for the metals. The industrially polluted soil used in this experiment was almost equally loaded by As (98.25 mg kg-1) and Pb (101.05 mg kg-1) and a little less loaded by Cr (80.06 mg kg-1). However, As concentration in the root and shoot was significantly higher than that of Pb, while the concentration of Pb and Cr in the root and shoot was similar. Therefore, it is evident that among the three metals analyzed, barnyard grass preferred As first and then Cr, and Pb last. The BF value was found to decrease slightly with the increase in As load in the soil, and the BF value was similar in As-amended soil at the highest As level and in the industrially polluted soil. It was reported that the bioaccumulation factor decreased with the increase in heavy metal concentrations in the soil (73, 74). In one of our previous studies, the BF values of barnyard grass varieties decreased slightly with the increase in As in the hydroponic solution (33), which is in accordance with the present finding. At high As concentrations, the limited root-to-shoot transport may be the reason for the decrease in the BF value as reported by Pence et al. (2000) (75) in the case of zinc (Zn) accumulation by Thlaspi caerulescens. Plants are categorized as “accumulators” when the BF value is >1 and “excluders” when the BF value is <1 (76). Based on the BF value, it is evident that similar to the soil-free medium, barnyard grass is an As accumulator from soil irrespective of the source of As in the soil, and thus, this plant is useful for phytoremediation of As-contaminated soil from a wide range of soils with different sources of contamination.

For an effective phytoremediation process, especially phytoextraction, a key issue is to enhance the pollutant’s phytoavailability and sustain adequate pollutant concentrations in the soil solution for plant uptake (77). In our previous experiment of As phytoremediation, it was evident that barnyard grass increases As in the soil water while it remediates As from the contaminated soil, thereby, making As available for further phytoremediation (37). In the present research, As in the soil was found to reduce from all the fractions in the pots with plants grown compared to the pots without plants, except for F1 and F2. In fraction F1, non-specifically absorbed fraction, and F2, specifically absorbed fraction, the concentration of As was found to be increased slightly after the plant growth. Fraction 1, designated as F1 has been shown to correlate well with As in field-collected soil solutions and hence, can be used for predicting solute As which can be explained as a readily bioavailable fraction. Fractions 2–4 may provide information on the potential lability of As from different solid phases as a result of soil remediation (55). Therefore, the F1 fraction directly contributes the plant available part of As. It is evident from this research that plant growth increased the readily bioavailable fraction of As and thereby makes it available for further remediation by barnyard grass. With the uptake of As from fraction F1, barnyard grass might create a force that directs As by desorption from residual to gradually labile fractions and thereby increase the As concentration in F2 and F1. This could occur due to the specific microbial association in the barnyard grass rhizosphere or by the secretion of root exudates that makes As bioavailable (37, 78). It is well known that microbial processes play a major role in As cycling in the plant–soil–microbe system (79). Plants secrete root exudates that provide energy and nutrients to microbes, and in return, microbes stimulate the secretion of root exudates by the plants, which enhance the mobility of metals (78), and in the case of barnyard grass, metals mobilize to more bioavailable fractions in the soil. In a contaminated soil environment, barnyard grass might absorb bioavailable As from soil and microbial association and secretion of root exudates in the rhizosphere might be responsible for a continuous supply of As in available form to the root zone of barnyard grass for further uptake. Similar results were also reported by Ultra et al. (2007) (80), where water-soluble As increased in the rhizosphere of sunflower as influenced by arbuscular mycorrhizal fungus (Glomus aggregatum) and increase in water-soluble Zn by rhizosphere bacteria in the rhizosphere of Thlaspi caerulescens (81). Further studies are necessary to confirm the rhizosphere chemistry and microbial association around the root of barnyard grass in As-contaminated soil for effective phytoremediation.



Conclusion

This study showed that barnyard grass (Echinochloa crus-galli L.) was able to grow in non-contaminated soil with As amendment from 0 to 100 mg kg-1 with little reduction in growth attributes as well as in industrially polluted soil with good growth. The plant absorbed and accumulated As in its root and shoot with a bioaccumulation factor of >1 in all the treatments and in both soil types, indicating that barnyard grass is an accumulator of As and it is suitable for phytoextraction of As-contaminated soil. From the fractionation of As in the soil, it was evident that the amount of As was decreased in F5, F4, and F3 fractions, while a slight increase was found in the readily bioavailable fractions F1 and F2. In industrially polluted soil, the higher growth and higher As accumulation indicated that barnyard grass is a potential weed to apply in multimetal-polluted soil for phytoremediation of As and other metals. Although barnyard grass is often used as a forage and grass seeds are consumed by humans in very limited cases, the grass that would be used for phytoremediation should not be used as forage or for any other purposes. The soil after reclamation will be suitable for crop growth. Further study is necessary to investigate the factors influencing the desorption of As from residual and labile fractions that in turn increase As in bioavailable fraction, which is very crucial for the implication of phytoremediation of As using barnyard grass.
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As 101.96 + 693 299. 06+ 3.46 392+025 261 +032

Values are presented as the mean of three replicates + standard error.
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EC (ps/cm)

Soil organic matter (%)
Total Fe (g kg)

Total Mn (g kg™')
Total As (mg kg™)
Total Pb (mg kg")
Total Cr (mg kg')

Initial soil (uncontaminated)

6.78 £ 0.2
105.6 + 2.74
1.0 £ 0.15
844.00 + 18.56
43433 + 17.03
16.50 + 2.31
ND
ND

Data are presented as the mean + standard error of the mean (n = 3), ND, not detectable.

Industrially polluted soil

6.50 +0.24
460.0 + 23.09
6.50 + 0.26
1,050.70 + 57.94
431.50 + 25.46
98.25 + 4.31
101.05 + 4.99
80.76 + 3.56





