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Abstract: The effects of biochar on leaf and soil-borne diseases of plants can be seen in addition
to its ability to sequester carbon, improve soil quality, and enhance plant performance. However,
the mechanisms by which soil-borne pathogens are suppressed and plant performance is enhanced
are not well understood. The present work aims to comprehensively establish the links between
biochar-induced changes in the richness of the rhizosphere microbial population, in association
with the reduction of soil-borne Fusarium wilt disease (Fusarium oxysporum f. sp. vasinfectum), in
cotton (Gossypium hirsutum), with improved plant performance. Biochar made from organic waste
significantly decreased the colonization and survival of Fusarium in soil, raised the culture-able
counts of numerous microbes with biocontrol potential (microorganisms that boost plant growth
and development), and inhibited Fusarium wilt of cotton. The biochar amendment significantly
enhanced the cotton plant development and physiological parameters such as chlorophyll content,
etc. Overall, 9% organic waste biochar had shown a significant impact on cotton growth as compared
to other treatments with or without biochar. Compared to the soil-only control, the disease index
was considerably reduced in all biochar-amended treatments. In terms of the plant’s resistance to
Fusarium wilt, biochar-induced increases in the level of overall chlorophyll content and biochemicals
such as phenolics, flavonoids, etc. Additionally, cotton plants grown with a 9% biochar composition
had considerably greater NPK levels than other treatments with or without biochar. The biochar
addition resulted in increased counts of Pseudomonas spp., Actinomycetes spp., and Trichoderma
spp., while Acidobacteriales, Rhodospirillales, and Frankiales were less when compared with an
un-amended (without biochar) soil control. Thus, the composition of rhizosphere bacteria in the
treatments with and without modified biochar was found to differ significantly.

Keywords: disease protection; Fusarium oxysporum f. sp. vasinfectum; microbial biodiversity;
defense chemicals

1. Introduction

Emissions of greenhouse gases need to be decreased if we are going to combat global
warming. Pollution caused by fossil fuels is the main cause of the anthropogenic greenhouse
effect, making a decrease in the usage of fossil fuels a top concern [1]. Yet, a responsible
plan also includes actively removing carbon dioxide from the atmosphere because some
emissions will be inevitable [2]. Such carbon sequestration confronts a variety of difficulties,
including the need for a long-term, significant net removal of carbon dioxide. For the soil to
retain its chemical, physical, and biological integrity to carry out its agricultural production
and environmental functions, a certain level of organic matter must be maintained in the
soil [3]. Attention has also been drawn to the idea that adding biochar to soil could be a way
to control plant diseases. Biochar sequestration is a short-term solution that can balance the
increasing production of carbon. It is a renewable energy technique that sequesters carbon
and decreases emissions when paired with bioenergy generation [4]. Growing plants that
store carbon dioxide in their biomass or in soil organic matter is an established method of
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extracting carbon from the atmosphere [2]. In fact, under the Kyoto Protocol, techniques
for sequestering CO2 through vegetation have previously been approved as trade “carbon
offsets”. Nevertheless, low-temperature pyrolysis—a method of heating plant material
without adding oxygen—can advance this sequestration [5]. Black carbon production is
thought to be in the range from 50 million tons to 270 million tons annually globally, with
up to 80% of this persisting as soil leftovers [6,7]. The authors of [8] predicted that a variety
of biochar application programs may possibly store 9.5 billion tons of carbon in soils by
the year 2100. Biochar is a carbon-rich substance that is created from organic feedstock by
thermal burning methods with minimum oxygen. According to the worldwide Biochar
project, biochar is a high-carbon byproduct of pyrolysis which leads to the development
of plants and often a decrease in the progression of plant diseases [9]. To create biochar,
biomass is pyrolyzed in an environment with regulated oxygen levels. When a mixture
of organic waste is heated to high temperatures between 200 and 900 ◦C with little to
no oxygen or air, the process is known as pyrolysis [10]. Researchers found that adding
biochar increased soil permeability by up to 51% when compared to nearby agricultural
soils [11]. However, it was discovered that the color, value, and chroma of the charcoal
kilns’ black soil were reduced by 8, 20, and 20%, respectively [12]. The reduction in soil
degradation and overland flow was shown to be caused by a higher flow rate of soil altered
with biochar [13]. The pH increased significantly after biochar was mixed with the soil.
According to [14], biochar prepared from chicken litter enhances liming in soil, raising the
pH of acidic or neutral soils. In multiple trials, it was discovered that adding biochar with
the compost application improved the soil’s physicochemical characteristics, making the
nutrients more easily assimilated by plants. The degraded soils, especially in locations
that are favorable for farming, have been rejuvenated by the combined use of biochar with
compost [15]. Crop production and increased fertilizer efficiency are both considerably
improved by the addition of biochar to the soil [16]. Also, according to researchers, there has
been a considerable shift in the crop’s development and production [17]. Characteristics of
early staged soil and crop development would react differentially to the biochar additions
dependent on the feedstock and amount of biochar applied. The application of both applied
and natural nutrients was significantly impacted by biochar with compost. The addition of
compost and inorganic fertilizers had a considerable influence on growth, grain output,
and plant biomass [18].

Cotton (Gossypium hirsutum L.) is a leading cash crop in Asia, Australia, Africa, and
America [19]. It plays a primary role as the source of fiber worldwide, providing income to
industrialists and farmers. It includes the Malvaceae family with the genus Gossypium.
In approximately 60 countries worldwide, it acts as an integral component of the farming
system. For thousands of years, it has been cultivated throughout the world to make
fabrics [20–24]. Yield losses and other situations that damage the quality of fiber are
caused by a diversity of biotic factors [25]. Pathogenic fungi, viruses, and bacteria are
examples of biotic factors that cause diseases in plants. Cotton is prone to more than sixty
diseases causing significant yield losses [26]. Diseases and symptoms such as leaf spots,
seedling and boll rot, reduction in the leaf size, stunting of the crop, premature boll opening,
blights caused by bacteria, nematode attack, leaf curling by viruses, etc., are responsible
for decreasing the quality and economic value of cotton crops. The degree of damage is
influenced by the genotype of the cultivar and environmental conditions [27]. Fusarium
wilt and Verticillium wilt are two destructive wilts of cotton plants. The pathogen infects
the vascular system of the host. They infect the cotton root and then spread throughout the
plant by penetrating and replicating within the xylem tissues [28]. Vascular wilt fungi are
soil-dwelling diseases, yet they can develop thick-walled resting structures on crop residues
for an extended time without the host. In optimal circumstances, the fungus sporulates
and induces infection by obstructing the cotton plant’s vascular system [29]. Cotton wilt
is triggered by soil-borne pathogens, Fusarium oxysporum f. sp. vasinfectum (FOV) [30].
Ref. [31] was the first to report Fusarium wilt in America. Fusarium wilt in Mexico has since
expanded to South America, the USA, and many other Asian countries [32–34]. Fusarium
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symptoms can arise at any phase of the plant’s progress, i.e., from the seedling to the
maturity stage. Darkening of the veins, yellowing in leaves, and withering of new young
leaves provide an initial sign of infection in seedlings. Cotton seedlings may wilt and
eventually die as their cotyledons become necrotic and start shedding. Marginal yellowing
of lower leaves is one of the first indications of disease in older plants. Ever-increasing
worry about pesticides’ potential to contaminate the environment has drawn attention
towards the need for risk-free alternative disease control approaches. The basic objective
of this present study was to study the influence of soil biochar additions on the onset of
cotton wilts disease and the establishment of disease resistance. Therefore, it is predicted
that using organic soil alterations would improve the physiochemical characteristics of the
soil, plant health, and suppress the Fusarium wilt of cotton.

2. Materials and Methods
2.1. Isolation of Fusarium oxysporum f. sp. Vasinfectum (FOV)

At the University of the Punjab in Lahore, Pakistan (31.29′42.2664′′ N, 74.17′49.1316′′ E),
infected cotton plants that were growing in field conditions and displaying the typical
signs of Fusarium wilt were selected for fungus isolation. Characteristics of the fungus
culture, including mycelium topography, color, and colony border on Potato dextrose agar
medium, were noted [35].

2.2. Preparation of Organic Waste Biochar (OWB)

For the manufacture of the biochar, the agricultural organic waste was pyrolyzed at
450 ◦C for three hours [36]. For the purpose of creating biochar, the organic agricultural
waste was collected from the University of the Punjab’s experimental field regions. For the
production of biochar, TLUD (Top-lit Updraft), a portable kiln technique, was used with a
few minor changes [37]. This method involves drilling around 40 holes in the bottom of
the burner or primary container (a 200 L drum) that are 6–8 mm in diameter to allow air to
flow freely [38].

During the whole pyrolysis process, organic waste was slowly heated for 45 min with
no oxygen. After pyrolysis by spraying water, the biochar was left to cool, and the biochar
was pulverized to a fineness of 1 mm using a sieve [39].

2.3. Preparation of Soil Substrate

The soil from the farmland was used in this research. With additional organic additions
like biochar and compost, sandy loam soil with a bulk density of 1.31 g/cm3, 5.7% clay
(2 mm), 42.8% silt (>2 mm), and 52.1% sand (>63 mm) was used as the base material for
planting [40]. Compost that was purchased from a nearby retailer under the Nutri brand
was used with biochar. Treated soil was used as the main ingredient to make different
composting potting combinations with OWB (3%, 6%, and 9% v/v) for growing plants
(Table 1).

2.4. Experiment Plan

In the experimental setup, various volume-based percentages (3, 6, and 9%) of biochar
were utilized as soil amendments, either inoculated or not with Fusarium oxysporum f. sp.
vasinfectum (FOV). The complete randomized (CRD) design included ten replicates for each
treatment, each replicate represented one pot with one plant. In the experimental design,
there were four different treatment combinations: soil alone (S), and soil combined with
3%, 6%, and 9% (v/v) of organic waste biochar. As a source of nutrients, the compost was
consistently blended at 20% (v/v) in all of the treatments. The surface of the cotton seeds
was treated by immersing them in 50% sodium hypochlorite (3.8% NaOCl) for 10 min,
followed by three showers with autoclaved water [41].
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Table 1. Characteristics of soil, organic waste biochar (OWB), and compost.

Parameter Soil OWB Compost

N (%) 0.068 0.91 1.19
P (%) 2.11 0.74 0.383
K (%) 1.80 0.62 0.51
C (%) 1.18 45.61 28.42

C/N Ratio 15.16 48.53 23.66
Cu 0.24 ppm 0.14 (%) 74 mg/kg
Zn 1.15 ppm 0.025 (%) 4459 mg/kg
Fe 1.51 ppm 0.55 (%) -----

CEC (mcq/100 g) 125 13.11 -----
EC (mS/cm) 0.49 1.61 1.29

Organic matter (%) 0.588 60.11 17.11
pH 7.88 9.23 7.31

----- Parameters were not checked.

2.5. Inoculation of Pathogen

The FOV was grown on PDA and kept for 7 days at 26 ◦C in the dark in an incubator for
preparation of injection. Conidia were collected by carefully scraping the colony’s surface
with a spatula while submerging the FOV culture plates in autoclaved water to create
suspension for inoculation. Four layers of cheesecloth were used to filter the suspension
after that, each measuring 50 m thick. Using a hemocytometer, the conidial suspension’s
final concentration was calculated and adjusted to 1 × 106 conidia/mL [42]. Conidial
suspension of FOV (106 conidia/mL) was applied by piping 25 mL of a conidial suspension
onto the soil around the plants’ bases during the 1st true-leaf stage. In order to retain
the necessary moisture (about 70%) for infection growth, the infected cotton was sprayed
with sterilized water for two days. To grow a decent yield, the plants were cared for in a
greenhouse in a random order using all the suggested cotton growth techniques [43].

2.6. Cotton Plant Analysis
2.6.1. Growth Parameters Assessment

The plants were harvested 65 days after inoculation by carefully uprooting them and
then cleaning the roots to measure parameters such as plant height and dry weight of root
and shoot [44]. Stem to its peak, the plant height was measured. Also, both root and stems
were cut apart and then dried in an air flow oven at 60 ◦C over 8 to 11 days (so if no change
in the overall weight was noted) in order to compute the dry weights.

2.6.2. Biochemical Assays

Protein content
A 0.5 g sample of fully emerging leaves was powdered in a cold extraction buffer.

The supernatant was separated after being centrifuged at 15,000 RPM for 8 min at 4 ◦C.
Bradford’s dye binding test was used to measure the protein content [45].

Flavonoid content
Leaf samples (250 mg) were mixed in 3 mL of 80% water-based ethanol and stored at

37 ◦C without light for 40 min. After the centrifugation, the resulting product was taken
away and 4.3 mL of each of the following solutions were added: 10% aluminum nitrate
and 80% aqueous ethanol, plus 1 M sodium acetate solution was added. The mixture was
then gently shaken to combine the ingredients. After 30 min of incubation, the absorbance
measurement of 495 nm was recorded [46]. Flavonoid content was measured in mg/g of
cotton leaf fresh weight.

Catalase
In order to evaluate CAT activity, leaves from plants that had been infected with FOV

and plants that had not were well mixed together in 50 mM of a potassium phosphate
buffer, pH 7.0, and 1 mM DTT (for the estimate of CAT). In total, 5.9 mM of H2O, 0.1 mL
of enzyme extract, and 50 mM of phosphate buffer (pH 7.0) were all included in the assay
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solution’s 3 mL volume. Every 20 s, a reduction in the reaction solution’s absorbance at
240 nm was noted. An alteration in absorbance of 0.01 units a min was used to express a
single unit of CAT activity. Expression of enzyme activity was based on fresh weight [47].

Phenolic
The modified Folin–Ciocalteu technique was used to quantify the total quantity of

phenolic compounds [48]. The extracts were mixed with Na2CO3, the Folin–Ciocalteu
reagent, and 0.5 mL of Na2CO3. The absorbance of 760 nm was measured using a spectrum
analyzer after the mixture had been incubated for 10 min. Gallic acid equivalents (GAEs)
were utilized to quantify the samples’ total phenolic content.

Chlorophyll content
The total chlorophyll content of cotton leaf was measured three days before harvest

using a movable chlorophyll meter SPAD-502 [49]. Each figure received reflects the average
of three measurements to reduce the possibility of inaccuracies.

2.6.3. Plant Nutrient (NPK) Contents Determination

The amounts of nitrogen, phosphate, and potassium in cotton shoots were measured
and the Kjeldhal technique was used for NPK analysis [50].

The dry plants were crushed into a fine powder for nitrogen analysis. In total, 0.5 g
of the material was processed with 10 mL sulfuric acid at 420 ◦C for 2 h while using a 9:1
ratio of potassium and copper sulfate as the catalysts. The three principal processes of the
Kjeldhal technique for the estimation of N are digestion, distillation, and titration.

2.6.4. Cotton Plant Disease Assessment

Measurement of AUDPC
By using the following formula, the area under the disease progress curve (AUDPC)

was determined:
AUDPC = ∑n

i=1 [(Xi+n1 + Xi)/2][Yi+1 −Yi]

where Yi is the time (Days) at the ithobservation, n is the total number of observations, and
Xi is the disease severity (per unit) at the ith observation [51].

Disease Incidence and Severity measurement
Plants that were infected were enumerated, and the formula below provided the %

incidence of the disease [52].

Disease incidence (%) =
Cotton Plants Showing Disease symptoms

Total Plants
× 100

The given formula was used to determine the severity of the disease [40].

Disease severity (%) =
Length of infected stem [cm]

Total length of stem [cm]
× 100

Additionally, the percent disease index (PDI) was determined using the formulas
provided by [53].

Percent Disease Index (PDI) =
Sum of all disease rating

Total no. of observations × Maximum rating grade
× 100

2.6.5. Identifying Culturable Microbes

Roots of plants were manually shaken after being taken out of their pots. To count
6 different kinds of culturable bacteria, samples of the soil mixture adhering to the cotton
root surfaces, which had either been left unaltered or had been amended with, 3, 6, or 9%
organic waste biochar (OWB), were taken. In total, 1 ppm of benomyl with agar [54] was
used to count the number of bacteria, and a PDA medium with chloramphenicol (250 ppm)
(Sigma Aldrich, Beijing, China) and a Rose Bengal (50 ppm) stain was used to count
the number of fungi, specifically yeast or Trichoderma spp. [55]. Fluorescent Pseudomonas
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spp. and Actinomycetes spp. were examined on a KSTR medium and Kings B medium,
respectively [56,57]. In order to quantify CFUs g−1 dry potting mixture, microbe colonies
were enumerated.

For gene sequencing, 16S rRNA was used and the universal bacteriological 11F and
1392R primer pair, unique Pseudomonas strains, were taxonomically identified [58]. Follow-
ing the removal of chimeric sequences using DECIPHER-Find Chimaeras, partial sequences
of 16S rRNA genes were compared with sequences retrieved from the NCBI database by
employing Blast and the RDP classifier (https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed
on: 12 November 2022).

2.6.6. FOV Survival and Root Colonization in Soil

By using the root maceration technique, Fusarium spp. in the roots of infected cotton
was quantified. Cotton roots were taken from plants that were asymptomatic at 1 and
3 days after pathogen inoculation, as well as symptomatic plants at 5 and 8 days following
inoculation (when symptoms had typically begun to develop). The roots were divided and
carefully cleaned in three separate batches of 30 mL of saline water. Prior to macerating the
roots with 10 mL of sterile saline water, the roots were cleaned, blotted, and measured. The
resultant paste was then plated using the plating dilution technique on an altered peptone
PCNB (Pentachloronitrobenzene) medium [59]. At 25 ◦C, the plates were incubated for
5 days. In order to produce log CFU values, the data were logarithmically converted. The
findings were expressed as CFU per gram of fresh root dry weight.

To determine how biochar affected Fusarium’s survival in the potting mixture, the
FOV inoculums were varied with the mixture for potting, both with and without biochar.
Fusarium populations were assessed over a period of 25 days on an altered peptone PCNB
medium using a serial dilution method. CFU per gram of dry material was used to express
the results. After logarithmically transforming the CFU per gram of dry potting soil mixture
data to produce log CFU values, a Fusarium persistence curve was shown. The apparent
decline rate was calculated using the survival curve’s slope after logit transformation [60].

2.6.7. Potting Mixture DNA Extraction

Prior to the FOV inoculation, samples of the potting mixture adhered to root surfaces
from cotton that had been treated with 0% (the un-amended control), and 3, 6, and 9%
organic waste biochar were taken from the rhizosphere. For DNA extraction, each treatment
included four biological replicates, and to lower variability, each replication had mixed
potting mixture materials from five different plants. The samples were kept at 80 ◦C until
DNA extraction. Using a commercially available soil DNA kit for extraction and obtaining
the DNA from 0.4 g of the root zone potting soil mixture using FastPrep FP120 and two
cycles of beads beat for 45 s at 4.5 speed, nanodrop evaluated the yield and purity of the
extracted DNA, and 1.5% agarose gel electrophoresis was used to determine the integrity
of the sample. Finally, before PCR amplification, isolated DNA was diluted to 10 ng µL−1.

2.6.8. 16S RNA Gene Sequencing

The primer sets [61] (CS1_515F and CS2_806R) which amplify the 16S rRNA gene’s
V4 region and contain for preparing libraries for the next-generation sequencings adaptors
were used to perform PCR amplification on the DNA samples. There were the following
elements in PCR reactions, which had a final volume of 50 µL: 2.5 µL (10 µM) of each
primer, 25 µL of Dream Taq PCR master mix from Thermo Scientific, Waltham, MA, USA,
1.5 µL of (10 µg µL−1) bovine serum albumin, and 3 µL (10 ng µL−1) of DNA template. Up
until they were sent for sequencing, the sections were kept at −20 ◦C. The sequencing steps
used Illumina MiSeq technology in accordance with the amplicon sequencing procedure of
the DNA service competence.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.6.9. Analysis of Bioinformatics Data and Sequence Processing

PEAR was used to integrate pair-end FASTQ files. For reduction of length and quality,
CLC software (version 8.5) was employed. Except where otherwise noted, the remaining
analysis was carried out using the Quantitative Insights into Microbial Ecology (QIIME;
version 1.9.1) pipeline37. UCLUST was used to classify the sequences into operational
taxonomic units (OTUs; 97% similarity threshold) [62]. Each OTU’s representative sequence
was chosen and it was aligned with the Silva 16S rRNA bacterial database using PyNAST
[(https://www.arb-silva.de/ (accessed on: 12 January 2023)]. Using the Silva database
and the UCLUST method, taxonomy was assigned to each representative sequence. An
OTU table was made using the taxonomic designations and the arrangement of the typical
sequences.

Estimating the diversity was performed using the Bray–Curtis distances matrix and
the most prevalent OTUs. Nonmetric multidimensional scaling (NMDS) was then used to
visualize the data using the PAST software (version 4). The most prevalent OTUs in QIIME
(at least 40–50 sequences overall) were used to build the heatmap.

2.6.10. Bacterial CLPP

Clarifying the impact of biochar on the functional capacity of rhizosphere microbial
communities required the use of the community-level physiological profiles (CLPP) ap-
proach employing Biolog GN plates. A 2.5 g aliquot of soil taken from the cotton root zones
and either biochar or a non-amended control was added to 22.6 mL of a 0.86% solution
of NaCl and shaken for one hour at 25 ◦C. The suspensions of potting soil mixtures were
diluted at 1:1000 and then added (150 µL) to obtain 96 wells in the microplate after settling
for 10 min. The microplate was further incubated in the dark at 25 ◦C. Throughout the 120 h
incubation period, color improvement in wells was monitored at 595 nm using a reader
(Microplate reader, Thermo Fisher Scientific, Waltham, MA, USA). Using the Garland
technique, the ordinary well color improvement for each plate was measured [63].

To check the potential change in CPPL, NMDS ordination was used after standardizing
the data [64]. Maximum utilization rates were calculated for each functional group from
which the substrates on Biolog plates were divided for the determination of maximal
consumption rates [64]. According to Garland, the Shannon diversity index H′ was used to
describe the metabolic functional diversity of the rhizosphere microbial population based
on the absorbance measurement at 72 h. The amount of oxidized C substrates was used to
determine the richness (R) values, with an OD of 0.25 serving as the cutoff for a positive
response [63].

2.6.11. Statistical Analysis

The Statistix 8.1 program (Statistix, Tallahassee, FL, USA) was used to analyze data.
Prior to analysis, percentage data were transformed. With soil substrate compositions and
FOV as the main factors in the analysis of variance (ANOVA), the data were subjected
to a two-way analysis of variance, and the means were compared using the HSD test at
p ≤ 0.05.

3. Results
3.1. Plant Growth Parameters

The examined plant agronomic parameters of cotton are significantly impacted by
Fusarium oxysporum f. sp. vasinfectum (FOV) and the nature of the soil substrate (S).
However, the combination between the soil’s composition and FOV had a significant
impact on plant biomass results (Table 2).

https://www.arb-silva.de/
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Table 2. Results of a two-way ANOVA were used to assess the importance of the association
between FOV and the soil substrate composition (S) on cotton plant development and physiological
parameters.

Treatment Total
Phenolic Catalase Flavonoids Total

Proteins Chlorophyll N P K SL RL SDW RDW

S *** ** *** * *** ** *** ** *** *** *** ***
FOV * *** ** *** ** *** * *** *** *** *** **

S × FOV *** ** ** *** ** * *** * *** ** ** *

*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05.

Overall, plant growth indicators, including root weight, shoot weight, and height,
were significantly impacted by the addition of soil biochar and the FOV inoculation. Plant
growth measurements were often inhibited by the pathogen infection.

3.1.1. Shoot Length

In all the FOV-infected treatments, plant height was drastically decreased. The maxi-
mum plant stem length (131.8 cm), which was 48.92% greater than the soil with no biochar,
was found in the un-inoculated (−FOV), 9% OWB soil amendment (Figure 1). The mini-
mum shoot length (73.2 cm) was recorded in non-amended soil control under pathogen
(+FOV) stress.
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letters are not significantly different.

3.1.2. Root Length

Figure 2 shows that the treatment with 6% organic waste biochar amendment
(S + 6% OWB) had the highest root length (35.2 and 44.3 cm) when infected with (+FOV)
and without (−FOV) pathogen inoculation, respectively. The control group, on the other
hand, had the lowest root length, with measures of 15.3 cm under disease stress
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Figure 2. Organic waste biochar (3, 6, and 9%) and FOV effect on root length of cotton plant, including
soil-only control, soil amended with 3% OWB, soil amended with 6% OWB, and soil amended with
9% OWB, either with (+FOV) or without (−FOV) pathogen. Bars followed by same letters are not
significantly different.

3.1.3. Shoot Dry Weight

The lowest dry shoot weight (11.7 g) among the biochar-amendment treatments was
found in the 3% OWB treatment (S + 3% OWB + FOV) with pathogen-induced disease stress
(+FOV), while the highest (20.9 g) was found in the plants grown in the 9% organic waste
biochar treatment (S + 9% OWB-FOV) without pathogen inoculation. It was significant
(p ≤ 0.001) in all treatments when the pathogen (FOV) caused a decrease in the shoot
dry weight (Figure 3). In the presence of pathogen stress, the 9% organic waste biochar
treatment (S + 9% OWB + FOV) produced the highest shoot dry weight (16.2 g), whereas
the soil control with no biochar amendments produced the lowest (7.3 g).
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Figure 3. Organic waste biochar (3, 6, and 9%) and Fusarium oxysporum f. sp. vasinfectum (FOV) effect
on shoot dry weight of cotton plant, including soil-only control, soil amended with 3% OWB, soil
amended with 6% OWB, and soil amended with 9% OWB, either with (+FOV) or without (−FOV)
pathogen. Bars followed by same letters are not significantly different.

3.1.4. Root Dry Weight

In all treatments, with or without the addition of biochar, FOV inoculation decreased
the dry weights of the plant’s above- and below-ground portions (Figures 3 and 4). How-
ever, in the 6% organic waste biochar modified treatment (S + 6% OWB), either inoculated
(+FOV) or un-inoculated (−FOV), respectively, the highest root dry weight (2.25 and 2.95 g)
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was found (Figure 4). The lowest root dry weights (0.66 and 1.23 g) were found in unal-
tered soil controls under disease stress and without disease stress, respectively. For plants
cultivated in 6% OWB (S + 9% OWB + FOV), there was an increase in root dry biomass of
(57.34 and 30.03%) compared to 3% OWB (S + 3% OWB + FOV) and 9% OWB (S + 6% OWB
+ FOV) treatments
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3.2. Nutritional Contents [Nitrogen (N), Phosphorus (P) and Potassium (K)] of Cotton Plants

On the N, P, and K contents of cotton plants, a very significant two-way (p ≤ 0.001)
interaction impact was found between soil compositions (S) and Fusarium oxysporum f. sp.
vasinfectum (FOV) (Table 1). Overall, the 9% OWB amended soil had a good effect on cotton
plants’ nutritional makeup both under disease stress and without it.

For plants cultivated in 9% OWB modified treatment that were either inoculated
(+FOV) or un-inoculated (−FOV) with Fusarium oxysporum f. sp. vasinfectum, respectively,
greater percentages of nitrogen (N) (4.19 and 4.38%) are shown. For the unaltered soil
control under disease stress, the minimal (2.77%) N contents were assessed (Figure 5).
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The highest significant values of phosphorus (P) content (0.83 and 0.91%) were found
for plants growing in 6% OWB modified treatments that were either infected (+FOV) or
not inoculated (−FOV) with Fusarium oxysporum f. sp. vasinfectum (Figure 6). While the
unaltered soil control under disease stress had the lowest P levels (0.61%).
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FOV significantly decreased the potassium (K) content of cotton plants, as seen in
Figure 7. For plants cultivated in 9% OWB modified treatment, either un-inoculated (−FOV)
or inoculated (+FOV) with Fusarium oxysporum f. sp. vasinfectum, respectively, the maximal
K content was 2.18 and 1.97%. On the other hand, the unaltered soil control under disease
stress had a minimum K content of 1.22%.
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3.3. Effect of FOV and Organic Waste Biochar on Chlorophyll Contents of Cotton Plants

The amount of chlorophyll in cotton plants was considerably impacted by all major
parameters, including soil composition and FOV, in addition to the interacting effect of
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SC × FOV (p≤ 0.001). The amount of chlorophyll in cotton plants was, however, greatly
enhanced by the soil composition containing 9% OWB, as shown in Table 3. In the absence of
FOV, plants produced in the “S + 9% OWB” and “S + 6% OWB” treatments, respectively, had
maximum chlorophyll levels of 45.2 ± 0.63 and 43.5 ± 0.52. The amount of chlorophyll was
reduced overall as a result of FOV inoculation. However, regardless of the concentration, the
plants infected with FOV and cultivated in biochar-enhanced treatments have maintained
the level of chlorophyll contents. The maximum chlorophyll contents under Fusarium wilt
stress (44.69 ± 0.33) were found in the “S + 9% OWB” treatment, whereas the lowest levels
(30.9 ± 0.73) were found in the soil control in the absence of biochar amendment.

Table 3. Effect of organic waste biochar (3, 6, and 9%) and FOV on chlorophyll contents (SPAD value)
of cotton plant in different treatments, including soil-only control, soil amended with 3% OWB, soil
amended with 6% OWB, and soil amended with 9% OWB, either inoculated (+FOV) or un-inoculated
(−FOV) pathogen. The mean values followed by different letters in each column represent significant
differences among treatments.

Treatments Chlorophyll Contents
(SPAD Value)

Soil
−FOV 36.2 ± 0.42 f

+FOV 30.9 ± 0.73 g

S + 3% OWB
−FOV 41.6 ± 0.51 d

+FOV 39.65 ± 0.47 e

S + 6% OWB
−FOV 43.5 ± 0.52 b

+FOV 42.5 ± 0.52 c

S + 9% OWB
−FOV 45.2 ± 0.63 a

+FOV 44.4 ± 0.69 a

3.4. Plant Disease Assessment

The response of cotton plants to FOV inoculation was classified as highly sensitive or
resistant depending on the type of soil (Figure 8). For plants cultivated in soil (S + FOV)
treatment, a highly susceptible (HS) disease response was seen, with a maximum percent
disease index (PDI) of 80% and a 100% disease incidence (Figure 9). However, disease
growth was suppressed in soil that had been modified with biochar. Only a highly resistant
(HR) plant response to Fusarium wilt development was seen, with the lowest 10% PDI and
disease incidence of 20% being reported in the 9% biochar-altered treatment (S + 9% OWB
+ FOV). PDI and disease incidence fell dramatically for all biochar-altered treatments.

In the unaltered soil control, the highest disease severity was observed at 68.33%
(Figure 8). However, plants cultivated in the 9% OWB altered treatment (S + 9% OWB +
FOV) showed a minimal disease severity of 7.75%.

FOV-infected plants that were grown in a variety of soil substrate compositions had
AUDPC values that ranged from 209.37 to 1785.07 overall (Figure 9). The highest AUDPC
score represents a cotton plant’s severe susceptibility to infections, while the lowest value
reflects a plant’s resistance to Fusarium wilt. The soil control (S + FOV) without any
amendment resulted in the highest AUDPC (1785.07) and the lowest AUDPC (209.37) was
calculated for plants grown in the S + 9% OWB + FOV treatment. Although the AUDPC of
cotton plants was significantly decreased by biochar at 3 and 6%, the greatest reduction in
AUDPC was seen for plants cultivated in 9% OWB, followed by 6% and 3% (Figure 9).
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representing disease severity followed by different letters are significantly different.
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3.5. Biochemical Analysis of Cotton Plants 

Figure 9. Effect of organic waste biochar (3, 6, and 9%) and FOV on area under disease progress
curve (AUDPC) and disease response (DR) in different soil compositions, including soil, soil with
3% OWB, soil with 6% OWB, and soil with 9% OWB under pathogen stress (+FOV). HS, S, R and
HR corresponds to Highly susceptible, Susceptible, Resistant and Highly Resistant plant response to
Fusarium wilt, respectively.

3.5. Biochemical Analysis of Cotton Plants

The amount of phenol in the cotton plant, measured in mg/g of fresh weight, was as-
sessed. Between soil composition (S) and FOV, phenol activity was shown to be significantly
influenced. The plants cultivated in a 6% organic waste biochar in the presence of pathogen
(+FOV) had the highest phenol concentrations of any treatment (35.3 ± 0.67 mg/g of f.wt)
(Table 4). The soil-only control treatment had the lowest 21.2 ± 0.91 mg/g of f.wt phenol
levels measured.
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Table 4. Organic waste biochar (3, 6, and 9%) and Fusarium oxysporum f. sp. vasinfectum (FOV)
effects on biochemical compound of cotton plant, including soil-only control, soil amended with 3%
OWB, soil amended with 6% OWB, and soil amended with 9% OWB, either with (+FOV) or without
(-FOV) pathogen. The mean values followed by different letters in each column represent significant
differences among treatments.

Treatment Total Phenolic
(mg/g of f.wt)

Catalase
(mg/g of f.wt)

Flavonoids
(mg/g of f.wt)

Total Proteins
(mg/g of f.wt)

S 21.2 ± 0.91 f 118.7 ± 0.94 h 16.9 ± 1.19 f 12.5 ± 1.17 f

S + FOV 24.6 ± 0.45 e 129.9 ± 1.37 f 17.5 ± 0.70 f 16.9 ± 1.19 e

S + 3% OWB 29.7 ± 0.82 d 123.8 ± 1.03 g 19.3 ± 1.33 e 17.5 ± 0.70 e

S + 3% OWB + FOV 32.5 ± 0.52 c 138.8 ± 0.78 c 20 ± 1.33 e 21.7 ± 0.94 d

S + 6% OWB 33.8 ± 0.78 bc 133.7 ± 0.82 e 24.8 ± 0.78 d 28.2 ± 1.39 b

6% OWB + FOV 35.3 ± 0.67 a 147.7 ± 0.67 a 27.2 ± 0.63 c 35.3 ± 0.67 a

S + 9% OWB 34.3 ± 0.82 ab 137.4 ± 1.07 d 30.1 ± 1.19 b 24.8 ± 0.78 c

9% OWB + FOV 34.9 ± 1.79 ab 142 ± 0.94 b 33.4 ± 1.34 a 27.2 ± 0.63 b

All tasting factors had a significantly substantial interaction influence on the catalase
activity in cotton plants. There was a difference in catalase concentration of 8.8 and
1.70 percent in treatments with 6% biochar modified (+FOV) compared to 3% OWB and 9%
OWB, respectively (Table 4). When compared with the soil-only treatment under pathogen
stress, there was a 36.27% percentage difference in the 6% biochar-amended treatment. The
lowest catalase content was noted in the non-amended soil-only control without pathogen
stress.

The quantity of flavonoids in cotton plants was calculated as mg/g of fresh weight. The
plants cultivated in 9% OWB, either infected (+FOV) or un-inoculated (−FOV), respectively,
had the highest flavonoid levels (33.4 and 30.1 mg/g of f.wt) of any of the treatments
(Table 4). While the soil control in the absence of biochar had the lowest 16.91 ± 0.19 mg/g
of f.wt flavonoids concentrations on record. In cotton plants, there was a discernible
interaction between soil composition and FOV that affected phenol activity.

FOV significantly affected the total protein levels of all the treatments, both with and
without the addition of biochar (Table 2). The protein levels for un-inoculated (−FOV)
plants grown in potting soil devoid of biochar and the 6% organic waste biochar-comprising
substrate under pathogen stress, respectively, ranged from 12.5 mg/g f.wt to 35.3 mg/g
f.wt (Table 4).

3.6. Biochar Effect on Fusarium in Potting Mixture

Figure 10A depicts the effects of organic waste biochar at higher concentrations (3,
6, and 9%) on Fungus root colonization of cotton plants sown, amended, or un-amended,
with biochar for 2 and 4 days following inoculation (beforehand symptoms appeared) and
5, 7, 9, 11, 13, and 15 days following inoculation (when symptoms typically appeared).
However, after three days, Fusarium colonization was dramatically reduced in treatments
with the 9% biochar amendment (reduction in CFU by up to 29.57%). Biochar had no
impact on Fusarium colonization on the first day of inoculation.

Figure 10B depicts the impact of biochar on Fusarium survival in the potting mixture
during a 45-day period. The Fusarium population’s ultimate concentrations in the charcoal
treatments were 4.95, 4.44, 4.19, and 3.8 CFU Log−1 in control, 3, 6, and 9% OWB, respec-
tively. This is despite the fact that after 5 days, Fusarium abundance in all biochar-amended
treatments was found to be considerably lower than in the control treatment (p ≤ 0.001).
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root colonization (A) and survival in soil potting mixture (B). As log CFU g−1 fresh root or dry
potting media, Fusarium counts are displayed.

3.7. Biochar’s Impact on the Diversity of Culturable Populations of Microbes

At all biochar doses (3, 6, and 9%), fluorescent Pseudomonas spp., Actinomycetes spp.,
and Trichoderma spp. counts increased in comparison to the unmodified control (Table 5).
The amount of yeast did not significantly alter after the addition of charcoal.

Table 5. Effect of organic waste biochar (OWB) with compost on culturable rhizosphere bacteria at
increasing concentrations (3, 6, and 9%).

Microorganism Stress Soil S + 3% OWB S + 6% OWB S + 9% OWB

CFU g−1 dry potting mixture

General
Bacteria

−FOV 6.52 × 107 1.38 × 108 1.24 × 108 7.38 × 109

+FOV 5.93 × 107 1.25 × 108 1.31 × 108 6.79 × 109

Fluorescent
Pseudomonas

−FOV 3.14 × 104 3.11 × 106 4.13 × 106 6.92 × 106

+FOV 3.09 × 104 2.83 × 106 2.99 × 106 4.33 × 106

Actinomycetes
spp.

−FOV 1.07 × 105 1.01 × 105 1.69 × 105 4.13 × 105

+FOV 0.95 × 105 0.98 × 105 1.19 × 105 2.11 × 105

Filamentous
Fungi

−FOV 3.93 × 105 3.91 × 105 3.92 × 105 4.12 × 105

+FOV 3.06 × 105 3.12 × 105 3.39 × 105 3.18 × 105

Trichoderma
spp.

−FOV 3.74 × 105 3.41 × 105 4.18 × 105 6.99 × 105

+FOV 3.18 × 105 3.11 × 105 3.68 × 105 5.48 × 105

Yeasts
−FOV 1.03 × 104 1.03 × 104 1.11 × 104 1.21 × 104

+FOV 1.07 × 104 0.95 × 104 0.96 × 104 1.13 × 104
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3.8. Diversity and Composition of the Rhizosphere’s Bacterial Population Effected by Biochar

To investigate the biochar’s effect on the diversity and quantity of bacterial commu-
nities in the rhizosphere, 16S rRNA gene amplicons were sequenced using the Illumina
platform. The Proteobacteria, Bacteroidetes, Acidobacteria, and Actinobacteria made up
the bulk of the bacteria in both the biochar-amended (90%) and non-amended (91%) rhizo-
spheres. Proteobacteria, Bacteroidetes, Verrucomicrobia, and Firmicutes, which constitute
52.3, 16.7, 2.92, and 0.58% of the total phyla, respectively, showed substantially greater
relative abundances in the biochar-amended rhizosphere (p ≤ 0.05). Actinobacteria and
Gemmatimonadetes were similarly prevalent, making up 5.92, 6.23, 0.2, and 0.53% of the
rhizospheres that had not been altered by biochar and those that had. On the other hand,
Planctomycetes 1.2% and Acidobacteria 8.1% had significantly lower relative abundances
in the biochar-altered rhizosphere (Table 6) than in the non-amended rhizosphere.

Table 6. Phylum-level relative abundances of the bacterial composition of the rhizosphere as deter-
mined by the Illumina sequencing of 16S rRNA gene amplicons are affected by the organic waste
biochar.

Phylum Stress Soil 3% OWB 6% OWB 9% OWB

Proteobacteria
−FOV 44.1 51.2 51.4 52.3
+FOV 39.2 41.2 43.4 45.2

Bacteroidetes
−FOV 9.5 12.3 14.3 16.7
+FOV 7.3 9.7 11.4 14.9

Acidobacteria
−FOV 18 7.2 6.4 8.1
+FOV 15 6.3 5.0 7.8

Actinobacteria
−FOV 5.92 6.12 6.01 6.23
+FOV 5.31 5.43 5.39 5.89

Verrucomicrobia
−FOV 1.3 2.2 2.78 2.92
+FOV 1.1 2.2 2.24 2.43

Firmicutes
−FOV 0.19 0.25 0.46 0.58
+FOV 0.07 0.09 0.21 0.31

Gemmatimonadetes
−FOV 0.2 0.4 0.48 0.53
+FOV 0.1 0.33 0.38 0.49

Planctomycetes
−FOV 2.01 1.11 1.03 1.2
+FOV 1.71 1.04 1.13 1.15

The relatively large quantity of the major microbial orders was considerably changed
by biochar alterations, as shown by the heatmap analysis in Figure 11 and the association
findings in Figure 12. The most prevalent bacterial orders included the Burkholderiales,
Xanthomonadales, and others mentioned in the table. However, in the biochar-modified
rhizosphere community, the relative quantity of Acidobacteriales, Rhodospirillales, and
Frankiales was much lower.
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Figure 12. Correlation of relative abundances of the major bacterial orders in different soil treatments,
including soil-only control, soil amended with 3% OWB, soil amended with 6% OWB, and soil
amended with 9% OWB, either inoculated (+FOV) or un-inoculated (−FOV) with a pathogen.

4. Discussion

Emissions of greenhouse gases need to be decreased if we are going to combat global
warming. Pollution caused by fossil fuels is the main cause of the anthropogenic greenhouse
effect, making a decrease in the usage of fossil fuels a top concern [1]. Yet, a responsible
plan also includes actively removing carbon dioxide from the atmosphere because some
emissions will be inevitable [2]. Such carbon sequestration confronts a variety of difficulties,
including the need for a long-term, significant net removal of carbon dioxide, as well as the
need for accountability and a low danger of large-scale or quick leakage. For the soil to
retain its physical, chemical, and biological integrity, as well as to carry out its agricultural
production and environmental functions, a certain threshold level of organic matter must
be maintained in the soil [3].

Biochar is a carbon-rich substance that is created from organic feedstock using thermal
burning methods with minimum oxygen. According to the worldwide biochar project [65],
biochar is a high-carbon byproduct of pyrolysis which leads to the growth of plants and a
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decrease in plant diseases [9]. To create biochar, biomass is pyrolyzed in an environment
with regulated oxygen levels. When a diversity of organic wastes are heated to temperatures
between 200 to 900 ◦C with little to no oxygen or air, the process is known as pyrolysis [10].
Compost and biochar have been recognized as potent pesticide-free solutions for boosting
agricultural output/yield in the twenty-first century. Although adding biochar to the
soil is an age-old method of improving soil quality [66], it has only been in the past
two decades that researchers have shown a substantial interest in biochar as an organic
plant protection agent and a carbon sequestration tool [67]. We believe that the findings
presented here indicate for the first time the effectiveness of compost, and biochar used
in combination in reducing the impact of the soil-born pathogen Fusarium oxysporum
f. sp. Vasinfectum in cotton and linking the soil microbial biodiversity in response to
biochar. According to an analysis conducted after one year of the biochar application, the
population of Acidobacteria and Gemmatimonadetes were observed to be enhanced in the
treatment plots with biochar [68]. While in another research biochar increased the quantity
of Actinobacteria, Proteobacteria, and Planctomycetes, however, the increase in the number
of particular microbes varied depending on the kind of biochar used [69].

The activation of plant defense systems is connected to the bacteria in the rhizosphere,
also known as the second genome of the plants [70]. Additionally, prior studies demon-
strated that repeated monoculture could significantly boost the population of harmful
pathogens while reducing the abundance of potentially advantageous diversity in the
rhizosphere soil [71]. In this work, we showed how dynamic variations in the microscopic
communities of the rhizosphere under the stress of Fusarium wilt were influenced by the
addition of biochar with compost. According to the recent research findings [72], using
biochar and B. subtilis together resulted in the improvement of soil texture and decreased
Fusarium wilt incidence while positively influencing radish growth. There was a significant
rise in the number of advantageous microorganisms, thus having a competition for space
and food with pathogenic microbes in the rhizosphere. The findings demonstrated that
the application of biochar increased the total amount of bacteria and fungus, but clearly
had a detrimental impact on pathogenic F. oxysporum. Additionally, following biochar
amendment, the contents of possibly beneficial microorganisms increased. Our findings
are in line with those of [60] who found a considerable increase in the variety of tomato
rhizobacteria that may promote plant development following amendment with biochar.
The rhizosphere’s microbial community’s structure and functional capabilities were con-
siderably altered by biochar inputs. Increased microbial activity and the abundance of
numerous groups strongly associated with biocontrol and PGPR were also brought about
by the addition of biochar to the soil [73]. The strains with known growth-promoting effects
or biocontrol potential were increased in biochar-amended soils. Among these strains were
Pseudomonas fluorescens, P. putida, P. koreensis, P. moraviensis, and P. monteilii, all of which
have previously been identified as PGPR, and Trcihoderma spp. with potential biocontrol
activity [74,75]. In vitro, we observed that biochar considerably reduced the development
of F. oxysporum, which is consistent with past findings regarding bacterial and Fusarium
wilt [76,77]. The root zone of the biochar-altered treatments showed a greater comparative
quantity of Proteobacteria, Bacteroidetes, and Firmicutes phyla and lower relative abun-
dances of Acidobacteria and Planctomycetes, following trends seen in previous research in
biochar-altered bulk soils and rhizospheres [78,79].

The effect of biochar on the spread of soil-borne diseases has been the subject of
some very conflicting earlier research. While some studies found very modest [80] or
no impact [81] on disease suppression, some found a rise in disease severity [82] as a
result of biochar alteration. Others who used either a U-shaped dose-response arc [83] or
a linear dose-response curve [84] observed a reduction in disease severity. Similarly, in
our study, we observed the reduction of disease severity and incidence of FOV with the
increase in the concentration of biochar with compost as well. According to [85], at much
lower biochar concentrations, the pathogens that cause powdery mildew and grey mold on
strawberries demonstrate reduced disease dominance. While pinewood biochar was shown
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to be effective against replant disease in sensitive peach rootstock by [86] at significantly
higher treatment rates, i.e., 10 and 20% (v/v), biochar-based stimuli sufficiently trigger the
defense response at the molecular level. Previous studies suggested that induced resistance
in plants was influenced by the signaling pathways created by SA, JA, and ET [87]. The
soil’s porosity, pH, CEC, organic carbon content, and easily available nutrients were all
increased by the addition of biochar, while its bulk density was lowered. Our research
demonstrated that OWB amendment raised soil pH and amounts of bioavailable P and K
regardless of pathogen inoculation.

The use of biochar separately and in combination with compost significantly improved
the examined parameters. This could be because biochar has a great potential for retaining
nutrients due to its vast pore spaces, which contribute to the enhancement of nutrient
availability for plants. According to [88], using biochar made from cow dung resulted in a
98–150% increase in production. The authors of [18] Found that compost application to soil
results in greater biomass output, indicating that the compost supplies enough nutrients.
In his further studies, he found that biochar and compost may be a source of exchangeable
and readily accessible phosphorus by either making the natural phosphorus available or
applying it directly. Higher phosphorus concentrations in shoot, grain, and soil supported
the positive effects of organic inputs on plant growth since there was enough phosphorus
available [89]. The addition of biochar and compost improved crop stand, development,
and yield, which boosted plant uptake of potash [16]. Improved nitrogen and phosphorus
accessibility may have contributed directly or indirectly to the increased potassium content
in plants and soil. It is reasonable to believe that the greater concentration of nutrients
found in biochar is a result of nutrient saturation during the pyrolysis of biomass. Similar
to many other studies, in this study we found a significant increase in the percentage of N,
P, and K in cotton plant shoots with the increasing organic waste biochar concentration.
Furthermore, the increased availability of N, P, and K may have an impact on the enzymatic
activity of soil microbes, which would greatly boost soil fertility [90].

In general, FOV decreases the effectiveness of photosynthesis and other physiological
processes in the plant because conductive arteries are blocked by fungal mycelium or
because of the toxicity of chemicals released by Fusarium [91]. Reduced water flow slows
down the rates of photosynthesis, CO2 fixation, and transpiration as well as the activity
of the chloroplasts’ electron-transport chain and stomatal conductance [92]. In the current
study, biochar increased the chlorophyll content in both the pathogen-free and pathogen-
containing conditions, and it even partially offset the negative impacts of FOV on the
development and physical state of the cotton plant. This could be because the usage of
biochar has reduced the colonization of FOV in roots as demonstrated in the results. In
the presence of biochar, [93] discovered significant activation of plant genes controlling
plant development hormones and the photosynthetic apparatus in Arabidopsis. Although
the Fusarium survival rates were decreased in the biochar-altered treatment, both in the
soil mixture and to a greater extent in the vicinity of the cotton roots, biochar was not
directly harmful to the pathogen, as demonstrated by the absence of biochar influence on
radial mycelium development. A similar outcome has already been documented in other
pathosystems [94]. This supports the hypothesis that the noticed reduction in disease may
be caused by processes besides direct toxicity, such as an increase in beneficial bacteria
abundance, variety, and activity, in addition to the development of immune systems, either
by chemicals related to biochar or by microbes encouraged by biochar.

In our study, biochar application also increases the concentration of different bio-
chemical like phenol protein in plant shoots. By producing lignin and suberin, which are
necessary for the production of physical barriers that can stop the spread of infections,
phenolic compounds may help to improve the mechanical strength of host cell walls [95].
It has been shown that changing the concentration of phenolic chemicals in plants might
alter their susceptibility to disease [96]. These results are in line with research on other
plant-pathogenic bacteria, viruses, and fungi interactions, which showed that a number of
common phenols and phenolic compounds are poisonous to pathogens and have long been
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recognized as crucial defense-related molecules. These chemicals are naturally present
in high concentrations in resistant crop types, and they build up in plants following in-
fection, especially in resistant kinds [97]. Numerous plant pathogenic interactions have
shown evidence of the significance of specific proteins in plant disease resistance [98]. Our
results demonstrated the significantly higher total protein content in 9% organic waste
biochar amendment in both with (+FOV) and without (−FOV) pathogen stress. Similar
outcomes in mollicutes-infected apple, grapevine, tomato, and maize have also been docu-
mented [98,99]. In this study, we also observed increases in other biochemical flavonoids
and catalase content. The plants cultivated in 9% organic waste biochar, either infected
(+FOV) or un-inoculated (−FOV), respectively, had the highest flavonoid levels (33.4 and
30.1 mg/g of f.wt) of any of the treatments. CAT is an oxygen-scavenging enzyme that
performs the unique peroxidative function of shielding developing cells from the harmful
effects of substrates (H2O2) that would otherwise be fatal [100,101]. Our understanding
of how biochar helps to the emergence of disease resistance and the recycling of waste
materials into carbon-rich soil amendments has substantially increased as a result of the
study’s findings. Organic alterations perhaps boosted the soil’s organic carbon concen-
trations, making the soil’s structure finally porous. As a result, it made it easier for roots
to grow deeper into the soil to acquire more nutrients. These findings might potentially
be utilized to create organic materials that can be used in place of conventional disease
management techniques for preventing Fusarium wilt in cotton crops.

5. Conclusions

Plants can benefit from soil microorganisms like bacteria and fungi directly or indi-
rectly. While other functions, such as those that promote plant development, are impacted
by disease stress. Sequencing examination of cotton’s rhizosphere microbes revealed that
under normal and Fusarium-like conditions, a wide range of bacterial communities are pro-
duced. A reduction in soil-borne illness and increased plant performance has been shown
to be significantly correlated with the modifications in microbial community organization,
taxonomic variety, and microbial activity brought about by biochar. These results position
the microbiome of the rhizosphere at the core of the elaborate, multi-mechanism model that
postulates that the impact of biochar on establishing well-being and productivity is a result
of complex interactions among an assortment of physical, chemical, and physiological
components that make up the soil-plant-pathogen system.
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