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Abstract  The deterioration of soil quality and rising environmental pollution have substantially undermined 
agricultural output, thereby endangering global food security. This study examined the impacts of plant growth-
promoting bacteria (PGPB) and biochar (BC) -based seed coating on the growth, pigment concentration, and protein 
content of Vigna unguiculata. Among the isolated strains, PGPB Bacillus cereus SE1Z1 was selected based on its 
potential to enhance V. unguiculata seedling growth in a roll towel assay. Characterization of SE1Z1 confirmed its 
key plant growth-promoting traits, such as synthesis of indole-3-acetic acid (IAA), siderophores, and solubilization 
of P. BC was produced from wood chips and pomegranate peel through pyrolysis at varying temperatures of 400°C, 
550°C, and 700°C. The wood chip-derived BC pyrolyzed at 550°C (WCB2) was selected for further studies based 
on its beneficial effects on V. unguiculata growth and SE1Z1 viability. Evaluation of SE1Z1 and WCB2 -based seed 
coatings revealed that V. unguiculata seeds treated with either SE1Z1 or WCB2 showed enhanced plant growth, 
photosynthetic pigments, protein and relative water contents. Notably, the combined application resulted in 
significantly greater improvements, likely due to synergistic interactions. Furthermore, WCB2 and SE1Z1 coating 
facilitated higher SE1Z1 colonization in the rhizosphere compared to the SE1Z1 only treatment, indicating that 
WCB2 may enhance SE1Z1 survival and activity. In conclusion, the integrated use of PGPB and BC as a seed 
coating presents a promising and eco-friendly approach to improving crop performance. 

Keywords: Biochar, PGPB, Vigna unguiculata, seed coat, RWC 

Cite This Article: Mani Rajkumar, Sundaramoorthy Soundarya, and Ashok Suma Archana, “Screening of 
Plant Growth-Promoting Bacteria and Biochar for Seed Coat Bioformulation to Enhance Plant.” World Journal of 
Agricultural Research, vol. 13, no. 3 (2025): 48-57. doi: 10.12691/wjar-13-3-1. 

1. Introduction 
With the continuous growth of the global population 

and the escalating impact of environmental challenges 
such as pollution and climate change, ensuring food 
security has become a matter of pressing global 
importance [1]. To address these concerns, sustainable 
agricultural practices are increasingly being adopted to 
meet nutritional demands while conserving essential 
natural resources and ensuring consistent crop 
performance [2]. One of the core strategies within this 
framework is the use of organic and inorganic substances 
as soil amendments to improve soil health, thereby 
promoting plant growth and productivity. These 
amendments play a crucial role in improving soil health 
and fertility by enhancing nutrient availability, increasing 
water retention capacity, and stimulating beneficial 
microbial activity etc [3].  

Biochar (BC), a carbon-rich product generated from the 
pyrolysis of organic waste, has been extensively used as 
soil amendments due its properties to improve soil fertility 

[4]. It improves soil organic matter, nutrient 
bioavailability and water retention, while also providing a 
favourable environment for beneficial microbes [5]. 
Additionally, BC contributes to increased soil cation 
exchange capacity (CEC), microbial diversity, and 
ultimately higher crop yields. For instance, [6] found that 
the application of 3% BC derived from black cherry wood 
significantly improved Osimum basilicum growth, 
biomass production and other physiological parameters 
including pigments, sugar and flavonoid contents. The 
study highlighted that key properties of the BC including 
water-holding capacity, enhances soil nutrient availability, 
nutrient supply and seed germination and played a major 
role in exhibiting beneficial effects on plant development. 

Similarly, the utilization of plant growth promoting 
bacteria (PGPB) has garnered significant interest among 
agronomists and environmental scientists due to their 
ability to improve crop productivity, particularly in 
marginal soils [7]. These PGPB contribute to plant 
development by facilitating water and nutrient uptake and 
by imparting stress tolerance through the biosynthesis of 
various beneficial metabolites, such as synthesis of indole-
3-acetic acid (IAA), siderophores, and solubilization of P 
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etc [8]. For instance, [9] carried out an analysis of the 
effects of Bacillus subtilis, isolated from marine water 
sample on the growth and physiological response of chick 
pea. Their research showed that Bacillus strain has several 
plant growth promoting (PGP) traits for plants, such as the 
ability to fix nitrogen, produces ammonia and gibberellins, 
solubilize phosphate and potassium. Given that the 
efficacy of inoculated PGPB in enhancing plant growth is 
critically influenced by their survival and functional 
activity within rhizosphere soils, various additives such as 
organic matter and selected inorganic amendments are 
commonly co-applied with PGPB. These amendments 
contribute to improved PGPB persistence and 
proliferation by supplying essential nutrients, optimizing 
soil physico-chemical properties, and fostering a 
microenvironment conducive to PGPB growth and 
metabolic function [10]. For instance, vermicompost 
amendment in soil has been found to promote the 
proliferation and persistence of inoculated PGPB, leading 
to improved growth of tomato and spinach [11]. Similarly, 
BC produced from agro-waste biomass have also been 
tested in combination with PGPB such as coconut husk 
BC [12], Spent mushroom substrate BC [13] and maize 
straw BC [14]. Recently, [15] evaluated the effectiveness 
of PGPB, Bacillus sp with and without BC amendment on 
wheat growth and found that the combined application of 
Bacillus sp and shisham wood tree BC resulted in the 
most significant improvements in plant growth and 
physiological parameters. 

Recent studies have advanced our understanding of the 
distinct and synergistic effects of BC and PGPB, when 
applied as soil amendments and as seed or seedling 
inoculants, respectively, in influencing soil physico-
chemical and biological properties, plant growth, 
physiological and biochemical responses [16,13,15]. 
However, the impact of BC on plant growth when applied 
as a seed coating in combination with PGPB remains 
largely unexplored particularly with respect to the survival 
of inoculated PGPB and their subsequent influence on 
plant development. This knowledge gap prompted us to 
investigate the synergistic potential of BC and PGPB as 
integrated seed coating agents to enhance plant growth 
performance. Thus, the objectives of the current study 
were to: (1) isolate, screen, and characterize the efficient 
PGPB, (2) prepare and screen suitable BC that is 
compatible with both selected plants and PGPB strain, and 
(3) investigate the effects of BC and PGPB-based seed 
coatings on Vigna unguiculata growth, pigment 
biosynthesis, protein accumulation and relative water 
content. 

2. Materials and Methods 

2.1. Isolation and Characterization of PGPB 
Bacterial strains were initially isolated from the 

rhizosphere soil of Catharanthus roseus growing in 
magnesite-contaminated soils located in Vellakalpatti, 
Salem, India, using the standard serial dilution and plating 
method as described by [17]. To select a potential PGPB, 
a roll towel assay was performed with V. unguiculata 
serving as the test plant. In brief, V. unguiculata seeds 

were surface-sterilized by immersing in 75% ethanol for 
one minute, followed by exposure with 1% sodium 
hypochlorite for five min. Subsequently the seeds were 
then rinsed thoroughly five times with sterile deionized 
water to eliminate any remaining sterilizing agents. Each 
bacterial isolate was cultured overnight in Luria-Bertani 
(LB) broth at 30 °C under continuous shaking. After 18 h 
of incubation, bacterial cells were separated by 
centrifuging at 5000 rpm for 10 min and resuspended in 
sterile distilled water. The cell suspension was then 
adjusted to an optical density of 1.0 at 600 nm to obtain 
approximately 10⁸ colony-forming units (CFU)/mL. 
Sterilized seeds of V. unguiculata were inoculated by 
soaking in the cell suspension for two hours under aseptic 
conditions. Control seeds underwent the same procedure 
but were soaked in sterile distilled water instead of the 
bacterial inoculum. Both treated and control seeds were 
placed on moist blotting paper and incubated in a plant 
growth chamber. After 7 days, the percent seed 
germination, average shoot and root length were noted, 
and the vigour index was determined using the equation 
established by [18]. 

The bacterial strain (SE1Z1) exhibiting the highest PGP 
potential in the roll towel assay was selected for further 
characterization of key PGP traits, including the synthesis 
of IAA, siderophores, P solubilization, and other growth-
enhancing activities. IAA production was quantitatively 
determined following the methodology described by [19]. 
Siderophore synthesis was assessed using the Chrome 
Azurol S (CAS) assay [20]. P solubilization ability was 
assessed using the method of [21]. Ammonia production 
was determined following the procedure outlined by [22], 
while HCN production was evaluated using the method 
described by [23]. Additionally, the strain's tolerance to 
heavy metals, salinity, and temperature was assessed using 
previously established protocols [24,25,26]. Moreover, the 
identification of the selected bacteria was performed 
through 16S rRNA gene sequencing, according to the 
procedure outlined by [16]. 

2.2. Preparation and Screening of Biochar 
Biochar in this study was produced from wood chips 

and pomegranate peel through slow pyrolysis at 400°C, 
550°C, and 700°C under limited oxygen conditions, as 
previously described [27]. The resulting BC was then 
ground and sieved to get particles size smaller than 2 mm 
for subsequent use. In order to select the most suitable BC 
for seed coating applications, the prepared BC were 
further screened for their compatibility with V. 
unguiculata and PGPB strain SE1Z1 by evaluating their 
effects on V. unguiculata growth and SE1Z1 viability.  

For the pot experiment, the soil was obtained from the 
agriculture field near Bharathiar University and amended 
with various BCs at the concentrations of 0%, 5%, and  
10% (w/w). V. unguiculata seeds were planted in pots 
containing 1 kg of soil, either untreated or treated with BC. 
The pots were kept at 30 °C under a controlled 
photoperiod of 8 hours dark and 16 hours light. After 20 
days of growth, the plants were carefully uprooted and 
evaluated for key growth parameters, including shoot 
length (SL), root length (RL), fresh biomass (FB), and dry 
biomass (DB). 
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The effect of BC on the viability of PGPB strain SE1Z1 
was assessed using tryptone soya broth (TSB). BC was 
incorporated into 10 mL of TSB at concentrations of 0% 
(control) and 5% (w/v). SE1Z1 was grown to the 
logarithmic phase in TSB and adjusted to an optical 
density of 1.0 at 600 nm. A 0.1 mL aliquot of the bacterial 
cell suspension was added to each treatment, and the 
cultures were allowed to grow at 28 ± 2 °C with 
continuous shaking at 120 rpm. Bacterial growth was 
monitored at 12-hour intervals over a 72-hour period. At 
each time point, samples collected were diluted and plated 
on nutrient agar using the standard spread plate method. 
After incubation at 38 °C for 24 hours, the CFU was 
enumerated. 

2.3. Analysis of the Effects of Seed Coating on 
the Growth of V. unguiculata 

2.3.1. Preparation of Seed Coating 
V. unguiculata seeds were surface-sterilized and 

inoculated with PGPB strain SE1Z1 following the 
procedure outlined in the previous section. Prior to seed 
bacterization, mutants of SE1Z1, marked with ampicillin 
resistance were acquired by plating the parental SE1Z1 
strain on LB agar supplemented with ampicillin 
(300 mg L⁻¹). For the preparation of the BC and PGPB 
based seed coating, the PGPB inoculated (as detailed in 
the previous section) or non-inoculated seeds were mixed 
with wood chips derived BC pyrolyzed at 550 °C (WCB2) 
and guar gum (GG) in a sterile round-bottom flask at a 
ratio of 2:1:1 (w/w). A minimal volume of sterile 
deionised water was added to activate the adhesive 
properties of GG, facilitating uniform coating of materials 
on the seed surface. The flask was gently rotated at 25 rpm 
to ensure homogeneous distribution of the coating mixture. 
Following the coating process, seeds were air-dried under 
a fume hood at ambient temperature and subsequently 
stored in sterile containers for future experimental use. 

2.3.2. Pot Experiment and Plant Analysis 
A greenhouse trial was conducted to evaluate the 

impact of BC and PGPB based seed coating on the growth 
and certain biochemical parameters of V. unguiculata. For 
pot experiment, the soil collected was sterilized by 
autoclaving at 121 °C for 40 min over five consecutive 
days. The experimental setup consisted of six seed 
treatment groups: 1. Untreated (seeds without SE1Z1, GG, 
and WCB2), 2. GG (un-inoculated seeds coated with GG), 
3. GG + WCB2 (un-inoculated seeds coated with GG and 
WCB2), 4. SE1Z1 (Seeds inoculated with SE1Z1), 5. 
SE1Z1 + GG (SE1Z1 inoculated seeds coated with GG), 6. 
SE1Z1 + GG + WCB2 (SE1Z1 inoculated seeds coated 
with GG and WCB2). The coated or uncoated seeds were 
planted in pots containing 1 kg of sterilized soil and 
maintained in greenhouse conditions at 30 °C, with a 16-
hour light and 8-hour dark photoperiod to ensure optimal 
plant growth. After 60 days of growth, above-ground 
biomass was harvested and plant RL, SL and FB were 
determined. Plant biomass was oven-dried at 80 °C for 48 
hours in the laboratory and subsequently weighed to 
determine DB.  

To assess the colonization and survival of SE1Z1 in the 

rhizosphere, 1 g of soil adhering to root surface was 
separated and suspended in sterile distilled water. The 
resulting suspension was plated onto LB agar 
supplemented with 300 mg L⁻¹ ampicillin. Following 
incubation at 37 °C for 4 to 5 days, CFUs were quantified 
following methodology outlined by [28].  

Chlorophyll and carotenoid contents in plant leaves 
were quantified following the method described by [29]. 
Briefly, 0.1 g of leaf tissue was crushed in 6 mL of 80% 
ethanol to extract pigments. Following centrifugation, the 
absorbance of the supernatant was recorded at 663 nm for 
chlorophyll a, 645 nm for chlorophyll b, 510 nm and 
480 nm for carotenoids using a Shimadzu UV-1800 
spectrophotometer. 

Protein levels in leaf tissues were quantified using the 
procedure outlined by [30]. A 0.1 g portion of leaf 
material was homogenised in 1 mL of phosphate buffer 
(pH 7.5) and centrifuged at 3000 rpm for 10 minutes. A 
0.1 mL aliquot of the sample was diluted to 1 mL using 
distilled water. This was then mixed with 1 mL of reagent 
C, which consists of a 50:1 ratio of solution A and 
solution B. Solution A contains 2% sodium carbonate, 1% 
sodium-potassium tartrate, and 0.4% sodium hydroxide, 
while solution B contains 0.5% copper sulfate 
pentahydrate. Subsequently, 0.1 mL of Folin–Ciocalteu 
reagent was added to the reaction mixture, which was then 
incubated at room temperature for 30 minutes. The 
absorbance was then recorded at 660 nm using a 
Shimadzu UV-1800 spectrophotometer. Protein 
concentration was quantified using a bovine serum 
albumin calibration curve ranging from 20 to 640 µg.  

The relative water content (RWC) of plant leaves was 
quantified using the methodology described by [31]. 
Initially, the turgid weight of the leaf samples was 
measured after immersing known weight of fresh leaf 
samples in distilled water for 12 h in darkness. 
Subsequently, the leaf dry weight was measured after 
drying the samples at 72°C for 12 h. The RWC was 
further calculated using the following equation.  

( )% 100FW DWRWC
TW DW

− = × − 
 

Where, FW = Fresh Leaf weight; TW = Turgid leaf 
weight; DW = Dry leaf weight. 

2.4. Statistical Analysis 
Experiments were conducted in triplicate, with results 

reported as mean ± standard deviation. Statistical 
differences between groups were assessed using one-way 
ANOVA and Tukey’s HSD test (p < 0.05), performed in 
SPSS v25. 

3. Results and Discussion 

3.1. Isolation and Characterization of PGPB 
In this investigation, we isolated 25 morphologically 

distinct bacterial strains from magnesite-contaminated 
soils and evaluated their efficiency in promoting V. 
unguiculata growth, with an objective of selecting 
effective PGPB. Among the 25 strains tested, strain 
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SE1Z1 significantly increased the vigor index by 109.8 % 
compared with non-inoculated control (Table 1). Several 
previous studies have documented that inoculation with 
PGPB significantly enhances seed germination and overall 
plant development by producing a diverse array of PGP 
metabolites [32]. These include nitrogen fixation, P 
solubilization, synthesis of phytohormones such as auxins, 
siderophore production, and ACC deaminase activity [33]. 
For instance, experiments conducted on Z. mays 
demonstrated that treatment with PGPB, B. subtilis and L. 
fusiformis led to increased plant growth and biomass 
accumulation. This improvement was attributed to 
elevated levels of soluble P in the soil and enhanced P 
uptake by the plants [34]. Moreover, Bacillus strains 
capable of producing IAA have been shown to promote 
host plant growth and nutrient acquisition. These effects 
are mediated through promotion of cell division, 
enhancement of cell elongation, and initiation of root 
development [35]. Recently, [36] demonstrated that 
inoculation with the IAA-producing PGPB strains 
Bacillus and Pseuedomonas led to notable improvements 
in growth parameters and biomass accumulation in Cicer 
arietinum plants. Similarly, the PGPB, Pantoea dispersa 
MPJ9 and Pseudomonas putida MPJ6 producing 
siderophores which chelate iron have also been reported to 
improve the plant growth by increasing Fe bio-availability 

in soils and thereby its uptake by plants [37]. In our study, 
the enhanced plant growth observed due to SE1Z1 
treatment prompted us to evaluate whether any of its PGP 
traits contributed to the growth promotion of V. 
unguiculata. Characterization of SE1Z1's PGP attributes 
revealed its intrinsic capacity for IAA biosynthesis, 
siderophore production, and inorganic P solubilization 
(Table 2). These PGP traits suggest that SE1Z1 may have 
contributed to enhanced root proliferation in V. 
unguiculata, thereby improving the uptake of essential 
minerals including P and Fe. In addition to its PGP traits, 
SE1Z1 exhibited remarkable tolerance to heavy metals 
such as Zn (300 mg L -1), Cd (100 mg L -1), Cu (200 mg L 
-1), Cr (500 mg L -1), Ni (200 mg L -1) , and Pb (1000 mg L 
-1), elevated salinity levels (7%), and temperature (55%). 
This suggests that, once inoculated into soil, SE1Z1 may 
successfully colonize the rhizosphere and continue to 
exert PGP effects such as enhancing nutrient availability 
and promoting plant growth even under suboptimal 
environmental conditions. Based on a comprehensive 
evaluation of morphological, and biochemical 
characteristics (data not shown), along with sequence 
alignment against established databases and phylogenetic 
analysis using ClustalW (Figure 1), strain SE1Z1 was 
taxonomically classified as Bacillus cereus. 

Table 1. Effect of selected bacterial strains on vigor index of V. unguiculata 

Strain Name Vigor Index 
Control 930 ± 9 q 
SE1Z1 1952 ± 11 a 
SE1Z2 1288 ± 15 k 
SE1Z3 1634 ± 12 g 
SE1Z4 1661 ± 7 fg 
SE1Z5 1099 ± 16 n 
SE1Z6 1888 ± 9 b 
SE1Z7 1469 ±7 i 
SE1Z8 954 ± 11 pq 
SE1Z9 1240 ± 16 l 

SE1Z10 1840 ± 12 c 
SE1Z11 1155 ± 10 m 
SE1Z12 1896 ± 8 b 
SE1Z13 1379 ± 13 j 
SE1Z14 1547 ± 7 h 
SE1Z15 1297 ± 10 k 
SE1Z16 1151 ± 11m 
SE1Z17 1732 ± 16 e 
SE1Z18 1020 ± 9 o 
SE1Z19 1413 ± 18 j 
SE1Z20 1188 ± 21 m 
SE1Z21 1685 ± 17 f 
SE1Z22 1560 ± 16 h 
SE1Z23 954 ± 13 pq 
SE1Z24 1792 ± 16 d 
SE1Z25 985 ± 12 op 

Data are presented as the average ± standard deviation from three replicates. Columns marked with identical letters indicate no statistically significant 
difference among treatments, based on Tukey’s HSD test at a significance level of p < 0.05. 

Table 2. Characteristics of PGPB strain SE1Z1 

Characteristics SE1Z1 
GenBank Accession Number MN814026 

Strain name Bacillus cereus 
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Metal tolerance level mg L-1 
Zn 300 
Cd 100 
Cu 200 
Cr 500 
Ni 200 
Pb 1000 

Salinity Tolerance (%) 
NaCl 7 

Drought Tolerance (%) 
PEG 55 

                                                     In-vitro Plant growth promotion* 
Shoot length 59.7 
Root length 55.42 

                                                       Plant growth Promoting Traits 
IAA (µg mL-1) 25.86 ±1.80 

Siderophore Production (%) 13.56 ± 0.35 
Phosphate solubilisation (µg mL-1) 1.58 ± 0.35 

HCN + 
Ammonia Production + 

Values are means (±) standard deviations of three replicates. (+) Positive results of the test. Indole Acetic Acid (IAA). * Percent increase as compared to 
un-inoculated plants. 

 
Figure 1. The phylogenetic tree was built using the neighbor-joining approach in MEGA 11, illustrating the genetic relationships between SE1Z1 
partial 16S rRNA sequences and closely related strains retrieved from the NCBI database 

3.2. Preparation and Screening of BC for 
Seed Coating 

In order to select a suitable BC that favours both V. 
unguiculata growth and SE1Z1 viability for seed coating 
application, BC prepared from wood chips and 
pomegranate peel via pyrolysis at a range of temperatures 
were systematically assessed for their influence on the 
growth performance of V. unguiculata and SE1Z1. The 
effect of BC types and pyrolysis temperature on the 
growth of V. unguiculata is summarized in Table 3. 
Among the BC tested, wood chips BC produced at 550 °C 
(WCB2) exhibited the most pronounced positive effects, 
with increases in SL (241%), RL (160%), FB (242%), and 
DB (340%) of V. unguiculata compared to the control. 
These results suggest that pyrolysis at 550 °C may 
represent an optimal condition for enhancing the physico-
chemical properties of WCB, including porosity, surface 
area, and nutrient retention, thereby promoting plant 
growth [38]. Pomegranate peel BC pyrolyzed at 400 °C 
(PPB1) also improved plant growth metrics relative to the 

control, with SL, RL, FB and DB increase by 183%, 
100%, 148%, and 180%, respectively. However, its 
overall performance was inferior to that of WCB2, likely 
due to differences in feedstock composition and associated 
nutrient profiles [39]. In contrast, PPB produced at 700 °C 
(PBC3) demonstrated minimal enhancement or even 
suppression of plant growth. Our observations corroborate 
the results of [40], who recorded that increasing pyrolysis 
temperature led to a gradual decrease in plant growth. This 
was attributed to a corresponding reduction in water-
soluble nitrogen and phosphorus content in reed-derived 
BC, indicating that higher pyrolysis temperatures may 
adversely affect nutrient bioavailability critical for optimal 
plant development. 

The growth response of PGPB strain SE1Z1 to BC 
derived from different feedstocks and pyrolysis 
temperatures is presented in Figure 2. The highest SE1Z1 
density was recorded at 24 hours (5.5 × 10⁵ CFU mL⁻¹) in 
TSB medium supplemented with WCB2 (produced at 
550 °C). BC generated at 400 °C also supported SE1Z1 
proliferation, though to a lesser extent. In contrast, BC 
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produced at 700 °C resulted in significantly reduced 
SE1Z1 growth. The superior growth in the presence of 
WCB2 suggests that the pyrolysis temperature at 550 ºC 
yields BC with optimal physicochemical properties for 
bacterial proliferation. This may be attributed to enhanced 
surface area and porosity, which facilitate microbial 
adhesion and create a favourable microhabitat [41]. 
Additionally, BC at this temperature likely retains a 
balanced composition of nutrients and functional groups 
that support microbial metabolism, while minimizing the 
formation of toxic polycyclic aromatic hydrocarbons 
(PAHs), which are more prevalent at higher pyrolysis 
temperatures [42]. The diminished growth observed with 
BC produced at 700 °C underscores the potential 
inhibitory effects of excessive thermal treatment, possibly 
due to reduced labile organic content or the presence of 
inhibitory compounds [43]. Although both previous and 

current studies suggest that pyrolysis at 550 °C enhances 
the beneficial properties of (BC) for plants and microbes, 
further research including the characterization of BC 
produced at varying pyrolysis temperatures is necessary to 
confirm the relationship between pyrolysis conditions and 
the positive attributes of BC on plant growth and 
microbial activity.  

The observed positive effects on the growth of V. 
unguiculata (Table 3) and SE1Z1 (Figure 2) highlight the 
advantageous characteristics of WCB2, indicating its 
potential as a promising carrier material for seed coating 
applications. Consequently, WCB2 was selected for 
further investigation to evaluate its effectiveness as a seed 
coating material, in combination with the PGPB SE1Z1, 
in enhancing V. unguiculata growth and certain key 
biochemical responses. 

Table 3. Effect of biochar on the growth of V. unguiculata 
Treatment SL (cm) RL (cm) FB (g/plant) DB (g/plant) 

Control 10.34 ± 1.19 d 13.97 ± 1.2 e 0.92 ± 0.02 e 0.20 ± 0.001 d 
WCB1 25 ± 2.01 bc 32.08 ±2.6 b 2.1 ± 0.05 c 0.80 ±0.03 b 
WCB2 35.28 ± 2.52 a 36.34 ± 2.1 a 3.15 ± 0.03 a 0.88 ± 0.01 a 
WCB3 26.02 ± 3.2 bc 30.06 ± 1.5 c 1.37 ± 0.05 d 0.52 ± 0.09 c 
PPB1 29.32 ± 2.3 b 28.02 ± 2.4 c 2.29 ± 0.05 b 0.56 ± 0.02 c 
PPB2 21.57 ± 2.8 cd 28.53 ± 1.5 c 2.07 ± 0.14 c 0.51 ± 0.01 c 
PPB3 20.31 ± 1.23 cd 22.83 ± 2.5 cd 1.92 ± 0.03 d 0.48 ± 0.01 cd 

Data are presented as the average ± standard deviation from three replicates. Columns marked with identical letters indicate no statistically significant 
difference among treatments, based on Tukey’s HSD test at a significance level of p < 0.05. SL- Shoot Length, RL- Root Length, FB- fresh biomass, 
DB- dry biomass, WCB1- Wood chips BC produced at 400 °C, WCB2- Wood chips BC produced at 550 °C, WCB3 - Wood chips BC produced at 
700 °C, PPB1- Pomegranate peel BC produced at 400 °C, PPB2 - Pomegranate peel BC produced at 550 °C, PPB3 - Pomegranate peel BC produced at 
700 °C. 

 
Figure 2. Effects of BC on growth of B. cereus SE1Z1 in tryptone soya agar medium. WCB1- Wood chips BC produced at 400 °C, WCB2- Wood chips 
BC produced at 550 °C, WCB3 - Wood chips BC produced at 700 °C, PPB1- Pomegranate peel BC produced at 400 °C, PPB2 - Pomegranate peel BC 
produced at 550 °C, PPB3 - Pomegranate peel BC produced at 700 °C 

3.3. Effects of BC and PGPB - based Seed 
Coating on the Growth of V. unguiculata 

SL, RL, FB and DB were recorded to assess the effects 
of seed coating treatments involving SE1Z1 and WCB2 
on the growth performance of V. unguiculata (Table 4). 
The SE1Z1+GG+WCB2 treatment demonstrated the most 

pronounced impact, increasing SL, RL, FB, and DB by 
150.2%, 122.7%, 72.8%, and 149.3%, respectively. This 
enhancement can be attributed to the synergistic 
interaction among the coating components including 
WCB2, GG and SE1Z1. Similarly, seeds coated with GG+ 
WCB2 (uninoculated) also showed notable improvements, 
with SL, RL, FB and DB increase by 71%, 52%, 20.4%,  
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and 103.5%, respectively. In general, BC improves soil 
structure, porosity, and water retention, collectively 
facilitating better root development and nutrient 
absorption [44,45]. Additionally, GG acts as an effective 
natural polymer that aids in bacterial immobilization and 
supports sustained microbial activity near the rhizosphere 
[46]. Comparable positive outcomes have been reported in 
previous studies, where seed coatings containing maize 
straw BC and PGPB Serratia nematodiphila significantly 
enhanced SL, RL, FB and DB of Z. mays [47]. This 
improvement can be attributed to the beneficial effects of 
BC on soil characteristics, including enhanced porosity, 
better moisture retention, and greater nutrient availability 
combined with the PGP capabilities of PGPB, which 
support better root colonization and nutrient uptake [48,49].  

3.4. Effects of BC and PGPB - based Seed 
Coating on SE1Z1 Survival in 
Rhizosphere Soils 

 
Figure 3. Effects of seed coating on SE1Z1 colonization in the 
rhizosphere of V. unguiculata. Data are presented as the average ± 
standard deviation from three replicates. Bars labeled with the same 
letter indicate no significant difference according to the HSD Tukey test 
at p < 0.05. SE1Z1- B. cereus, GG- Guar gum, WCB2- Wood chips BC 
pyrolysed at 550 °C 

Given that microbial survival and colonization are 
critical determinants of bioformulation efficacy especially 
in the context of enhancing plant growth, the colonization 
efficiency of SE1Z1 in the rhizosphere soils of V. 
unguiculata was systematically assessed (Figure 3). The 
SE1Z1 population exhibited significant variation across 
treatments, highlighting the influence of BC treatment on 
the colonization efficiency of SE1Z1. The highest number 
of CFUs was recorded in the SE1Z1+GG+WCB2 
treatment (5.62 × 10⁵ CFU mL⁻¹), followed by 
SE1Z1+GG (3.48 × 10⁵ CFU mL⁻¹). The lowest SE1Z1 
count was observed in the SE1Z1-alone treatment (2.7 × 
10⁵ CFU mL⁻¹). These results align with previous findings 
indicating that BC functions as an effective carrier matrix 
for PGPB, enhancing their delivery, colonization, and 
long-term persistence in soil ecosystems [50]. In general, 
the porous structure and high adsorption capacity of BC 
likely create protective microhabitats that shield 
microorganisms from environmental stress while 
facilitating nutrient acquisition [51]. Furthermore, BC 
may alter key physico-chemical properties of the 
rhizosphere such as pH, aeration, and moisture retention 
thereby fostering conditions conducive to bacterial 
proliferation [52]. In this study. the enhanced colonization 
observed as a result of SE1Z1+GG+WCB2 treatment 
supports its positive impact on plant growth (Table 4), 

reinforcing the role of WCB2 in facilitating the survival 
and establishment of SE1Z1 within the rhizosphere. This 
improved microbial colonization likely contributes to 
better plant development by synthesizing PGP metabolites. 

3.5. Effects of BC and PGPB - based Seed 
Coating on Pigment Contents in V. 
unguiculata  

Given the established correlation between chlorophyll 
content and crop productivity, and its significance as an 
indicator of treatment effectiveness, this study further 
analysed the effect of SE1Z1 and WCB2- based seed 
coating on pigment contents in V. unguiculata (Table 4). 
WCB2, both alone and in combination with SE1Z1, 
significantly enhanced pigment concentrations in plants 
compared to untreated controls. Remarkably, the 
SE1Z1+GG+WCB2 formulation yielded the highest 
increases in chlorophyll a (184.5%), chlorophyll b 
(135.4%), total chlorophyll (86.01%), and carotenoids 
(208%). This pronounced enhancement is likely 
attributable to BC’s capacity to improve water retention, 
soil aeration, and nutrient availability within the 
rhizosphere [51], thereby creating favourable 
physiological conditions for pigment biosynthesis in 
plants [53]. Additionally, the elevated pigment 
concentrations observed in SE1Z1+GG+WCB2 treated 
plants suggest a synergistic interaction between SE1Z1 
and WCB2, which played a pivotal role in stimulating 
chlorophyll and carotenoid biosynthesis. In general, 
chlorophyll synthesis is tightly regulated by N availability, 
primarily via the glutamine synthetase–glutamate synthase 
pathway [54]. Previous studies have demonstrated that BC 
enhances N retention in the soil matrix [55], while PGPB 
Bacillus spp. facilitate N uptake by promoting root 
development and producing phytohormones such as IAA 
[56]. In this study, combined effect of SE1Z1 and WCB2 
might have promoted the synthesis of 5-aminolevulinic 
acid, a key precursor in the chlorophyll biosynthetic 
pathway, thereby contributing to the substantial 
accumulation of pigments in leaf tissues V. unguiculata. 

3.6. Effects of BC and PGPB - based Seed 
Coating on Protein Contents in V. 
unguiculata  

Since protein quantification serves as a reliable 
biochemical marker for evaluating the efficacy of 
bioformulations, we further investigated the effects of 
SE1Z1 and WCB2 based seed coating on total protein 
content in V. unguiculata (Table 4). Protein levels were 
lowest in the untreated control, while seeds treated with 
SE1Z1+GG+WCB2 showed a marked increase of 116.3%, 
suggesting that SE1Z1 and WCB2 may boost metabolic 
processes and contribute to improved plant growth. The 
elevated protein content is likely attributed to improved 
soil conditions and enhanced nutrient availability [57]. In 
general, BC enriches soil with organic carbon, helping 
retain key nutrients like nitrogen, phosphorus, and 
potassium vital for protein and amino acid synthesis [58]. 
Its porous nature also improves aeration and moisture 
retention, which can alleviate plant stress and promote 
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better nutrient uptake [59]. Furthermore, BC enhances the 
colonization and survival of PGPB, which secrete PGP 
metabolites that facilitate nutrient uptake and promote 
protein synthesis in plants [9]. Our results are consistent 
with these reports, suggesting that the combination of BC 
and GG may have supported bacterial adhesion and 
persistence on the seed surface [60]. This likely promoted 
effective root colonization and improved plant nutrient 
acquisition, ultimately leading to elevated protein levels in 
the plants [12].  

3.7. Effects of BC and PGPB - based Seed 
Coating on Relative Water Content  
in V. unguiculata 

Relative water content (RWC) is a crucial physiological 
indicator that significantly influences plant growth by 
regulating key processes such as photosynthesis, protein 
synthesis, and pigment stability [61]. In this study, we 
evaluated the effects of SE1Z1 and WCB2- based seed 
coatings on RWC levels in V. unguiculata (Table 4). 
Untreated plants exhibited the lowest RWC, whereas those 
treated with the SE1Z1+GG+WCB2 combination showed 
a substantial increase, highlighting the potential of these 
formulations to enhance water uptake and improve plant 
hydration. BC is well known for its ability to improve 
RWC by enhancing soil structure, increasing water 
retention, and promoting root development [62]. Its 
porous architecture allows it to retain moisture and 
nutrients efficiently, making them more accessible to plant 
roots and thereby supporting better cell hydration, 
sustained turgor pressure, and improved physiological 
performance [63]. Similarly, PGPB, through the 
production of IAA, stimulate root elongation and lateral 
root formation, which enhances water and nutrient 
absorption and contributes to increased RWC [64]. For 
example, [65] reported that inoculation of Triticum 
aestivum with Azospirillum sp. significantly elevated 
RWC, attributing the improvement to enhanced root 
development driven by bacterial IAA production. In our 
study, the enhancement of RWC observed with combined 
SE1Z1 and WCB2 treatments suggests that while WCB2 

improves soil moisture retention, SE1Z1 inoculants 
promote root proliferation and water absorption, 
collectively leading to higher RWC in plants. Although 
our findings confirm the positive effects of BC and PGPB-
based seed coatings on plant growth, photosynthetic 
pigment, protein, and relative water contents, additional 
research is needed to uncover the molecular pathways 
driving these positive effects.  

4. Conclusion 
This study indicates that applying SE1Z1 and WCB2 as 

seed coatings can significantly promote plant development, 
boost pigment production, and increase protein levels. 
Interestingly, the co-application of SE1Z1 and WCB2 
markedly enhanced SE1Z1 survival within the rhizosphere. 
This indicates that, in addition to their direct benefits on V. 
unguiculata, BC plays a supportive role in promoting 
plant growth and biochemical traits by improving SE1Z1 
stability in the root zone. The increased SE1Z1 survival 
facilitates the synthesis of IAA, siderophores, and P 
solubilization, all of which support plant development. 
Given the multifaceted benefits observed from the SE1Z1 
and WCB2 - based seed coating, this combination shows 
promise as a bioformulation for promoting plant growth. 
Ongoing research is focused on evaluating the efficacy of 
SE1Z1 and WCB2-based seed coatings across various 
plant species under field conditions to further validate 
their potential in improving crop growth and yield. 
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Table 4. Effect of B. cereus SE1Z1 and WCB2- based seed coating on V. unguiculata growth, photosynthetic pigments, protein and relative 
water contents. 

Treatments Untreated GG GG+WCB2 SE1Z1 SE1Z1+GG SE1Z1+GG+WCB2 
SL (cm) 20.48±1.2 d 22.2±1.9 c 35.02±2.5 b 29.99±1.93 b 34.12±2.5 b 51.25±5.2 a 
RL (cm) 25.69±2.5 e 27.7±2.86 d 39.02±2.51 b 30.12±2.25 c 36.23±2.9 bc 57.23±3.85 a 

FB (g/plant) 5.53±0.32 d 5.9±0.32 c 6.15±0.41 b 6.66±0.23 b 7.23±0.65 b 9.56±0.81 a 
DB (g/plant) 2.23±0.5 d 2.75±0.2 d 4.54±0.15 b 2.98±0.19 c 3.41±0.53 c 5.56±0.47 a 

Chl a (mg/g fw) 1.75±0.18 d 2.14±0.14 cd 3.25±0.01 b 2.39±0.06 c 3.23±0.36 b 4.98±0.15 a 
Chl b (mg/g fw) 0.31±0.02 e 0.36±0.01 d 0.5±0.01 b 0.39±0.02 d 0.43±0.01 c 0.73±0.02 a 
Tchl (mg/g fw) 2.06±0.19 d 2.5±0.16 cd 3.75±0.02 b 2.78±0.04 c 3.66±0.35 b 5.71±0.16 a 

Carotenoids (mg/g fw) 0.23±0.06 d 0.25±0.03 c 0.46±0.02 b 0.36±0.06 bc 0.39±0.02 b 0.71±0.01 a 
Protein (mg/g fw) 27.39±3.52 e 30.28±3.60 d 44.25±3.59 b 36.12±1.70 bc 40.25±1.44 bc 59.24±1.90 a 
RWC (mg/g fw) 82.68±1.26 c 83.7±0.8 bc 96.34±2.23 a 86.95±2.26 bc 88±1.23 b 98.46±2.23 a 

Data are presented as the average ± standard deviation from three replicates. Values annotated with identical letters indicate no statistically significant 
difference among treatments, based on Tukey’s HSD test at a significance level of p < 0.05. WCB2 - Wood chips BC pyrolysed at 550 °C, GG - Guar 
Gum, SE1Z1- B. cereus, SL- Shoot Length, RL- Root Length, FB- fresh biomass, DB- dry biomass, Chl a- Chlorophyll a, Chl b- Chlorophyll a, Tchl- 
Total chlorophyll. 
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