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Lead (Pb) is a serious toxic metal without any beneficial role in the biological system. Biochar (BC) has emerged as an excellent soil amendment to mitigate Pb toxicity. The impact of BC co-compost (BCC) in mitigating the toxic impacts of Pb has not been studied yet. Therefore, this study aimed to evaluate the potential of BC and BCC in improving the growth, physiological, and biochemical traits of Brassica napus and soil properties and reducing health risks (HR). The study was comprised of different Pb concentrations (control and 100 mg kg-1) and organic amendments (control, BC, compost, and BCC). The results indicated that Pb stress reduced the growth, photosynthetic pigments, seed yield, and oil contents by increasing hydrogen peroxide (H2O2) production and Pb uptake and accumulation in plant tissues and decreasing photosynthetic pigment and nutrient availability. The application of BCC alleviated the adverse impacts of Pb and improved seed production (40.24%) and oil yield (11.06%) by increasing chlorophyll a (43.18%) and chlorophyll b (25.58%) synthesis, relative water content (23.89%), total soluble protein (TSP: 23.14%), free amino acids (FAA: 26.47%), proline (30.98%), APX (40.90%), CAT (32.79%), POD (24.93%), and SOD (33.30%) activity. Biochar co-compost-mediated increase in seed and oil yield was also linked with a reduced accumulation of Pb in plant parts and soil Pb availability and improved the soil-available phosphorus, potassium, total nitrogen, soil organic carbon (SOC), and microbial biomass carbon (MBC). Furthermore, BCC also reduced the bioaccumulation concentration, daily metal intake, hazard index, and target hazard quotient. In conclusion, application of BCC can increase the growth, yield, and oil contents of Brassica napus by improving the physiological and biochemical traits and soil properties and reducing the Pb uptake.
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Introduction

Soil contamination with heavy metals (HMs) is a serious concern globally due to their toxic impacts on humans, plants, and the environment (Paini et al., 2016). Heavy metals inhibit plant growth and productivity and pose serious health issues (Tovar-Sánchez et al., 2018). Lead (Pb) is one of the most toxic metals that can cause adverse impacts on humans, particularly in children and pregnant women (WHO, 2019). It has wide uses in batteries, pigments, ammunition, cable sheathing, crystal glass, weights, and radiation protection. Therefore, it has the potential to contaminate environment and agricultural soils (Entwistle et al., 2019). Crops grown on Pb-polluted soils are a major reason of Pb entry into the human food chain (WHO, 2019). Thus, serious measures should be adopted to address this problem (Egendorf et al., 2020).

Lead is a dangerous metal, and it negatively affects seed germination and growth and the yield of crops (Yahaghi et al., 2019; Yadav et al., 2023). Lead seriously reduces root growth and nutrient and water uptake, resulting in profound growth losses (Chen et al., 2023). It also damages the photosynthetic apparatus and reduces chlorophyll synthesis and photosynthetic efficiency, leading to a reduction in assimilate production and plant biomass production (Emamverdian et al., 2015; Karumannil et al., 2023; Sorce et al., 2023). Lead toxicity also leads to the excessive production of reactive oxygen species (ROS) that causes oxidation of proteins, lipids, and DNA (Collin et al., 2022; Wakabayashi et al., 2023). Plants use different strategies, including antioxidant defense system, osmolyte accumulation, and restricted Pb uptake, to counter the toxic impacts of Pb (Garcia and Palacio, 2020; Sytar et al., 2021). These strategies adopted by plants are not enough to mitigate the adverse impacts of Pb; thus, exogenous techniques can provide the solution to combat the toxic effects of Pb.

Different physical, chemical, and biological strategies are being used for the remediation of polluted soils (Irshad et al., 2021). Physical and chemical techniques are time-consuming, labor-intensive, and energy-consuming, and they also produce toxic wastes (Sabir et al., 2020). In this context, application of organic amendment (OA) can offer a potential solution to reduce the toxic effects of HMs (Hu et al., 2020). In recent years, biochar (BC) showed great results to restore HM-polluted soils owing to its recalcitrant nature, cost-effectiveness, and environment-friendly benefits (Kamran et al., 2019a). Biochar is a carbon-rich product produced as a result of pyrolysis (Abbas et al., 2020), and it has unique properties including a porous structure and a higher surface area. These features make BC an important amendment to improve soil fertility, carbon sequestration, and metal stabilization (Hu et al., 2020). Biochar improves soil organic carbon (SOC), nutrient availability, and microbial activities and mitigates the HMs’ mobility (Ullah et al., 2020; Rizwan et al., 2021). Biochar has excellent adsorption capacity, and it adsorbs a significant amount of HMs, thereby reducing the toxic effects of HMs (Jia et al., 2017).

The efficiency of BC to remediate polluted soils can be improved by its combined use with different amendments—for instance, the use of BC in combination with compost provided better results in terms of improved soil fertility, water holding capacity, nutrient uptake, and HM adsorption (Agegnehu et al., 2015; Coelho et al., 2018). Thus, we hypothesized that BCC could be an effective amendment to improve growth, physiology, antioxidant activities, and soil properties by mitigating the harmful impacts of Pb. The study was performed with the following objectives: (i) to determine the impacts of BC, compost, and BCC on the productivity, oil yield, and physiological and biochemical functioning of Brassica and (2) to determine the impacts of compost, BC, and BCC on soil properties and their ability to reduce the HR of Brassica grown in Pb-polluted soil.





Materials and methods

The soil was collected from the ricefield of Hunan University of Humanities, Science, and Technology. The soil was collected from the 0–20-cm soil layer, and analysis of the collected soil was done to determine the different soil properties. The soil had a silty loam texture with pH of 5.41, cation exchange capacity of 7.41 centimoles (cmol) kg-1, organic carbon of 11.62 g kg-1, and available phosphorus and potassium of 26.33 and 108.13 mg kg-1, respectively.




Preparation of biochar, compost, and biochar co-compost

To prepare BC, rice straws were collected, and pyrolysis was done for 8 h at 600°C to prepare BC. Thereafter, BC was sieved through a 2-mm sieve and used to determine the different properties. Biochar had an alkaline nature (pH: 9.9), with 640 g kg-1 carbon content, 10.97 centimoles (cmol) kg-1 CEC, and 4.52 g kg-1 N content. The compost used in the study was prepared by using animal manure with a composting unit. The composting process was carried out for 40 days under the following conditions: 50% moisture, 65°C temperature, and 50 rpm speed. Moreover, during the last week of composting, BC (30%: WW) was mixed with composted material to prepare BCC. The compost had 6.98 pH, 251 g kg-1 carbon content, 7.91 cmol kg-1 CEC, and 2.98 N g kg-1 content. Moreover, BCC had 8.2 pH, 498 g kg-1 carbon content, 10.33 cmol kg-1 CEC, and 4.12 g kg-1 N contents.





Experimental treatments

The study comprised of the following treatments—control and Pb stress 100 mg kg-1—and organic amendments—control, biochar, compost, and biochar co-compost (BCC). The biochar, compost, and BCC were used at the rate of 2% (W/W). The pots (38 cm × 34 cm) were filled with 10 kg soil, and Pb salt was thoroughly mixed with the soil. The soil was aged for 4 weeks before using it for the experiment. After 4 weeks, biochar, compost, and BCC were applied at the rate of 2% (W/W) and thoroughly mixed with the soil. Every amendment was applied at a rate of 200 g in 10 kg soil to achieve the 2% rate of application. A total of 10 seeds of Brassica napus were sown in each pot, and after germination five plants were tinned. The study was performed in an open greenhouse equipped with a rain-shed to prevent interference from rainwater. The pots were regularly visited to fulfill irrigation requirements, while other agronomic practices were kept constant to get a good stand establishment. The plants were harvested at the physiologically mature stage to determine different growth and yield traits. Moreover, samples were collected after 30 days of sowing to determine different physiological and biochemical traits.





Measurement of growth traits

Five plants from each pot were carefully uprooted from each pot. The roots were separated from shoots to determine their fresh weights. Then, both roots and shoots were oven-dried (65°C) until constant weight to assess their dry weights.





Determination of chlorophyll content and leaf water status

Fresh leaf samples (0.5 g) were ground in 80% acetone, and the extract was collected. Thereafter, absorbance was measured (663, 645, and 480 nm) to determine the concentration of chlorophyll a and b and carotenoids (Arnon, 1949). To determine relative water contents (RWC), fresh top leaf samples were collected, and their fresh weight (FW) was taken. Then, they were dipped in water for 24 h, and their turgid weight (TW) was measured. The samples were dried until constant weight (DW), and finally, RWC was assessed by using the following method: RWC = (FW − DW)/(TW − DW) × 100 (Chattha et al., 2022). In case of electrolyte leakage: we took fresh leaves (0.5 g) and soaked them in water for 24 h, and EC1 was measured. The same leaves were placed in a water bath for a period of 2 h, and a second EC2 was taken. The final EL was assessed using the following method: EL% = (EC1/EC2) × 100.





Determination of osmolytes and oxidative stress markers

To determine the concentration of total soluble proteins (TSP), 0.5 g fresh leaf samples was collected and homogenized in 5 mL of potassium phosphate buffer (PPB; pH: 7.8), and the extract was collected. The obtained extract was centrifuged for 15 min at 14,000 rpm. Thereafter, 2 mL of Bradford was added to the extract and placed at room conditions for 20 min, and the absorbance (595 nm) was taken to determine the concentration of TSP (Bradford, 1976). To determine the concentration of free amino acids, fresh leaf samples (0.5 g) were taken and ground with 5 mL PPB solution to obtain the extract. The extract was mixed with 1 mL of pyridine and ninhydrin, boiled for 30 min in a water bath (90°C), and allowed to cool, and the absorbance (570 nm) was noted (Hamilton and Van-Slyke, 1943). Plant sample (0.5 g) was collected and extracted using 10 mL sulpho-salicylic acid (3%). The extract was centrifuged for 10 min at 10,000 rpm. Then, the supernatant was incubated for 30 min at 90°C in a water bath after mixing with 2 mL of glacial acetic acid and ninhydrin. The mixture was cooled, toluene was added to the extract, and proline contents were determined by measuring the absorbance at 520 nm (Bates et al., 1973). To assess both stress markers (H2O2 and MDA), fresh leaf samples (0.5 g) were ground in tri-chloroacetic acid (5 mL), and the extract was obtained. To measure H2O2, 1 mL extract was mixed with 1 mL of PBB, and absorbance was taken at 390 nm (Velikova et al., 2000). For the MDA concentration, the extract was centrifuged for 15 min at 12,000 rpm and thereafter mixed with 5 mL thiobarbituric acid and boiled for 30 min. Its absorbance was taken to determine MDA concentration (Rao and Sresty, 2000).





Determination of antioxidant activities

The standard procedure of Nakano and Asada (1987) was used to determine the concentration of APX. For this, 0.5 g fresh leaf was homogenized using 5 mL of PPB and centrifuged at 10,000 rpm for 4 min, and absorbance (290 nm) was taken. The fresh samples of leaf (0.5) were ground with 5 mL of PPB and centrifuged (10,000 rpm) for 10 min, and absorbance was recorded at 240 and 470 nm to determine CAT and POD activities using the methods of Aebi (1984) and Zhang (1992). In the case of SOD activity, a reaction mixture containing 100 µL H2O2, 25 mL buffer, 100 µL Triton, 50 µL sample, and 50 µL riboflavin was prepared, and absorbance was measured at 560 nm (Zhang, 1992).





Determination of plant tissue nutrient concentration and soil properties

After harvesting, Brassica plant samples were ground and digested with two acids (HCl and HNO3) in 1:2 ratio. Then, the samples were filleted and diluted by using water, and the concentration of N was measured by using the Kjeldahl procedure, while the concentration of P was determined using a spectrophotometer. The concentration of Ca, Mg, and K was measured by using a flame photometer. Soil N was determined by using the Kjeldahl method, while P and K were measured by sodium bicarbonate and ammonium acetate extraction methods, respectively. We took 20 g of soil and fumigated it for 24 h with chloroform. Thereafter, both fumigated as well as non-fumigated soils were extracted with 0.5 M K2SO4 solution, and microbial biomass carbon (MBC) concentration was measured with a carbon analyzer.





Evaluation of phyto-immobilization efficiency

The bioaccumulation concentration (BAC) and bio-accumulation factor (BAF) were assessed by using the proposed methods of Amin et al. (1954) and Zhuang et al. (2007). BAC was measured by using the following equation—BAC = Pb (shoot)/Pb (soil)—while BCF was determined with this formula: BCF = M (harvested tissue)/M (water). Here M is the concentration of Pb in plant parts (root, shoot, and grains), while M (soil) is the total amount of metal (Pb) applied according to treatments.





Intake of metal and assessment of health risks

The daily intake of metal (DIM) was determined by using the methods of Latif et al. (2018) with the following equation: DIM = M × I × K/W. Here in this equation, M is Pb concentration in plant parts (mg kg-1), K indicates conversion factor, while I and W are daily intake of vegetable and average body weight, respectively. The average daily vegetable intake per person was 0.345 kg, while the average body weight was 60 kg (Latif et al., 2018). Moreover, the HR index was calculated using the standard methods of Jan et al. (2010): HRI = DIM/Rfd. In the aforementioned equation, Rfd indicates reference oral dose which is 0.02 mg kg-1, while DIM is the daily intake of metal (United States Environmental Protection Agency, Integrated Risk Information System: US-EPA IRIS).





Determination of yield traits and seed oil contents

The brassica plants were harvested at the maturity stage to determine different traits like branches per plant, pod length, and seeds per pod. The pods from each plant were separated and threshed to determine the seed yield per pot. Moreover, a sub-sample of seeds was taken, and oil concentration was determined by the Soxhlet apparatus (AOAC, 1990).





Data analysis

The collected data were analyzed with a two-way analysis of variance using a computer-based software (Statistix 8.1). The least significant difference (LSD) at 5% probability was used to determine the significance among means. The figures were made with sigma-plot 10, while PCA was performed with R-studio.






Results




Growth traits

Lead stress caused a marked reduction in the growth traits of Brassica. Nonetheless, BC and BCC reversed the toxicity of Pb and improved Brassica growth. The application of BCC resulted in a significant increase in plant height (24.1%), RL (37.82%), RFW (41.81%), and RDW (56.34%) under no Pb stress. Opposite to this, BCC improved the plant height, RL, RFW, and RDW by 15.23%, 48.52%, 43.72%, and 56.30%, respectively, under Pb stress (Table 1).


Table 1 | Effect of biochar, compost and biochar co-compost on the growth traits of brassica grown under lead stress.







Photosynthetic pigments and leaf water status

Lead stress significantly reduced the RWC and chlorophyll contents. BCC increased the chlorophyll a, chlorophyll b, carotenoid, and RWC by 20.58%, 22.41%, 13.20%, and 25.56% under normal conditions. Moreover, the same treatment increased chlorophyll a, chlorophyll b, carotenoid, and RWC by 43.18%, 25.58%, 23.30%, and 23.89% under Pb stress (Figure 1).




Figure 1 | Effect of biochar, compost, and biochar co-compost on chlorophyll a (A), chlorophyll b (B), carotenoid (C), and relative water contents (D) of Brassica grown under Pb stress. The bars indicate means with standard errors (n = 3), and bars with the same letter(s) show the non-significant differences with each other, p < 0.05.







Oxidative stress markers, antioxidant activities, and osmolyte accumulation

Three oxidative stress markers (EL, MDA, and H2O2) showed a significant increase under Pb stress (Figure 2). Biochar, compost, and especially BCC mitigated the accumulation of the aforesaid oxidative stress markers, and the overall trend of different treatments in decreasing the oxidative stress was observed as follows: BCC > BC > compost > control. The four antioxidant enzymes (APX, CAT, POD, and SOD) showed an increase in their activity under Pb stress. The minimum activity of these antioxidants was observed in control soil. The activity of the antioxidants was increased under Pb stress, indicating that Brassica plants activated their antioxidant activities to counter the toxic effects of Pb stress.




Figure 2 | Effect of biochar, compost, and biochar co-compost on electrolyte leakage (A), malondialdehyde (B), and hydrogen peroxide (C) of Brassica grown under Pb stress. The bars indicate means with standard errors (n = 3), and bars with the same letter(s) show the non-significant differences with each other, p < 0.05.



Biochar treatments increased the antioxidant activities, and maximum APX, CAT, POD, and SOD activity was recorded in BCC followed by BC and compost under Pb stress conditions (Table 2). Pb stress determined variable effects on the osmolyte accumulation—for instance, TSP (59.63%) and FAA (73.60%) were decreased under Pb stress conditions, while proline concentration (21.21%) was increased under Pb stress (Table 2). Different amendments increase osmolyte synthesis, though BCC remained the top performer in increasing the osmolyte concentration under Pb stress, followed by BC and compost (Table 2).


Table 2 | Effect of biochar, compost and biochar co-compost on the osmolyte accumulation and antioxidant activities of brassica grown under lead stress.







Tissue nutrient concentration

Lead stress determined a sharp decrease in the concentration of all the nutrients. Conversely, addition of BCC significantly increased the N, Ca, Mg, and K concentration in Brassica tissues. The overall trend of different BC treatments in increasing the concentration of N, Ca, Mg, and K was observed as follows: BCC > BC > compost > control (Table 3).


Table 3 | Effect of biochar, compost and biochar co-compost on the tissue nutrient concentration of brassica grown under lead stress.







Yield and yield traits and oil contents

Brassica yield and yield traits were significantly reduced under Pb stress, while BC, compost, and BCC significantly increased the yield traits and oil contents of Brassica. The maximum PPP (214.68), PL (5.85 cm), SPP (22.04), and SYPP (13.83 g) were recorded with BCC application, followed by BC and compost in control soil. Under Pb stress conditions, maximum PPP (137.67), PL (4.47 cm), SPP (12.10), and SYPP (8.65 g) were observed with BCC application (Table 4). The oil contents of Brassica were significantly decreased under Pb stress, though the application of BC treatments mitigated the adverse impacts of Pb and improved the oil concentration. Pb stress caused a reduction of 21.36% in oil contents compared to control conditions. The application of BCC increased the oil contents by 11.06%, while BC and compost increased the oil contents by 10.90% and 5.14%, respectively (Table 4).


Table 4 | Effect of biochar, compost, and biochar co-compost on yield traits and oil contents of brassica grown under lead stress.







Tissue Pb concentration

The accumulation of Pb was significantly increased in root, shoot, and seed samples of Brassica in Pb-polluted soil. Conversely, BCC, BC, and compost decreased the Pb concentration in plant organs. The application of BC, compost, and BCC reduced the Pb concentration by 33.08%, 45.46%, and 121.33% (Figure 3).




Figure 3 | Effect of biochar, compost, and biochar co-compost on Brassica napus root (A), shoot (B), seed (C), and soil Pb concentration (D). ND: not detected. The bars indicate means with standard errors (n = 3), and bars with the same letter(s) show the non-significant differences with each other, p < 0.05.







Soil properties

The results indicated that Pb and the application of different BC treatments significantly affected the soil properties. The application of BCC, BC, and compost significantly increased the soil pH, total N, and available P and K. Maximum soil pH (5.93), total N (1.33 g kg-1), available P (25.34 mg kg-1), and available K (97.77 mg kg-1) under control were noted with the application of BCC, followed by BC and compost. Furthermore, maximum soil pH (5.61), total N (1.07 g kg-1), available P (17.97 mg kg-1), and available K (79.22 mg kg-1) in Pb-containing soil was observed with BCC application. Moreover, Pb stress showed a reduction of 18.39% and 18.84% in SOC and MBC. Biochar and BCC treatments significantly increased both SOC and MBC (Table 5).


Table 5 | Effect of biochar, compost, and biochar co-compost on soil properties.







Phyto-stabilization efficiency and health risk assessment

The application of BC, compost, and particularly BCC showed appreciable potential to phyto-stabilize Pb compared to the control. Minimum BAC and BAF were observed with the application of BCC, followed by BC and compost (Figure 4). A significant reduction in HR linked with edible parts of Brassica was also observed by using BC and BCC. The soil treated with BCC showed minimum DIM, HI, and THQ compared to the other treatments (Figure 5).




Figure 4 | Effect of biochar, compost, and biochar co-compost on bioaccumulation concentration (A) and bio-concentration factor (B) of Brassica grown under Pb stress. ND: not detected. The bars indicate means with standard errors (n = 3), and bars with the same letter(s) show non-significant differences with each other, p < 0.05.






Figure 5 | Effect of biochar, compost, and biochar co-compost on daily metal intake (A), hazard index (B), and target hazard quotient (C). ND: not detected. The bars indicate means with standard errors (n = 3), and bars with the same letter(s) show the non-significant differences with each other, p < 0.05.







Principle component analysis

According to the PCA results, the first PCA (PC1) has a major share of 81.1%, while the second PCA (PC2) has a minor share of 9.8%. The results indicated a positive link between CAT, POD, SOD, proline, BAC, shoot-Pb, EL, MDA, SOC, MBC, BPP, soil nutrients, FAA, TSO, SOC, and RWC and a negative association between DIM and H2O2 (Figure 6).




Figure 6 | Loading plot on the right and scores on the left side of PCA, indicating the impact of different treatments on the studied parameters.








Discussion

Lead toxicity caused a marked reduction in the growth traits of Brassica plants (Table 1) which was linked with an increase in EL, MDA, and H2O2; Figure 7) and a reduction in the synthesis of chlorophyll contents and leaf water status (Muradoglu et al., 2015; El-Shora et al., 2021; Osman and Fadhlallah, 2023). The application of BCC significantly improved the growth of Brassica plants by increasing SOC, nutrient retention (Table 5), leaf water status, and chlorophyll synthesis and reducing Pb uptake and accumulation (Ali et al., 2018; Novak et al., 2019; Abbas et al., 2020; Cheng et al., 2020). The increase in SOC increases nutrient availability, their uptake, and microbial and enzyme activity, which lead to improved plant growth (Gerke, 2022). In the present study, all of the amendments, particularly BCC, significantly increased both SOC and MBC and plant growth, and it was further proved by a positive relationship between SOC, MBC, and growth and yield (Figure 6). Chlorophyll is an important photosynthetic pigment that absorbs light energy in photosynthesis (Hu et al., 2012). In this experiment, Pb stress significantly reduced chlorophyll synthesis in Brassica. This was likely due to increased MDA and H2O2 that damaged the photosynthetic apparatus by increasing oxidative stress and increasing the activity of chlorophyll-degrading enzymes (El-Shora et al., 2021; Qin et al., 2023). The lead-induced increase in H2O2 might disrupt the enzymes’ activity involved in chlorophyll synthesis and accelerated chlorophyll degradation, thereby leading to a significant reduction in chlorophyll synthesis (Dalyan et al., 2020). The addition of BCC significantly increased the chlorophyll and carotenoid contents of Brassica plants. Biochar alleviated the inhibitory effects of Pb by decreasing its concentration in soil, which reduced the oxidative damages to photosynthetic apparatus, resulting in better chlorophyll and carotenoid synthesis under HM stress (Haider et al., 2022).




Figure 7 | Schematic diagram indicating the effect of different amendments on brassica under Pb stress. The application of BC, compost, and BCC improves root growth, photosynthetic pigments, leaf water contents, antioxidant activities, and soil health and reduces Pb availability, thereby leading to safer and better production.



Pb stress significantly increased the MDA and H2O2 concentration which caused the membrane damage as indicated by a higher electrolyte leakage concentration (Figure 2). This is consistent with earlier findings of different authors who also found that HMs increased the MDA concentration owing to ROS-induced oxidative burst (Jawad et al., 2020; Cheng et al., 2021). The antioxidants (APX, CAT, POD, and SOD) were profoundly enhanced under Pb stress (Table 2). SOD is an important antioxidant enzyme responsible in converting superoxide radicals into H2O2, and it plays an important role to protect the cell from the damaging effects of ROS. In this study, plants grown under Pb stress showed an increase in SOD activity, which was likely due to the de novo synthesis of enzyme proteins because of an increase in synthesis of superoxide radicals (Naqqash et al., 2022). CAT is also an important antioxidant that eliminates H2O2 by converting it into H2O (Noctor and Foyer, 1998). The increased CAT activity under Pb stress conditions can be attributed to increased H2O2 production under stress conditions (Shabaan et al., 2021). BCC and BC significantly increased the activities of all the four antioxidants, which helped the brassica plants alleviate the toxic impacts of Pb. The maximum concentration of Pb was found in roots than in shoots, and a little concentration of Pb was reported in the seeds of Brassica. The application of BCC significantly reduced the concentration of Pb in all plant tissues (Figure 3). Biochar has a higher surface area that facilitates sorption, ion exchange, complexation, precipitation, and coprecipitation of HMs, thereby reducing their availability and subsequent accumulation in plant tissues (Cheng et al., 2020; Mehmood et al., 2021; Murtaza et al., 2021). BCC significantly decreased the availability of Pb in soil (Table 5), which also resulted in less Pb concentration in plant tissues (Figure 3). This significant reduction in plant parts by BCC could also be related to improved immobilization of Pb and the dilution effect as a result of increased biomass production (Table 1). Lead toxicity also reduced the yield and oil concentration of Brassica plants, which was linked with decreased chlorophyll contents, RWC, total soluble protein, and free amino acid accumulation and increased MDA, EL, and H2O2. Biochar co-compost significantly increased the soil pH due to the presence of alkali ions in BCC that absorbed H+ and exchangeable Al3+ from the soil, resulting in an increase in soil pH (Xu et al., 2020; Ma et al., 2021). The presence of alkaline ions, oxide, and hydroxide in BC increases the soil pH, which facilitates the precipitation and fixation of HMs, thus reducing their concentration (Table 5) and biological effectiveness (Bashir et al., 2020). The aforementioned functional groups on the BC surface might also chelate the metals and play an important role in the complexation of HMs on the surface as well as inner pores of BC. The availability of Pb in soil (Table 5) was significantly decreased after BCC and BC application, which was another possible reason for the decreasing Pb concentration in plant tissues (Figure 3). Both BC and BCC markedly increased SOC and MBC due to the presence of significant amounts of carbon in BCC and BCC (Jiang et al., 2019; Zheng et al., 2022). Biochar-mediated increase in SOC depends on feedstock type, pyrolysis conditions, application rates, and soil properties (El-Naggar et al., 2019; Yang and Lu, 2020). The increase in MBC and SOC following the addition of different amendments caused a marked increase in plant growth.

The bioaccumulation concentration and bio-concentration factor of Brassica plants were significantly increased under Pb stress. Conversely, BC and BCC significantly reduced the bioaccumulation concentration and bio-concentration factor. The lower BAC and BAF in BCC and BC treatment resulted from the lower uptake of Pb stress by plant roots (Ali et al., 2017). BC absorbs HMs, which caused their chelation and reduced their translocation to above-ground plant parts, therefore resulting in less BAC and BAF (Antonangelo and Zhang, 2020). Furthermore, the DIM and HRI values were less than 1 with BC and BCC application, indicating that consumption of Brassica was safe.





Conclusion

Lead stress caused a serious reduction in the growth, yield, and oil contents of Brassica by impairing plant physiological and biochemical parameters due to increased Pb uptake. Biochar and biochar co-compost effectively abated the toxicity of lead and markedly improved the Brassica seed and oil yields by improving physiological and biochemical functioning and soil properties and restricting the uptake and accumulation of Pb. The application of BCC also enhanced the phyto-stabilization efficiency as evidenced by minimum BAC and BAF, and it also reduced the HR linked with the use of Brassica as indicated by the lower values of DIM, HRI, and THQ. This study was conducted in controlled conditions; therefore, future studies must be performed in open-field conditions to assess BCC’s impacts against Pb toxicity. Additionally, studies are also needed to explore the molecular mechanisms mediated by BC to induce Pb tolerance in plants.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Author contributions

WJ: Writing – original draft, Conceptualization. YL: Writing – original draft, Conceptualization. JZ: Writing – review & editing. HT: Writing – original draft, Conceptualization. GM: Writing – review & editing. XT: Writing – review & editing. YM: Writing – review & editing, Visualization. TY: Writing – review & editing. FE: Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported and funded by Hunan Provincial Natural Science Foundation of China (2023JJ50473, 2023JJ50474,2023JJ50476); 2023 Industry-University Collaborative Education Project of the Higher Education Department of the Ministry of Education (230801720230445). 2023 Hunan University Students Innovation and Entrepreneurship Training Program (S202310553008). 2024 Ministry of Education Supply and Demand Docking Employment Education Project: Research on employment-oriented practical teaching model reform of plant production courses (2024011153277). This project was supported by Hunan University Students Innovation and Entrepreneurship Training Program (234242204).




Acknowledgments

The authors are thankful to Dr. Umair for his suggestions that improved the quality of our work. The authors extend their appreciation to the Deanship of Scientific Research and Graduate Studies at King Khalid University for supporting this work through the Large Research Project under grant number RGP2/61/45.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations

















BC, biochar; HMs, heavy metals; BCC, co-compost; TSP, total soluble protein; FAA, free amino acids; APX, ascorbate peroxidase; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; MBC, microbial biomass carbon; SOC, soil organic carbon; Pb, lead; WHO, World Health Organization; ROS, reactive oxygen species; Pb, lead; DNA, deoxyribonucleic acid; OA, organic amendment; HR, health risks; CEC, cation exchange capacity; N, nitrogen; W/W, weight by weight; RWC, relative water contents; EL, electrolyte leakage; PPB, potassium phosphate buffer; TSP, total soluble proteins; H2O2, hydrogen peroxide; MDA, malondialdehyde; HCl, hydrochloric acid; HNO3, nitric acid; Ca, calcium; Mg, magnesium; K, potassium; BAC, bioaccumulation concentration; BAF, bio-accumulation factor; MDI, daily intake of metal; HRI, health risk index; LSD, least significant difference; PCA, principal component analysis; AOAC, official methods of analysis; RL, root length; RFW, root fresh weight; RDW, root dry weight; PPP, pods per plant; PL, pod length; SPP, seeds per pod; SYPP, seed yield per pot; THQ, target hazard quotient.




References

 Abbas, A., Azeem, M., Naveed, M., Latif, A., Bashir, S., Ali, A., et al. (2020). Synergistic use of biochar and acidified manure for improving growth of maize in chromium contaminated soil. Int. J. Phytorem. 22, 52–61. doi: 10.1080/15226514.2019.1644286

 Aebi, H. (1984). “[13] catalase in vitro,” in Methods in enzymology (Elsevier), 121–126.

 Agegnehu, G., Bass, A. M., Nelson, P. N., Muirhead, B., Wright, G., Bird, M. I., et al. (2015). Biochar and biochar-compost as soil amendments: effects on peanut yield, soil properties and greenhouse gas emissions in tropical North Queensland. Austr. Agric. Ecosyst. Environ. 213, 72–85. doi: 10.1016/j.agee.2015.07.027

 Ali, A., Guo, D., Zhang, Y., Sun, X., Jiang, S., Guo, Z., et al. (2017). Using bamboo biochar with compost for the stabilization and phytotoxicity reduction of heavy metals in mine-contaminated soils of China. Sci. Rep. 7, 2690. doi: 10.1038/s41598-017-03045-9

 Ali, S., Rizwan, M., Bano, R., Bharwana, S. A., Ur Rehman, M. Z., Hussain, M. B., et al. (2018). Effects of biochar on growth, photosynthesis, and chromium (Cr) uptake in Brassica rapa L. under Cr stress. Arab. J. Geo. Sci. 11, 1–9. doi: 10.1007/s12517-018-3861-3

 Amin, H., Arain, B. A., Jahangir, T. M., Abbasi, M. S., and Amin, F. (1954). Accumulation and distribution of lead (Pb) in plant tissues of guar (Cyamopsis tetragonoloba L.) and sesame (Sesamum indicum L.): profitable phytoremediation with biofuel crops. Geol. Ecol. Landsc. 2, 51–60. doi: 10.5772/intechopen.92611

 Antonangelo, J. A., and Zhang, H. (2020). The use of biochar as a soil amendment to reduce potentially toxic metals (PTMs) phytoavailability. Appl. biochar Environ. Saf., 177. doi: 10.1155/2015/756120

 AOAC (1990). Official Methods of Analysis. 15th Edition (Washington DC: Association of Official Analytical Chemist).

 Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts. Polyphe-noloxidase in Beta vulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1

 Bashir, S., Ali, U., Shaaban, M., Gulshan, A. B., Iqbal, J., Khan, S., et al. (2020). Role of sepiolite for cadmium (Cd) polluted soil restoration and spinach growth in wastewater irrigated agricultural soil. J. Environ. Manage. 258, 110020. doi: 10.1016/j.jenvman.2019.110020

 Bates, L. S., Waldren, R. P., and Teare, I. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207.

 Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

 Chattha, M. U., Tahira, A., Imran, K., Muhammad, N., Muqarrab, A., Muhammad, B. C., et al. (2022). Mulberry based zinc nano-particles mitigate salinity induced toxic effects and improve the grain yield and zinc bio-fortification of wheat by improving antioxidant activities, photosynthetic performance, and accumulation of osmolytes and hormones. Front. Plant Sci. 13, 920570. doi: 10.3389/fpls.2022.920570

 Chen, L., Wang, F., Zhang, Z., Chao, H., He, H., Hu, W., et al. (2023). Influences of arbuscular mycorrhizal fungi on crop growth and potentially toxic element accumulation in contaminated soils: A meta-analysis. Crit. Rev. Environ. Sci. Technol. 1–22, 2183700. doi: 10.1080/10643389.2023.2183700

 Cheng, S., Chen, T., Xu, W., Huang, J., Jiang, S., and Yan, B. (2020). Application research of biochar for the remediation of soil heavy metals contamination: a review. Molec. 25, 3167. doi: 10.3390/molecules25143167

 Cheng, C. H., Ma, H. L., Deng, Y. Q., Feng, J., Jie, Y. K., and Guo, Z. X. (2021). Oxidative stress, cell cycle arrest, DNA damage and apoptosis in the mud crab (Scylla paramamosain) induced by cadmium exposure. Chemosph 263, 128277. doi: 10.1016/j.chemosphere.2020.128277

 Coelho, M. A., Fusconi, R., Pinheiro, L., Ramos, I. C., and Ferreira, A. S. (2018). The combination of compost or biochar with urea and NBPT can improve nitrogen-use efficiency in maize. An. Braz. Acad. Sci. 90, 1695–1703. doi: 10.1590/0001-3765201820170416

 Collin, S., Baskar, A., Geevarghese, D. M., Ali, M. N., Bahubali, P., Choudhary, R., et al. (2022). Bioaccumulation of lead (Pb) and its effects in plants: A review. J. Hazard. Mater. Lett. 3, 100064. doi: 10.1016/j.hazl.2022.100064

 Dalyan, E., Yüzbaşıoğlu, E., and Akpınar, I. (2020). Physiological and biochemical changes in plant growth and different plant enzymes in response to lead stress. Lead Plants Environ., 129–147. doi: 10.3390/plants9111575

 Egendorf, S. P., Groffman, P., Moore, G., and Cheng, Z. (2020). The limits of lead (Pb) phytoextraction and possibilities of phytostabilization in contaminated soil: A critical review. Int. J. Phytorem. 22, 916–930. doi: 10.1080/15226514.2020.1774501

 El-Naggar, A., Lee, S. S., Rinklebe, J., Farooq, M., Song, H., Sarmah, A. K., et al. (2019). Biochar application to low fertility soils: A review of current status, and future prospects. Geoderma 337, 536–554. doi: 10.1016/j.geoderma.2018.09.034

 El-Shora, H. M., Massoud, G. F., El-Sherbeny, G. A., Alrdahe, S. S., and Darwish, D. B. (2021). Alleviation of lead stress on sage plant by 5-aminolevulinic acid (ALA). Plants 10 (9), 1969. doi: 10.3390/plants10091969

 Emamverdian, A., Ding, Y., Mokhberdoran, F., and Xie, Y. (2015). Heavy metal stress and some mechanisms of plant defense response. Sci. World J. 2015 (1), 756120. doi: 10.3390/agriculture12081155

 Entwistle, J. A., Amaibi, P. M., Dean, J. R., Deary, M. E., Medock, D., Morton, J., et al. (2019). An Apple a Day? Assessing gardeners’ lead exposure in urban agriculture sites to improve the derivation of soil assessment criteria. Environ. Int. 122, 130–141. doi: 10.1016/j.envint.2018.10.054

 Garcia, H., and Palacio, R. (2020). A novel method to test for lead contamination in soil around US schools. Int. J. Agric. Res. Innov. Technol. 10, 94–96. doi: 10.3329/ijarit.v10i1.48099

 Gerke, J. (2022). The central role of soil organic matter in soil fertility and carbon storage. Soil Syst. 6, 33. doi: 10.3390/soilsystems6020033

 Haider, F. U., Virk, A. L., Rehmani, M. I. A., Skalicky, M., Ata-ul-Karim, S. T., Ahmad, N., et al. (2022). Integrated application of thiourea and biochar improves maize growth, antioxidant activity and reduces cadmium bioavailability in cadmium-contaminated soil. Front. Plant Sci. 12, 809322. doi: 10.3389/fpls.2021.809322

 Hamilton, P. B., and Van-Slyke, D. D. (1943). Amino acid determination with ninhydrin. J. Biol. Chem. 150, 231–250.

 Hu, B., Ai, Y., Jin, J., Hayat, T., Alsaedi, A., Zhuang, L., et al. (2020). Efficient elimination of organic and inorganic pollutants by biochar and biochar-based materials. Biochar 2, 47–64. doi: 10.1007/s42773-020-00044-4

 Hu, R., Sunc, K., Suc, X., Pana, Y., Zhanga, Y., and Wanga, X. (2012). Physiological responses and tolerance mechanisms to Pb in two xerophils; Salsola passerina Bunge and Chenopodium album L. J. Hazard. Mater. 205, 131–138. doi: 10.1016/j.jhazmat.2011.12.051

 Irshad, S., Xie, Z., Mehmood, S., Nawaz, A., Ditta, A., and Mahmood, Q. (2021). Insights into conventional and recent technologies for arsenic bioremediation: a systematic review. Environ. Sci. pollut. Res. 28, 18870–18892. doi: 10.1007/s11356-021-12487-8

 Jan, F. A., Ishaq, M., Khan, S., Ihsanullah, I., Ahmad, I., and Shakirullah, M. (2010). A comparative study of human health risks via consumption of food crops grown on wastewater irrigated soil (Peshawar) and relatively clean water irrigated soil (lower Dir). J. Hazard. Mater. 179, 612–621. doi: 10.1016/j.jhazmat.2010.03.047

 Jawad, H. M., Ali Raza, M., Ur Rehman, S., Ansar, M., Gitari, H., Khan, I., et al. (2020). Effect of cadmium toxicity on growth, oxidative damage, antioxidant defense system and cadmium accumulation in two sorghum cultivars. Plants 9, 1575. doi: 10.3390/plants12152776

 Jia, W., Wang, B., Wang, C., and Sun, H. (2017). Tourmaline and biochar for the remediation of acid soil polluted with heavy metals. J. Environ. Chem. Eng. 5, 2107–2114. doi: 10.1016/j.jece.2017.04.015

 Jiang, X., Tan, X., Cheng, J., Haddix, M. L., and Cotrufo, M. F. (2019). Interactions between aged biochar, fresh low molecular weight carbon and soil organic carbon after 3.5 years soil-biochar incubations. Geoderma 333, 99–107. doi: 10.1016/j.geoderma.2018.07.016

 Kamran, M., Malik, Z., Parveen, A., Huang, L., Riaz, M., Bashir, S., et al. (2019a). Ameliorative effects of biochar on rapeseed (Brassica napus L.) growth and heavy metal immobilization in soil irrigated with untreated wastewater. J. Plant Growth Regul. 39, 266–281. doi: 10.1007/s00344-019-09980-3

 Karumannil, S., Khan, T. A., Kappachery, S., and Gururani, M. A. (2023). Impact of exogenous melatonin application on photosynthetic machinery under abiotic stress conditions. Plants 12, 2948. doi: 10.3390/plants12162948

 Latif, A., Bilal, M., Asghar, W., Azeem, M., Ahmad, M. I., Abbas, A., et al. (2018). Heavy metal accumulation in vegetables and assessment of their potential health risk. J. Environ. Ana. Chem. 5, 234. doi: 10.4172/2380-2391.1000234

 Ma, J., Ni, X., Huang, Q., Liu, D., and Ye, Z. (2021). Effect of bamboo biochar on reducing grain cadmium content in two contrasting wheat genotypes. Environ. Sci. pollut. Res. 28, 17405–17416. doi: 10.1007/s11356-020-12007-0

 Mehmood, S., Wang, X., Ahmed, W., Imtiaz, M., Ditta, A., Rizwan, M., et al. (2021). Removal mechanisms of slag against potentially toxic elements in soil and plants for sustainable agriculture development: a critical review. Sustain. 13, 5255. doi: 10.3390/su13095255

 Muradoglu, F., Gundogd, U., Ercisli, S., Encu, T., Balta, F., Jafar, H. Z., et al. (2015). Cadmium toxicity affect chlorophyll a and b content antioxidant enzyme activities and mineral nutrient accumulation in strawberry. Biol. Res. 48, 11. doi: 10.1186/s40659-015-0001-3

 Murtaza, G., Ahmed, Z., Usman, M., Tariq, W., Ullah, Z., Shareef, M., et al. (2021). Biochar induced modifications in soil properties and its impacts on crop growth and production. J. Plant Nutr. 44, 1677–1691. doi: 10.1080/01904167.2021.1871746

 Nakano, Y., and Asada, K. (1987). Purification of ascorbate peroxidase in spinach chloroplasts; its inactivation in ascorbate-depleted medium and reactivation by monodehydroascorbate radical. Plant Cell Physiol. 28, 131–140.

 Naqqash, T., Aziz, A., Babar, M., Hussain, S. B., Haider, G., Shahid, M., et al. (2022). lead-resistant Morganella morganii rhizobacteria reduced lead toxicity in Arabidopsis thaliana by improving growth, physiology, and antioxidant activities. Agric. 12, 1155.

 Noctor, G., and Foyer, C. H. (1998). Ascorbate and glutathione: Keeping active oxygen under control. Annu. Rev. Plant Biol. 49, 249–279. doi: 10.1146/annurev.arplant.49.1.249

 Novak, J. M., Ippolito, J. A., Watts, D. W., Sigua, G. C., Ducey, T. F., Johnson, M. G., et al. (2019). Biochar compost blends facilitate switchgrass growth in mine soils by reducing Cd and Zn bioavailability. Biochar 1, 97–114. doi: 10.1007/s42773-019-00004-7

 Osman, H. E., and Fadhlallah, R. S. (2023). Impact of lead on seed germination, seedling growth, chemical composition, and forage quality of different varieties of sorghum. J. Umm Al-Qura Univ. Appl. Sci. 9, 77–86. doi: 10.1007/s43994-022-00022-5

 Paini, D. R., Sheppard, A. W., Cook, D. C., De Barro, P. J., Worner, S. P., and Thomas, M. B. (2016). Global threat to agriculture from invasive species. Proc. Natl. Acad. Sci. U.S.A. 113, 7575–7579. doi: 10.1073/pnas.1602205113

 Qin, J., Jiang, X., Qin, J., Zhao, H., Dai, M., Liu, H., et al. (2023). Effects of lead pollution on photosynthetic characteristics and chlorophyll fluorescence parameters of different populations of Miscanthus floridulus. Processes 11, 1562. doi: 10.3390/pr11051562

 Rao, K. M., and Sresty, T. (2000). Antioxidative parameters in the seedlings of pigeonpea (Cajanus cajan (L.) Millspaugh) in response to Zn and Ni stresses. Plant Sci. 157, 113–128. doi: 10.1016/S0168-9452(00)00273-9

 Rizwan, M. S., Imtiaz, M., Zhu, J., Yousaf, B., Hussain, M., Ali, L., et al. (2021). Immobilization of Pb and Cu by organic and inorganic amendments in contaminated soil. Geoderma 385, 114803. doi: 10.1016/j.geoderma.2020.114803

 Sabir, A., Naveed, M., Bashir, M. A., Hussain, A., Mustafa, A., Zahir, Z. A., et al. (2020). Cadmium mediated phytotoxic impacts in Brassica napus: managing growth, physiological and oxidative disturbances through combined use of biochar and Enterobacter sp. MN17. J. Environ. Manage. 265, 110522. doi: 10.1016/j.jenvman.2020.110522

 Shabaan, M., Asghar, H. N., Akhtar, M. J., Ali, Q., and Ejaz, M. (2021). Role of plant growth promoting rhizobacteria in the alleviation of lead toxicity to Pisum sativum L. Int. J. Phytorem. 23, 837–845. doi: 10.1080/15226514.2020.1859988

 Sorce, C., Bellini, E., Bacchi, F., and Sanità di Toppi, L. (2023). Photosynthetic efficiency of Marchantia polymorpha L. @ in response to copper, iron, and zinc. Plants 12, 2776.

 Sytar, O., Ghosh, S., Malinska, H., Zivcak, M., and Brestic, M. (2021). Physiological and molecular mechanisms of metal accumulation in hyperaccumulator plants. Physiol. Plant 173, 148–166.

 Tovar-Sánchez, E., Hernández-Plata, I., Martinez, M. S., Valencia-Cuevas, L., and Galante, P. M. (2018). Heavy metal pollution as a biodiversity threat. in heavy metals Vol. 383 (London, UK: IntechOpen).

 Ullah, N., Ditta, A., Khalid, A., Mehmood, S., Rizwan, M. S., Mubeen, F., et al. (2020). Integrated effect of algal biochar and plant growth promoting rhizobacteria on physiology and growth of maize under deficit irrigations. J. Plant Nutr. Soil Sci. 20, 346–356. doi: 10.1007/s42729-019-00112-0

 Velikova, V., Yordanov, I., and Edreva, A. (2000). Oxidative stress and some antioxidant systems in acid rain-treated bean plants: protective role of exogenous polyamines. Plant Sci. 151, 59–66. doi: 10.1016/S0168-9452(99)00197-1

 Wakabayashi, K., Soga, K., Hoson, T., and Masuda, H. (2023). The Modification of cell wall properties is involved in the growth inhibition of rice coleoptiles induced by lead stress. Life 13, 471. doi: 10.3390/life13020471

 WHO (2019). Exposure to Lead: A Major Public Health Concern. Available online at: https://www.who.int/publications/i/item/WHO-CED-PHE-EPE-19.4.7-eng (Accessed 1 March 2021).

 Xu, C., Zhao, J., Yang, W., He, L., Wei, W., Tan, X., et al. (2020). Evaluation of biochar pyrolyzed from kitchen waste, corn straw, and peanut hulls on immobilization of Pb and Cd in contaminated soil. Environ. pollut. 261, 114133. doi: 10.1016/j.envpol.2020.114133

 Yadav, M., George, N., and Dwibedi, V. (2023). Emergence of toxic trace elements in plant environments: Insights into potential of silica nanoparticles for mitigation of metal toxicity in plants. Environ. pollut. 15, 122112. doi: 10.1016/j.envpol.2023.122112

 Yahaghi, Z., Shirvani, M., Nourbakhsh, F., and Pueyo, J. J. (2019). Uptake and effects of lead and zinc on alfalfa (Medicago sativa L.) seed germination and seedling growth: Role of plant growth promoting bacteria. S. Afr. J. Bot. 124, 573–582. doi: 10.1016/j.sajb.2019.01.006

 Yang, C. D., and Lu, S. G. (2020). Dynamic effects of direct returning of straw and corresponding biochar on acidity, nutrients, and exchangeable properties of red soil. Huan Jing ke Xue Huanjing Kexue. 41, 4246–4252.

 Zhang, X. (1992). “The measurement and mechanism of lipid peroxidation and SOD, POD and CAT activities in biological system,” in Research Methodology of Crop Physiology (Agriculture Press, Beijing, China), 208–211.

 Zheng, H., Liu, D., Liao, X., Miao, Y., Li, Y., Li, J., et al. (2022). Field-aged biochar enhances soil organic carbon by increasing recalcitrant organic carbon fractions and making microbial communities more conducive to carbon sequestration. Agric. Ecosyst. Environ. 340, 108177. doi: 10.1016/j.agee.2022.108177

 Zhuang, X., Chen, J., Shim, H., and Bai, Z. (2007). New advances in plant growth-promoting rhizobacteria for bioremediation. Environ. Int. 33, 406–441. doi: 10.1016/j.envint.2006.12.005




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Jiang, Liu, Zhou, Tang, Meng, Tang, Ma, Yi and Gad Elsaid. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1475510-g001.jpg
Chlorophyll a (mg g'l FW)

Carotenoids (mg g-1 FW)

th

[R¥]

C)

Control

Control

I Control
N BC
BN CP
I BCC

d

PDb Stress

I Control
I BC
/1 CP
E BCC

d

Pb Stress

0.8

0.6

0.4

Chlorophyll b (mg g-1 FW)

0.0

100

80

60

40

Relative water contents (%)

B)

Control

Control

I Control
N BC
N CP
E BCC

e

Pb Stress

I Control
N BC
B Cr
HEEN BCC

Pb Stress






OEBPS/Images/fpls-15-1475510-g003.jpg
B Control I Control - B)
B BC 140 N BC
- CP - [ CcP
o 200 1 mmm BCC T —Tele
B0 e 120
P =
= 2 100
:g 150 E
E =
& E 80
g ~
< 100 < o
S °
S E 40
=4 50 =
20
ND
0 0
Conftrol Pb Stress Confrol Pb Stress

B Control
BN BC

CP
N BCC

I Control
B BC

CP
HE BCC

Seed lead concentration (u g g'l)
Soil lead concentration (mg kg'l)

Control Pb Stress Control Pb Stress





OEBPS/Images/fpls-15-1475510-g006.jpg
PCA - Biplot

MBC sSOC

BPPA N Treatments

oK - SoRMgtophyll —

ha
n
1

BAC

Shoot.Pb . |
HoB=Gramn.Pb

Root Pb-se_
Soil Pb g, oo,

H202

it
ey

Dim2 (9.8%)

DIM

| T203

| @ | T2C4

1 1
=5 ] 5

Dim1 (84.1%)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Biochar co-compost increases the productivity of Brassica napus by improving antioxidant activities and soil health and reducing lead uptake

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Preparation of biochar, compost, and biochar co-compost

          



          		

            Experimental treatments

          



          		

            Measurement of growth traits

          



          		

            Determination of chlorophyll content and leaf water status

          



          		

            Determination of osmolytes and oxidative stress markers

          



          		

            Determination of antioxidant activities

          



          		

            Determination of plant tissue nutrient concentration and soil properties

          



          		

            Evaluation of phyto-immobilization efficiency

          



          		

            Intake of metal and assessment of health risks

          



          		

            Determination of yield traits and seed oil contents

          



          		

            Data analysis

          



        



        



        		

          Results

        

          		

            Growth traits

          



          		

            Photosynthetic pigments and leaf water status

          



          		

            Oxidative stress markers, antioxidant activities, and osmolyte accumulation

          



          		

            Tissue nutrient concentration

          



          		

            Yield and yield traits and oil contents

          



          		

            Tissue Pb concentration

          



          		

            Soil properties

          



          		

            Phyto-stabilization efficiency and health risk assessment

          



          		

            Principle component analysis

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Treatments Proline (mg/ APX (U/ CAT (U/ POD (u/ SOD (U/

g FW) mg protein)  mg protein)  mg protein) mg protein)
Control  Control | 1522c+0.46  11.73d 044  0.6le +0.022 18.83f + 0.94 4.02f £0.12 1.88f + 0.056 1.88g + 0.076
BC 1701b + 112 1640b +0.67  0.69d + 0.033 26.77de + 1.24 5.60d + 0.21 2.79de + 0.098 3.19 + 0.089
Compost  1629b +0.89  15.00c 076  0.65de + 0.044 24.27¢ + 1.06 5.00¢ + 0.19 2.44e £ 0.12 2.76f + 0.099
BCC 18120+ 078 | 1791a+055  0.70cd +0.012 30.21d + 0.98 6.22¢ £ 0.18 3.12d + 0.061 3.54d + 0.076
Pb stress  Control 9.59f + 0.65 7.82f + 0.49 0.71cd + 0.021 34.30c + 1.54 6.86b + 0.42 4.05¢ + 0.087 4.05e +0.112
BC 1048 +0.91  9.03¢f+ 067  0.82b+0.019 43.57b + 1.76 8.86a + 0.10 4.48b + 0220 4.88b + 0.119
Compost  9.84ef+ 074 8.44f +0.33 0.75¢ + 0.045 37.30c + 1.28 7.25b +0.22 4.15bc + 0.141 427¢ +0.220
BCC 11.81d £ 052 9.89% + 041 0.93a + 0.052 48.33a + 0.99 9.11a £ 0.19 5.06a + 0.141 5.40a + 0.118

The data is mean (n = 3) + SE, and different letters show the significance between means.
Pb, lead; BC, biochar; BCC, biochar co-compost; TSP, total soluble proteins; FAA, free amino acids; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase.





OEBPS/Images/table4.jpg
Treatments Pods per pla Pod lengt
Control ~ Control  171.67d + 5.31 4.86¢ £ 0.22
BC 202.00b + 6.12 5.12b + 0.14
Compost  189.83c + 4.56 5.05bc +0.19
BCC 214.68a + 7.55 5.84a £ 021
Pb stress  Control 111.33f + 2.63 4.14e £ 0.39
BC 131.73e + 4.09 4.28de + 0.12
Compost 11670 + 1.75 4.22de £ 0.19
BCC 137.67e + 2.9 447d £ 0.26

The data is mean (n = 3) + SE, and different letters show the significance between means.
Pb, lead; BC, biochar; BCC, biochar co-compost.

Seeds per pod

15.63c + 0.82

20.17ab + 0.78

17.83bc + 0.23

22.04a + 0.57

8.73e £ 0.99

11.30de + 0.49

9.30e + 1.12

12.10d + 1.41

Seed yield per pot (g)

10.16¢ + 0.45

12.03b + 0.56

11.78b + 0.94

13.83a + 0.44

6.16e + 0.28

7.88d + 0.11

6.61e + 0.47

8.65d + 0.59

Qil contents (%)
38.17c £ 1.78

40.53ab + 2.33

39.08bc + 1.99
41322+ 224

30.72¢ + 2.69

34.07d + 1.76

32.20e +2.33

34.12d £ 3.12
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Treatments v Magnesium Potassium

Control Control 13.27d + 0.88 46.35d = 1.71 36.17¢ + 1.88 17.58¢ + 0.98
BC 19.62b + 1.12 54.17b £ 1.75 44.00b + 1.45 24.00b + 1.45
Compost  17.16¢ + 1.33 49.70c + 145 39.75¢ + 1.20 22.37b +1.98
BCC 21.2la + 2.19 57.94a + 1.03 48.28a + 0.84 28.05a + 2.44

Pb stress  Control 8.65g + 0.87 29.03g + 1.41 2220f + 145 13.96d + 1.20
BC 10.43ef + 1.31 3437+ 123 27.32e 222 14.89d + 1.77
Compost  9.08fg + 0.45 31.63fg + 1.98 25.23ef + 245 14.14d + 2.66
BCC 11.85de + 1.56 37.53e + 2.10 31.60d + 1.98 15.58¢cd + 234

The data is mean (n = 3) + SE, and different letters show the significance between means.
Pb, lead; BC, biochar; BCC, biochar co-compost.
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Treatments (c RL (c RFW (g) RDW (g) BPP
Control Control 128c +1.24 3437c £ 171 27.50c + 143 14.50cd + 0.41 533
BC 145b + 3.29 43.72ab + 0.91 38.33a + 1.72 19.34b + 0.98 6.67
Compost 145b + 2.49 40.35b + 1.68 33.68b £ 1.23 16.36¢ = 1.10 533
BCC 159a + 2.99 47.37a + 1.88 39.00a + 2.16 22.67a £0.95 7.33
Pb stress Control 105e + 3.65 20.40e + 2.24 1633e + 2.89 8.17f + 0.84 533
BC 113de + 2.94 27.00d £ 1.17 21.69d + 3.45 10.33ef + 0.93 5.67
Compost 108e + 4.16 22.0le + 0.88 19.33de + 1.24 9.00f £ 0.99 533
BCC 12lcd £ 3.85 30.03d + 143 2347cd + 0.75 12.77de + 0.80 5.67

The data is mean (n = 3) + SE, and different letters show the significance between means. The effect of different treatments on BPP was non-significant; therefore, no lettering and SE were applied.
Pb, lead; BC, biochar; BCC, biochar co-compost; PH, plant height; RL, root length; REW, root fresh weight; RDW, root dry weight; BPP, branches per plant.
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Available K
(mg kg™)

Control Control 5.68¢ £ 0.091
BC 5.84ab + 0.11
Compost ~ 5.74bc + 0.17
BCC 5.93a + 0.082
Pb stress  Control 5.38e £ 0.045

BC 5.49de + 0.13

1.13cd + 0.069

1.27ab + 0.045

1.19bc + 0.056

1.33a £ 0.024

0.81f £ 0.046

0.97e +0.033

19.27¢d + 115
23.33b +0.99
2067b +2.33
25.34a £ 1.78
14.82g + 242

16.80ef + 3.33

81.80cd + 3.77

92.80ab + 4.45

88.37bc + 4.98

97.77a £ 5.02

537f+ 1.34

75.73de + 5.33

15.83d + 0.99

19.98b + 1.12

18.04c + 145

21.86a + 0.89

15.11f + 0.45

16.18¢f + 0.87

315.00f + 7.98

441.33ab + 11.22

432.67b +9.31

454.00a + 17.66

300.00f + 15.44

361.67e + 18.44

Compost 5.4l £ 0.15

BCC 5.61cd + 0.018

0.86f + 0.031

1.07de + 0.045

15.73fg + 1.65

17.97de + 1.41

The data is mean (n = 3) + SE, and different letters show the significance between means.
Pb, lead; BC, biochar; BCC, biochar co-compost; N, nitrogen; P, phosphorus; K, potassium; SOC, soil organic carbon; MBC, microbial biomass carbon.

69.28ef + 2.99

79.22d + 3.87

15.72ef + 0.92

16.92de + 1.09

339.33f + 14.55

380.33¢c £ 16.78





