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Abstract

:

Biochar and arbuscular mycorrhizal fungi (AMF), a promising environmentally friendly soil enhancer and biostimulant, play a crucial role in sustainable agriculture by influencing soil properties and plant growth. This research investigates the chemical properties of three biochar types [bamboo (BB-char), corn cob (CC-char), and coffee grounds (CG-char)] derived from different biomass sources and their impact on soil quality and Chinese kale growth. The results reveal significant differences in chemical properties among different types of biochar. Particularly, CG-char showed the greatest pH value and phosphorus content, with an average of 10.05 and 0.44%, respectively. On the other hand, CC-char had the highest potassium content, with an average of 2.16%. Incorporating biochar into degraded soil enhances soil structure, promoting porosity and improved texture, as evidenced by scanning electron microscope images revealing distinct porous structures. Soil chemistry analyses in treatment T2–T14 after a 42-day cultivation demonstrate the impact of biochar on pH, electrical conductivity, organic matter, and organic carbon levels in comparison to the control treatment (T1). Furthermore, the research assesses the impact of biochar on Chinese kale growth and photosynthetic pigments. Biochar additions, especially 5% BB-char with AMF, positively influence plant growth, chlorophyll content, and photosynthetic pigment levels. Notably, lower biochar concentrations (5%) exhibit superior effects compared to higher concentrations (10%), emphasizing the importance of optimal biochar application rates. The study also delves into the total phenolic content in Chinese kale leaves, revealing that the synergistic effect of biochar and AMF enhances phenolic compound accumulation. The combination positively influences plant health, soil quality, and nutrient cycling mechanisms. Overall, the research indicates the multifaceted impact of biochar on soil and plant dynamics, emphasizing the need for tailored application strategies to optimize benefits in sustainable agriculture.
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1. Introduction


Currently, the world’s population is increasing at a rapid rate and is expected to reach 8.5 billion by 2030. This increase in population stimulates demand for more agriculture and industrial activities, which in effect leads to an increase in agricultural waste. It is estimated that the amount of agricultural waste will reach 2.59 billion tons [1]. Simultaneously, one of the methods for enhancing agricultural crop production in modern-day agriculture is the use of chemical fertilizers; however, inappropriate excessive usage of such fertilizers has a negative impact on environmental pollution and eutrophication problems and contributes to a gradual reduction in soil fertility [2]. Therefore, the application of biochar to soil is considered to have potential for long-term soil carbon sequestration, as well as to improve plant growth and disease pathogens [3].



Biochar is a charcoal-like material that is rich in organic carbon, produced from biomass such as wood, leaf, seed/fruit, grass, or agricultural wastes through the process of pyrolysis (slow, intermediate, fast, and gasification) at high temperatures in a low-oxygen or oxygen-absent environment [4,5,6,7]. Biochar plays an important role in decreasing greenhouse gas emissions in the world and reducing atmospheric CO2 concentrations [8,9,10]. In terms of sustainable agriculture and the environment, biochar is receiving attention as an environmentally friendly alternative for sustainable agriculture and environmental improvement. It is used as a soil amendment to enhance soil fertility, structure, and biochemical quality while reducing the use of industrial fertilizer and the ecological impact of agriculture [11,12]. Biochar is well known for its unique properties, such as having a high surface area and porosity, low bulk density, high cation exchange capacity (CEC), neutral to alkaline pH, and high carbon content, and it also contains some essential plant nutrients, such as nitrogen (N), phosphorus (P), and basic cations such as calcium (Ca), magnesium (Mg), and potassium (K) that are necessary for crop growth and development [12]. Therefore, the addition of biochar to soil can improve soil organic carbon content, CEC, and soil porosity; stabilize soil pH; increase soil microbial activity; enhance moisture retention and availability; immobilize toxic elements like heavy metals; and increase the bioavailability of minerals, resulting in improved root development and nutrient uptake [11,12,13]. Previous studies reported that the application of biochar has been shown to increase soil microbial activity and improve the chemical and physical properties of the soil [14,15,16,17]. Fachini et al. [18] found that biochar produced from sewage sludge is an excellent alternative to traditional chemical fertilizers.



Moreover, combining biochar with soil microorganisms such as AMF has shown to be beneficial in agricultural applications, as AMF are considered a safe and efficient natural biofertilizer, while biochar has the potential to serve as an inoculum carrier for AMF, enhancing their abundance and infection rate by modifying soil properties and microbial activity [19,20].



AMF are a fundamental group of soil microorganisms belonging to the phylum Glomeromycota. They are among the most prominent microorganisms and are commonly used as biostimulants in sustainable agriculture [21,22]. In the natural system, AMF are involved in mutualistic symbiotic associations with plant species, are an essential component of rhizosphere microorganisms, and play an important role in nutrient cycling and enhancing plant nutrition [23,24,25]. The application of AMF as biostimulants has become known as a significant environmentally friendly approach to modern agriculture [26,27]. They are frequently used as biofertilizers in agriculture ecosystems because they provide several ecosystem benefits, such as nitrogen fixation, soil carbon cycling, plant nutrition, soil erosion control, soil pollutant remediation, biodiversity support, plant water regulation, and enhanced carbon sequestration [28]. Therefore, the combination of biochar and AMF application plays an important role in improving soil properties and plant growth. Several previous studies have reported that the combined application of biochar and AMF can improve soil nutrient content, enhance plant nutrient uptake, and increase antioxidant enzymes activity, as well as improve plant growth under saline stress [29,30,31,32]. Furthermore, it has been reported that the combination of biochar and AMF can not only improve soil properties but also improve plant growth and increase yields for a variety of plants, such as rice (Oryza sativa L.) [33], soybean (Glycine max) [34], spinach (Spinacia oleracea L.) [10], chili (Capsicum flutescens L.) [35,36], and corn (Zea mays L.) [29,31,37]. However, there is still a lack of information about the interaction of biochar and AMF in many economically important vegetable crops, particularly Chinese kale, which holds high economic value in numerous regions worldwide.



Chinese kale (Brassica oleracea var. alboglabra L.) is a traditional vegetable of Chinese origin belonging to the Brassicaceae family and is widely cultivated in southern China and Southeast Asia. Known for its nutritional richness, Chinese kale contains health-promoting phytochemicals such as carotenoids, glucosinolates, vitamin C, and phenolic compounds [38,39,40]. Despite its high demand and cultivation volume, intensive agricultural methods often result in soil degradation and nutrient loss. Therefore, adopting sustainable cultivation practices becomes imperative to preserving soil health and sustaining crop productivity. In Thailand, Chinese kale is one of the most popularly cultivated and consumed vegetables. Thus, this study was conducted on utilizing agricultural waste to produce biochar, and the effect of biochar and AMF on plant trials of Chinese kale growth and the surrounding soil properties was investigated. Specifically, it explores the potential benefits of biochar and AMF application in improving soil structure, nutrient cycling, and plant growth. Understanding these effects is crucial for developing sustainable cultivation practices that promote soil health and enhance crop productivity. Overall, this paper attempts to provide insights into sustainable agricultural practices for Chinese kale cultivation, with implications for enhancing soil health, crop yield, and environmental sustainability.




2. Materials and Methods


2.1. Source of Soil, Biochar, and Arbuscular Mycorrhiza Fungi


The soil sample was collected from an agricultural farm located in the province of Chiang Mai, Thailand. Before conducting the examination, the soil properties, including pH, total organic matter (OM), organic carbon (OC), were analyzed by the Central Laboratory, Faculty of Agriculture, Chiang Mai University, Thailand.



The biochar used in this study was produced from three types of biomasses, including bamboo (BB), corn cob (CC), and coffee grounds (CG), which were obtained from the Faculty of Engineering at Chiang Mai University, Thailand. The arbuscular mycorrhiza, which consists of Acaulospora foveate, Glomus etunicatum, G. geosporum, and G. mosseae (MYCOBTECHTM BIO STIMULANT), was obtained from SV BIOTECH, Ratchaburi, Thailand.




2.2. Soil and Biochar Preparation


Three different types of biomass were subjected to a drying process at a temperature of 80 °C for 24 h. Then, each dried biomass was subjected to a slow pyrolysis process at 500 °C for 2 h in a fixed-bed reactor. After preparation of the biochar, it was pulverized into a fine powder and sieved through a sieve with a mesh of 1 to 2 mm. The soil sample was air-dried until it became completely dry. After that, it was broken down to a small size and sieved through a 3 mm mesh sieve.



After preparing the biochar and soil, the soil sample and each biochar type were immediately transferred to plastic bags and sterilized by autoclaving two times at 121 °C for 20 min [41]. All soil and biochar bags were stored at room temperature for further use.




2.3. Biochar and Soil Analysis


Each biochar type and soil after the experiment were analyzed for different chemical characteristics. The moisture content was determined following the methods of the Association of Official Analytical Chemists (AOAC) [42]. To determine the electronic conductivity (EC) and pH, a 1:10 ratio of biochar:water was soaked in 50 mL distilled water for 30 min. Measurements were conducted using an Ecoscan COND 6+ Conductivity Meter (EUTECH Instruments, Malaysia) for EC and a pH meter (Sartorius PB-10, Sartorius, Germany) for pH determination. Organic carbon (OC) content was determined by the Walkley and Black method [43]. Total nitrogen (N) was determined by the Kjeldahl method [44]. Furthermore, vanadomolybdate and atomic absorption spectrophotometry (AAS) methods were used to determine the content of phosphorus (P) and potassium (K), respectively [45,46]. All samples were analyzed by the Central Laboratory, Faculty of Agriculture, Chiang Mai University, Thailand. Moreover, the biochar and soil samples were photographed with the scanning electron microscope (SEM) JEOL JSM-5910 LV SEM (JEOL, Tokyo, Japan) using an accelerating voltage of 15 kV at the Science and Technology Service Center, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand.




2.4. Experimental Design


The experimental setup for the different treatments was designed using a completely randomized design (CRD) with 3 treatment factors: (1) Biochar type: There were 3 types of biochar and no biochar or AMF soil as a control; (2) level of biochar (5% and 10% by weight); and (3) arbuscular mycorrhiza mixed with each biochar type and without any biochar, resulting in a total of 14 treatments. Each treatment provided 5 replicates. Therefore, 70 experimental units were used in the present study. The treatments are listed in Table 1.




2.5. Planting and Pot Experiment for Chinese Kale Cultivation


In this study, Chinese kale (Brassica oleracea var. alboglabra L.) seed (Chia Tai Co., Ltd., Bangkok, Thailand) was used. Chinese kale seeds were surface sterilized with 0.5% sodium hypochlorite solution (v/v) for 5 min, washed 5 times with sterile distilled water, and then germinated on moist filter papers in sterile Petri dishes for 2 days at 25 °C [47]. The germinated seeds were grown in a nursery tray (54 cm in height × 26 cm in depth × 3.6 cm in width) using sterilized vermiculite: perlite: peat moss (1:1:2 w/w/w) as a substrate for 2 weeks in greenhouse conditions. After that, the healthy seedlings were transferred to plastic pots (6.3 cm in diameter and 4.5 cm in depth) containing 800 g of sterilized soil mixed with each type of biochar and each type of biochar combined with AMF (25 kg/g soil). The pot experiment was conducted in a greenhouse located in the Faculty of Science, Chiang Mai University, Thailand, for 42 days. Planting pots with each treatment were randomly arranged in the greenhouse. The plants were grown in greenhouses where the temperature was an average of 27 °C and the mean relative humidity was 62.5%. Each pot was watered every two days.




2.6. Plant Harvest and Analysis


After 42 days of cultivation, plant leaf number, plant height, and leaf chlorophyll content were measured with a SPAD-502Plus chlorophyll meter (KONICA MINOLTA, INC., Tokyo, Japan) before harvesting. Chinese kale plants were carefully separated from the soil, and the roots were washed under running water to remove soil and organic matter. The plants were placed in plastic containers containing a small amount of water to preserve their freshness and transported to the laboratory. Then, shoots and roots were cut from each plant. Total fresh shoot and root weight was measured using an analytical balance [48], and shoot and root length was measured using a vernier caliper. Shoot and root dry weight was measured by analytical balance after drying at 60 °C for at least 72 h or until they became totally dried [49].




2.7. Determination of Photosynthetic Pigment Content


In this experiment, fresh leaf tissue was used for the determination of photosynthetic pigments. The chlorophyll content was determined as previously described by Lichtenthaler et al. [50]. Five replicates of 0.2 g of fresh leaf tissue (fresh weight; FW) were extracted in a mixture of acetone and ethanol (1:1, v:v) solution and subsequently kept in the dark at room temperature for 24 h or until the color faded to white. The supernatant was collected after centrifugation at 3000 rpm at room temperature for 10 min, and photosynthetic pigment content was determined by measuring the absorbance at 663 nm, 645 nm, and 440 nm with a UV-spectrophotometer. The content of photosynthetic pigments was calculated as follows:


Chlorophyll a (mg g−1) = (12.7 × OD663 − 2.69 × OD645) × V/W × 1000










Chlorophyll b (mg g−1) = (22.9 × OD645 − 4.86 × OD663) × V/W × 1000










Total chlorophyll (mg g−1) = (8.02 × OD663 − 20.20 × OD645) × V/W × 1000










Carotenoids (mg g−1) = (4.7 × OD440 − 0.27 × Total chlorophyll content) × V/W × 1000








where V is the volume of the extract and W is the weight of the sample.




2.8. Determination of Total Phenolic Content


The total phenolic content was determined using the Folin–Ciocalteu assay [51]. The determination was performed according to the method described by Rahman [52]. Briefly, a 0.5 g ground fresh sample (fresh weight; FW) was subjected to extraction by mixing with 8 mL of alcohol for 30 min and centrifuged at 3000 rpm for 15 min. Then, the reaction mixture was prepared by mixing 1 mL of supernatant, 0.5 mL of Folin–Ciocalteu’s phenol, and 1.5 mL of a 26.7% Na2CO3 solution, followed by the addition of 7 mL of distilled water. The mixture was thoroughly mixed and incubated in the dark condition at room temperature for 2 h. The absorbance was measured at 760 nm using a spectrometer. Total phenolic content values were determined from a calibration curve, which was prepared with different concentrations of gallic acid solution. The total phenolic content was expressed as mg of gallic acid equivalents/g fresh weight (mg GAE/g FW).




2.9. Data Analysis


All the data were shown as means ± standard deviation (SD), which were analyzed by one-way analysis of variance (ANOVA) and carried out by IBM SPSS statistic software version 26.0. The significant differences (p ≤ 0.05) between the mean value of each treatment were considered statistically significant using Duncan’s multiple range test.





3. Results and Discussion


3.1. Biochar Analysis


Understanding the chemical properties of biochar is important to supporting sustainable agriculture, restoring soil quality, managing the environment, and improving soil fertility [53]. Several previous studies have been conducted on its chemical properties [54,55,56]. Before the start of our experiment, each biochar type was analyzed for chemical parameters such as moisture content, pH, EC, OC, and nutrient content (N, P, and K). The results of the chemical properties of biochar are presented in Table 2. It was found that the chemical properties of biochar can vary significantly depending on the type of biomass. The results indicate that BB-char had the highest moisture content (5.44%), followed by CC-char (2.49%) and CG-char (1.33%). The moisture content of each type of biochar investigated in this study was consistent with the findings of several previous studies, which had reported that the biochar moisture content ranged from 1.84 to 5.70% [56,57,58]. According to Ali et al. [56], the moisture content of biochar produced from corn cob pyrolyzed at 300 °C and 400 °C was found to be 3.21% and 1.84%, respectively. Schneider et al. [57] reported that the moisture content of biochar produced from bamboo was 5.70%. In the case of pH, it was found to be within a range of 8.83 to 10.05, with CG-char having the highest average pH value at 10.05 ± 0.03, followed by CC-char and BB-char with an average pH value of 9.94 ± 0.03 and 8.83 ± 0.03, respectively. However, a pH value of biochar ranging from 3.1 to 12.0 has been reported [59,60]. The results of this study are consistent with the findings of Prasad et al. [61], who also found that biochar produced from bamboo, cereal husk/paper fiber, forest wood, and wood screenings all showed alkaline pH values of 8.84, 9.56, 9.51, and 9.54, respectively. Moreover, it was found that most biochar with alkaline pH was used for soil amendment [62]. Sahoo et al. [63] investigated the pH of biochar derived from pigeon pea stalks and bamboo that had been pyrolyzed at different temperatures of 400 °C, 500 °C, and 600 °C. They revealed that the pH values of both biochars were in the alkaline range, with pH values of 7.90 to 10.14 for biochar derived from pigeon pea stalks and 7.25 to 10.07 for biochar derived from bamboo, respectively. Therefore, the findings from this experiment were supported by several previous studies that found that biochar’s chemical properties were influenced by the pyrolysis conditions and the type of raw materials [64,65,66,67].



Biochar, an environmentally friendly soil enhancement, serves as an essential source of important nutrients for plants [68]. One of the most important factors to be considered is the influence of biochar nutrient content. In this study, the nutrient content in biochar, including total N, P, and K, as well as total OC, was determined. The results reveal that the CC-char had the highest OC and K content, with a total OC and K content of 5.63% and 2.16%, respectively, while CG-char had the highest total P content of 0.44% (Table 2). Several earlier studies involving different types of biomasses (bamboo shoot shell, chicken feather waste, cow dung, cucumber plant waste, palm leaf waste, poultry litter, tomato plant waste, wood) as raw materials for the production of biochar and determined based on nutrient content have been reported [67,69,70]. Generally, the nutrient content of biochar products differs depending on the biomass type, pyrolysis temperature, and heating rates used during the production process [67,71,72]. For instance, the study conducted by Ye et al. [69] revealed that the nutrient content of biochar obtained from bamboo shoot shell at pyrolytic temperatures ranging from 300 to 500 °C had a value of total OC, N, P, and K of 64.0–69.3%, 2.80–3.10%, 0.35–0.56%, and 0.31–1.71%, respectively. Tsai et al. [73] found that the biochar produced from swine dung at a temperature of 400 °C had high levels of nitrogen (3.2%) and phosphorus (6.1%). On the other hand, biochar made from giant reed (Arundo donax) at the same temperature had low levels of N (0.69%) and P (0.13%) [74].



In scanning electron microscope images, Figure 1A–C displays three types of raw materials used for biochar production. The microporous structure of biochar derived from each biomass type was distinctly evident, featuring visible pores and pits (Figure 1D–F). Upon the addition of biochar and mycorrhiza to the deteriorated soil, the soil structure exhibited the incorporation of biochar and the colonization of mycorrhizal fungi. Although it remains uncertain whether this indicates inadvertent colonization by mycorrhizal fungi, there is unequivocal evidence of substantial alterations in soil structure attributed to biochar (Figure 1G,H). The soil structure, particularly in the presence of both biochar and AMF, displayed enhanced porosity and improved soil texture compared to soil without biochar. In contrast, the degraded soil exhibited a dense, smooth, and non-porous surface (Figure 1I), directly impacting the growth rate of the test plants.




3.2. Effects of Biochar and Biochar with AMF on Soil Chemical Properties


The soil chemical parameters were determined after a cultivation duration of 42 days. The results of the investigation of the chemical properties of soils are shown in Table 3. The soil analysis results demonstrate a statistically significant difference in pH increase when biochar was added to the soil compared to the initial soil analysis conducted before the experiment, where no biochar was applied. The initial pH level of the soil sample was approximately 6.31 and exhibited an increase during the growth of Chinese kale in treatments T2–T14. These pH levels were slightly alkaline, ranging from 7.44 to 7.86, with variations attributed to the levels of addition and the type of biochar used. The highest pH value of the soil samples was obtained with the treatment where the soil was applied with 5% CG-char (T6) and 10% CG-char combined with AMF (T14). Furthermore, it was found that higher biochar application rates (10%) increased soil pH more than lower biochar rates (5%). The findings of this study align with numerous prior research studies exploring the incorporation of biochar into agricultural soil systems. These studies consistently report that the addition of biochar to the soil leads to changes in pH levels. In general, biochar typically exhibits alkaline properties that vary based on its type. When incorporated into the soil, biochar has the capacity to increase the overall pH of the soil [75]. Simultaneously, adding different concentrations of biochar to the soil induces changes in the pH value, with an increase corresponding to the applied level [76]. These findings are supported by the results of Hailegnaw et al. [77], who noted that the highest biochar application rate (8%) was more effective in altering soil properties than lower biochar rates, significantly increasing pH in all incubated soils. Furthermore, Kizito et al. [78] reported a similar trend, with the addition of corncobs and wood biochar leading to an increase in soil pH from 6.92 to a range of 7.7–8.1. Nevertheless, the results of this study highlight that the addition of biochar can improve soil properties, particularly in acidic soils, offering potential benefits for modern agricultural systems.



In terms of EC, the addition of each type of biochar to the soil led to an increase in soil EC compared to the control treatment (T1). It was observed that the addition of either biochar without AMF or biochar combined with AMF resulted in a significant increase in soil EC. Therefore, the addition of biochar and the combination of biochar and AMF resulted in a significant improvement in soil EC. In addition, both the additional 5% and 10% rate applications of biochar resulted in increases in soil EC. Our results show that all biochar increased soil EC, which is consistent with many previous studies [79,80,81]. Furthermore, Mohawesh et al. [80] also indicated that using biochar as a soil amendment has the potential to increase both soil electrical conductivity (EC) and pH levels, potentially influencing the growth of plant shoots and roots. However, certain studies found that soil EC was either not associated with or not affected by the amount of biochar applied [82,83].



Biochar holds the potential to impact the composition of organic matter and organic carbon in the soil [84]. In our study, the results in Table 3 revealed that after 42 days of cultivation, adding 5 and 10% biochar to the soil significantly improved organic matter and organic carbon compared to the initial soil. The soil initially employed for planting exhibited organic matter and organic carbon levels of 1.12% and 0.65% biochar, respectively. Following the addition of biochar to the soil (T2–T14), a noticeable increase was observed in both OM and OC levels, ranging approximately between 2.58 and 3.52% and between 1.53 and 2.30%, respectively. The highest improvement in the planting soil’s organic matter and organic carbon values was observed with the addition of 10% CC-char (3.61 and 2.21, respectively). This was followed by the application of 10% BB-char and 10% BB-char combined with AMF. Conversely, the addition of 5% CG-char (T13) to the soil resulted in the lowest levels of organic matter and organic carbon among the treatments. Notably, these values did not exhibit statistical differences from the untreated planting soil (T1 and T8). Our findings largely align with numerous prior studies suggesting that the addition of biochar to soil can enhance organic matter and organic carbon levels through diverse mechanisms, like stable carbon sequestration, reduced decomposition, enhanced microbial activity, improved soil structure, promotion of plant growth, and chemical binding [3,85,86]. However, it is important to highlight that the specific effects of biochar on organic matter and organic carbon levels can vary, influenced by factors such as biochar type, feedstock, and application rate, along with the soil characteristics [87]. Despite these consistent trends, certain studies have suggested that some types of biochar may exhibit minimal or no impact on these properties [84,88]. Conducting long-term studies is imperative for comprehending the sustained impacts of biochar on soil carbon dynamics.



In addition to influencing other chemical properties, the incorporation of biochar into soil for crop cultivation enhances the levels of primary nutrients, namely, nitrogen, phosphorus, and potassium [89]. The results indicate that the application of both biochar and biochar mixed with AMF led to significant increases in total nitrogen content across most soils. Similarly, the addition of biochar to the soil showed a propensity to increase the levels of phosphorus and potassium in overall soils. The outcomes of this study demonstrated that the use of both 10% CG-char and 10% CG-char combined with AMF resulted in soil with substantial amounts of all three primary nutrients. Simultaneously, it was observed that the addition of certain types of biochar to the soil may have minimal or no impact on primary nutrients. These effects vary based on the specific type of biochar and the amount applied. Generally, the addition of biochar to soil can increase primary nutrients through various mechanisms related to cation exchange capacity (CEC) and nutrient retention [89]. Possessing a high CEC, biochar is adept at attracting, retaining, and exchanging positively charged ions, including essential nutrients such as nitrogen, phosphorus, and potassium. This inherent property enhances the availability of these nutrients for plant uptake. Simultaneously, biochar can retain nutrients within its porous structure, preventing them from leaching away due to rainfall or irrigation. This retention helps create a reservoir of nutrients in the soil, promoting sustained availability for plants [68,90]. Furthermore, the specific impact of biochar on primary nutrient levels is also associated with microbial activity and symbiotic relationships. Typically, biochar serves as a habitat for beneficial microorganisms that play a pivotal role in nutrient cycling and mineralization. These microbes contribute to breaking down organic matter, rendering nutrients like N, P, and K more abundant and accessible to plants [91]. Additionally, when used in combination with specific microorganisms such as AMF, biochar can enhance nutrient uptake. This enhancement occurs as AMF forms symbiotic relationships with plant roots, further facilitating the absorption of nutrients from the soil [33]. According to study conducted by Ndiate et al. [29], combining biochar with AMF effectively improved soil nutrient content, enhanced plant nutrient uptake, increased antioxidant enzyme activity, and improved some specific fatty acid content. Furthermore, Kotby et al. [31] demonstrated that when used in combination with AMF inoculation, maize plants exhibited considerably higher nutrient uptake and growth promotion compared to non-treated plants. When investigated under soil with salt stress conditions, Gunes et al. [36] revealed that biochar and AMF positively improved microbial activity.




3.3. Effect of Biochar and Biochar with AMF on Chinese Kale Growth Promoting


During the planting period, there were no observable symptoms of plant diseases in any treatments of biochar and AMF application, or in the control group. After a growth period of 42 days, the results indicate that there was not a statistically significant difference in the number of leaves per plant between the treatment groups (Figure 2A). The chlorophyll content of Chinese kale leaves, as measured using SPAD chlorophyll meters, ranged from a 51.22 ± 0.81 to a 53.80 ± 0.89 SPAD value. The highest chlorophyll content (53.80 ± 0.89 SPAD value) was observed in the T4 treatment, while the lowest content (51.22 ± 0.81 SPAD value) was found in the T2 treatment (Figure 2B). The plant height and root length of Chinese kale are shown in Figure 2C,D,F. The results indicate that the addition of 5% BB-char and AMF to the soil (T11) increased plant height, root length, plant and root dry weight of Chinese kale compared with the plant in other treatments, as well as the control treatment (T1) (Figure 2C). Likewise, it was found that the T11 treatment significantly improved the root length of Chinese kale compared with the other treatments (Figure 2D). After the drying of plants and roots at a temperature of 60 °C, the results indicate that all the treatments involving additional biochar and biochar with AMF (T2–T14) had a higher plant dry weight than the control treatment (T1). The highest value of dried plant weight was obtained in the Chinese kale plant that had been supplemented with 5% BB-char and AMF (T11), followed by Chinese kale supplemented with 5% CC-char and AMF (T9) and Chinese kale supplemented with 5% CG-char and AMF (T13). However, the lowest dry weight of Chinese kale plant was found in the control treatment (T1) (Figure 2E). Likewise, the T11 treatment had the highest dry weight of roots, while treatments T1, T3, and T7 had the lowest dry weight of roots (Figure 2E). Interestingly, the results of this study reveal that the addition of 5% biochar resulted in higher growth of Chinese kale compared to the addition of 10% biochar (Figure 2C–E).



This study aligns with several prior studies that indicate the overall benefits of combining biochar and mycorrhizae in a sustainable agriculture system. Prior research indicates that the co-application of biochar and AMF has significant effects on enhancing the growth of several plant species, such as maize, pepper, and tomato plants [20,29,30,31,36]. Sun et al. [20], Ndiate et al. [29], and Kotby et al. 2023 [31] revealed that the combined application of biochar and AMF can affect maize growth in comparison to the control treatments. Recently, Gunes et al. [36] also found that both AMF and biochar had significant effects on the pepper plant’s morphological growth factors. Therefore, synergistic interaction offers advantages for soil health and nutrient management, promoting crop productivity, resource efficiency, and long-term soil fertility [10,92,93]. Biochar enhances soil structure, which increasing porosity and water retention and leads to improved aeration, root penetration, and nutrient availability [12]. Similarly, mycorrhizal fungi establish a symbiotic relationship with plant roots, extending nutrient uptake, enhancing resistance to soil-borne pathogens, and boosting overall plant immunity [94]. However, the study notes that a high concentration of biochar may change microbial mechanisms, affecting the balance of beneficial and harmful microorganisms. Maintaining a lower percentage could support a more balanced microbial community, promoting optimal plant growth.




3.4. Photosynthetic Pigment Content


The content of photosynthetic pigment, including chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid in Chinese kale, is displayed in Figure 3. The chlorophyll and carotenoid content were dependent on each type of biochar; however, it was found that the addition of 5% BB-char and AMF (T11) to the soil revealed the highest chlorophyll and carotenoid content in Chinese kale leaves, with averages of 0.67 ± 0.02, 3.53 ± 0.14, and 4.24 ± 0.15 mg/g FW for chlorophyll a, b, and total chlorophyll, respectively (Figure 3A–C), and a carotenoid content of 3.25 ± 0.17 mg/g FW (Figure 3D). On the other hand, the lowest contents of chlorophyll and carotenoid were found in Chinese kale leaves of the control treatment (T1). Additionally, a comparison between the addition of 5% and 10% biochar revealed that the addition of 5% biochar resulted in higher levels of both chlorophyll and carotenoid content compared to the addition of 10% biochar (Figure 3A–D). According to the findings, these results suggest that the type and concentration rate of biochar have a significant impact on the levels of chlorophyll and carotenoids in Chinese kale plants. These results are supported by other previous studies, which revealed that the content of chlorophyll and carotenoids was related to biochar type, concentration rate, and plant species [95,96,97,98]. Kamran et al. [96] investigated the photosynthetic pigments in rapeseed (Brassica napus L.) at varying concentrations of wood chip (Acacia nilotica) biochar (0%, 1%, and 2%). Their study revealed that the addition of biochar at a concentration of 2% to the soil resulted in a higher content of photosynthetic pigments when compared with the addition of biochar at a concentration of 1%. Similarly, studies conducted by Ali et al. [95] found that adding 2% of biochar produced from rice straw to the soil resulted in a higher level of photosynthetic pigments compared to adding 1% of biochar. Therefore, the consistent findings across numerous studies suggest that the selection of biochar type and its concentration rate could have significant effects on the level of photosynthetic pigments in plants, potentially affecting the health and productivity of the plant. This information enhances our comprehension of sustainable agricultural methodologies and the role of biochar in stimulating advantageous physiological responses in plants.




3.5. Total Phenolic Content


The total phenolic content in Chinese kale leaves is shown in Figure 4. The results reveal that the value of total phenolic content ranged from 0.08 ± 0.03 to 1.33 ± 0.05 mg GAE/g FW. The highest total phenolic content was obtained in Chinese kale cultivated in the soil mixed with 5% BB-char and AMF (T11), followed by Chinese kale cultivated in the soil mixed with 5% CG-char and AMF (T13). Conversely, the lowest level of total phenolic content was observed in Chinese kale cultivated in soil without any biochar or AMF (T1). Interestingly, when comparing the treatment of biochar without AMF to the treatment of biochar mixed with AMF, it was found that the biochar mixed with AMF (T9–T14) had a higher total phenolic content than the biochar without AMF (T2–T7). Our findings indicate that the synergistic effect of biochar and AMF positively influences the accumulation of total phenolic content in Chinese kale. Furthermore, the increase in phenolic compounds is probably related to the influence of AMF on nutrient absorption in the soil, as well as the influence of biochar on soil properties. The results of our findings align with the previous reports by Ma et al. [99], Upadhyay et al. [100], and Vahedi et al. [101] indicating that root exudates, such as phenolic compounds, play a crucial role in influencing the interactions between plants, soil, and microbial communities. Therefore, the combination of biochar with AMF not only enhances the content of phenolic compounds in plants but also enhances soil health and the mechanism of nutrient cycling.




3.6. The Cost of Biochar Production and Its Perspective in Field Cultivation


Considering the energy cost of biochar production and its impact on field cultivation, especially when compared to traditional methods utilizing chemical fertilizers or various chemical products, is crucial for agricultural sustainability [102]. Generally, biochar pro-duction costs vary depending on factors such as raw material type, pyrolysis method, and production scale, with energy inputs mainly from heating processes ranging from 350 °C to 800 °C, resulting in production costs ranging from USD 0.67 to USD 10.0 per kilogram [103]. Although the initial energy investment for biochar may be higher, its sustainable advantages often outweigh these costs. Traditional methods relying on chemical inputs incur significant energy costs for manufacturing, transportation, and application, leading to environmental degradation, soil deterioration, and biodiversity loss and posing risks to human health and ecosystems. Integrating biochar into cultivation practices reduces reliance on chemicals, lowering overall energy consumption and environmental impact. Despite initial energy costs, biochar’s sustainable benefits in soil fertility, carbon sequestration, and crop yield make it a more environmentally friendly option compared to traditional chemical-intensive methods.





4. Conclusions


Biochar is a carbon-rich material produced from different types of biomasses by pyrolysis under oxygen-limited conditions, with significant benefits for sustainable agriculture and the environment. However, the impact of biochar depends on various factors, such as biochar type, application rate, and soil properties. Our results provide valuable insights into the potential of both biochar and biochar with AMF to enhance soil fertility and promote plant growth, as shown by its influence on Chinese kale. Furthermore, the combined effect of AMF with biochar at a 5% biochar concentration provides more effective results compared to a 10% biochar concentration. Therefore, the study suggests that biochar, especially in combination with AMF, positively affects soil properties, nutrient content, and plant growth parameters, providing potential benefits for sustainable agriculture practices. The findings demonstrate the importance of considering biochar type, concentration, and its interaction with AMF to assess its long-term impact on soil and plant health as well as ecosystem sustainability in the future. Despite biochar potentially requiring higher initial energy costs, it offers sustainable advantages compared to chemical fertilizer approaches by reducing overall energy consumption and environmental impact.
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Figure 1. The raw materials before pyrolysis for biochar production, including bamboo (A), corn cob (B), and coffee grounds (C), as well as the electron microscopy investigation of each biochar and soil structure. Microporous biochar structures derived from bamboo (D), corn cob (E), and coffee grounds (F). The soil structure with incorporated biochar and AMF colonization (G), deteriorated soil with biochar (H), and untreated deteriorated soil (I). The red arrows indicate the internal structure of the soil, comprising biochar components, soil particles, and AMF. 
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Figure 2. Effect of biochar and arbuscular mycorrhizal fungi on the growth of Chinese kale. (A) Leaf number, (B) chlorophyll content, (C), plant height, (D) root length, (E) plant and root dry weight, and (F) Chinese kale growth in each treatment. The data are presented as means, with error bars at each point indicating the ± standard deviation. Differences within the same experiment are analyzed using Duncan’s multiple range test, with distinct letters indicating statistical significance (p ≤ 0.05). 
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Figure 3. Effect of each type of biochar and biochar with arbuscular mycorrhizal fungi on photosynthetic pigment content of Chinese kale. (A) Chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) carotenoid. The data are depicted as means, with error bars indicating ± standard deviation. Differences within the same experiment are assessed through Duncan’s multiple range test, where distinct letters denote statistical significance (p ≤ 0.05). 
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Figure 4. Effect of each type of biochar and biochar with arbuscular mycorrhiza fungi on total phenolic content of Chinese kale. The data are presented as means with error bars indicating ± standard deviation. Differences within the same experiment are assessed using Duncan’s multiple range test, with distinct letters indicating statistical significance (p ≤ 0.05). 
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Table 1. Experimental details.
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	Treatment Number
	Treatment Details





	T1
	Soil without any material (control)



	T2
	Soil + 5% CC-char



	T3
	Soil + 10% CC-char



	T4
	Soil + 5% BB-char



	T5
	Soil + 10% BB-char



	T6
	Soil + 5% CG-char



	T7
	Soil + 10% CG-char



	T8
	Soil + AMF



	T9
	Soil + 5% CC-char + AMF



	T10
	Soil + 10% CC-char + AMF



	T11
	Soil + 5% BB-char + AMF



	T12
	Soil + 10% BB-char + AMF



	T13
	Soil + 5% CG-char + AMF



	T14
	Soil + 10% CG-char + AMF







Note: CC-char, corn cob biochar; BB-char, bamboo biochar; CG-char, coffee grounds; and AMF, arbuscular mycorrhiza fungi.













 





Table 2. Chemical properties of biochars used in the experiment.
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Parameter

	
Type of Biochar




	
BB-Char

	
CC-Char

	
CG-Char






	
Moisture content; %

	
5.44 ± 0.12 a

	
2.49 ± 0.18 b

	
1.33 ± 0.33 c




	
Dry matter; %

	
94.56 ± 0.12 c

	
97.51 ± 0.18 b

	
98.67 ± 0.33 a




	
pH

	
8.83 ± 0.03 c

	
9.94 ± 0.03 b

	
10.05 ± 0.03 a




	
Electrical conductivity (EC); mS/cm

	
11.33 ± 0.05 c

	
12.44 ± 0.15 b

	
16.80 ± 0.35 a




	
Total organic carbon (OC); %

	
4.57 ± 0.04 b

	
5.63 ± 0.03 a

	
2.93 ± 0.04 c




	
Total nitrogen (N); %

	
1.10 ± 0.03 b

	
0.80 ± 0.01 b

	
3.74 ± 0.04 a




	
C:N ratio

	
4.16 ± 0.07 b

	
7.04 ± 0.13 a

	
0.79 ± 0.02 c




	
Total phosphorus (P); %

	
0.28 ± 0.03 b

	
0.18 ± 0.05 c

	
0.44 ± 0.02 a




	
Total potassium (K); %

	
2.15 ± 0.06 a

	
2.16 ± 0.02 a

	
1.79 ± 0.05 b








Note: All data are presented as means ± standard deviation. Different letters in each type of biochar are considered significantly different according to Duncan’s test (p ≤ 0.05).













 





Table 3. Chemical properties of soil after the application of treatments for 42 days.
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Treatment

	
Parameter




	
pH

	
EC (mS/cm)

	
OM (%)

	
OC (%)

	
Total N (%)

	
Total P (%)

	
Total K (%)






	
Initial soil

	
6.31 ± 0.02 h

	
0.49 ± 0.02 i

	
1.12 ± 0.05 g

	
0.65 ± 0.09 h

	
0.15 ± 0.04 e

	
0.002 ± 0.001 d

	
0.04 ± 0.01 f




	
T1

	
7.06 ± 0.02 g

	
0.77 ± 0.06 h

	
2.64 ± 0.09 f

	
1.49 ± 0.08 fg

	
0.12 ± 0.03 e

	
0.033 ± 0.02 c

	
0.98 ± 0.08 cd




	
T2

	
7.44 ± 0.07 f

	
0.91 ± 0.06 g

	
3.40 ± 0.07 bc

	
2.30 ± 0.10 a

	
0.16 ± 0.06 e

	
0.043 ± 0.02 c

	
1.09 ± 0.06 abc




	
T3

	
7.72 ± 0.07 cde

	
1.16 ± 0.06 de

	
3.31 ± 0.06 cd

	
1.92 ± 0.05 bc

	
0.18 ± 0.07 de

	
0.033 ± 0.01 bc

	
1.14 ± 0.05 ab




	
T4

	
7.67 ± 0.02 de

	
1.04 ± 0.02 f

	
3.24 ± 0.09 cd

	
1.88 ± 0.10 bcd

	
0.18 ± 0.05 de

	
0.047 ± 0.01 abc

	
1.10 ± 0.08 ab




	
T5

	
7.74 ± 0.12 bcde

	
1.17 ± 0.06 cde

	
3.52 ± 0.09 ab

	
2.04 ± 0.07 b

	
0.25 ± 0.04 cd

	
0.050 ± 0.01 abc

	
1.14 ± 0.09 ab




	
T6

	
7.82 ± 0.03 ab

	
0.93 ± 0.05 g

	
3.20 ± 0.07 d

	
1.86 ± 0.13 cd

	
0.41 ± 0.04 ab

	
0.060 ± 0.01 ab

	
0.75 ± 0.06 e




	
T7

	
7.86 ± 0.06 a

	
1.21 ± 0.06 cd

	
3.00 ± 0.08 e

	
1.74 ± 0.09 de

	
0.48 ± 0.03 a

	
0.070 ± 0.01 a

	
1.10 ± 0.04 ab




	
T8

	
7.46 ± 0.05 f

	
1.15 ± 0.05 de

	
2.64 ± 0.12 f

	
1.53 ± 0.10 fg

	
0.12 ± 0.03 e

	
0.033 ± 0.02 c

	
0.94 ± 0.09 d




	
T9

	
7.75 ± 0.02 bcd

	
1.26 ± 0.07 bc

	
3.36 ± 0.11 bcd

	
1.95 ± 0.09 bc

	
0.17 ± 0.05 de

	
0.033 ± 0.02 c

	
1.04 ± 0.09 abcd




	
T10

	
7.85 ± 0.05 a

	
1.33 ± 0.06 ab

	
3.61 ± 0.13 a

	
2.21 ± 0.11 a

	
0.25 ± 0.05 cd

	
0.043 ± 0.02 bc

	
1.10 ± 0.07 ab




	
T11

	
7.65 ± 0.05 e

	
1.26 ± 0.05 bc

	
3.35 ± 0.09 bcd

	
1.94 ± 0.09 bc

	
0.19 ± 0.06 de

	
0.033 ± 0.02 c

	
1.02 ± 0.07 bcd




	
T12

	
7.72 ± 0.05 cde

	
1.41 ± 0.05 a

	
3.48 ± 0.05 ab

	
2.02 ± 0.11 bc

	
0.27 ± 0.05 c

	
0.063 ± 0.02 ab

	
1.14 ± 0.05 ab




	
T13

	
7.78 ± 0.06 abc

	
0.95 ± 0.03 g

	
2.58 ± 0.13 f

	
1.53 ± 0.09 g

	
0.37 ± 0.07 b

	
0.057 ± 0.02 abc

	
0.96 ± 0.07 d




	
T14

	
7.86 ± 0.01 a

	
1.08 ± 0.04 ef

	
2.88 ± 0.08 e

	
1.67 ± 0.11 ef

	
0.44 ± 0.03 ab

	
0.067 ± 0.01 ab

	
1.15 ± 0.06 a








Note: All data are presented as means ± standard deviation. Different letters in the same properties are considered significantly different according to Duncan’s test (p ≤ 0.05).
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