“ I Q£ Journal of Forest and Ecosystem Sciences Vol 1, Mo 4, 2025

Harnessing Soil Ecology through Biochar and AMF
Integration for Improved Growth and Enzymatic Dynamics
in Swiss Chard

Ghulam Murtaza! =~ 9, Muhammad Usman?= (2 | and Rashid Igbal’=

'School of Agriculture, Yunnan University, Kunming, Yunnan 650504, China;

2School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai, 200240, China;

3 Department of Agronomy, Faculty of Agriculture and Environment, The Islamia University of
Bahawalpur, Bahawalpur 63100, Pakistan;

Received: 03.11.2025 Accepted: 13.11.2025 Published: 25.12.2025

https://doi.org/10.54414/UUX05275

Abstract

Biochar and arbuscular mycorrhizal fungi (AMF) are increasingly recognized for their potential to improve soil quality
and plant productivity. This study evaluated the individual and combined effects of non-wood biochar and AMF on
growth performance, root morphology, physiological attributes, and soil enzymatic activity in Swiss chard (Beta
vulgaris L.) under pot conditions. A randomized block design was employed with four treatments and three
replications: Ai (control, no amendment), A2 (biochar alone), As (AMF alone), and A4 (combined AMF and biochar).
Results demonstrated that biochar application alone significantly enhanced plant growth parameters, including shoot
length, leaf dimensions, leaf number, and biomass accumulation (fresh and dry weight), compared to the control.
Improvements were also observed in root morphological traits, physiological performance, and soil enzymatic
activities. AMF inoculation further contributed to plant and soil improvements; however, the combined application
(A4) produced the most pronounced effects across all measured variables. The synergistic interaction between AMF
and biochar resulted in superior plant growth, enhanced root system architecture, improved physiological efficiency,
and elevated soil enzymatic activity and microbial biomass. Overall, the findings highlight the synergistic potential of
integrating AMF with biochar as a sustainable soil management strategy to enhance crop productivity and soil
biological functioning.
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1. Introduction

Biochar is obtained by pyrolysis of different types of carbonaceous feedstocks. The utilization of
biochar is a means of mitigating climate change and decreasing atmospheric carbon dioxide levels, while
also enhancing agricultural soil quality (Emenike et al., 2024; Iwuozor et al., 2024; Sieradzka et al., 2022).
The use of biochar has been shown to enhance soil microbial activity and improve soil physiochemical
traits (H Pangaribuan et al., 2022; Zhao et al., 2022). A study conducted by Khadem et al. (Khadem et al.,
2021) found that the application of biochar enhanced soil productivity and health. According to Teodoro et
al. (Teodoro et al., 2020), the application of biochar resulted in a substantial enhancement of the specific
surface area, cation exchange capacity, and water holding capacity (WHC) of hostile soils. Biochar derived
from rice husk substantially enhanced the organic matter content in soil by 50% as compared to the control
group (Ayaz et al., 2022). According to several studies, biochar has been shown to enhance the functions
of esterase, lipase-esterase, phosphohydrolase, trypsin, protease, alkaline phosphomonoesterase,
phosphomonoesterase acid, phosphatase acid, alkaline phosphatase, dehydrogenase, and chymotrypsin
enzymes when used alone (Antonia Sindesi et al., 2022). Biochar facilitates the enrichment of soil with
essential nutrients like total carbon, sodium, magnesium, calcium, potassium, and nitrogen (Verma &
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Reddy, 2020). Egamberdieva et al. (Egamberdieva et al., 2019) found that the incorporation of biochar into
soil substantially enhanced the potassium, phosphorus, and nitrogen levels.

Biochar could be shown to improve productivity and nutritional composition of different plant
species (Jatuwong, et al., 2024). Previous studies have demonstrated that the use of biochar resulted in
enhanced germination of seeds and growth of plants and soybean production (Arshad et al., 2023). After
biochar was added, the rate of germination was much higher than in the control group (Osei et al., 2023).

The levels of magnesium and calcium in maize (Zea mays) leaves were markedly greater when a
high rate of biochar was applied compared to the control group (Gunes et al., 2023). The use of biochar
enhanced the biomass of both the roots and shoots of buckhorn (Nirukshan et al., 2022). The application of
biochar derived from rice straw showed a substantial enhancement in plant height, per plant bolls, average
boll weight, and cotton seed output compared to the control group (Huang et al., 2024). According to Niu
et al. (Niu et al., 2024), the application of biochar obtained from rice husk resulted in an increase in the
final biomass, plant height, root biomass, and leaf numbers of cabbage and lettuce compared to plants grown
without biochar. Biochar exerts a beneficial influence on the biochemical and physiological characteristics
of plants. Multiple studies have demonstrated that the use of biochar enhanced transpiration rate, plant
photosynthesis, and levels of chlorophyll (Lalay et al., 2024).

AMF are a prominent contributor to the rhizosphere microflora in ecological systems and have a
crucial function in nutrient cycling within these ecosystems (Ishaq et al., 2023). Mycorrhiza is a symbiotic
microorganisms that stimulate root development and significantly contribute to improving plant nutrition
(Khaliq et al., 2022). AMF has a beneficial relationship with crops (Huang et al., 2024). The introduction
of mycorrhiza into plant roots enhances the absorption of essential nutrients, including Mg, Ca, P, K, and
N (Bhattacharyya & Furtak, 2022). Inoculated plants with mycorrhiza exhibited elevated levels of
carotenoids and chlorophyll, as well as enhanced levels of antioxidant enzymes, including ascorbate
peroxidase, peroxidase, catalase, dismutase, and superoxide (Nazari et al., 2023). The application of
mycorrhiza enhanced the root system of plants and facilitated the growth and production of numerous field
crops (Bhale et al., 2018). Previous studies have indicated that the use of both PGPR (Plant Growth-
Promoting Rhizobacteria) and mycorrhiza through inoculation may have a positive impact on cultivation
(Uwamungu et al., 2022). Mycorrhiza and biochar have demonstrated their efficacy in improving plant
productivity while mitigating the severity of diseases. Singh et al. (Singh et al., 2022) found that inoculating
maize with both biochar and AMF simultaneously greatly enhanced the growth of plants and phosphorus
level.

Swiss chard is rich in essential components that have positive effects on human health, such as
bioactive chemicals, minerals, and vitamins. The substance is abundant in bioactive chemicals that possess
anticancer, hypolipidemic, hypoglycemic, and antiobesity traits (Kaparapu et al., 2020; Ivanovi¢ et al.,
2019). The cultivation of chard is strongly influenced by both biotic and abiotic stress factors. Furthermore,
the concurrent use of AMF and biochar is beneficial in mitigating the adverse effects of biotic stress,
irrespective of abiotic stress (Tan et al., 2017). However, there is no data on the combined impact of AMF
and non-wood biochar on chard. Non-wood biochar can be attractive when agricultural waste and side
streams are used as raw materials. The objective of this work was to study the effect of simultaneously
applying AMF and biochar to the soil of growing Swiss chard, compared with Jabborova et al. (Jabborova
et al., 2020). The authors postulated that the concurrent use of AMF and non-wood biochar will cause
positive impacts on soil characteristics and plant nutrients and thereby on the growth of plants and their
physiological characteristics.

2. Materials and Methods
2.1. Soil and biochar description

The experiments were conducted using soil from the Agricultural Research field of Islamia
University Bahawalpur, and the soil properties were noticed (EC: 0.33 uS/cm, pH: 7.66, SOC(soil organic
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carbon): 8.32 g/kg, CEC(cation exchange capacity): 19.11 cmol kg ™!, Available N: 54.19 mg/kg, Available
P: 0.47 mg/kg, Available K: 80.1 mg/kg, Total N: 0.69 g/kg, Total P: 0.41 g/kg, Total K: 20.2 g/kg, Texture;
silty loam). The biochar considered in this work was synthesized at 450°C using non-wood feedstock
(corncobs). The biochar had a particle size smaller than 2 mm, and the following properties: pH: 8.7, VC:
22%, BET-surface area: 123 m?g’!; C: 44%, H: 2.80%, N: 2.69%, O: 12.46%, bulk density; 0.349 g/cm?;
CEC: 37.88 cmol kg!, EC: 5470 uS/cm, ash content: 1.3%, VM (volatile matter): 33.8%). Swiss chard
seeds were obtained from Yunnan Zhuoyu Seeds Industry, China. AMF was obtained from
the Microbiology research center at the same institute.

2.2. Experimental design

The experiments were planned as pot tests conducted in a shade house in a randomized block design
(4 treatments, 3 replications). These treatments comprised a control A; (no biochar/AMF added into the
soil), A, (only addition of biochar), A3 (only addition of AMF), and A4 (biochar combined with AMF).
Permissions or licenses were obtained to collect Swiss chard seeds from the Regional Agricultural Research
Institute (RARI) before starting the research. The seeds were planted in plastic containers with a depth of
15 cm and 15 cm in diameter, holding a soil mass of 4.5 kg. Every pot received irrigation every 3 days. At
harvest, after 35-days, the length of the shoot, leaf width, number of leaves, fresh weight of shoot and root,
dry weight of root and shoot were all measured, compared to Jatuwong et al (Jatuwong et al., 2024). Every
pot received irrigation every 3 days. After that 35-day period, physiological data, including RWC (relative
water content), transpiration rate, net photosynthetic rate, and photosynthetic pigment contents, were also
measured.

2.3. Analysis of Swiss chard root morphological characteristics

After harvesting, the root system was meticulously rinsed with water. The complete root system
was dissected and examined with an imaging system against a blue background. Analysis of digital
photographs of the roots was conducted using the programme Win RHIZO (Regent Instruments Inc.,
Canada). Evaluated were the root length, total root surface area, root diameter, projected area, and root
volume.

2.4. Quantification of physiological characteristics

Relative water content was determined using the technique described by Boussora et al. (Boussora
etal., 2024). A quantity of 100 mg of fresh leaf biomass was promptly transferred into petri plates containing
deionized water and incubated at ambient temperature for four hours as described by Jatuwong et al.
(Jatuwong et al., 2024). Next, the samples were pulled from the soil, washed, and dried by blotting, and the
weight was quantified. The samples were stored in a 75°C oven for >10h, and then the mass of the dry
sample was measured, as described in Jabborova et al. (Jabborova, et al., 2021). Quantification of RWC was
performed as:

RWC % = [(FW — DW)/(TW —DW)] x 100 (1)
Here, FW (fresh leaf sample), DW (dry weight), and TW (turgid weight) are used.

The photosynthetic pigment contents were quantified using the modified approach by Hashemi et
al. (Victoria et al., 2023). Fresh leaves were gathered in the early hours of the day. 50 mg of finely chopped
fresh leaf samples were placed into test vials filled with 5 ml of dimethyl sulfate (DMS, CAS no. 77-78-1).
Incubation was done at 37 °C for four hours in the absence of light and then prolonged until tissue rendered
entirely devoid of colour was obtained. The extract's absorbance was measured at wavelengths of 470, 645,
and 663 nm with a spectrophotometer, with a dimethyl sulfate blank as a calibrating reference; compare the
procedure by Shahraki et al. (Shahraki et al., 2024). The concentrations of chlorophyll a, chlorophyll b,
carotenoid, and total chlorophyll were calculated with the following formulas provided by Soman and
Shetty (Soman & Shetty, 2018).
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Chlorophyll a (mg/g) = [12.7(A663) — 2.69(4645)] X V/W  (2)
Chlorophyll b (mg/g) = [22.9(A645) — 4.68(4663)] X V/W (3)
Total chlorophyll (mg/g) = [20.2(4645) + 8.02(4663)] X V/W (4)

Carotenoid (mg/g) = [(1000 x A470) — (3.27 x Chlorophyll a + 104 X Chlorophyll b)] X V/W (5)
Where A represents optical density, V represents the volume of dimethyl sulfate (in mL), and W represents
the sample weight.

The net photosynthetic rate and the transpiration rate were quantified with a portable analytical
instrument between 10:00 a.m. and 11:30 a.m. The measurement was conducted using the completely
elongated youngest leaf. The measured value for temperature was 30°C, the concentration of CO, was 400
ppm, and photosynthetic active radiation (PAR) was 300 mmol m2s!.

2.4. Analysis of AMF spores

The spores of AMF were collected from soil samples weighing 10 grams employing a wet sieve
and decanting technique. The sample of soil was passed through a sequence of soil sieves organized in a
hierarchy of decreasing sieve diameters. The sterile spores were sifted through a mesh sieve and gently
rinsed with deionized water multiple times before being put into a clean petri dish filled with water. The
spores of AMF were enumerated using a stereomicroscope (Yusif et al., 2018).

2.5. Evaluation of soil microbial biomass

The biomass carbon measurement techniques were derived from those outlined by Tackenberg
(Tackenberg, 2007). Three out of six 17.5-gram duplicates of each soil sample were subjected to 24-hour
fumigation with finely purified chloroform. Following the elimination of chloroform, the carbon was
obtained from both fumigated and unfumigated samples by subjecting them to a 0.5 M potassium sulphate
solution for 1 hour under shaking. Sequential filtration of unfumigated and fumigated samples was
performed using filter paper (Whatman no. 42). The supernatant was quantified at a wavelength of 280 nm
via a spectrophotometer.

2.6. Soil Enzymes analysis

The activities of alkaline phosphatase were measured using the technique reported by Sugawara et
al. (Sugawara et al., 2002). For each soil sample, 1 gram of the soil sample was tested in duplicate. A single
set was employed as a control. Next, 0.2 mL of CsHsCHs (toluene) and 4 mL of buffer solution with a pH
of 11 were applied. Additionally, I mL of CsHsNOgP (p-nitrophenyl phosphate) solution was introduced to
the second set of samples, compared to Jabborova et al. (Jabborova et al., 2021). After agitating both flasks
briefly to ensure thorough mixing of the contents, they were then positioned in an incubator set at 37 °C for
around one hour. Then, 1 mL of 0.5 M CaCl, and 4 mL of 0.5 M NaOH were administered. Flasks were
agitated briefly, and then 1 mL of a solution of CsHsNOsP was introduced to the remaining assemblage of
samples. Rapid filtration of all suspensions via Whatman No. 1 filter paper was followed by measuring the
absorbance at 440 nm.

The hydrolytic activity of fluorescein diacetate (FDA) was measured using the technique described
by Adam and Duncan (Baloch et al., 2024). A quantity of 0.5 grams of soil was introduced into 25 ml of
NasPOs (pH = 7.6; 0.06 mM). A 0.25 mL volume of a 4.9 mM fluorescein diacetate substrate solution was
incorporated into each test vial. Each vial was vigorously agitated and then placed in a water bath set at 37
°C for 5 hours. The soil suspension was then centrifuged at 8000 rpm for 5 minutes. The spectrophotometer
was used to probe the clear supernatant at 490 nm compared to a reagent blank solution as described in
Jabborova et al. (Jabborova et al., 2021).

The activity of dehydrogenase was measured according to the procedure outlined by Tan et al. (Tan
et al.,2017). 5 grams of freshly homogenized soil specimens were transferred into test tubes, followed by
the addition of 5 milliliters of a 3% volume/weight substrate containing CioH;sCiNs (TTC, 2,3,5-
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triphenyltetrazolium chloride). Incubation lasted 24 hours at 25 °C. For the blank, 1 mL of a phosphate
buffer solution containing 3% 2, 3, 5-Triphenyltetrazolium chloride was used. Once incubated, the samples
were subjected to centrifugation at 4500 revolutions per minute for 10 minutes. The synthetic triphenyl-
formazan was isolated via methanol extraction. 5 ml of methanol was added to each tube, followed by
vigorous shaking of the tubes for 10 minutes. The procedure was done twice, with 10 mL of CHs;OH
dedicated to extraction. The tubes were once more subjected to centrifugation. The supernatant was
transferred into a sterile tube, and the absorbance of the solution was quantified at a wavelength of 485 nm,
based on the protocol by Jabborova et al. (Jabborova et al., 2021).

2.7. Statistical data analysis

Statistical analysis of experimental data was performed with ANOVA employing Stat-View
Software (SAS Institute Inc.). The significance of treatment impact was assessed based on the level of the
p-value (p < 0.05).

3. Results

Figure 1 shows that the application of AMF greatly enhanced both the leaf width and leaf numbers.
The leaf length, length of shoot, leaf width, and leaf number were all considerably enhanced by 44%, 80%,
51%, and 49%, respectively, as compared to the control plant. The synergistic application of AMF and
biochar resulted in a substantial 56% and 55% increase in leaf length and shoot length, respectively,
compared to the control group. Furthermore, the application of AMF and biochar together resulted in a
positive impact on both leaf width and leaf number, exhibiting a 40% and 29% enhancement, respectively,
in comparison to the control group.
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Figure 1: AMF and biochar for the increment of (4) length of shoot, (B) length of leaf, (C) leaf numbers, and (D) leaf width of
Swiss chard. Data are the means of 3 replicates (n = 3); * differed significantly at p < 0.05 * p < 0.01 **
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In Figure 2, the biochar administration and the combination of AMF and biochar showed the
greatest recorded values for shoot and root fresh weight as well as dry weight. The application of biochar
demonstrated a notable enhancement in both the dry weight (49%) and fresh weight (61%) of roots over
the control group (Figure 2). The biochar application resulted in a substantially higher fresh weight of the
shoot by 40% and dry weight by 40%. The use of AMF gradually enhanced both the fresh and dry weight
of the shoot. The application of AMF substantially enhanced the dry weight of both the roots and shoots in
comparison to the control. Comparing the control to the simultaneous use of AMF and biochar, fresh
and dry weight roots were considerably increased by 47% and 48%, respectively. In comparison to the
control, the simultaneous use of AMF and biochar considerably increased the shoot's fresh weight (30%)
and dry weight (31%).
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Figure 2: AMF and biochar for the increment of (A) fresh weight of root, (B) fresh weight of shoot, (C) dry weight of root, (D)
dry weight of shoot of Swiss chard. Data are the means of three replicates (n = 3); * differed significantly at p < 0.05*

Application of AMF increased the total length, diameter of root, projected area, and volume of the
roots by 45%, 49%, 37%, and 38%, respectively, in comparison to the control group (Figure 3). Biochar
application substantially enhanced the root volume and projected area by 60% and 65%, respectively, in
comparison to the control. A 78% increase in total root length and 79% increase in the diameter of the root
were observed after the biochar administration vs. the control. The simultaneous application of AMF and
biochar resulted in a substantial 80% increase in total root length and an 89% increase in the diameter of
roots compared to the control group. The mixed application of AMF and biochar resulted in a 49% increase
in root volume and a 55% increase in the projected area.
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Figure 3: AMF and biochar for the increment of (A) Total root length, (B) surface area of root, (C) projected area, (D) diameter
of root, and (E) volume of root of Swiss chard. Data are the means of three replicates (n = 3); * differed significantly at p <
0.05% p < 0.01%* p < 0.00]***

The photosynthetic rate was significantly enhanced by 49% and 76%, respectively, when biochar
was used alone and when combined with AMF, in comparison to the control group (Figure 4). The
combination of AMF and biochar exhibited a substantial enhancement in stomatal conductance vs. the
control. The rate of transpiration exhibited a substantial increase across all treatments in comparison to the
control. The biochar administration yielded the highest value. A single application of biochar substantially
increased the rate of transpiration by 47% in comparison to the control.
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Figure 4: AMF and biochar for the increment of (A) Net photosynthetic rate, (B) Stomatal conductance, and (C) Transpiration
rate of Swiss chard. The averages of the three replicates (n = 3) are shown; * differed significantly atp < 0.05 * p < 0.01 **

Each of the treatments enhanced the levels of photosynthetic pigments in the leaf vs. the control
(Figure 5). The biochar substantially enhanced the levels of chlorophyll a, chlorophyll b, total chlorophyll,
and carotenoid in the leaf by 14%, 30%, 19%, and 51%, respectively, compared to the control group (Figure
5). The sole application of AMF resulted in a substantial increase of 19% in the overall level of total
chlorophyll, 27% in chlorophyll, and 11% in chlorophyll b, and 29% in the carotenoid level. The
simultaneous application of AMF and biochar caused a substantial increase in the total chlorophyll level,
chlorophyll a and chlorophyll b levels, and carotenoid level, with respective increases of 27%, 19%, 20%,
and 40% compared to the control.
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Figure 5: AMF and biochar for the increment of (A) chlorophyll a, (B) chlorophyll b, (C) Total chlorophyll, and (D) carotenoid
level of Swiss chard. The three replicates (n = 3) were averaged; *differed significantly at p < 0.05 * p < 0.01 **

Each treatment, namely only AMF, only biochar, and the use of AMF plus biochar, led to higher
values of the RWC (relative water content) vs. the control group (Figure 6). In the mixture of AMF and
biochar treatment, the leaf exhibited the highest RWC level, which was 19% greater than that of the control.
In the application including AMF alone or biochar alone, the RWC increased by 22% and 17%, respectively,
in comparison to control plants.
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Figure 6: AMF and Biochar for enhancement of the leaf RWC. Data of three replicates (n = 3) were averaged, *differed
significantly at p < 0.05*

Both the application of AMF alone and the combination of biochar and AMF showed greater
efficacy in enhancing the quantities of AMF spores in the soil compared to the control group (Figure 7).
The population of AMF spores in soil exhibited a significant increase, ranging from 130% to 149% when
exposed to AMF alone and when mixed with AMF and biochar, above the control group. The biochar
application resulted in a 79% enrichment of AMF spores in soil compared to the control.
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Figure 7: AMF and Biochar for the enhancement of AMF spores in the soil. Data are the averages of the three replicates (n = 3);
*differed significantly at p < 0.05 * p < 0.01**

Both the application of only biochar and the combination of AMF and biochar treatment resulted
in an increase in carbon content within the microbial biomass in the soil vs. the control (Figure 8). The mix
of AMF and biochar treatment yielded the greatest carbon content among all the treatments, surpassing the
control by 29%.
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Figure 8: AMF and Biochar for the enhancement of microbial biomass in the soil. Data are the means of three replicates (n = 3),
* asterisk differed significantly at p < 0.05 *

All treatments exhibited a positive impact on alkaline phosphomonoesterase activity, resulting in
an increase in enzymatic activity within a range of 59% to 91% (Figure 9). The combination treatment of
AMF and biochar resulted in the highest observed alkaline phosphomonoesterase activity in soil. The
administration of AMF alone (61%), as well as the combination of AMF and biochar (49%), had a more
positive impact on the activity of dehydrogenase in the soil than the control. Moreover, the application of
biochar and the combination of AMF and biochar treatment showed a positive impact on the activity
of fluorescein diacetate in the soil in comparison to the control treatments. The combined use of AMF and
biochar resulted in the greatest enhancement in the activity of fluorescein diacetate, surpassing the control

by 59%.
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Figure 9: AMF and Biochar for enhancement of soil enzymes (A) alkaline phosphomonoestrase (B) dehydrogenase (C)
fluorescein diacetate. The three replicates (n = 3) are shown as means, *differed significantly at p < 0.05 * p < 0.01 **

4. Discussion
4.1. Impact of AMF and biochar on the Swiss chard growth

Overall, the application of biochar resulted in notable improvements in several aspects of plant
growth-related parameters, including length of leaf, shoot length, leaf width, and leaf number, in
comparison to the control group. In a similar vein, the application of biochar caused a substantial increase
in both the fresh and dry weights of the roots and shoots compared to the control group. This result aligns
with the study conducted by Zhang et al. (Zhang et al., 2021), which reported a notable improvement in the
development of black locusts when exposed to biochar. Furthermore, Dobariya et al. (Dobariya et al., 2022)
revealed that the application of biochar derived from castor waste increased the castor crop biomass.
Multiple studies have documented that biochar is effective in enhancing growth and productivity in various
crops (Murtaza et al., 2024). Results have been reported by Shoudho et al. (Shoudho et al., 2024) regarding
the positive impact of biochar addition on the beans’ shoot length, root length, shoot biomass, root biomass,
and total yield. Ye et al. (Ye et al., 2020) found that the use of biochar derived from rice husk resulted in
higher levels of final biomass, plant height, root biomass, and leaf numbers in cabbage and lettuce plants
than the controls. Farrar et al. (Farrar et al., 2021) also documented an increase in dry weight, root biomass,
and leaf biomass when biochar was applied. According to Jin et al. (Jin et al., 2024), biochar from rice straw
showed a substantial enhancement in the height of the plant, per plant bolls, weight of boll, and seed output
when compared to the control plants. The leaf width and number, fresh shoot weight, and dry root and shoot
weight all exhibited a notable increase following AMF administration. Several studies have documented
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that the use of AMF enhanced plant growth characteristics (Begum et al., 2019). In their study, Khajeeyan
et al. (Khajeeyan et al., 2024) observed a significant enhancement in plant growth indices of tea plants when
AMF were applied. These parameters included the leaf area, leaf numbers, root length, shoot length, plant
height, and weight of shoot and root. The simultaneous addition of AMF and biochar yielded positive results
in terms of leaf length and numbers, and dry and fresh weights of root and shoot compared to the control.
The research conducted by Malik (Malik, et al., 2019) revealed that both AMF and biochar enhanced the
growth performance of maize. Ndiate et al. (Ndiate et al., 2021) also had similar findings; their research
demonstrated that AMF and biochar substantially enhanced the height of the plants, the diameter of the
plants, the dry weight of the roots, and the shoots of the plants in comparison to the control.

4.2. Root morphology changes through AMF and biochar

Significant enhancements in root morphological indices, including total root length, root volume,
root diameter, and projected area, were seen after biochar addition in comparison to the control. Several
studies have documented that the application of biochar enhanced the growth of plant roots (Kumar et al.,
2024), thereby validating our findings. A notable augmentation in root length, root volume, and surface area
of the root was documented by Yin et al. (Yin et al., 2024) after the utilization of biochar derived from
woodchips and rice residue. Similar findings of substantial enhancement in root development resulting from
the incorporation of biochar were also documented by (Ghorbani & Amirahmadi, 2024). Mahmoud et al.
(Mahmoud et al., 2022) reported that the use of biochar enhanced root volume, taproot length, and total
root area for absorption in tobacco plants. Mona et al. (Mona et al., 2024) reported that the inclusion of
biochar had a substantial impact on the structure of the roots at both 40% and 60% field water capacity.
AMF administration resulted in a substantial increase in the projected area, total root length, root volume,
and root diameter compared to the control. The application of AMF to tomato seedlings resulted in a greater
total root length and an increased number of root tips (Liu et al., 2024). The study conducted by Anli et al.
(Anli et al., 2020) revealed that AMF have the ability to mitigate root stress by altering the root integrity.
Seedlings of Melia azedarach treated with Gigaspora margarita exhibited markedly increased plant
diameter, height, and dry weight of roots and shoots (Meng et al., 2023). Results on the combined
application of AMF and biochar treatment revealed a notable enhancement in both the diameter and total
length of the roots compared to the control. This result validates a previous study conducted by Chen et al
.(Chen et al., 2020), which demonstrated that the application of both AMF and biochar administration
resulted in a substantial enhancement of the chickpea root length. The consumption of underground
nutrients and water by plants is significantly influenced by the combined addition of AMF and biochar, and
this dependence is also contingent upon the root morphology (Thanni et al., 2024).

4.3. Impact of AMF and biochar on plant physiological attributes

Research demonstrated that the incorporation of biochar had a beneficial impact on the
physiological characteristics of chard. Treatment with biochar alone resulted in a substantial increase in
both the net transpiration rate and photosynthesis rate. The treatment with biochar also substantially
enhanced the levels of chlorophyll a and b, carotenoid, total chlorophyll, and leaf RWC compared to the
control group. Several studies have shown that the application of biochar enhances photosynthesis,
transpiration rate, and chlorophyll content in several plant species (Duan et al., 2024). In their study, Isik
and Ortas (Isik & Ortas, 2024) found that the use of biochar was associated with a substantial enhancement
in both photosynthetic rate and the concentration of chlorophyll in C3 plants. The study conducted by
Zulfigar et al. (Zulfigar et al., 2021) revealed a significant and beneficial impact of biochar addition on the
rate of photosynthesis in okra. Gharred et al. (Gharred et al., 2022) showed that the use of biochar increased
the levels of chlorophyll a and chlorophyll b, and total photosynthetic pigments. Treatment with AMF alone
increased the net photosynthetic rate, transpiration rate, and stomatal conductance. The inclusion of alone
AMF greatly enhanced the levels of chlorophyll a and b, carotenoid, total chlorophyll, and leaf RWC.

Similar findings have been recorded by Cong et al. (Cong et al., 2023), indicating that the introduction of
AMF greatly enhanced the activity of antioxidant enzymes and net photosynthetic rate in maize. Inoculation
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of AMF enhanced the chlorophyll concentration and rate of photosynthesis in chickpeas and maize (Gale
& Thomas, 2019). The simultaneous use of AMF and biochar provided beneficial outcomes on the net
photosynthesis rate, transpiration rate, stomatal conductance, photosynthetic pigments, and RWC in
comparison to the control group (Figures 4, 5, 6). Loo et al. (Loo et al., 2022) have also revealed similar
findings, demonstrating that simultaneous use of biochar and AMF substantially enhanced the chickpea
RWC, photosynthetic rate, chlorophyll a and b, and total chlorophyll level under control conditions.
Rehman et al. (Rehman et al., 2024) found similar results that confirm the substantial increase in
photosynthetic rate and chlorophyll levels in corn. As depicted in Figure 10, it is indicated that biochar and
AMF can boost siderophore synthesis and nitrogen fixation, simultaneously improving the absorption and
availability of nutrients. Furthermore, they stimulate the synthesis of endogenous phytohormones and the
creation of antioxidants.

4.4. Impact of AMF and biochar on AMF spore count, microbial biomass, and enzymatic activity of
soil

The use of biochar markedly enhanced the activity of fluorescein diacetate and alkaline
phosphomonoesterase in comparison to the control. Similar results showing increased enzymatic activity
in soil resulting from the incorporation of biochar derived from soybeans were documented by Benaffari et
al. (Benaffari et al., 2022). Soussani et al. (Soussani et al., 2023) similarly reported upregulated soil
enzymatic activity as a result of biochar treatment. Previous research has documented an elevation in the
levels of esterase, protease, lipase-esterase, phosphohydrolase, trypsin, and chymotrypsin enzymes when
biochar is applied (Kakabouki et al., 2023). By biochar application, Lopes et al. (Lopes et al., 2021)
observed a substantial rise in the activity of urease, phosphatase, and invertase. The highest dose (12 t ha™")
could be observed at depths of the soil ranging from 0 m to 0.1 m. AMF spores and microbial biomass in
the soil also exhibited an increase in comparison to the control. Similarly, Aziz et al. (Aziz et al., 2024)
reported a comparable rise in AMF spores as a result of biochar addition. Multiple experiments have
demonstrated that the administration of biochar enhanced the rates of AMF colonization (Jaffar et al., 2024).
In comparison to the control, alone AMF administration increased the activity of dehydrogenase and
alkaline phosphomonoesterase activity, AMF spores, and microbial biomass. Yang and Lu (Yang & Lu,
(2022) revealed similar results that biochar upregulated phosphatase and urease activities as well as the
microbial biomass in soil. The simultaneous addition of AMF and biochar greatly enhanced the enzymatic
activity of fluorescein diacetate, dehydrogenase, and alkaline phosphomonoesterase, and also increased
AMF spore yield and microbial biomass. The microbial activity in the corn rhizosphere was shown to be
greatly enhanced by the simultaneous use of biochar and AMF, as described by Dobo (Dobo, 2022). Figure
10 provides a summary of the mechanism via which biochar and AMF exhibit their combined impact.
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Figure 10: Mechanism summaries for the synergistic impact of AMF and biochar on enhancing the growth of plants and
enzymatic activity in soil

5. Conclusion

Applying biochar has enhanced the development of root morphological characteristics and
promoted plant growth. Furthermore, it has a beneficial impact on enzymatic activity in soil. The synergistic
use of AMF and biochar had a notably beneficial effect on the Swiss chard growth, the morphological
characteristics of their roots, the physiological attributes, and the enzymatic activity observed in the soil.
Therefore, we figured out that conducting more research on the precise interactions among biochars can
reduce the need for mineral-based fertilizers. The synergistic usage of AMF and biochar can serve as a
highly effective biofertilizer to enhance the growth and productivity of Swiss chard plants in a field trial.
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