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Abstract

:

Revegetation with fast-growing N-fixing leguminous plants can be an alternate for reclamation of degraded coal mining areas. Selection of appropriate plant species is an important factor in deciding the success in the remediation of mine spoil. Thus, this study was carried out in greenhouse conditions to evaluate the effect of two N-fixing leguminous plant seedlings, soybean (Glycine max) and shrub lespedeza (Lespedeza bicolor), on the available N and other soil nutrients (P, K, Ca, and Mg) of the experimental coal mine soil. Four treatments, including T0—non-fertilized non-inoculation (control), T1—fertilization, T2—bacterial inoculation, and T3—combination of fertilization and bacterial inoculation with three replications were applied to both plants. Concentration of NH4+-N and NO3−-N increased significantly in the soil at different treatments for both soybean and shrub lespedeza, as compared to control, but apart from control no significant difference was observed between other treatments of increased NH4+-N for soybean and increased NO3−-N for shrub lespedeza. The highest number of nodules and dry weight of nodule per plant (g) was recorded 5.73 and 1.8, respectively in soybean, and 7.77 and 2.76, respectively, in shrub lespedeza with bacteria-inoculated treatment (T2), whereas fertilized treatment (T1) produced the lowest number of nodule and dry weight of nodule in both plants. Increasing of available P and K was significantly high when NPK fertilizer was applied to the plants but decreased at other treatments. Therefore, it can be concluded that soybean and shrub lespedeza have a significant role in changing soil nutrient status in coal mining soil through fertilizer application and biological N fixation.
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1. Introduction


In spite of significant progress in renewable resources, socioeconomic activities of our present society still rely on fossil fuels. Coal is one of the important energy sources for cement, steel, and thermal power plants [1]. However, coal mining leads to the elimination of topsoil and vegetation cover, discarding of mine fire, overburden materials, etc.; this kind of activities cause adverse effects on the physical, chemical, and biological properties of the environment, threatening biodiversity and natural resources [2]. Along with severe land deterioration, coal mining often had detrimental effect on ecosystems [3]. Coal mining spoils are not convenient for both microbial growth and plant because of unfavorable pH, low organic matter content, and drought arising from oxygen deficiency or course texture caused by compaction [4]. The other restraining aspects for revegetation of coal mine spoil may be acidity, salinity, enhanced rate of erosion, and poor water-holding capacity [5]. In addition to soil physical characteristics, inadequate supply of nutrient in coal mine spoil is also an important factor of restricting plant growth. The nutrient cycling maintains the sustainability of all plant community. Nutrients will be restrained or lost without cycling, and consequently, the plant community will not be able to regenerate [6].



Natural succession of plant is very slow on coal mine land. N is a major restricting nutrient on mine spoils and regular application of N fertilizer may be required to maintain endurance and healthy growth of vegetation [7,8]. An alternate method might be to introduce different N-fixing species of legume family. N-fixing species have a great effect on soil fertility through creation of quickly decomposable nutrient-rich litter and change of fine roots and nodules. A self-sustaining ecosystem can be developed through the mineralization of N-rich litter from these species which allow substantial transfer to companion species and subsequent cycling [9]. The association between legume species and symbiotic N-fixing bacteria can improve the potentiality of legume species for use in revegetation programs. Their association stimulates increased accumulation of N, decreasing the ratio of soil C/N, which helps mineralization and nutrient cycling, in addition to developing soil organic matter, an essential condition for reclamation of degraded soils [2].



N-fixing plants discard N from the air, converting it to organic forms by which the soil become enrich. Microorganisms transform the organic form of N into ammonium (NH4+). Specific microbes in the soil oxidize ammonium N (NH4+) first into nitrite N (NO2−), and then into nitrate N (NO3−) during their use of ammonium N for energy under certain conditions. This process is referred to as nitrification. Plants can use ammonium N (NH4+) and nitrate N (NO3−) for their growth. After nitrification, some of available NO3−-N is taken in by plants, and rest of the NO3−-N release into the atmosphere [10].



Soybean (Glycine max) is one of the most vital grain legume crop for feeding livestock and humans. It is an important source of oil and protein for a vast population residing in America and Asia continents [11]. Soybean is a strong user of N and protein content of soybean seed is about 40% [12]. Soybean can utilize atmospheric dinitrogen (N2) through N fixation of root nodules associated with rhizobia bacteria. Combined N, such as nitrate, can be absorbed by soybean for their nutrition, either from fertilizer N or soil-mineralized N [11]. On the other hand, shrub lespedeza (Lespedeza bicolor), which is also known as Japanese bush clover, is a N-fixing legume plant used for wildlife habitat improvement, erosion control, and stabilization along streambanks and steep slopes. This plant can be planted on coal mine sites for restoring N to the soil because of its N-fixing ability [13].



The capability of different legumes is variable to establish symbiosis with rhizobia, with different degrees of efficacy. Furthermore, after transplanting of seedlings, rhizobia inoculants can lose effectiveness due to competition with the indigenous rhizobium population and adaptation to local conditions [14]. Nonetheless, studies have shown the ability of N-fixing plants for the reclamation of degraded areas [15]. However, there are no studies with the purpose of evaluating the role of N-fixing crop species soybean (Glycine max) and N-fixing tree species shrub lespedeza (Lespedeza bicolor) in improving the fertility status of degraded coal mine soil. Therefore, the study aims to investigate the improvement of fertility status of the coal mine soil through the application of N fertilizer and inoculation of N-fixing rhizobia bacteria into the soil by growing soybean and shrub lespedeza.




2. Materials and Methods


2.1. Soil Collection


Coal mining soil for growing plants were collected from three locations of an abandoned coal mine situated in the Taebaek city of South Korea. The soil was collected in clean plastics boxes and was taken to the greenhouse where the experiment was conducted. Coal mine soil was air-dried, ground, sieved (mesh size 2 mm), and mixed with piedmont soil in 1:1 ratio for ensuring the survival of plants in adverse conditions, because piedmont soil could improve the chemical and physical environment of the mine spoil [16]. Then, each pot of was filled with equal amount of experimental soil (mixture of coal mine soil and piedmont soil). The shape of the pot was conical frustum, and the volume of each pot was 4775.2 cm3.




2.2. Seed Germination and Transplantation of Plant


Seeds of shrub lespedeza were obtained from the National Forest Seed Variety Center, South Korea. After collecting, seeds were washed with sterile water for three times and planted in the plastic tray for germination. Seeds were germinated in the growth chamber with 28 °C temperature and 60%–90% relative humidity. Photoperiod of 16 h light and 8 h darkness was maintained by using 400 W lamps [17]. After two weeks of germination, seedlings were transplanted into pots containing experimental soil, and all the pots were kept in the green house. In the case of soybean, seeds were collected from the Crop Science Department of Chungbuk National University. Seeds of soybean were germinated in the greenhouse following the same condition of shrub lespedeza. After one week of germination, seedlings of soybean were also transplanted into the experimental pots. Germination percentage of both plants were about 90%. During the germination period of seeds, regular watering was done as per requirement. All seedlings were irrigated three to four times in a week after transplantation.




2.3. Greenhouse Experiment Setup


The experiment was carried out in a greenhouse of the Department of Forest Science, Chungbuk National University, South Korea, during the period of June 2017 to August 2017. The conditions inside the greenhouse were maintained at 26–28 °C temperature, approximately 90% relative humidity and a photoperiod of 9–12-h light/24 h. A completely randomized design (CRD) was used, consisting of four treatments with three replications for each plant. Treatments were as follows: T0—control (non-fertilized non-inoculated), T1—fertilization (NPK fertilizer was added on the soil), T2—bacterial inoculation (N-fixing rhizobia bacteria was inoculated on the soil), T3—fertilization along with bacterial inoculation (both NPK fertilizer and nitrogen-fixing rhizobia bacteria were added on the soil). Six seedlings were used for each replication; hence, eighteen seedlings were used for each treatment.




2.4. Application of Fertilizer


NPK 20:20:20 fertilizer was applied to the plant by mixing with water. This fertilizer contains 20% nitrogen (N), 20% phosphorus (P2O5), and 20% potassium (K2O) macro elements. In the study, the application rate of the fertilizer was 250 NPK kg ha−1. Fertilizer was dissolved in the water at the rate of 0.5 g L−1. Dissolved fertilizer (250 mL) was applied to each plant of treatment T1 and treatment T3 through a broadcast irrigation system. Fertilizer was applied at 20, 40, and 60 days after germination of the plant, respectively. Fertilization was done by following the instruction of the fertilizer company.




2.5. Collection of Bacterial Strain


For the purpose of inoculation, two strain of Rhizobium sp. were collected from the microbial germplasm of National Institute of Agricultural Sciences, South Korea. The source of first strain (KACC No: 10996) was Glycine max, and the location of isolation was Suwon, Gyeonggi, South Korea. The source of second strain (KACC No: 11052) was Lespedeza bicolor, and the location of isolation was same as the first strain. From both strains, a single yellowish colony was further subcultured in YEM agar [18], and liquid medium of YEM was used for testing the good growth of the colony. This colony was maintained as the new isolates of Rhizobium sp.




2.6. Bacterial Inoculation Procedure


Rhizobium strains were cultivated for 48 h in 50 mL of YEM at 28 °C and 200 rpm for inoculum preparation. Bacteria were separated through centrifugation and resuspended in a modified 1/10 strength Hoagland mineral solution (without N) of 50 mL [19]. Suspensions of bacteria were diluted to make an optical density of 0.15 (λ = 500 nm), which resembled to a concentration of 3 × 108 bacteria/mL, measured by the Bradford method [20]. After preparation of inoculum suspension, soybean and shrub lespedeza were inoculated after 8 days and 15 days of germination, respectively, by pouring 2 mL of the rhizobia suspension directly onto the base of the root [17]. The first strain (KACC No: 10996) was used for inoculating soybean, and the second strain (KACC No: 11052) was used for inoculating shrub lespedeza in treatment T2 and T3.




2.7. Soil Sampling and Analysis


Before starting the experiment, the experimental soil samples (mixture of coal mine soil and piedmont soil) were analyzed for physical and chemical properties (Table 1). Soil samples were dried at 60 °C for 48 h, and thrashed in a 2 mm sieve before analysis. The level of available nitrogen (NH4+ and NO3−), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), pH, and electrical conductivity (EC) in the sample were determined (Table 1).



After 60 days of inoculation, final soil sampling was done for determining the change of available nitrogen and other nutrients in the soil because of fertilization and bacterial inoculation. Soil samples were collected from the base of root of each pot. An equal amount of soil for each replication (six pots per replication) were mixed together to make one sample. Each soil sample was separated into two parts. One part was used for the measurement of available nitrogen (NH4+ and NO3−). The other part was used for the determination of pH, available phosphorus, potassium, calcium, magnesium, and electrical conductivity (EC). Measurement of available nitrogen (NH4+ and NO3−) was done in the laboratory of Environmental Resource Analysis Center, Chungbuk National University by using a stream distillation method.



On the other hand, soil samples for measuring soil pH, available phosphorus, potassium, calcium, magnesium, and electrical conductivity (EC) were send to Danyang Agricultural Technology Center, South Korea.




2.8. Statistical Analysis


Data were analyzed using a standard procedure for one-way analysis of variance (ANOVA) to determine the effects of different treatments. Differences between treatment means were separated by the Tukey’s test at significance level p < 0.05 using GraphPad software (GraphPad Prism version 7.00, GraphPad Software, La Jolla, CA, USA).





3. Results


The mean values of increased NH4+-N and NO3−-N in the soil, at different treatments for soybean and shrub lespedeza, are shown in Table 2 and Table 3. In the case of soybean, the highest mean value of increased NH4+-N was recorded in treatment T2, where N-fixing rhizobia bacteria were inoculated on the soil, and highest the NO3−-N was found in treatment T3, where both NPK fertilizer and N-fixing rhizobia bacteria were added to the soil. The lowest mean values of both increased NH4+-N and NO3−-N were found in the control treatment (no source of nitrogen was given on the soil). Shrub lespedeza has also shown the highest mean value in treatment T2 and T3 for increased NH4+-N and NO3−-N, respectively, and the lowest mean values in the control treatment for both increased concentration of NH4+-N and NO3−-N.



Table 2 and Table 3 also present the effect of different treatments on the concentration of NH4+-N and NO3−-N in the experimental soil by growing soybean and shrub lespedeza. Comparing to control (T0), NH4+-N and NO3−-N was significantly increased (p ≤ 0.05) in the soil at different treatments for both soybean and shrub lespedeza (Table 2 and Table 3). The results express that there was no significant difference (p > 0.05) in increased concentration of NH4+-N between the treatments T1, T2, and T3 when applied to soybean plant, but shrub lespedeza show a low significant difference (p ≤ 0.05) between fertilizer application (T1) and bacterial inoculation (T2) treatments (Table 2). The results in Table 3 show a significant difference (p ≤ 0.05) in increasing NO3−-N between bacterial inoculation (T2) and combined application of fertilizer and bacterial inoculation (T3) treatments for soybean plant, but shrub lespedeza sown in coal mining soil showed no significant difference (p > 0.05) when comparing the treatments with each other, with the exception of the control.



Table 4 and Table 5 are showing nodule number and nodule dry weight per plant for soybean and shrub lespedeza, respectively. The highest number of nodules per plant was recorded as 5.73 in soybean and 7.77 in shrub lespedeza. As expected, the highest number of nodules and highest nodule dry weight per plant were found for the bacteria-inoculated treatment in both plants, followed by fertilization with inoculated treatment. On the other hand, the lowest number of nodules and lowest nodule dry weight per plant were found at fertilization treatment in both plants. Nodule number and nodule dry weight per plant for different treatments were comparatively higher in shrub lespedeza than soybean.



The effect of different treatments on soil pH and other available nutrients (P, K, Ca, and Mg) in the coal mining soil for soybean and shrub lespedeza are recorded in Table 6 and Table 7, respectively. The highest values of available P and K in the soybean growing soil were found in treatment T3 and treatment T1, respectively, whereas maximum mean values of available Ca and Mg were noted in the control. In shrub lespedeza, both P and K have shown the highest value in treatment T1, but available Ca and K was highest in T2 and control, respectively.



There was a small decrease in the initial soil pH due to the application of fertilizer and inoculation of bacteria for shrub lespedeza and soybean, but there was no significant difference in soil pH between control and other treatments for both plants (Table 6 and Table 7). The increase of available P concentration, due to the effect of treatments in both plants, was highly significant (p ≤ 0.05) in treatment T1 and T3 when compared with control and treatment T2, but there was no significant change between control and treatment T2 (Table 6 and Table 7). The results of available K for both plants shown in Table 6 and Table 7 are also similar to the results of available P. There was a significant decrease of available Ca in treatment T3 for soybean (Table 6), and significant increase of Ca in treatment T2 for shrub lespedeza (Table 7) when treatments were compared with control. For soybean, there was a significant decrease (p ≤ 0.05) of available Mg in coal mining soil between control and treatment T1 and T3 (Table 6), but in the case of shrub lespedeza, a significant change (p ≤ 0.05) of Mg from control was found only in T3 (Table 7).




4. Discussion


4.1. Effects of Fertilization and Bacterial Inoculation on Increasing NH4+-N in Coal Mine Soil


For restoring degraded areas, an increase in soil nitrogen content has great significance because they can improve the capability of the system to assist a more complex community [21,22]. N-fixing plants have been used as a source of N in the reclamation of tropical and subtropical systems, including deforested land [23], agroforestry [24], and degraded mining land [21]. In this study, two N-fixing species (Glycine max and Lespedeza bicolor) were able to increase the concentration of NH4+-N in the coal mining soil. The rate of increasing NH4+-N for both plants was highest when plants were inoculated with bacteria, followed by fertilization along with bacterial inoculation. This indicates the importance of biological nitrogen fixation (BNF) of legume plants in improving NH4+-N in coal mine soil. Nearly all the nitrogen, found in the atmosphere is N2 gas and most of the nitrogen in soil originated as N2 gas. Plant cannot use this inert N till it is converted to available ammonium (NH4+) or nitrate (NO3−) forms. A mutual and beneficial relationship, or symbiosis is formed by N2-fixing rhizobia bacteria with legume plants. These rhizobia bacteria remove N from air and transform it into other form of N called ammonia (NH4+) which can be used by plants [25]. No significant difference was found in increasing NH4+-N between fertilization and bacterial inoculation for soybean, and low significant difference between the same treatments for shrub lespedeza, because fertilization also might cause an accumulation of NH4+-N (but less than NO3−-N) in the soil profile [26], but it was significantly lower in the control for both plants than other treatments, due to the absence of additional nitrogen sources. Cakmakci et al. [27] showed a significant increase of NH4+-N concentration in the soil of barley plant after 30 days of inoculation and fertilization.




4.2. Effects of Fertilization and Bacterial Inoculation on Increasing NO3−-N in Coal Mine Soil


In the study, application of fertilizer, along with bacterial inoculation, produced the highest concentration of NO3−-N in soil, followed by fertilization in soybean and bacterial inoculation in shrub lespedeza. NO3− is formed by mineralization of organic N and oxidation of NH4 from fertilizer, and this form of combined N is mostly available to crop legumes [28]. NH4+-N does not stay in the soil for long periods; it is converted to NO3−-N through a process called nitrification. To increase soil fertility in degraded lands, use of mineral fertilizers such as fertilizer-N is very common practice. Zahran [28] suggested that nitrogen fertilizer could be used to improve fertility in nitrogen-poor soils in order to attain extensive yield of legume plants when it is not possible to afford enough N through symbiotic N2 fixation for attaining maximum yield. Though the combination of fertilizer application and bacterial inoculation resulted in the greatest increase of NO3—N, this treatment was not significantly different from the fertilization treatment and bacterial inoculation treatment for shrub lespedeza, and there was only a low significant difference between bacterial inoculation and fertilized bacterial inoculation treatments for soybean. The reason for this could be the fewer numbers and smaller, less active nodules on the roots of legumes grown in soil because nodulation and, subsequently, the process of N fixation by rhizobia is decreased significantly by the presence of soil nitrates added by fertilization. Hungria et al. [29] reported that nodulation and N fixation are more affected when a large amount of N fertilizer is applied. N2 fixation rate by a well-nodulated, and active legume is always inhibited by NO3− ions [30]. It has been recognized for many years that nodule development [31], root infection [32], and nitrogenase activity [33,34] is inhibited by soil NO3− ions. Maximum N2 fixation requires adequate nodulation in a legume. Therefore, for the fertilized inoculated treatment, NO3−-N was added to the soil mostly through fertilization, and only a small amount through N fixation, because of poor nodule formation. As developing plants use both N forms to grow, both NH4+-N and NO3−-N would be decreased in non-fertilized non-inoculated treatment (control), but that the concentration of NH4+-N and NO3−-N in this study was increased in the control might be due to mineralization and nitrification of decomposed materials and organic N present in the soil, but this increasing concentration was significantly lower than other treatments applied to soybean and shrub lespedeza. In a previous study, bacterial inoculation and fertilization significantly increased total mineral N and NO3−-N in soil when applied to barley plant [27].




4.3. Nodule Formation and Nodule Dry Weight


The results of this study about nodule formation and nodule dry weight are similar with Hungria et al. [29], and Janagard and Ebadi-Segherloo [35] who observed that nodule development and nodule dry weight increased in inoculated plants as compared to the uninoculated plants. On the contrary, nodulation and N fixation affected by the presence of NO3−-N in the soil, resulting in fewer numbers and poor nodules on the roots of legumes [30]. That is why the number of nodules and nodule dry weight of both plants in the fertilized treatment and, even, for fertilization with inoculated treatment, was very low compared to the inoculated treatment of our study.




4.4. Effects of Fertilization and Bacterial Inoculation on pH, P, K, Ca, Mg in Coal Mine Soil


Mineral N also lead to changes in soil pH and other soil properties in addition to increasing the nitrate content in soil [36]. There was a slight decrease in the pH of our experimental coal mining soil at different treatments. Riley and Barber [37] reported that the rhizocylinder (root along with strongly adhering soil) pH decreased by NH4+-N and increased by NO3−-N. The nitrogen source affects the pH of the rhizosphere by three mechanisms [38,39]: (i) dislocation of H+/OH− adsorbed on the solid stage; (ii) nitrification and denitrification reactions; and (iii) uptake and release of H+ by roots in response to the uptake of NH4/NO3. Therefore, fertilizer, apart from increasing the nitrate content in soil, also change the soil pH [40].



The maximum available P and K concentration of the soil was found in both soybean and shrub lespedeza when treated with NPK fertilizer, and there was high statistical difference between the fertilized and non-fertilized treatments. Increased concentration of available P and K are expected in the NPK fertilized treatments [36]. By contrast, the concentration of P and K cations decreased in non-fertilized treatments of both soybean and shrub lespedeza. Application of the high rate of N may result in a rather reduced concentration of P, which is possibly induced by declined solubility of phosphorus compounds because of increased soil acidity [41]. Moreover, nitrate enhances the uptake of K cations and ammonium enhances the uptake of available P by plants. Usually, K cations do not compete with NH4+ for uptake, rather, they increase NH4+ assimilation in plants [42].



The concentration of both Ca and Mg cations decreased in the mining soil at different treatments of the study after growing soybean and shrub lespedeza. Generally, nitrate enhances the uptake of Ca and Mg cations like K because of anion–cation interactions. Apart from fertilization with inoculated treatment in soybean (resulting in the lowest available Ca) and inoculated treatment (resulting in the highest available Ca) in shrub lespedeza, there was no statistical difference of decreasing Ca cations between the control and the other two treatments. The highest concentration of available Mg was found in the control treatment of both plants, which was significantly higher than fertilized and fertilized with inoculation treatments in soybean, and fertilized with inoculation treatment in shrub lespedeza. In a previous study, Cakmak et al. [36] revealed that reduced concentration of exchangeable Ca, clearly specifies an inequality between its input and output, and the leaching that happened because of soil acidification and nitrification processes, is the main reason for this imbalance. Decreasing tendency in the concentration of Mg in the studied soil also confirm the similar situation when compared to the control. Although Ca requirement is low for plant growth and metabolism, it has a great role in balancing the levels of other nutrients, including N [41].





5. Conclusions


In this study, we evaluated the role of two N-fixing plant species soybean (Glycine max) and shrub lespedeza (Lespedeza bicolor) in improving the concentration of available N (NH4+-N and NO3−-N) and other soil nutrients in coal mine soil through the application of fertilizer and bacterial inoculation. For this purpose, four treatments, including fertilization, bacterial inoculation (Rhizobia bacteria), and a combination of fertilization and bacterial inoculation and non-fertilized non-inoculation, were used for both plants in the study. Concentration of NH4+-N and NO3−-N increased significantly in the experimental coal mine soil at all fertilized and inoculated treatments applied to soybean and shrub lespedeza as compared to control. Available P and K also increased significantly because of NPK fertilizer application to the plants. There was also a slight change in soil pH and exchangeable Ca and Mg cations in coal mining soil as a result of applied treatments to soybean and shrub lespedeza. Therefore, plantation of soybean and shrub lespedeza for improving the fertility status of coal mining soil could be a good option because of their N-fixing ability and, consequently, for restoring the soil-nutrient cycling in the degraded coal mining soil.
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Table 1. Physical and chemical characteristics of the experimental soil (mixture of coal mine soil and piedmont soil in 1:1 ratio).
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Nutrient Level in the Soil




	
Texture

	
pH

	
P2O5 (mg kg−1)

	
K (cmol (+) kg−1)

	
Ca (cmol (+) kg−1)

	
Mg (cmol (+) kg−1)

	
NH4 (mg L−1)

	
NO3 (mg L−1)

	
EC (dS m−1)






	
Clay loam

	
7.4

	
6

	
0.4

	
9

	
2.4

	
1.09

	
4.36

	
0.0











[image: Table]





Table 2. The effect of different treatments in increasing NH4+-N in coal mining soil by growing soybean and shrub lespedeza (mean ± SD).
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Concentration of Increasing NH4+-N (mg L−1)




	
Plants ‡

	
T0

	
T1

	
T2

	
T3






	
Soybean

	
0.67 ± 0.16 b

	
1.29 ± 0.11 a

	
1.47 ± 0.08 a

	
1.34 ± 0.13 a




	
Shrub lespedeza

	
0.12 ± 0.03 c

	
0.82 ± 0.23 b

	
1.16 ± 0.20 a

	
0.89 ± 0.15 ab








‡,a,b,c indicate significant difference. Mean values (± standard deviation) in the same row followed by the dissimilar letters are significantly different from each other by the Tukey test at the 5% probability level (p ≤ 0.05). Note: T0 = Control (no source of nitrogen was given on the soil), T1 = Fertilization (NPK fertilizer was added on the soil), T2 = Bacterial inoculation (nitrogen-fixing rhizobia bacteria was inoculated on the soil), T3 = Fertilization along with bacte